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Preface

Synapses are sites of a specialized cell-cell contact between neuronal cells and

represent the major structure involved in chemical neurotransmission in the nervous

system. It is widely believed that glutamatergic synapses are important loci for

modifying the functional properties of CNS networks, possibly providing the basis

for phenomena collectively referred to as “learning and memory”. Given their

importance, it is not surprising that enormous efforts are being made to understand

the formation, structure, function and regulation of glutamatergic synapses. To

date, significant progress has been made in our understanding of their ultrastructure,

molecular composition, and physiological properties, as well as the principles of

how these synapses are initially assembled and “plastically” modified.

The term synaptic plasticity covers many different aspects of use-dependent

synaptic modifications and is commonly used in a broader sense describing aspects

of synaptic signal transmission as well as structural alterations in the molecular

make-up of the synapse related to synaptic signaling events. The capacity of the

nervous system to modify its own organization is remarkable; plastic changes can

occur as a consequence of many events, including the normal development and

maturation of the organism, the acquisition of new skills (‘learning’) and after brain

damage. This response specificity is not always intrinsic to neurons; rather, it can

develop as a consequence of interaction with the environment and thus involves

information processing and memory storage.

Disturbances of synaptic and neuronal plasticity ultimately result in diseases

affecting cognitive functions and it has become increasingly clear during recent

years that synaptopathies – disruptions in synaptic structure and function – in many

cases are the major determinant of many brain disorders. These diseases and related

animal models include Alzheimer’s, prion diseases, Down’s syndrome, Hunting-

ton’s or Parkinson’s diseases as well as schizophrenia and autism spectrum dis-

orders that almost ultimately result in disturbed plasticity processes. In accord, it is

becoming increasingly clear that studies of synaptic plasticity and memory forma-

tion are critical for understanding the initial stages of these disorders. At an early

stage in most of these diseases no structural damage exists but rather an impairment
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of synaptic function. Interventions aimed to preserve or even restore synaptic

function will probably delay the onset or might even provide a cure for such

disorders. A general strategy to treat these types of diseases can therefore be

plausibly based on knowledge, how to maintain the plastic properties of neurons

in the adult and aging brain.

Crucial technological advancements have recently accelerated progress in our

understanding of synaptic processes, five of them are listed here: (1) Live-cell

imaging has provided essential constraints regarding the kinetics (rate constants)

and spatial organization of signaling pathways, (2) the development of next gener-

ation sequencing allows individual transcriptome profiling, (3) quantitative synap-

tic proteome profiling of normal and disease brain has established protein

interaction networks databases for signaling pathway analysis, (4) optogenetic

tools are available to study neuronal function in vivo, (5) and finally, progress in

computer simulation and neuroinformatics has been crucial for improving the

temporal and spatial scale of synaptic plasticity models, because simulating large

spatial structures for long durations with high resolution requires trillions of

calculations.

In higher mammals the majority of brain glutamatergic excitatory synapses is

found on the principal neuron of the cortex and hippocampus, the pyramidal cell.

Pyramidal cells are characterized by a complex dendritic cytoarchitecture harboring

approximately 104–105 synaptic contact sites with other neurons. It is estimated less

than 1% of all synaptic contacts of cortical pyramids is concerned with the wiring to

subcortical areas, implying that the predominant synapse of the mammalian telen-

cephalon is concerned with input from a closely related neuron in terms of cell

lineage, morphology and functional characteristics. This fact is mainly emphasized

because our knowledge about synaptic plasticity of this type of synaptic input is still

very sparse.

We have focused our attention in this book mostly on postsynaptic molecular

mechanisms because a lot more knowledge exists with respect to this side of the

synapse especially with respect mechanisms underlining synaptic dysfunction and

synaptopathies. The purpose of this book is to summarize this knowledge and to

provide insights into the most recent developments in the field including the major

technological advancements in recent years. The first part of the book concerns

structural plasticity at the pre- and postsynaptic scaffold, the molecular dynamics of

the synapse and synapto-dendritic plasticity in development and learning. In the

second part the book includes chapters on synapse-to-nucleus communication and

synaptic dysfunction and synaptopathies. Finally, we want to particularly thank the

authors for their contribution. We are very happy that we could convince leading

experts in this field to provide a detailed account of the most exciting recent

developments.

Michael R. Kreutz

Carlo Sala
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Chapter 1

Glutamate Receptors in Synaptic Assembly

and Plasticity: Case Studies on Fly NMJs

Ulrich Thomas and Stephan J. Sigrist

Abstract The molecular and cellular mechanisms that control the composition and

functionality of ionotropic glutamate receptors may be considered as most impor-

tant “set screws” for adjusting excitatory transmission in the course of develop-

mental and experience-dependent changes within neural networks. The Drosophila
larval neuromuscular junction has emerged as one important invertebrate model

system to study the formation, maintenance, and plasticity-related remodeling of

glutamatergic synapses in vivo. By exploiting the unique genetic accessibility of

this organism combined with diverse tools for manipulation and analysis including

electrophysiology and state of the art imaging, considerable progress has been made

to characterize the role of glutamate receptors during the orchestration of junctional

development, synaptic activity, and synaptogenesis. Following an introduction to

basic features of this model system, we will mainly focus on conceptually important

findings such as the selective impact of glutamate receptor subtypes on the forma-

tion of new synapses, the coordination of presynaptic maturation and receptor

subtype composition, the role of nonvesicularly released glutamate on the synaptic

localization of receptors, or the homeostatic feedback of receptor functionality on

presynaptic transmitter release.

Keywords BMP signaling • Development • Glutamate receptors • Neuromuscular

junction • Wnt signaling
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1.1 Introduction

Excitatory synapses categorized as “glutamatergic” are no less heterogeneous than

the many types of neurons that use glutamate in synaptic transmission. In-depth

studies on a variety of glutamatergic synapses from different species are thus

required to elucidate both general as well as subcategory-defining principles of

synapse assembly, function, and plasticity. L-glutamate is the primary transmitter

not only at the vast majority of excitatory synapses in the vertebrate CNS but also at

arthropod neuromuscular junctions (NMJs). Concerning the latter, illuminative

physiological, pharmacological, and ultrastructural analyses have been performed

on NMJs from various crustacean and insect model organisms. Undeniably, Dro-
sophila has reached a pole position in this respect, mainly because of its unbeatable

genetic accessibility. Preceded by pilot studies from Jan and Jan (1976a, b),

thorough electrophysiological and morphological studies on NMJs from both

wild-type and excitability mutants paved the road for intensive research on this

model system. Various aspects of synapse biology such as pre- and postsynaptic

assembly, activity-dependent and homeostatic plasticity, or disease-related synap-

tic dysfunctions are addressed at the larval NMJ. It in fact turns out that many of the

underlying molecular mechanisms can be assorted to well-conserved proteins.

In its main part, this chapter is centered around ionotropic glutamate receptors

(GluRs) at NMJs. As for studies on neurotransmitter receptors in other systems,

findings on junctional GluRs are multifaceted and therefore allow us to bring up a

number of current issues in cellular neurobiology. We start out introducing the

system, including a brief overview on various forms of plasticity that regulate its

structural and functional properties.

1.2 Basic Morphological and Functional Features

of Glutamatergic Nerve Terminals at Larval NMJs

The pattern of motoneuron innervation on Drosophila abdominal body wall

muscles is well-defined and rather stereotypic across segments (Keshishian et al.

1996). A surprising level of complexity is added by the fact that each muscle is

innervated by up to four neurons (Fig. 1.1a), which differ by their nerve terminal

morphology and transmissive properties. While a few motoneurons are primarily

specializing in the release of neuropeptides or catecholamines on subsets of

muscles, all muscles receive input from axon terminals of glutamatergic

motoneurons (Jia et al. 1993). Such terminals form arrays of boutons, and each

bouton is equipped with several, quite evenly spaced active zones (AZs;

Fig. 1.1b–c) (Meinertzhagen et al. 1998; Reiff et al. 2002; Dickman et al. 2006),

i.e., presynaptic membrane specializations designated for synaptic vesicle release.

AZs are commonly associated with protein-rich, electron-dense cytomatrices,

which at Drosophila synapses typically occur as T-shaped dense bodies (T-Bars;

4 U. Thomas and S.J. Sigrist



Fig. 1.1 Larval NMJs at various levels of organization. (a) Motor nerve terminals on muscle

fibers 12 and 13 (above and below the dotted line). Type Ib and Is nerve terminals are primarily

glutamatergic, whereas type II boutons release octopamine (and glutamate). Peptidergic type III

terminals are restricted to muscle 12. A neuronal surface marker (Hrp) was used to visualize all

nerve terminals. The scaffold protein Dlg is abundant around type Ib boutons and is also present at

type Is boutons, yet at much lower levels. (b) Branches of type I nerve terminals on muscle 6,

stained for the Hrp-epitope and for the presynaptic marker protein Brp. (c) 3D representation of

Brp-positive sites corresponding to the delineated region in B. Most Brp-spots correspond to

T-bar-shaped dense bodies. (d) Electron micrograph displaying a single synaptic contact including

an AZ with a T-Bar. Note the clustering of SVs around the T-Bar. (e) 3D reconstruction from a

confocal stack of a type Ib bouton containing several synaptic contacts that were stained for Brp

and the GluR subunit IID

1 Glutamate Receptors in Synaptic Assembly and Plasticity 5



Fig. 1.1d) (Zhai and Bellen 2004; Owald and Sigrist 2009). The presence of a T-Bar

indeed indicates a ready for use release machinery and most, though not all AZs of

larval NMJs, are decorated by a T-Bar (Atwood et al. 1993; Wichmann and Sigrist

2010).

Each AZ, together with an opposing postsynaptic receptor field (Fig. 1.1e), is

referred to as a synaptic contact or simply as a synapse, and a few hundred of these

are present at full-grown terminals (Please note, however, that in the literature,

the term “synapse” is sometimes used to assign entire NMJs.) Mature wild-type

boutons of type 1s motoneurons range in diameter from 1 to 3 mm, thereby

harboring 7 AZs on average, whereas boutons of type 1b motoneurons typically

are 1–7 mm in diameter and can harbor more than 40 AZs (Johansen et al. 1989;

Atwood et al. 1993). Next to this morphological diversification, type 1s and 1b

terminals, which are found side by side on many muscles, show meaningful

differences regarding synaptic output. The threshold to elicit spiking activity

appears higher in type 1s than in type 1b motoneurons, and the former also display

a marked delay between stimulation and the appearance of first spikes (Kurdyak

et al. 1994; Choi et al. 2004; Schaefer et al. 2010). At the NMJ, however, type 1s

terminals evoke stronger postsynaptic responses than type 1b terminals, in agree-

ment with the findings that (1) their AZs display a higher probability to release

synaptic vesicles (SVs) upon arrival of an action potential (Atwood et al. 1997) and

(2) their SVs are of much greater volume, giving rise to larger quantal size, i.e.,

postsynaptic current per fusion event (Karunanithi et al. 2002). Type 1b terminals in

turn easily facilitate upon repeated stimulation (Kurdyak et al. 1994; Lnenicka and

Keshishian 2000), reflecting short-term plasticity in a way typical for synapses with

low release probability (Thomson 2000). By analogy to the different types of

motoneurons innervating crayfish muscles, type 1b and 1s motor nerve terminals

have been referred to as tonic or phasic inputs, respectively (Kurdyak et al. 1994).

This dichotomy likely contributes to the versatility of locomotor behaviors

(Schaefer et al. 2010). Most remarkably, by using a truly physiological behavioral

paradigm, namely, hunger-induced increase in larval locomotion as a means to

search of food, Koon et al. (2011) could recently demonstrate cross talk between

different motoneuron populations concerning their structural and functional plas-

ticity. Specifically, they showed that starvation-triggered locomotion depends on

octopamine release from type II motoneurons, which in turn promotes outgrowth of

type I glutamatergic motor nerve terminals, thus revealing a case of metaplasticity

at larval NMJs (Sigrist and Andlauer 2011).

1.2.1 Morphogen-Dependent Control of NMJ Development
and Plasticity

The formation of NMJs first becomes manifest when filopodia from a motoneuronal

growth cone intermingle with filopodia (myopodia) protruding from the respective

6 U. Thomas and S.J. Sigrist



target muscle (Ritzenthaler et al. 2000; Ritzenthaler and Chiba 2003). This initial

event is followed by the transition of the muscle-attached, flattened axonal growth

cone into the bouton-forming motor nerve terminal (Yoshihara et al. 1997). Size

matching of the terminals according to the size of their respective target muscles

becomes evident shortly after NMJ formation (Nakayama et al. 2006). Challenged

by rapid muscle growth during the larval phase, NMJs expand by both elongation

and branching of their motor nerve terminals, thereby continuously forming new

boutons (Gorczyca et al. 1993; Schuster et al. 1996a; Zito et al. 1999). Concur-

rently, new synaptic contacts are implemented on both newborn as well as

preexisting boutons (Rasse et al. 2005), thus resulting in synaptic strengthening

according to muscle size. This process involves retrograde as well as anterograde

and autocrine signaling by morphogens, and most notably, it is subject to plasticity.

In the following, we briefly elaborate on these aspects.

1.2.1.1 BMP Signaling

A canonical bone morphogenetic protein (BMP) pathway is employed for retro-

grade control of NMJ growth and function (Marqués and Zhang, 2006). The BMP-7

homolog Glass bottom boat (Gbb) is secreted by muscles to activate presynaptic

BMP/TGF-b receptors which then phosphorylate the R-SMAD protein Mothers

against decapentaplegic (MAD) (McCabe et al. 2003). Phospho-MAD, upon asso-

ciation with its co-SMAD Medea, shuttles to the nucleus to exert its role as a

transcription factor. Recently, expression of the Rac GTPase exchange factor Trio,

a regulator of the nerve terminal cytoskeleton, was found to be strongly upregulated

by phospho-MAD (Ball et al. 2010). This finding thus provides a mechanistic link

between Gbb-triggered synapse-to-nucleus signaling and its growth promoting

effect on NMJs (Fuentes-Medel and Budnik 2010). In fact, mutations that block

the Gbb pathway cause a substantial reduction in the number of boutons (Aberle

et al. 2002; Marqués et al. 2002; McCabe et al. 2003, 2004). Consequently,

several factors that attenuate Gbb signaling were identified based on mutant NMJ

overgrowth phenotypes. Consistent with the widely observed endocytic control of

TGF-b signaling (Chen 2009), most of them have been implicated in the local

trafficking of the TGF-b receptors, including their passage through signaling

endosomes (Sweeney and Davis 2002; Wang et al. 2007; O’Connor-Giles et al.

2008; Rodal et al. 2008; Kim et al. 2010; see also Bayat et al. 2011 for a review on

disease-related aspects of BMP signaling at NMJs). Postsynaptic downregulation of

the Gbb signaling pathway involves CIP4, a Cdc42-dependent regulator of mem-

brane-associated actin polymerization, that restricts the release of Gbb, a function that

is in turn counteracted by the Cdc42GAP Rich (Nahm et al. 2010a, b). Interestingly,

postsynaptic Ca2+/calmodulin-dependent kinase II (CaMKII)-activity, triggered by

Ca2+-influx through GluRs, may also act as a negative regulator of retrograde Gbb

signaling (Haghighi et al. 2003), and it is therefore tempting to speculate that CaMKII

might exert this role by activating CIP4 (Nahm et al. 2010a).

1 Glutamate Receptors in Synaptic Assembly and Plasticity 7



The Gbb signaling pathway has also been implicated in synaptic homeostasis,

which is expressed by increased presynaptic glutamate release in response to

reduced postsynaptic activity (Haghighi et al. 2003; Goold and Davis 2007). Both

decreased muscle membrane excitability (Paradis et al. 2001) and reduced postsyn-

aptic sensitivity to glutamate (Petersen et al. 1997) were initially found to elicit this

form of plasticity with little or no effect on junctional growth. Using the glutamate

receptor antagonist Philanthotoxin-433 (PhTX) at subblocking concentrations on

semi-intact larval body wall muscle preparations, Frank et al. (2006) could demon-

strate that the compensatory upregulation of presynaptic release occurs gradually

within a few minutes, i.e., on an unexpectedly fast time scale. Interestingly, evoked

neuronal activity is not required here, suggesting that integration of relatively

few spontaneous release events (measured as miniature excitatory postsynaptic

potentials or currents, mEPSPs, or mEPSCs) is sufficient to elicit a retrograde

signal that triggers a rapid compensatory upregulation of release. A screen for

genetic modifiers has led to the identification of factors acting during the acute

phase of synaptic homeostasis including the presynaptic calcium channel cacoph-

ony (Cac) and the schizophrenia susceptibility factor dysbindin (Frank et al. 2006,

2009; Dickman and Davis 2009). Gbb signaling, on the other hand, is required

to confer a principal, transcription-dependent competence onto motoneurons to

express rapid synaptic homeostasis (Goold and Davis 2007). Possibly related to

this role of Gbb signaling, some discrete subcellular defects are commonly encoun-

tered in mutants that interfere with the pathway. These defects include T-bars that

are not properly associated with the presynaptic membrane, local detachment of the

pre- and postsynaptic membranes, and decreased stability of axonal and nerve

terminal microtubules (Aberle et al. 2002; Marqués et al. 2002; McCabe et al.

2003; Eaton and Davis 2005; Wang et al. 2007). Moreover, the respective mutants

display up to 90% reduction in baseline synaptic transmission (Aberle et al. 2002;

McCabe et al. 2004). This pleiotropism, further complicated by a regulatory role of

Gbb in the expression of the circulating neuromodulatory peptide FMRFamide

(Keshishian and Kim 2004), has made it difficult, to distinguish between chronic

developmental and more acute, plasticity-related functions of the BMP pathway at

the NMJ. Likewise, early requirements for BMP/TGF-b signaling during dendrito-

and axonogenesis of vertebrate neurons (Lee-Hoeflich et al. 2004; Podkowa et al.

2010; Yi et al. 2010) might conceal subsequent synaptic functions. Clearly, an

identification and functional evaluation of transcriptional targets of the BMP/TGF-b
signaling pathway will be relevant here.

1.2.1.2 Wnt Signaling

The prototypic Drosophila Wnt morphogen Wingless (Wg) is secreted from motor

nerve terminals (Packard et al. 2002; Korkut et al. 2009) and governs NMJ growth

and synapse assembly. Evidence for comparable roles of Wnts at mammalian

synapses accumulates (Korkut and Budnik 2009; Budnik and Salinas 2011. Down-

stream of the Wg receptor Frizzled-2 (Fz2), different pathways are employed to
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execute Wg instructions on the pre- or postsynaptic side, respectively. Activation of

presynaptic Fz2 triggers a cascade which diverts from the canonical Wnt pathway

to locally regulate the microtubular cytoskeleton as a prerequisite for proper bouton

formation (Miech et al. 2008). Binding of Wg to postsynaptic Fz2 elicits an

unconventional synapse-to-nucleus signal that might control the expression of

genes involved in postsynaptic differentiation (Mathew et al. 2005; Ataman et al.

2006a; Mosca and Schwarz 2010). Importantly, Wg secretion is upregulated upon

acute spaced stimulation and induces profound junctional growth followed by

differentiation as reflected by the assembly of new synaptic contacts (Ataman

et al. 2008). As this process is dependent on both transcription and translation, it

clearly constitutes a mechanism for activity-inducible long-term plasticity.

1.2.2 Activity-Dependent Plasticity

Both the morphological and physiological properties of the growing NMJs are

subject to activity-dependent plasticity. Next to mutants with globally altered

electrical activity, long-term memory mutants displaying elevated or reduced

intracellular cAMP levels, respectively, provide classical examples for this notion

(Budnik et al. 1990; Zhong and Wu 1991; Zhong et al. 1992). Chronically elevated

cAMP levels due to mutations in the cAMP-phosphodiesterase gene dunce (dnc),
for instance, cause junctional overgrowth. In addition, dnc-mutant NMJs display

increased synaptic strength at low or moderate Ca2+-concentrations, an effect that is

due to increased release probability (Zhong and Wu 1991; Zhong et al. 1992). At

the same time, short-term plasticity as expressed by posttetanic potentiation and

paired-pulse facilitation is impaired in these mutants, likely reflecting changes in

the functional status of presynaptic release sites due to chronic changes in cAMP.

Various downstream effectors of cAMP may account for different aspects of the

dnc phenotype, including ion channels and transcription factors. For instance,

cAMP promotes downregulation of the perisynaptic cell adhesion molecule

Fasciclin II (FasII) and in parallel activates the cAMP response element binding

transcription factor CREB. Both events converge in the observed structural and

functional strengthening of NMJs (Schuster et al. 1996b; Davis et al. 1996). The

prevailing model for activity-dependent plasticity, in which CREB induces the

expression of the immediate early gene products Fos and Jun, however, might not

apply here. Instead, Sanyal et al. (2002) could demonstrate that the heterodimeric

Fos-Jun transcription factor AP-1 promotes synaptic strengthening as a downstream

effector of Jun N-terminal kinase (JNK), thereby in turn inducing CREB expres-

sion. Like in dnc mutants (Kuromi and Kidokoro 2000), long-term enhancement of

synaptic strength by overexpression of AP-1 is likely achieved through persistent

mobilization of synaptic vesicles from the reserve pool, possibly involving activa-

tion of myosin light chain kinase in the motor nerve terminals (Verstreken et al.

2005; Kim et al. 2009). However, whereas synaptic strengthening in dnc mutants

involves an increase in the number of synaptic contacts (Renger et al. 2000),
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AP-1-induced synaptic strengthening is accompanied by a moderate decrease in the

number of synaptic contacts (Kim et al. 2009). In fact, while NMJ growth, the

addition of synaptic contacts, and synaptic strengthening occur simultaneously

during normal development, they are controlled by divergent pathways as revealed

by phenotypes of numerous mutants (e.g., Stewart et al. 1996; Schuster et al. 1996b;

Wan et al. 2000; Reiff et al. 2002; Merino et al. 2009).

1.3 Ionotropic Glutamate Receptors at Larval NMJs

The overall synaptic strength of a given NMJ is determined by the number of

individual synaptic contacts and by their pre- and postsynaptic properties such as

the pool of release-ready vesicles, their individual release probabilities, and post-

synaptic responsiveness. As will be described in the following sections, all three

determinants are strongly influenced by the composition and availability of synaptic

glutamate receptors, which in turn are regulated at various levels.

1.3.1 Subtypes of Junctional GluRs

Approximately 30 putative ionotropic GluR subunits are encoded in the Drosophila
genome (Littleton and Ganetzky 2000), but only five of them, GluRIIA, GluRIIB,

GluRIIC (GluRIII), GluRIID, and GluRIIE, were found to assemble into functional,

calcium-permeable receptors at larval NMJs (Schuster et al. 1991; Chang et al. 1994;

Petersen et al. 1997; Marrus et al. 2004; Featherstone et al. 2005; Qin et al. 2005). All

five are non-NMDA-type receptor subunits, which display significant sequence

homologies to vertebrate AMPA- and kainate-type GluR subunits (30–40% identity,

50–60% similarity). Notably, however, fly GluRI, which is even more closely related

to AMPA-type receptor subunits, as well as the two fly homologs of NMDA-type

receptor subunits have not been detected at NMJs.

Attempts to approach the subunit composition of junctional GluRs by

reconstituting them in in vitro systems have failed so far (S.J.S., unpublished).

Their stoichiometry was rather inferred from genetic analyses, which point to the

existence of two, most likely heterotetrameric receptor subtypes. Apparently, both

subtypes contain subunits GluRIIC, IID, and IIE but differ by the incorporation of

either GluRIIA or GluRIIB and hence are referred to as A- or B-type receptors,

respectively (Fig. 1.2a). Lack of any single of the three default subunits (GluRIIC,

IID, IIE) prevents the formation of ionotropic GluRs at body wall muscle NMJs,

thus leading to paralysis and late embryonic lethality (DiAntonio et al. 1999;

Marrus et al. 2004; Featherstone et al. 2005; Qin et al. 2005). In contrast, mutants

lacking either GluRIIA or IIB are viable, and only concomitant loss of both subunits

is embryonic lethal. The fact that the presence of just one GluR subtype is sufficient

for viability reflects a certain level of redundancy among the two receptor subtypes
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(Petersen et al. 1997; DiAntonio et al. 1999). In fact, both receptors (1) display

virtually identical, high single-channel conductances of approximately 120–150 pS,

i.e., approximately five- to tenfold higher than vertebrate AMPA- or kainate

receptors (Heckmann and Dudel 1995; Nishikawa and Kidokoro 1995; DiAntonio

et al. 1999) and (2) appear similarly abundant, when averaged across all synapses of

a larval NMJ (Pawlu et al. 2004; Schmid et al. 2008). B-type receptors, however,

desensitize much more rapidly than A-type receptors as revealed by single-channel

Fig. 1.2 Model for the control of synaptic structure and function by GluRIIA. (a) Proposed

subunit composition of A- and B-type receptors at NMJs. (b) Symbols used in C to E.

(c) Schematic representation of three synaptic contacts. Mature synapses (middle) harbor similar

amounts of A- and B-type receptors. Local Ca2+-influx, mainly through A-type receptors,

counteracts further incorporation of A-type receptors, which may instead be consumed by prema-

ture (left) and newborn synapses (right). Ca2+ may further suppress a retrograde signal that

otherwise promotes the strengthening of presynaptic T-Bars by incorporating additional Brp.

(d) In the absence of GluRIIA, postsynaptic Ca2+-influx is low, thus leading to continued Brp

recruitment to AZs, sometimes resulting in AZ profiles with two or more T-Bars. Similar effects

can be triggered by acute pharmacological inhibition of GluRs. (e) In the absence of Brp, evoked

postsynaptic responses are largely diminished. Chronically reduced postsynaptic Ca2+-influx then

allows for persistent recruitment of A-type receptors to individual synapses
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analysis on extrajunctional muscle membrane outside-out patches from larvae

expressing either receptor subtype alone (DiAntonio et al. 1999). Selective absence

of A- or B-type GluRs was accomplished by complementing a deletion of the

tandem-arranged GluRIIA and GluRIIB genes with genomic transgenes encoding

either GluRIIA or GluRIIB. In this approach, which precludes unwanted over-

expression effects, quantal size was found to be three- to fourfold larger upon

complementation by GluRIIA as compared to complementation by GluRIIB

(DiAntonio et al. 1999; Schmid et al. 2008). Thus, the postsynaptic sensitivity to

glutamate is much higher at synapses enriched for A-type than at synapses enriched

for B-type receptors. From this, it follows that the number of synaptic A-type GluRs

is the primary determinant of postsynaptic strength and, importantly, for the entry

of Ca2+ as a second messenger (see below).

1.3.2 Synaptic Clustering of GluRs

The picture of how GluRs get targeted to and clustered at NMJs is far from being

complete, especially in terms of the physical interactions involved. Nonetheless,

the process has been described in quite some detail, including studies on

synaptogenesis during the initial phase of NMJ formation and long-term in vivo

imaging of GluR incorporation into synapses, and these studies have revealed

important regulatory principles underlying the control of synapse formation.

Transcripts encoding GluR subunits are clearly detectable in muscles before

motoneurons and target muscles contact each other (Schuster et al. 1991; Currie

et al. 1995; Petersen et al. 1997; Marrus et al. 2004; Qin et al. 2005), implying that

innervation does not per se induce GluR expression. In turn, GluRs do not prefigure

the postsynaptic area of the presumptive neuromuscular junction, nor are they

required to induce presynaptic differentiation (Prokop et al. 1996; Qin et al.

2005; Schmid et al. 2006). Whole-cell patch clamp recordings during focal ionto-

phoresis of glutamate and cell-attached patch clamp recordings at different

positions on embryonic muscles revealed that shortly before innervation functional

receptors are evenly distributed on the muscle surface (Broadie and Bate 1993a;

Nishikawa and Kidokoro 1995). Innervation then induces (1) the recruitment of

extrajunctional receptors to the developing receptive fields opposite to AZs

(Broadie and Bate 1993b; Saitoe et al. 1997; Chen and Featherstone 2005a) and

(2) an increase in receptor expression (Broadie and Bate 1993b). Both effects

require at least a minimum of electrical activity within motoneurons (Broadie and

Bate 1993c; Saitoe et al. 1997). The mechanism, however, by which neural activity

translates into the synaptic clustering of GluRs still remains obscure. Vesicular

release of glutamate was ruled out to play a role in this process, as null mutants for

the single vesicular glutamate transporter in motoneurons display normal clustering

of functional receptors (Daniels et al. 2006). This result is paralleled by findings in

Munc13-1, -2 double knockout mice, where postsynaptic differentiation including

the clustering of glutamate receptors appears unaffected in the complete absence of
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synaptic vesicle release (Varoqueaux et al. 2002). Moreover, a total block of both

evoked and spontaneous release did not markedly interfere with synaptic GluR

clustering (Schmid et al. 2006), arguing against the previously controversial idea,

that the machinery for spontaneous neurotransmitter release might be employed to

secrete factor(s) that induce junctional accumulation of GluRs (Saitoe et al. 2001,

2002; Featherstone et al. 2002a, Featherstone and Broadie 2002; Verstreken and

Bellen 2002). Signaling pathways across the junctional cleft, that would initiate

postsynaptic GluR clustering, thus remain to be identified.

1.3.3 Extracellular Matrix and Cell Adhesion Molecules
in Synaptic GluR Clustering

Recently, the presynaptically secreted N-acetyl-glycosaminoglycan-binding glyco-

protein termed Mind-the-Gap (Mtg) has been reported to play an important role

early in postsynaptic differentiation (Rohrbough et al. 2007; Rushton et al. 2009).

A mtg null allele was identified in a screen for mutants causing late embryonic

lethality associated with severe paralysis. In fact, the junctional recruitment of

GluRs and other postsynaptic marker proteins appears strongly diminished, though

not completely abrogated in these mutants. Mtg might exert its role by organizing

the synaptic cleft matrix as an environment for effective signaling and/or physical

trapping of synaptic transmembrane proteins including integrins and the receptor

tyrosine kinase Alk (Rushton et al. 2009; Rohrbough and Broadie 2010). While

there is no obvious ortholog of Mtg in vertebrates, the crucial involvement of

extracellular matrix proteins emerges as a common theme in the clustering of

various neurotransmitter receptors (Kummer et al. 2006; Dityatev and Schachner

2006; Wu et al. 2010; see also accompanying article by Frischknecht and

Gundelfinger).

By analogy to findings in vertebrates, it appears conceivable that transsynaptic

adhesion molecules and synaptic scaffold molecules may play important roles in

GluR recruitment and clustering (Gerrow and El-Husseini 2007; Han and Kim

2008). FasII, which is related to vertebrate neural cell adhesion molecule (NCAM),

is present at both motor nerve growth cones and their target muscles prior to NMJ

formation. Although various aspects of postsynaptic differentiation are impaired by

complete loss of FasII, it causes only a moderate decrease in the recruitment of both

GluR subtypes (Kohsaka et al. 2007).

The only Drosophila neurexin (DNrx1) and at least two out of four neuroligins

(DNlg1, DNlg2) were recently shown to be present at NMJs from early onward

(Li et al. 2007; Sun et al. 2009; Chen et al. 2010; Banovic et al. 2010; Sun et al.

2011). Loss of function alleles for either protein display discrete phenotypes at

NMJs, including altered composition of GluR subtypes (Sun et al. 2011) and

accumulation defects of GluRs (Banovic et al. 2010). In dnlg1 mutants, boutons

with differentiated AZs, yet without corresponding accumulation of postsynaptic

1 Glutamate Receptors in Synaptic Assembly and Plasticity 13



GluRs, are frequently observed, and the remaining receptor fields are often enlarged

and misshapen (Banovic et al. 2010). Thus, the formation of GluR fields (and other

postsynaptic structures) is severely affected by loss of DNlg1. Notably, the con-

ventional concept of presynaptic neurexin primarily forming a functional unit with

postsynaptic neuroligin is challenged by the facts that (1) dnlg1 mutants display

stronger physiological and structural phenotypes than dnrx mutants (Banovic et al.

2010), (2) dnrx-dnlg2 double mutants show strongly enhanced phenotypes as

compared to the respective single mutants (while dnrx- and dnlg1 mutations are

nonadditive), and (3) Dnrx might also be expressed in muscles (Chen et al. 2010).

1.3.4 Cytoskeletal and Scaffold Components

Among the few proteins hitherto shown to co-enrich with GluRs within the discrete,

several hundred nanometers wide postsynaptic sites are the p21-activated kinase

(PAK), the Rho-type GTPase exchange factor dPix (Parnas et al. 2001), and

Dreadlocks (Dock), a functional homolog of human Nck, which can act as an

adaptor protein to link receptor tyrosine kinases (or other transmembrane proteins)

to effectors of the actin cytoskeleton, including activated Pak (Li et al. 2001).

GluRs, in particular GluRIIA, are reduced by about 50% at synapses that lack Pak,

dPix, or Dock, leading to a significant decrease in quantal size (Albin and Davis

2004). Genetic analyses further implied that Pak can be activated by both Rac and

Cdc42 and acts with Dock in the same pathway to control GluR abundance. The

existence and identity of a postsynaptic Dock-binding receptor, however, remains

obscure. Moreover, although Pak localizes to postsynaptic sites opposite to embry-

onic AZs even in the complete absence of GluRs, its further accumulation is

strongly impaired when GluRs are expressed at a minimum level (�5% of normal)

required for survival (Schmid et al. 2006). This observation not only reflects

interdependency between Pak and GluRs during synaptic maturation but also

correlates with an important structural role of GluRIIA in synapse development

that was unraveled in the course of that study.

A possible role for the actin cytoskeleton in GluR anchorage was assessed by

applying via a patch pipette (1) latrunculin A, which precludes actin polymerization

and (2) cofilin, which induces depolymerization of filamentous actin (Chen et al.

2005b). Both drugs were found to reduce synaptic GluRIIA, but not GluRIIB. This

subunit-selective effect may be attributable to Coracle (Cor), a Drosophila homo-

log of the mammalian cytocortical protein 4.1, which was shown to physically

interact with GluRIIA in vitro (but not with GluRIIB). In fact, synaptic GluRIIA

was found severely reduced in the absence of Cor, whereas GluRIIB levels

remained normal (Chen et al. 2005b).

A number of well-conserved scaffold molecules have been implicated in NMJ

organization and function (Ataman et al. 2006b). In mammalian neurons, members

of the family of Dlg-like membrane-associated guanylate kinases (MAGUKs) play

a pivotal role in the trafficking, surface expression, and synaptic clustering of both
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NMDA- and non-NMDA-type receptors (Funke et al. 2005; Elias and Nicoll 2007).

Discs large (Dlg), the prototypic Drosophila MAGUK, is highly enriched at the

postsynaptic site of larval NMJs; however, it is virtually excluded from the GluR

fields and is therefore, like many other NMJ components, considered as a

perisynaptic component (Thomas et al. 2010). In conjunction with two other

scaffold proteins, Metro and DLin-7, Dlg limits the size of GluR fields (Karunanithi

et al. 2002; Mendoza-Topaz et al. 2008; Bachmann et al. 2010), and this role may

involve direct interactions with FasII (Stewart et al. 1996; Thomas et al. 1997; Zito

et al. 1997). Pre- and postsynaptic spectrin is required for proper junctional

recruitment of Dlg (Featherstone et al. 2001), and RNAi-mediated disruption of

the postsynaptic spectrin lattice alone causes conspicuous disorganization of junc-

tional Dlg along with a pronounced broadening of synaptic areas, suggesting that

Dlg acts downstream of spectrin to execute its role in proper dimensioning of GluR

fields (Pielage et al. 2006).

1.3.5 In Vivo Observation of GluRs During Synapse Addition
at NMJs

Based on the relative transparency of the larval cuticle, NMJs can be assessed by

confocal microscopy on intact animals provided that they express a fluorescently

tagged protein that enriches at NMJs (Zito et al. 1999). This approach has been used

to analyze the dynamics of GluRs at individual synapses of selected NMJs over a

period corresponding to about 20% of larval development. Fluorescently tagged

GluRIIA and GluRIIB expressed from “genomic” transgenes comprising all introns

and regulatory upstream sequences were found to mimic the respective endogenous

GluR subunits in terms of functionality, expression levels, and subcellular distribu-

tion (Rasse et al. 2005; Schmid et al. 2008). More than hundred newborn receptor

fields per NMJ were detected during the observation period. Within 6–8 h (at 25�C),
each of them reaches final size of 0.24 mm2 on average. Fluorescence recovery after

photobleaching (FRAP) and photoactivation analyses revealed that, once arrived at

the synapse, GluRs, especially type A, are largely immobile, although local inter-

nalization and recycling at individual synapses cannot be ruled out. This is some-

what in contrast to the mobility of a large percentage of synaptic AMPA receptors

in cultured mammalian neurons (Newpher and Ehlers 2008; see also accompanying

article by Heine). In particular, there is little if any exchange of GluRs between

synapses within a given NMJ. Instead, GluRs from all over the muscle contribute to

the maturation of growing GluR fields.

Simultaneous quantification of differently fluorescently tagged GluRIIA and

GluRIIB showed that the former is prevalent at small receptor fields (Fig. 1.2b–c).

With subsequent growth, a clear shift from GluRIIA-dominated immature synapses

to a balanced composition at mature synapses became evident. Thereby, a strong

negative correlation between presynaptic maturation as indicated by increasing
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amounts of the major constituent of T-Bars, i.e., the protein Bruchpilot (Brp;

related to vertebrate ELKS/ERC/CAST) (Fouquet et al. 2009), and the ongoing

incorporation of GluRIIA was observed (Fig. 1.2c). Consistent with the idea that

glutamate-triggered Ca2+-influx through GluRIIA might itself constitute a negative

feedback signal, Schmid et al. (2008) could show that blockade of evoked gluta-

mate release leads to unrestricted synaptic recruitment of GluRIIA on the expense

of GluRIIB incorporation (Fig. 1.2d). Likewise, in mutants for Brp and mutants for

the Brp-binding partner DSyd-1, where the prevention of T-Bar formation causes a

severe deficit in evoked release (Wagh et al. 2006; Kittel et al. 2006; Owald et al.

2010), increased accumulation of GluRIIA becomes apparent (Fig. 1.2e).

1.3.6 GluRIIA-Dependent Synapse Formation and Plasticity

In animals raised under standard conditions, loss of GluRIIA causes only a moder-

ate reduction in the number of boutons and synaptic contacts (Reiff et al. 2002;

Schmid et al. 2008), but a severe reduction in quantal size. Nonetheless, GluRIIA
mutant NMJs show normal evoked response when stimulated with single action

potentials (Petersen et al. 1997). This is brought about by an increase in presynaptic

release (quantal content), which in turn is tightly correlated with ultrastructural

adaptations toward more and bigger T-Bars per synapse, most likely due to recruit-

ment of additional Brp protein (Reiff et al. 2002). Recently, Weyhersm€uller et al.
(2011) showed that paired-pulse ratios are similar in GluRIIAmutants and controls,

implying that the release probability of individual vesicles remains unchanged in

the mutants. At the same time, the number of release-ready vesicles was found to be

almost doubled. Moreover, this presynaptic adaptation to loss of GluRIIA was

accompanied by a moderate but significant increase in the size of Brp clusters at

AZs. Interestingly, an increase in synaptic Brp content was even traceable on a

short-term scale after blocking GluRs acutely with PhTX (see above)

(Weyhersm€uller et al. 2011). Increases in Brp at individual active zones triggered

by loss of conductance through postsynaptic GluRIIA may therefore be part of the

observed homeostatic response. This view is further substantiated by a study, in

which the probability of SV release at individual AZs was determined based on

real-time imaging and was found to correlate with the amount of Brp at these sites

(Peled and Isacoff 2011). At this point, we refer the reader to recent reviews on

plasticity phenomena concerning AZs, T-Bars, and related specializations in other

species as substrates for presynaptic modes of plasticity (Owald and Sigrist 2009;

Wichmann and Sigrist 2010; Sigrist and Schmitz 2011).

It is conceivable that Ca2+-entry through GluRs, mainly GluRIIA itself,

constitutes a crucial determinant for negative feedback onto presynaptic release.

In fact, constitutive expression of a CaMKII-inhibiting peptide leads to increased

quantal content (Haghighi et al. 2003; Morimoto et al. 2010), and expression of a

constitutively activated CaMKII was found to interfere with homoeostatic compen-

sation in one study (Haghighi et al. 2003). In a similar, though not identical
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approach, Morimoto et al. (2010) found that active CaMKII downregulates synaptic

GluRIIA levels along with proper homeostatic upregulation of synaptic vesicle

release. The way CaMKII joins in here thus remains to be specified, e.g., in terms of

substrates, that may play a role in retrograde signaling (see also above notes on

retrograde BMP signaling). The postsynaptic scaffold protein Dystrophin (Dys) is

to be named here, as dys mutants display increased presynaptic release despite

normal levels of GluRIIA and no change in the number of synaptic contacts, yet

paralleled by a more prominent appearance of T-Bars (van der Plas et al. 2006).

This phenotypic constellation is consistent with Dys acting downstream of GluRIIA

in controlling presynaptic release. The identification of mammalian Dys as a

target for phosphorylation by CaMKII is further suggestive, and it is tempting to

speculate that Dys mediates negative feedback upon phosphorylation by CaMKII.

NMJ localization of Dys depends on the transmembrane protein dystroglycan

(Bogdanik et al. 2009), and a genetic modifier screen led to the finding that the

RhoGAP crossveinless-c and its target Cdc42 act in concert with Dys (Pilgram

et al. 2011).

A second Ca2+-sensor that has been implicated in GluRIIA-dependent retrograde

control at NMJs is synaptotagmin 4 (Syt4) (Yoshihara et al. 2005). In contrast to

CaMKII, however, Syt4 is required for a positive feedback loop, activated by

synapse-specific Ca2+-influx. High-frequency stimulation induces Syt4-dependent

postsynaptic vesicle fusion, which is required to induce facilitated presynaptic

release (expressed as an increased mEPSP rate) and, presumably, cytoskeletal

rearrangements, that in turn lead to NMJ expansion. These responses are dependent

on presynaptic protein kinase A (PKA), a major target of cAMP (Yoshihara et al.

2005). Thus, the role of Syt4 may be well related to activity-induced synaptic

strengthening, which is mimicked by elevated cAMP levels in dnc mutants and

which is accompanied by increased numbers of boutons and synaptic contacts.

Notably, a concomitant increase in GluRIIA levels was observed (Sigrist et al.

2000) and indeed shown to be limiting in this process (Sigrist et al. 2002). Muscle-

specific overexpression of GluRIIA is indeed sufficient to induce junctional over-

growth and a proportional increase in synapse numbers (Sigrist et al. 2002). The

in vivo relevance of this regulation was highlighted by the finding that enhanced

larval locomotor activity induces qualitatively equivalent changes in a GluRIIA-

dependent manner (Sigrist et al. 2003). Strikingly, the amount of GluRIIA

within individual synapses does not change during activity-induced synaptic

strengthening, consistent with the aforementioned, maturation-related restriction

of GluRIIA recruitment to individual synaptic contacts (Schmid et al. 2008).

Therefore, limited consumption of GluRIIA at individual synapses warrants the

availability of this receptor subtype for the formation of additional synapses. While

GluRs get recruited to synapses from all over the muscle during NMJ expansion

(Rasse et al. 2005), there is evidence that local synthesis of GluRIIA at NMJs might

be employed to meet the requirement for activity-induced formation of synapses

and that posttranscriptional control of the translational initiation factor eIF-4E is

crucially involved in this regulation (Sigrist et al. 2000, 2002; Reiff et al. 2002;
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Menon et al. 2004, 2009). The ultimate proof for such a translational control of

GluRIIA, however, is still missing.

It appears conceivable that GluRIIA and GluRIIB compete for default subunits

and/or by occupying slots within presumptive receptor field areas. Overexpression

of GluRIIB was indeed found to interfere with functional A-type receptor expres-

sivity, thus leading to a decrease in quantal size (DiAntonio et al. 1999; Sigrist et al.

2002). It remains questionable, however, whether competition is relevant within

the physiological range of expression. A recent study by Karr et al. (2009)

demonstrated that limited availability of default subunits accounts for only a

moderate increase in the number of surface-expressed and synaptic GluRs when

expression levels of both GluRIIA and GluRIIB were substantially elevated due to a

lack in posttranscriptional suppression by microRNAs. Thus, competition at the

level of receptor assembly may become effective as a mechanism to adjust synaptic

receptor composition when expression levels of GluRIIA and GluRIIB change

asymmetrically.

1.3.7 Control of Synaptic GluRs by Ambient Glutamate

Following initial observations which pointed to nonvesicular release of glutamate

as a negative regulator of synaptic GluR accumulation (Featherstone et al. 2000,

2002), Augustin et al. (2007) investigated Genderblind (Gb), the xCT subunit of the

cystine/glutamate transporter for its impact in this mode of regulation. Reminiscent

to obvious expression of its mammalian homolog in border areas of the brain, Gb is

expressed in surface glia of the CNS and within a particular glia cell (now termed

Gb cell) associated with NMJs. Compared to ambient glutamate concentrations in

the mammalian brain, which are normally in a low micromolar range (Featherstone

and Shippy 2008), glutamate concentrations in the larval hemolymph are in a

millimolar range, yet close to the level required for half-maximal activation of

junctional receptors (Heckmann et al. 1996). Loss of Gb causes an ~50% reduction

in hemolymph glutamate concentration. Under this condition, the junctional

amount of both GluR subtypes was more than doubled, and this effect was further

enhanced when glutamate was completely omitted experimentally. Importantly, by

using a glutamate antagonist (g-D-glutamylglycine), which prevents glutamate-

dependent desensitization, the effect of reduced glutamate was mimicked, implying

that ambient glutamate interferes with synaptic clustering of GluRs via desensiti-

zation of the receptors. As pointed out by Featherstone and Shippy (2008), a steady-

state desensitization of GluRs offers additional options for regulating synaptic

strength, either cell-autonomously by altering desensitization kinetics of GluRs or

systemically by altering ambient glutamate levels. The role of xCT in regulating

neural functions has recently been further corroborated by demonstrating that it is

required for regulating synaptic strength in adult flies and thereby controls court-

ship behavior (Grosjean et al. 2008).
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1.4 Concluding Remarks

The Drosophila larval NMJ has proven a highly versatile model to unravel

structure–function relationships during synaptogenesis, synaptic transmission, syn-

apse maintenance, and synapse remodeling. Time and again, proteins relevant for

these processes emerge from unbiased forward genetic screens for mutants affect-

ing synaptic function and/or structure, a trademark strategy so far largely confined

to Drosophila melanogaster and the nematode Caenorhabditis elegans. Typically,
the merit of such screens lies in the shortcut toward the functional characterization

of the identified genes or proteins. For instance, fruitful screens were built onto the

ability to generate flies in which all photoreceptor cells in the eyes are homozygous

for a given mutation, whereas cells of all other tissues remain heterozygous

(Stowers and Schwarz 1999). This way, mutations affecting synaptic transmission

can be screened for by performing electroretinograms on the easily accessible

compound eyes. Once identified, mutants are then often subjected to further

analysis at the NMJ. In several instances, factors identified in these or other screens

were found to be homologous to hitherto poorly characterized proteins implicated

in human neurodegenerative or other neurological disorders (e.g., Zhai et al. 2006,

2008; Dickman and Davis 2009; Kim et al. 2010).

Complementary to forward genetic approaches, well-conserved synaptic

proteins such as the GluRs are often directly assessed for their role at NMJs. The

genetic toolbox for refined analyses is constantly upgraded, including comprehen-

sive collections of transgenic fly stocks allowing for cell-type-specific RNAi-

mediated knockdown of almost every gene (Dietzl et al. 2007; Ni et al. 2009) and

the establishment of techniques for generating small deletions (Parks et al. 2004) or

even predefined gene targeting by homologous recombination (Gong and Golic

2003). Moreover, by optimizing recombineering techniques, it has now become

possible to generate genomic constructs of more than 100 kb, which, for instance,

can be used to express fluorescence-tagged synaptic proteins at or near endogenous

levels, an advantage that can hardly be overestimated (Venken et al. 2006, 2009;

Ejsmont et al. 2009). In fact, the benefit of this approach has been well exemplified

by the aforementioned expression of junctional GluRs from conventionally cloned

genomic transgenes and their subsequent assessment by life imaging (Rasse et al.

2005; Schmid et al. 2008). Future studies may therefore be expected to include

other synaptic proteins in this sort of analysis, thus leading to a more detailed view

on the molecular dynamics of glutamatergic synapses.
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Chapter 2

Scaffold Proteins at the Postsynaptic Density

Chiara Verpelli, Michael J. Schmeisser, Carlo Sala, and Tobias M. Boeckers

Abstract Scaffold proteins are abundant and essential components of the postsyn-

aptic density (PSD). They play a major role in many synaptic functions including

the trafficking, anchoring, and clustering of glutamate receptors and adhesion

molecules. Moreover, they link postsynaptic receptors with their downstream

signaling proteins and regulate the dynamics of cytoskeletal structures. By defini-

tion, PSD scaffold proteins do not have intrinsic enzymatic activities but are formed

by modular and specific domains deputed to form large protein networks. Here, we

will discuss the latest findings regarding the structure and functions of major PSD

scaffold proteins.

Given that scaffold proteins are central components of PSD architecture, it is not

surprising that deletion or mutations in their human genes cause severe neuropsy-

chiatric disorders including autism, mental retardation, and schizophrenia. Thus,

their dynamic organization and regulation are directly correlated with the essential

structure of the PSD and the normal physiology of neuronal synapses.
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2.1 The MAGUK Family

2.1.1 Structural Organization of the MAGUK Proteins

Genetic and biochemical studies over the past 20 years have identified the mem-

brane-associated guanylate kinases (MAGUKs) as ubiquitous scaffolding

molecules concentrated at sites of cell-cell contact such as synapses (Craven and

Bredt 1998; Kornau et al. 1997; Sheng and Sala 2001; Sheng and Kim 2002).

MAGUK members include SAP90/PSD-95, SAP102, SAP97, Chapsyn 110/

PSD93, and p55 (SAP ¼ synapse-associated protein). They represent a superfam-

ily of multidomain proteins that are related by the presence of a shared set of

structural domains. The defining feature of MAGUKs is the presence of a region of

approximately 300 amino acids at the C-terminus with homology to yeast guanylate

kinase (GK), which catalyzes the ATP-dependent phosphorylation of GMP to GDP.

Curiously, the GK domain in MAGUKs is catalytically inactive (Olsen and Bredt

2003), but it is always accompanied by either a preceding SH3 (Src homology 3)

domain or followed closely by a WW (two conserved Trp residues) motif. Also,

MAGUKs always contain PDZ (PSD-95/DLG/ZO-1) domains (in most cases

three), and all these modular motifs in MAGUKs mediate protein-protein

interactions.

PDZ domains typically bind specific C-terminal sequences in target proteins

(Kim et al. 1995; Kornau et al. 1995). However, some PDZ domains can

heterodimerize (Brenman et al. 1996a). Several structures of isolated PDZ domains

by x-ray crystallography and three-dimensional nuclear magnetic resonance

(NMR) spectroscopy reveal that PDZ domains are compact and modular. Interest-

ingly, a number of recent studies have demonstrated that two or more PDZ domains

connected in tandem often display target-binding properties that are distinct from

those of each isolated domain or even the simple sum of the isolated PDZ domains

(Long et al. 2003). For PSD-95, the linking sequence between the first two PDZ

domains is formed by five residues, rigid and highly conserved, suggesting that it

might reduce interdomain movement rather than simply function as a passive

linker. The structure of the PDZ1 and 2 tandem showed that the two PDZ domains

indeed contact each other in a side-by-side manner and that two of their target-

binding grooves point in directions that are favorable for binding to the tails of

multimeric transmembrane proteins extending from the membrane surface into the

cytoplasm including NMDA receptors (NMDARs). Mutations that increase the

length of the interdomain linker impaired the supramodular nature of PDZ1 and

2 of PSD-95 which then displayed weaker binding to dimeric targets and a

decreased capacity in clustering (Long et al. 2003).

Like PDZ domains, SH3 domains are protein-protein interaction modules that

commonly occur in proteins with widely divergent functions (Kuriyan and

Cowburn 1997). SH3 domains typically bind to polyproline motifs (ProXXPro);

however, MAGUK SH3 domains rarely bind to such ProXXPro-containing

sequences. One of the few is the proline-rich C-terminus of a-secretase ADAM10
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that binds to the SH3 domain of SAP97 (Marcello et al. 2007). Conversely,

numerous ligands bind with high affinity to the GK domain of MAGUKs. These

ligands include, for example, guanylate kinase-associated proteins (GKAPs) (Kim

et al. 1997; Takeuchi et al. 1997). In addition to their interaction with downstream

signaling proteins, GK domains in MAGUKs bind to their SH3 motifs, preferen-

tially in an intramolecular fashion (Shin et al. 2000; McGee et al. 2001). As for the

PDZ1 and 2, the crystal structures of the PSD-95-SH3-GK tandem revealed that the

SH3 domain and the GK domain pack extensively with each other to form an

integral structural unit as an integral supramodule required for the proper function-

ing of PSD-95. Indeed, disruption of the SH3-GK interaction compromised PSD-

95-mediated clustering properties (Hsueh and Sheng 1999), and mutations that

disrupt SH3-GK packing in the only PSD-95 family MAGUK in Drosophila
melanogaster (DLG1) resulted in a tumorigenic phenotype of larval imaginal

discs (Woods et al. 1996).

2.1.2 Interactions and Functional Properties of MAGUK
Family Members at the PSD

Mammalian brain is the tissue expressing the greatest diversity of MAGUK

proteins. In each synapse, a typical PSD is composed of a huge complex protein

network consisting of several hundred different proteins whereas MAGUK family

members are of crucial importance. They are localized at CNS glutamatergic

synapses (Garner et al. 2000; Aoki et al. 2001) as well as at cholinergic synapses

(Conroy et al. 2003). As modular proteins, it has often been hypothesized that the

most likely function of PSD-MAGUKs is being central organizers of vertebrate

CNS synapses. They are, in fact, key scaffold proteins determining the steady state

as well as the activity-dependent changes of glutamate receptor numbers in excit-

atory synapses (Elias and Nicoll 2007) (Fig. 2.1).

PSD-95 (also named SAP90), a major complex of the PSD fraction, can be seen

as the prototypical best characterized MAGUK protein of the PSD. It is now clear

that the most important function of PSD-95 is to organize signaling complexes at

the postsynaptic membrane. However, the amount of PSD-95 can also regulate the

balance between the number of inhibitory and excitatory synapses (Levinson and

El-Husseini 2005). PSD-95 interacts with a large variety of molecules and thus, by

physically bringing together cytoplasmic signal transduction proteins and surface

receptors, may facilitate the coupling of various signaling cascades within the PSD.

More than 15 years ago, the first and second PDZ domains of PSD-95 (PDZ1 and 2)

were described to bind the extreme C-termini of Kiv1.4 of the Shaker K+ channels

(Kim et al. 1995) and of NR2A/B subunits of the NMDARs (Cho et al. 1992;

Kistner et al. 1993; Kornau et al. 1995; Niethammer et al. 1996). Since then, a

whole variety of proteins associated to the distinct domains of PSD-95 has emerged.

Here is a list of the most relevant and recently described ones.
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The other glutamate receptor that directly binds to PSD-95 is the kainate

receptor whose KA2 subunit was shown to be linked at the SH3-GK domains of

PSD-95 (Garcia et al. 1998). The second major class of transmembrane proteins

that bind to PSD-95 are the synaptic cell adhesion molecules (SynCAMs). The

neurexin transmembrane ligand, neuroligin, binds to the third PDZ domain of PSD-

95 (PDZ3) (Irie et al. 1997; Song et al. 1999). Neuroligin (NLGN) is an adhesion

molecule with the ability to induce synapse formation. Interestingly, a significant

subset of SynCAMs including NGLNs, synaptic-adhesion-like molecules

(SALMs), ADAM22, and leucine-rich repeat transmembrane proteins (LRRTMs)

associated with PSD-95, suggesting that they may act in concert to couple trans-

synaptic adhesion to the molecular organization of synaptic proteins. Thus, PSD-95

may be one of the central organizers that recruits diverse proteins to sites of

synaptic adhesion, promotes trans-synaptic signaling, and couples neuronal activity

with changes in synaptic adhesion (Han and Kim 2008; Margeta and Shen 2010).

Importantly, PSD-95 greatly influences synaptic transmission and plasticity

mainly because it recruits the stargazin tetraspanning membrane protein to synapses

via binding to its C-terminus with PDZ1 and 2. Stargazin and its relatives are

associated with AMPA receptors (AMPARs) and are essential for their surface

expression, surface diffusion, synaptic accumulation, and function (Chen et al. 2000;
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neurexin

ephrin
integrins

b-catenin
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Fig. 2.1 The diagram shows a schematic organization of the protein network in the PSD. Only

major families and certain classes of PSD proteins are shown. The interaction between them is

schematically indicated
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Tomita et al. 2005). These data may explain why PSD-95 overexpression potentiates

AMPAR-mediated excitatory postsynaptic currents (EPSCs), but not the currents

of the directly linked NMDAR (Elias et al. 2006; Sumioka et al. 2010). The role

of PSD-95 in regulating AMPAR number at the PSD can also be mediated by the

interaction with other proteins modulating AMPAR internalization. Han et al.

showed that a regulated interaction of the endocytic adaptor RalBP1 with the

small GTPase RalA and PSD-95 controls NMDAR-dependent AMPAR endocy-

tosis during LTD. NMDAR activation brings RalBP1 close to PSD-95 to promote

the interaction of RalBP1-associated endocytic proteins with PSD-95-associated

AMPARs (Han et al. 2009). Similarly, Bhattacharyya et al. suggest that interac-

tion of PSD-95 and calcineurin with A kinase anchoring protein AKAP150 is

critical for NMDAR-triggered AMPAR endocytosis and LTD (Bhattacharyya

et al. 2009). How these two mechanisms are functionally connected remains

to be determined.

The second PSD-95 PDZ domain (PDZ2) can also bind to the PDZ domain in

neuronal nitric oxide synthase (nNOS) (Brenman et al. 1996a, b). nNOS is a Ca2+-/

calmodulin-activated enzyme that produces the nitric oxide involved in neurotrans-

mission and excitotoxicity. Interestingly, the ternary NMDAR-PSD-95-nNOS com-

plex may functionally couple NMDAR gating to nNOS activation, as it is suggested

by the observation that disrupting the NMDAR-PSD-95 interaction with a synthetic

peptide that mimics the last nine residues of NR2B or a synthetic compound that

blocks the interaction between PSD-95 and nNOS reduces NMDAR-induced

excitotoxicity in vitro and in vivo without affecting NMDAR function (Aarts

et al. 2002; Zhou et al. 2010). Recently, it has been shown that the interaction

with nNOS is required for the ability of PSD-95 to regulate synaptogenesis and

multi-innervated dendritic spines suggesting a physiological role for the NMDAR-

PSD-95-nNOS complex at synapses (Nikonenko et al. 2008).

Several other binding partners of PSD-95 are scaffold proteins and regulators or

effectors of small GTPases. The synaptic GTPase-activating protein for Rac,

SynGAP, can interact with all three PDZ domains of PSD-95 via its C-terminus

(Chen et al. 1998; Kim et al. 1998). The SH3-GK of PSD-95 also binds the spine-

associated Rap-Gap SPAR (Pak et al. 2001), AKAP (Bhattacharyya et al. 2009),

SPIN90/WISH (Kim et al. 2009), MAP1a (Reese et al. 2007), Preso, and other

scaffold proteins such as the four members of the GKAP family (Kim et al. 1997;

Takeuchi et al. 1997). Most of these interactions have been implicated in the

regulation of both the size and the number of spines and synapses (Brenman et al.

1998; Kim et al. 1998; Colledge et al. 2000; Pak et al. 2001; Vazquez et al. 2004).

Finally, a nuclear protein, AIDA-1d, has been identified to interact with PDZ1 and

2 of PSD-95 and to shuttle between the synapse and the nucleus. Synaptic activity

induces a Ca2+-independent translocation of AIDA-1d to the nucleus, where it

couples to Cajal bodies and increases nucleolar numbers and protein synthesis

thus linking synaptic activity and protein biosynthetic capacity (Jordan et al. 2007).

It is now important to underline individual localization and expression

characteristics of PSD-MAGUK family members. Each of the MAGUK proteins

shows a different distribution in respect to subcellular compartments of the brain.
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PSD-95 and PSD-93 are highly enriched in the postsynaptic density (PSD), espe-

cially due to their high palmitoylation degree (El-Husseini et al. 2000). SAP102 and

SAP97 are found in dendrites and axons and are abundant in the cytoplasm as well

as at synapses. Further, PSD-MAGUK proteins exhibit a distinct developmental

expression pattern: SAP102 is highly expressed and functionally dominates in early

postnatal development, whereas PSD-95 and PSD-93 predominate at later stages

(Sans et al. 2000; Elias et al. 2006). Regarding 3D-structure, there are further

differences among the PSD-MAGUKs. Negative stain images of PSD-95 and

SAP97 suggest that these two highly related proteins are in fact adopting different

shapes. PSD-95 monomers are relatively compact whereas SAP97 monomers are

relatively extended rod shapes that tend to dimerize (Nakagawa et al. 2004).

However, both proteins contain alternative N-termini, expressing either an L27

domain (beta-isoform) or double cysteines that are normally palmitoylated (alpha-

isoforms) (Schl€uter et al. 2006).
In vivo, MAGUK family members apparently interact with different, but

overlapping, sets of proteins with PSD-95 and PSD-93 being preferentially

associated with the NR2A and SAP102 with the NR2B subunit of the NMDAR

(Sans et al. 2000). This phenomenon suggests that the properties of the NR2B-

SAP102 complex may be different from those of the NR2A-PSD-95/PSD-93

complex and that the functional properties of synaptic NMDARs may depend on

the prevalence of one or the other (Kim et al. 2005). However, also PSD-93 and

PSD-95 may have opposite roles in regulating LTP (Carlisle et al. 2008). SAP102

and SAP97 are involved in the trafficking of NMDARs and AMPARs, respectively.

By interacting with the PDZ-binding domain of Sec8, SAP102 can associate with

the exocyst complex and regulate the delivery of NMDARs to the surface of

neuronal cells (Sans et al. 2003). SAP97 directly interacts with the AMPAR

GluR1 subunit (Leonard et al. 1998), and the fact that the SAP97-GluR1 complex

has been found early in the secretory pathway indicates that SAP97 can regulate the

trafficking of GluR1 (Sans et al. 2001). CaMKII phosphorylation of SAP97 in the

N-terminal L27 domain promotes the synaptic targeting of SAP97 and GluR1

(Mauceri et al. 2004). To some extent like PSD-95, the overexpression of SAP97

increases the number of synaptic AMPARs, induces spine enlargement, and

increases the frequency of miniature EPSCs (mEPSCs) (Rumbaugh et al. 2003;

Nakagawa et al. 2004; Howard et al. 2010). The abundance of PDZ scaffold

proteins in synapses with overlapping targets for interaction raises questions

regarding the specificity redundancy of the scaffolds. For example, PSD-95, PSD-

93, SAP102, and SAP97 are expressed in excitatory synapses, and each of these

MAGUKs can mediate the trafficking of glutamate receptors at different develop-

mental stages (Sans et al. 2000; Elias et al. 2006). Knockout studies in mice have

revealed that MAGUKs have in part the ability to functionally compensate for each

other (Migaud et al. 1998), but only a correct highly interconnected MAGUK

system is assuring appropriate glutamate receptor expression and localization at

synapses (Elias and Nicoll 2007).
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2.1.3 Synaptic Localization and Spatial Regulation
of the MAGUK PSD-95

Spatially, PSD-95 is closely associated to membrane receptors and ion channels and

seems to be arranged perpendicular to the PSD membrane (Chen et al. 2008). On

the ultrastructural level, the PSD can anatomically be divided into three layers: the

first layer mainly contains membrane receptors, ion channels, and CAMs, with

NMDARs at the center and AMPARs at the periphery; the second layer is enriched

with MAGUK proteins, in particular PSD-95, which are closely coupled to the

membrane receptors and ion channels; the third layer is comprised of ProSAP/

Shank and GKAPs (see the following paragraphs) (Petralia et al. 1994; Valtschanoff

and Weinberg 2001). Synaptic localization of PSD-95 depends on the palmitoylation

of two N-terminal cysteines (Cys3 and Cys5) (Craven et al. 1999), and synaptic

activity induces the removal of PSD-95 by depalmitoylation of the two Cys residues

(El-Husseini Ael et al. 2002). A set of enzymes capable of inducing PSD-95

palmitoylation has recently been identified, but some controversy remains as to

which of them is specific for PSD-95, and only one of these, the palmitoyl transferase

DHHC2, seems to be regulated by synaptic activity (Fukata et al. 2004; Huang et al.

2004; Noritake et al. 2009). PSD-95 can be degraded through the ubiquitin-

proteasome pathway by means of direct ubiquitylation (Colledge et al. 2003) or

indirectly, via the ubiquitylation and degradation of its interacting protein SPAR

(Pak and Sheng 2003). Two different phosphorylation sites have been identified on

PSD-95 with opposite effects. Phosphorylation of serine 295 by JNK-1 enhances

the synaptic accumulation of PSD-95 (Pavlowsky et al. 2010), while trafficking of

PSD-95 to synapses is inhibited by activity-dependent CaMKII phosphorylation at

serine 73 (Steiner et al. 2008). In general, the activity-dependent accumulation,

dispersal, or degradation of PSD-95 is often associated with an increase or loss of

synaptic AMPARs, strengthened or weakened synapses, and changes in glutamate-

receptor-induced intracellular signaling such as CREB and MAPK phosphorylation

(Ehlers 2003).

2.2 The ProSAP/Shank Family

2.2.1 Molecular Composition and Expression Profile
of the ProSAP/Shank Family

The ProSAP/Shank family of scaffold proteins consists of three members all highly

enriched in the PSD and localized at the interface between membrane receptors and

cytoskeletal elements: Shank1 (also named Shank1a, Synamon, or SSTRIP),

ProSAP1/Shank2 (also named CortBP1), and ProSAP2/Shank3 (Boeckers et al.

1999a, b; Naisbitt et al. 1999; Yao et al. 1999). These molecules contain multiple

2 Scaffold Proteins at the Postsynaptic Density 35



domains which are essential for various protein-protein interactions within the

PSD: N-terminal ankyrin repeats, an SH3 domain, a PDZ domain, a proline-rich

domain, and a sterile alpha motif (SAM) domain. The name ProSAP (proline-rich
synapse-associated protein) derives from proline-rich clusters that are conserved

among all family members (Boeckers et al. 1999a, b), while the term Shank reflects

the SH3 domain and multiple ankyrin repeats (Naisbitt et al. 1999). ProSAPs/

Shanks are large proteins with a molecular mass of more than 180 kDa (Boeckers

et al. 1999a). All three share 63–87% amino acid identity while SH3, PDZ, and

SAM domains are conserved at the highest level. Shank1 is only expressed in brain

(Yao et al. 1999); ProSAP1/Shank2 also appears in non-neuronal tissue like pan-

creas, pituitary, lung, liver, kidney, and testis (Redecker et al. 2001, 2003;

McWilliams et al. 2004, 2005; Dobrinskikh et al. 2010); and ProSAP2/Shank3

has been detected in almost every tissue examined (Lim et al. 1999). Interestingly,

all three ProSAP/Shank family members show a distinct expression pattern in

Xenopus laevis embryos indicating a functional role of this protein family not

only in the adult organism but also in embryonic development (Gessert et al.

2011). Within the nervous system, ProSAP/Shank expression is not limited to

cortical areas but has further been detected in glial cells (Redecker et al. 2001), at

olfactory cilia membranes (Saavedra et al. 2008) and at postsynaptic specializations

of retinal (Brandst€atter et al. 2004), and various peripheral synapses (Raab et al.

2010). However, all three family members are highly expressed in the hippocampus

and cortex. In the cerebellum, Shank1 and ProSAP1/Shank2 primarily appear in

Purkinje cells, while ProSAP2/Shank3 is only found in the granular cell layer

(Boeckers et al. 1999a, b, 2004). On the subcellular level, ProSAPs/Shanks are

not localized directly underneath the postsynaptic membrane but extend up to

120 nm deep inside the PSD (Naisbitt et al. 1999; Tao-Cheng et al. 2010).

Alternative splicing events regulate ProSAP/Shank domain composition (Boeckers

et al. 1999b; Lim et al. 1999). Shank2E, for example, one of the two major

alternative splice variants of ProSAP1/Shank2, is only expressed in epithelial

cells and contains an SH3 domain and N-terminal ankyrin repeats like ProSAP2/

Shank3 and Shank1 (McWilliams et al. 2004). The other major alternative splice

variant of ProSAP1/Shank2 called ProSAP1A misses the ankyrin repeats, but still

includes the SH3 domain (Boeckers et al. 1999a, b). Further, there is knowledge of

an alternatively spliced Shank1 lacking the SAM domain called Shank1b (Sala

et al. 2001). Interestingly and contrary to Shank1 and ProSAP1/Shank2, tissue-

specific expression of the ProSAP2/Shank3 gene is exclusively regulated by DNA

methylation (Ching et al. 2005; Beri et al. 2007). A recent study further

demonstrates that methylation of the ProSAP2/Shank3 gene predominantly

happens at intragenic CpG island promoters. Thus, alternative transcripts are

generated and expressed differentially not only in a tissue- and cell-type-specific

manner but even within the same cell types from distinct brain regions (Maunakea

et al. 2010) (Fig. 2.2).
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2.2.2 Synaptic Recruitment and Assembly of ProSAP/Shank
Family Members

Proper formation and maturation of a synapse requires the specific localization of

proteins at both sites of the contact. A noticeable feature of all three ProSAP/Shank

mRNAs is their strong dendritic localization, which – in response to the appropriate

stimuli – makes local translation directly at the site of spines and synapses probable

(Bockers et al. 2004; Falley et al. 2009). The postsynaptic recruitment of ProSAP/

Shank family members depends on certain amino acid sequences within these

molecules called synaptic targeting signals. Shank1, for example, only requires

an intact PDZ domain for synaptic localization (Sala et al. 2001; Romorini et al.

2004). In contrast, C-terminal elements of ProSAP1/Shank2 and ProSAP2/Shank3

including the SAM domain, the ppI motif, and a serine-rich stretch of approxi-

mately 50 amino acids (Okamoto et al. 2001; Boeckers et al. 2005; Grabrucker et al.

2009) are responsible for synaptic targeting. Interestingly, high turnover rates of

ProSAP/Shank family members have been observed at single PSDs in immature

neuronal cultures (Bresler et al. 2004). Additional in vitro studies have revealed that

ProSAP1/Shank2 and ProSAP2/Shank3 are core elements of newly formed PSDs at

nascent synapses, while Shank1 is only recruited during the later process of synapse

maturation (Sala et al. 2001; Boeckers et al. 2005; Grabrucker et al. 2011). These

observations are supported by the fact that transient expression of ProSAP2/Shank3

is sufficient to induce functional dendritic spines in aspiny cultured cerebellar

granule cells while Shank1 is not capable to induce the same effect (Roussignol

et al. 2005). Recent studies show that the SAM domains of ProSAP1/Shank2 and
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Fig. 2.2 The diagram shows the domain composition of ProSAP/Shank family members at the

PSD (the three major domains, SH3, PDZ, and SAM, are clearly depicted). For each domain/

interacting motif, direct binding partners as well as indirect ones (italicized letters) are listed
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ProSAP2/Shank3 are not only crucial for postsynaptic targeting but, due to their

oligomerization ability, further mediate assembly of large ProSAP/Shank sheets via

zinc ions thus forming a postsynaptic platform (PSP) (Baron et al. 2006;

Gundelfinger et al. 2006; Grabrucker et al. 2011). Zinc ions are located in and

released from presynaptic vesicles of glutamatergic terminals, can bind glutamate

receptors at hippocampal synapses, and enter the postsynaptic compartment (Assaf

and Chung 1984); (Li et al. 2001). Whereas Zn2+ binding regulates the packaging

density of ProSAP2/Shank3 (Baron et al. 2006), Shank1 seems to stabilize synapses

in a Zn2+-insensitive mechanism (Grabrucker et al. 2011). Sharpin, whose

C-terminal part has been shown to interact with the ankyrin repeats of Shank1,

can dimerize through its N-terminal half further cross-linking ProSAPs/Shanks

(Lim et al. 2001). Shank1 is also able to multimerize via homomeric attachment

of the ankyrin repeats and the SH3 domain (Romorini et al. 2004). All these

mechanisms of gigantic ProSAP/Shank multimerization are key events in forming

a polymeric network structure that – together with postsynaptic Homer – resides at

the core of the PSD (Hayashi et al. 2009). Interestingly, the oligomerization state of

certain ProSAP/Shank interaction domains such as the PDZ domain is known to

regulate the binding affinity of partner ligands thus rendering ProSAP/Shank

platforms even more diverse in respect to multiprotein complex formation at the

PSD (Iskenderian-Epps and Imperiali 2010). Among PSDs of cultured neurons,

continuous loss and redistribution has been shown for ProSAP2/Shank3, a phenom-

enon that was independent from protein synthesis or degradation and could be

accelerated by electrophysiological stimulation (Tsuriel et al. 2006). This might

result from activity-dependent changes of ProSAP/Shank levels and/or their sub-

cellular distribution mediated by secondary modifications such as palmitoylation or

phosphorylation. In fact, phosphorylation sites have already been found in

ProSAP2/Shank3 (Jaffe et al. 2004), and the ribosomal S6 kinase (RSK) has been

identified to interact with and phosphorylate Shank1 and ProSAP2/Shank3

(Thomas et al. 2005).

2.2.3 Clustering of Receptor Complexes at the PSD
by ProSAPs/Shanks

Located underneath the postsynaptic membrane, ProSAP/Shank scaffolds are pri-

marily involved in the recruitment, clustering, and functional coupling of trans-

membrane proteins like postsynaptic glutamate receptors while interaction can

happen directly or indirectly via adaptor proteins. Among the latter are the

GKAPs. These molecules are attached to the ProSAP/Shank PDZ domain via their

C-termini and via their N-termini associated with MAGUKs such as PSD-95

(Boeckers et al. 1999a; Naisbitt et al. 1999). Interestingly, the GluR1 subunit of

the AMPAR directly binds to the PDZ domain of all ProSAP/Shank family members

via its C-terminal PDZ domain-binding motif (Uchino et al. 2006). Binding partner
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of the proline-rich stretch right next to the serine-rich region of Shank1 and

ProSAP2/Shank3 is Homer1a, a protein which clusters metabotropic glutamate

receptors (mGluRs) mGluR1a and mGluR5 at the PSD via their C-termini and

further interacts with the inositol trisphosphate receptor (IP3R) of the spine appara-

tus (Tu et al. 1999; Sala et al. 2001, 2005). In this context, it has been shown that a

ternary complex composed of ProSAP1/Shank2, its PDZ domain interaction partner

phospholipase b-3, and Homer1b contributes to mGluR-evoked calcium mobiliza-

tion (Hwang et al. 2003). Moreover, the GluRd2 subunit has been introduced as

interactor of the Shank1 and ProSAP1/Shank2 PDZ domains selectively at the PSDs

of parallel fiber-Purkinje cell synapses in the cerebellum (Uemura et al. 2004).

A short serine-rich sequence of Shank1 and ProSAP1/Shank2 proteins further

mediates direct association with the proline-rich region of dynamin-2, a PSD

molecule participating in membrane turnover and glutamate receptor recycling

(Okamoto et al. 2001; Boeckers et al. 2002). All those interactions define the crucial

role of the ProSAP/Shank-based scaffolding network in cross-linking distinct glu-

tamate receptor subtypes to each other and to intracellular calcium stores. However,

not only glutamate receptors but also other G-protein-coupled receptors and volt-

age-gated ion channels depend on ProSAP/Shank presence at the PSD. Among the

G-protein-coupled receptors, the neurotransmission-related somatostatin receptor

2 (SSTR2) has been identified as being clustered at the PSD by all three ProSAP/

Shank family members via PDZ domain interaction as well as the calcium-indepen-

dent receptor (CIRL) for a-latrotoxin that binds to the PDZ domains of Shank1 and

ProSAP1/Shank2 and may take part in cell adhesion (Zitzer et al. 1999; Kreienkamp

et al. 2000). Furthermore, two studies have shown that the voltage-gated L-type

calcium channel CaV 1.3 binds to the SH3 and/or the PDZ domains of Shank1 and

ProSAP2/Shank3, interactions that tend to be important for linking calcium influx to

pCREB signaling (Olson et al. 2005; Zhang et al. 2005).

2.2.4 Association of ProSAPs/Shanks with the Postsynaptic
Cytoskeleton

The dynamical interplay of the postsynaptic ProSAP/Shank protein scaffold with

the cytoskeleton of the dendritic spine is accomplished via proteins directly

attached to or indirectly involved in the regulation of actin. In this context, it is

important to mention three key in vitro studies. The first one demonstrates that

single overexpression of a Shank1 isoform (Shank1b) in hippocampal neurons is

capable to promote the maturation and growth of preestablished dendritic spines

(Sala et al. 2001). The second one shows that the cortactin-binding site and the

ankyrin repeat regions of ProSAP2/Shank3 are both indispensable for proper spine

maturation thus clearly implicating concerted involvement of ProSAP/Shank-bind-

ing actin-associated proteins in the formation of plastic spines and functional

synapses (Roussignol et al. 2005). Interestingly, the third study has implicated
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ProSAP1/Shank2 as part of a transient postsynaptic-signaling complex whose

further members include PSD-95 and GKAP and which regulates activity-depen-

dent spine growth (Steiner et al. 2008).

The interaction of ProSAPs/Shanks with Densin-180 antagonizes dendritic

branching in order to promote the development of functional spines and synapses

(Quitsch et al. 2005). While physically linked to F-actin of dendritic spines,

a-fodrin interacts with the N-terminal ankyrin repeats of Shank1 and ProSAP2/

Shank3 via one of its spectrin motifs (Bockers et al. 2001) and is further processed

in a calmodulin-dependent manner whenever intracellular calcium levels are ele-

vated followed by the reorganization of cytoskeletal elements within spines.

ProSAP-interacting protein 2 (ProSAPiP2), one of the most recently identified

molecules binding to the PDZ domain of ProSAP2/Shank3 might also be involved

in the attachment and modulation of cytoskeletal elements due to its actin binding

properties (Liebau et al. 2009). The C-terminal ppI motif of ProSAP1/Shank2 and

ProSAP2/Shank3 mediates interaction with the SH3 domain of two proteins that are

tightly attached to the actin cytoskeleton, cortical-actin-binding protein (cortactin)

and actin-binding protein1 (Abp1) (Du et al. 1998; Boeckers et al. 1999b;

Qualmann et al. 2004). Abp1 has been shown to regulate spine morphology by

controlling actin polymerization within spine heads (Haeckel et al. 2008), while

cortactin has long been known as an effector of activity-dependent, actin-based

spine morphology regulation (Hering and Sheng 2003). Moreover, SH3 protein

interacting with Nck, 90 kDa (SPIN90), a well-known binding partner of F-actin

and of actin regulators like the Arp2/3 complex and N-WASP, especially promotes

Shank1b-mediated spine enlargement by interaction with the Shank1 C-terminus

(Kim et al. 2009). In addition to all proteins that directly interact with actin,

further ProSAP/Shank binding partners exist that are indirectly involved in

actin-based cytoskeletal rearrangements within dendritic spines, mainly via small-

GTPase-dominated signaling pathways. The signal transduction molecule bPIX is

among them, interacting with the PDZ domains of all ProSAP/Shank family

members and contributing to cytoskeletal reorganization within dendritic spines

as being a guanine nucleotide exchange factor (GEF) for the Rac1 and Cdc42 small

GTPases (Park et al. 2003). The latter two molecules further induce the binding of

insulin receptor substrate IRSp53 to two N-terminally positioned, consecutive

proline-rich clusters of Shank1 and ProSAP2/Shank3, respectively, thereby imply-

ing the involvement of ProSAP/Shank platforms in insulin-dependent remodeling

of the postsynaptic cytoskeleton (Bockmann et al. 2002; Soltau et al. 2002, 2004).

Another study has identified Abelson interacting protein 1 (Abi-1) as interaction

partner of the ProSAP2/Shank3 proline-rich clusters and implies that it controls

actin assembly within developing dendritic spines by regulating Rac-dependent

pathways in a complex together with Eps8, Sos1, and WAVE1 (Proepper et al.

2007). Furthermore, proteins of the SPAR family (SPAR, SPAR2), which crucially

regulate the actin cytoskeleton within dendritic spines by activating the small

GTPases Rap1 and Rap2, are cross-linked to the PDZ domain of ProSAP2/

Shank3 via the Fezzin family members ProSAP-interacting protein 1 (ProSAPiP1),
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postsynaptic density protein containing leucine-zippers, 70 kDa (PSD-Zip70), and

LAPSER1 (Maruoka et al. 2005; Wendholt et al. 2006; Schmeisser et al. 2009).

To summarize, the ProSAP/Shank platform is a core element of the PSD which

mainly clusters postsynaptic receptor complexes by cross-linking them to the actin

cytoskeleton of dendritic spines. Because of their gigantic multimerization ability

and various protein-protein interaction domains, ProSAP/Shank scaffolds serve as a

meshwork for the integration of multiple other molecules into the PSD. By

reorganizing cytoskeletal elements, ProSAPs/Shanks have further emerged to be

essential modulators of activity-dependent remodeling of synaptic contacts in the

mammalian nervous system.

2.3 Other Major Scaffold Proteins

A number of studies has provided quantitative information on the stoichiometry of

proteins in the PSD using several approaches including EM combined with quanti-

tative immunoblotting (Chen et al. 2005), quantitative mass spectroscopy (MS)

(Cheng et al. 2006), and green fluorescent protein (GFP)-based quantitative fluo-

rescence calibration (Sugiyama et al. 2005). The PSD can be biochemically isolated

by extracting synaptosome preparations with nonionic detergents, such as Triton

X-100, which does not solubilize the PSD.

An average PSD of 360 nm diameter might contain a total molecular mass of

1.10 � 0.36 gigadaltons (GDa) (Chen et al. 2005), for example, there would be

10,000 proteins of approximately 100 kDa on average. These studies have also

definitively demonstrated that scaffold proteins are major components of the PSD.

However, the most abundant proteins are two enzymes: CaMKII and SynGAP

together represent more than 8% of the PSD protein mass (Cheng et al. 2006).

Although it remains a mystery, why two enzymes should be so plentiful in the PSD,

some recent evidences suggest that CaMKII and SynGAP could play a structural as

well as a regulatory role in synaptic homeostasis. For example, CaMKIIb binds to

F-actin and several other abundant PSD proteins (Colbran and Brown 2004) while

autophosphorylated CaMKIIa acts as a scaffold to recruit proteasomes to dendritic

spines (Bingol et al. 2010). Because SynGAP, in addition to its RasGAP activity,

contains multiple protein-protein interaction motifs, one cannot exclude that it may

also have a scaffolding function in the PSD (Rama et al. 2008). Among the more

classical scaffold proteins, PSD-95 was found to be highly enriched and much more

abundant than its closest relatives PSD-93 and SAP102 (see previous paragraph).

At the PSD, MAGUKs (PSD-95) bind to GKAPs which interact with ProSAPs/

Shanks that in turn bind the Homers. According to the quantitative MS studies

described above, GKAP family proteins are approximately equimolar with ProSAP/

Shank family proteins, but only about 30–40% as abundant as PSD-95 family

proteins, and twice as abundant as Homer family proteins (Cheng et al. 2006). If

an average PSD contains 300 molecules of PSD-95, we can assume the following

stoichiometry: 400 MAGUK family members, 150 GKAP family members, 150
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ProSAP/Shank family members, and 60 Homer family members. Indeed, using a

quantitative fluorescence imaging approach in cultured hippocampal neurons

(Sugiyama et al. 2005), Okabe and colleagues have obtained similar quantitative

results for PSD-95, but higher values for ProSAP/Shank family proteins (310

copies) and Homer family proteins (340). These differences might be explained

by the distinct metrology used for quantification on the one hand and by the

different synaptic protein expression in cultured neurons versus adult brain on the

other hand. It is important to mention that the numbers are higher in large PSDs and

lower in small PSDs, but their stoichiometry seems to be preserved among each

PSD, suggesting the presence of a possible “master” organizing scaffold protein.

Despite those quantitative discrepancies, it is clear that the MAGUK(PSD-95)-

GKAP-ProSAP/Shank-Homer platform accounts for a substantial proportion of the

total protein mass within the PSD and represents the core scaffold structure of the

PSD (Sugiyama et al. 2005).

2.3.1 The GKAP Family

The four members of the GKAP (also named GKAP/SAPAP) family of proteins

were originally identified as proteins interacting with the GK domain of PSD-95

(Kim et al. 1997; Takeuchi et al. 1997). The N-terminal domain of GKAP binds to

PSD-95 while the rest of the protein exhibits binding domains for synaptic scaf-

folding molecule (S-SCAM), nArgBP2, and dynein light chain, thus suggesting a

function as a scaffold protein that links PSD protein complexes to motor proteins

(Naisbitt et al. 2000). The very C-terminal part further interacts with the PDZ

domain of ProSAPs/Shanks. It has recently been demonstrated that GKAP is a

specific substrate of one E3 ubiquitin ligase, the RING finger-containing protein

TRIM3. TRIM3 stimulates ubiquitylation and proteasome-dependent degradation

of GKAP and the associated protein Shank1. The suppression of endogenous

TRIM3 results in increased accumulation of GKAP and Shank1 at synapses

and prevents the loss of GKAP induced by synaptic activity (Hung et al. 2010).

Interestingly, degradation of GKAP and ProSAP/Shank occurs during memory

consolidation and reconsolidation (Lee et al. 2008).

2.3.2 The Homer Family

The Homer proteins are encoded by three genes (Homer1-3) and structurally

formed by an N-terminal Ena/VASP homology 1 (EVH1) domain followed by a

coiled-coil domain that mediates dimerization with other Homer proteins. The

Homers were originally discovered by cloning of Homer1a, a splice variant of the

Homer1 gene, which is regulated as an immediate early gene (IEG). Homer1a is

rapidly upregulated in neurons in response to synaptic activity induced by seizure or
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during induction of LTP and is selectively induced in cells of the hippocampus

when rodents engage in exploratory behavior (Brakeman et al. 1997; Kato et al.

1998; Fagni et al. 2002). The Homer1 gene encodes for two additional and longer

transcripts, Homer1b and Homer1c, which are more similar to the other Homer

genes, Homer2 and Homer3, that have also been reported to encode for several

transcripts, but none of them is induced by neuronal activity (Soloviev et al. 2000;

Xiao et al. 2000). The EVH1 domain of Homer1 binds to a PPXXF or very similar

sequence motif in ProSAP/Shank, mGluR1/5, the inositol-1,4,5-trisphosphate (IP3)

receptor, the ryanodine receptor, different members of the TRPC family of ion

channels, PLCb (Nakamura et al. 2004; Hwang et al. 2005), selective L-type Ca2+

channel isoforms (Yamamoto et al. 2005; Huang et al. 2007), and oligophrenin

(Govek et al. 2004). Through their ability to self-associate, Homer isoforms

containing the coiled-coil domain (called “CC-Homer” or Homer1b in the case of

the Homer1 gene) can physically and functionally link the proteins and receptors

that bind to the EVH1 domain. This scaffold-like activity has well been

demonstrated for the ability of Homer to facilitate a physical association between

type I mGluRs and the IP3R or TRPC1 and the IP3R. In each case, this association is

required for the mGluRs and for the TRP channel to respond to signals (Yuan et al.

2003; Sala et al. 2005). Homer1a only contains the EVH1 domain, but lacks the

coiled-coil domain; it functions as a natural dominant negative because it cannot

dimerize. As on themRNA level, Homer1a expression is induced by synaptic activity;

it might function as a regulator of synaptic structure and activity (Sala et al. 2003).

More recently, Homer1a has been implicated in the regulation of homeostatic

scaling by regulating agonist-independent signaling of group I mGluRs, a process

which scales down the expression of synaptic AMPARs (Hu et al. 2010). These data

suggest that behind their function as scaffolds, Homer proteins exhibit a specialized

signaling function at the synapse by regulating the activity of type I mGluR.

2.3.3 The GRIP Family

The four previously discussed PSD scaffold protein families (MAGUKs, GKAPs,

ProSAPs/Shanks, Homers) are mostly directly or indirectly linked to the NMDAR

complex, while the other major ionotropic glutamate receptors, the AMPARs, are

classically linked to a different set of scaffold proteins including GRIP/ABP

(encoded by the two distinct genes GRIP1 and ABP/GRIP2) and the protein

interacting with C kinase 1 (PICK1). These interactions may account for the

dynamic behavior of AMPARs at synapses. Several evidences suggest that GRIP

proteins are involved in the synaptic trafficking and/or stabilization of AMPARs

and other interacting proteins. However, GRIP, being formed by seven PDZ

domains, interacts with many proteins, including Eph receptors and their ephrin

ligands, RasGEF, liprin-a, PICK1, the transmembrane protein Fraser syndrome 1

(FRAS1), metabotropic and kainate-type glutamate receptors, the cadherin-

associated protein neural-plakophilin-related arm protein (NPRAP), and the
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metalloproteinase membrane-type 5 MMP (MT5-MMP) (Dong et al. 1997;

Bruckner et al. 1999; Dong et al. 1999; Ye et al. 2000; Hirbec et al. 2002; Setou

et al. 2002; Wyszynski et al. 2002; Takamiya et al. 2004; Hoogenraad et al. 2005;

Monea et al. 2006; Silverman et al. 2007). Thus, not surprisingly, GRIP proteins

can participate in synaptic and neuronal functions not only by interacting with

AMPARs but also by interacting with Eph receptors and their ephrin ligands, a

signaling complex known to be involved in dendritic spine morphogenesis and

hippocampal synaptic plasticity (Hoogenraad et al. 2005). GRIP interaction with

motor proteins (directly with conventional kinesin KIF5 or indirectly with KIF1A

via liprin-a) further suggests that this protein family may also contribute to the

transport of AMPARs to the synapse (Shin et al. 2003; Hoogenraad et al. 2005).

GRIP is widely expressed in different tissues and in neurons, and it is present in

both axons and dendrites (Wyszynski et al. 2002). Therefore, the function of GRIP

has to be considered beyond the regulation of AMPARs. This is supported by the

fact that GRIP1 knockout mice show hemorrhagic blisters and embryonic lethality

(Bladt et al. 2002; Takamiya et al. 2004). Only the GluR2/3 subunits of the AMPAR

specifically bind to the PDZ5 domain of GRIP, although the PDZ4 domain is also

required for strengthening this interaction. Several studies have demonstrated the

role of GRIP in AMPAR trafficking to synapses using primary neuronal cultures.

A more conclusive work by Takamiya et al. showed that the genetic ablation of both

GRIP genes blocks LTD expression in cerebellar neurons while single deletion of

either isoform allows LTD to occur, suggesting the ability of the two proteins to

functional compensate each other at least in part (Takamiya et al. 2008). Finally,

certain splice variants of GRIP can be palmitoylated thereby regulating its associa-

tion with the plasma membrane and localization at the synapse (DeSouza

et al. 2002). In contrast, nonpalmitoylated GRIP mostly associates with intracellu-

lar membranes (Fu et al. 2003). To conclude, these differentially modified

subpopulations of GRIP might control synaptic and intracellular pools of AMPARs,

respectively.

2.3.4 PICK1

The BAR (bin/amphiphysin/rvs) and PDZ-domain-containing protein PICK1 (pro-

tein interacting with C-kinase 1) directly binds to the GluR2/3 subunits of AMPARs

(Dev et al. 1999; Xia et al. 1999). PICK1 is present at synaptic and nonsynaptic sites

in neurons, and its PDZ domain shows relatively promiscuous binding. In addition

to PKCa and GluR2/3, it has many other binding partners (both pre- and postsyn-

aptic), including the netrin receptor UNC5H (Williams et al. 2003), various

metabotropic glutamate receptor subtypes (Hirbec et al. 2002; Perroy et al. 2002),

the dopamine plasma membrane transporter, and the erythroblastic leukemia viral

oncogene homologue 2 (ErbB2) receptor tyrosine kinase (Jaulin-Bastard et al.

2001; Torres et al. 2001). PICK1 plays a clear and important role in AMPAR surface

expression, trafficking, and synaptic targeting (Jin et al. 2006; Hanley 2008).
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Recently, Anggono et al. demonstrated that PICK1 participates in homeostatic

plasticity by regulating the subunit composition, abundance, and trafficking of

GluR2-containing AMPARs (Anggono et al. 2011). However, PICK1 negatively

regulates Arp2/3-mediated actin polymerization thus influencing both NMDA-

induced AMPAR internalization and dendritic spine morphology (Rocca et al.

2008; Nakamura et al. 2011). The pleiotropic role of PICK1 can probably explain

the finding that loss of PICK1 has no significant effect on synaptic plasticity

in juvenile mice but impairs some forms of LTP and multiple distinct forms of

LTD in adult mice, suggesting that PICK1 is selectively required for hippocampal

synaptic plasticity and learning in adult rodents (Volk et al. 2010).

The role of GRIP and PICK1 in the stabilization of synaptic versus intracellular

AMPAR pools has been studied extensively (Daw et al. 2000; Kim et al. 2001;

Chung et al. 2003; Hirbec et al. 2003; Seidenman et al. 2003). However, not all the

controversies have been resolved, also because of overlapping specificities of PDZ

domain interactions. The peptides that are typically used to interfere with the PDZ

interactions of GRIP and PICK1 are probably not highly specific for these proteins

or for GluR2/3 interactions. Recent experiments in knockout mice are promising to

elucidate the specific functions for GRIP and PICK1 (Takamiya et al. 2008;

Anggono et al. 2011).

2.4 Postsynaptic Scaffolds and Their Relation

to Neuropsychiatric Disorders

As several neuropsychiatric disorders have directly been linked to altered synaptic

morphology and function throughout recent years, future therapeutic implications

will require an in-depth understanding of the molecular mechanisms underlying the

disruption of subcellular structures at the synapse like the active zone or the PSD.

Referring to the latter, mislocalization and dysregulation of postsynaptic scaffold

proteins are crucial events during the pathophysiological course of several so-called

synaptopathies like distinct forms of autism, schizophrenia, or dementia.

2.4.1 The MAGUK Family and Other Scaffold Proteins

Considering that PSD-95 is the most abundant scaffold protein in the PSD, it is not

surprising that its human gene DLG4 was extensively studied for the presence of

specific polymorphisms and mutations to be associated with mental diseases.

However, up to now, only one preliminary study suggests the association between

DLG4 gene variation, autism spectrum disorders (ASDs), and Williams’ syndrome

(Feyder et al. 2010), and perhaps a polymorphism in the promoter gene is linked to

schizophrenia (Cheng et al. 2010). Interestingly, alterations in PSD-95 expression
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have been found in patients with Alzheimer’s disease (AD) and in a mouse model of

Fragile X syndrome, a genetically linked autistic-like disorder (Zalfa et al. 2007;

Leuba et al. 2008; Zhu et al. 2010). Moreover, mental retardation is clearly

associated with the human DLG3 gene that encodes SAP102 (Tarpey et al. 2004;

Zanni et al. 2010). The mutations identified by Tarpey et al. introduce premature

stop codons within or before the third PDZ domain, and it is likely that these

alterations impair the ability of SAP102 to interact with the NMDAR and/or other

proteins involved in downstream NMDAR signaling pathways.

The first evidence for a major role of SAPAP3 in brain function was

demonstrated by Feng’s lab. Mice deficient for SAPAP3 developed an obsessive-

compulsive disorder (OCD)-like phenotype, including compulsive grooming and

increased anxiety (Welch et al. 2007), while multiple rare SAPAP3 missense

variants in humans have been found associated with trichotillomania (TTM) and

OCD (Z€uchner et al. 2009). Further genetic studies should provide more insights

into SAPAP3 mutations in humans and TTM or OCD. Similarly, research should

provide information whether there is an association between a Homer2 gene

mutation and schizophrenia or development and maintenance of alcohol- and

substance-use disorders which have been found in KO mice (Szumlinski et al.

2004) but not in humans (Szumlinski et al. 2006).

2.4.2 The ProSAP/Shank Family

Haploinsufficiency of the ProSAP2/Shank3 gene as underlying cause for the

Phelan-McDermid syndrome (also named PMS, 22q13.3 deletion syndrome)

provides the most direct link between the loss of a postsynaptic scaffold protein

and a disorder whose major clinical features include neuropsychiatric symptoms,

among them global developmental delay, absent or severely delayed speech,

muscular hypotonia, and “autistic-like” behavior (Bonaglia et al. 2001; Phelan

et al. 2001; Wilson et al. 2003; Manning et al. 2004). To exclude that the disruption

of genes other than ProSAP2/Shank3, but also located on 22q13.3, is the genetically

determined reason for the above-described neuropsychiatric symptoms, researchers

have defined a minimal critical region on the chromosome including ProSAP2/

Shank3 (Bonaglia et al. 2001; Wilson et al. 2003; Delahaye et al. 2009). A balanced

translocation between chromosome 12 and 22 with the breakpoint in the ProSAP2/

Shank3 gene (Bonaglia et al. 2001) and another, recurrent breakpoint within intron

8 of the ProSAP2/Shank3 gene exclusively affecting the latter, clearly supported its

crucial role in the molecular pathology of PMS (Bonaglia et al. 2006). Further

studies have identified de novo mutations in the ProSAP2/Shank3 (Durand et al.

2007; Moessner et al. 2007; Gauthier et al. 2009) and ProSAP1/Shank2 (Berkel

et al. 2010) genes in individuals diagnosed with ASD. These mutations might all

have a severe impact on the molecular setup of the whole postsynaptic protein

platform in the affected patients by disrupting its physiological properties which are

crucial for normal synaptic homeostasis and the balance between excitation and
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inhibition. Considering the fact that alterations in other synaptic proteins like

presynaptic neurexins (Kim et al. 2008; Ching et al. 2010) or postsynaptic

neuroligins (Jamain et al. 2003) have been identified in autistic individuals and

which are directly attached to the ProSAP/Shank platform via protein-protein

interactions, a synaptic NRXN-NLGN-ProSAP/Shank pathway has been proposed

whose dysregulation might be one of the core pathophysiological causes in the

development of ASDs (Bourgeron 2009). In this context, some in vivo data have

already been collected by analysis of transgenic mouse models harboring a targeted

disruption of this pathway on the level of the ProSAP/Shank platform, like the

Shank1 knockout mouse which exhibits smaller dendritic spines, weaker synaptic

transmission (Hung et al. 2008), and reduced motor functions (Silverman et al.

2011), or the ProSAP2/Shank3 haploinsufficiency mouse that shows delayed syn-

aptic development, a decrease in synaptic transmission and reduced social sniffing

and ultrasonic vocalizations (Bozdagi et al. 2010). Furthermore, mice with distinct

deletions of the ProSAP2/Shank3 gene exhibit self-injurious repetitive grooming

and deficits in social interaction most probably due to defects at striatal synapses

and corticostriatal circuits (Peça et al. 2011).

Schizophrenia has emerged to be another neuropsychiatric disorder related to

ProSAP/Shank malfunction as revealed by de novo mutations in the ProSAP2/

Shank3 gene in patients ascertained for this neuropsychiatric disease (Gauthier

et al. 2010). However, both individuals identified in this study exhibited impaired

intellectual abilities even before the diagnosis of schizophrenia. Most interestingly,

a very recent study from the same consortium (Hamdan et al. 2011) found truncat-

ing and/or splicing mutations in several synaptic scaffold proteins including

ProSAP2/Shank3 in patients with nonsyndromic intellectual disability (NSID)

thus again supporting the crucial role of scaffolds like ProSAP/Shank for the proper

development and maintenance of higher brain function.

Recent investigations have additionally implicated ProSAP/Shank platform

disassembly in neurodegeneration. Accumulation of soluble b-Amyloid oligomers

in rat frontocortical cell culture, in the cortex of transgenic Alzheimer’s Disease

(AD) mouse models, and in the cortex of AD patients is accompanied by a

reduction of Shank1 (Roselli et al. 2009; Pham et al. 2010) and ProSAP2/Shank3

(Gong et al. 2009; Pham et al. 2010) while ProSAP1/Shank2 levels seem to be

upregulated (Gong et al. 2009). In this context, it is important to mention that

ProSAP/Shank platforms are organized and stabilized via zinc at their C-terminal

SAM domains (Baron et al. 2006; Gundelfinger et al. 2006; Grabrucker et al. 2011).

Zinc is a metal ion that has the capacity to directly bind to b-Amyloid (Matsubara

et al. 2003) and is known to promote its aggregation (Friedlich et al. 2004; Miller

et al. 2010). As b-Amyloid accumulation within the synaptic cleft has previously

been suggested to contribute to the development of cognitive impairment in AD by

trapping synaptic zinc rather than through direct neuronal toxicity (Deshpande et al.

2009; Adlard et al. 2010), one could imagine a synaptopathic mechanism involving

b-Amyloid accumulation entrapment of synaptic zinc and a disruption of the

postsynaptic ProSAP/Shank platform.
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Chapter 3

Diversity of Metabotropic Glutamate

Receptor–Interacting Proteins and

Pathophysiological Functions

Laurent Fagni

Abstract In the mammalian brain, the large majority of excitatory synapses

express pre- and postsynaptic glutamate receptors. These are ion channels and

G protein–coupled membrane proteins that are organized into functional signaling

complexes. Here, we will review the nature and pathophysiological functions

of the scaffolding proteins associated to these receptors, focusing on the

G protein–coupled subtypes.

Keywords Brain disorders • Homer • Metabotropic glutamate receptors •

Postsynaptic density • Scaffolding proteins

3.1 Introduction

Excitatory synaptic transmission in the mammalian brain is predominantly mediated

by glutamate. The neurotransmitter binds to ionotropic (AMPA, kainate, and NMDA

receptor-channels) and G protein–coupled/metabotropic (mGlu) receptors. The mGlu

receptors are classified into three groups. Group I mGlu receptors (mGlu1 andmGlu5)

are mainly localized postsynaptically, whereas group II (mGlu2 and mGlu3) and

group III (mGlu4, mGlu7, and mGlu8) receptors are preferentially found on axon

terminals. The group IIImGlu6 receptor is solely expressed in the retina.Within group I,

the mGlu1 receptor subtype is expressed as four splice variants: a long C-terminal

form (mGlu1a, 350 residues) and three shorter C-terminal forms (mGlu1b, c, d),

whereas the mGlu5 receptor is expressed as two long C-terminal splice variants

(mGlu5a, b). The mGlu7 and mGlu8 receptors also display two splice variants

(mGlu7a, b and mGlu8a, b) of roughly similar length.

L. Fagni (*)

Institute of Functional Genomics, CNRS-UMR5203, INSERM-U661, Université Montpellier 1,
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It is well established that membrane neurotransmitter receptors, including mGlu

receptors, are organized into functional networks by multiprotein complexes. The

receptor-associated proteins can be other membrane neurotransmitter receptors or

intracellular scaffolding/signaling proteins that physically link the membrane

receptors to their intracellular effectors and cytoskeleton. During the past 10 years,

the structure and functions of some of these receptor complexes (also called

receptosomes) have been extensively studied. Here, we will review their implications

in physiological and pathological functions, focusing on the mGlu receptosomes.

3.2 Membrane Proteins

Metabotropic glutamate receptors can interact with other membrane receptors and

channels. These can be mGlu receptors of the same subtype, thus forming

homodimers that are stabilized by an external N-terminal disulphur bound

(Kunishima et al. 2000). The mGlu2 receptor subtype can also hetrodimerize with

the serotonin 5-HT2A receptor (Gonzalez-Maeso et al. 2008). The mGlu1 receptor

can interact with the A1 adenosine receptor (Ciruela et al. 2001), and the mGlu5

receptor can form a higher order trimeric receptor complex with the D2 dopamine

receptor and the A2A adenosine receptor in striatal neurons (Cabello et al. 2009).

The mGlu1a receptor variant can interact with the calcium-sensing receptor (CaR)

(Gama et al. 2001), Caveolin1/2b (Burgueno et al. 2004), the GB1 subunit of

GABAB receptor (Tabata et al. 2004), and the Cav2.1 pore-forming subunit of

voltage-gated calcium channels (Kitano et al. 2003). Coassembly of mGlu5 recep-

tor with N-methyl-D-aspartate (NMDA) (Perroy et al. 2008) and m-opioid receptors
(Schroder et al. 2009) has also been described (Table 3.1). Such a complexity of

receptor associations gives rise to diversity of intracellular signalings.

Heteromeric mGlu receptors have been described in heterologous expression

systems, using combined time-resolved fluorescence resonance energy transfer

(trFRET) technology, and specific cell surface labeling of single nucleoti-

de–amplified polymorphism (SNAP)- and click-enabled linker for interacting

proteins (CLIP)-tagged mGlu receptor subunits. Different mGlu receptor subunits

of a same group can dimerize, but mGlu subunits of group II and group III can also

associate to generate heteromeric receptor complexes. In contrast, neither group II

nor group III mGlu receptor subunits can dimerize with group I mGlu receptor

subunits (Doumazane et al. 2010). Whether such heterodimerization exists in

neurons remains to be investigated. If this is the case, such a specificity of

heterodimerization would prevent formation of receptor complexes coupled to

different G proteins. Indeed group I mGlu receptors activate Gq proteins, whereas

group II and group III mGlu receptors are coupled to Gi/Go proteins (Table 3.1).

Also such a specificity of heterodimerization is consistent with the described

localization of mGlu receptor subtypes in neurons, group I mGlu receptors being

mostly localized at postsynaptic sites, whereas group II and group III mGlu

receptors are expressed at axon terminals.
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Table 3.1 Metabotropic glutamate receptor–interacting proteins

mGlu receptors Interacting proteins

Group Subunits Membrane Scaffolding Cytoskeleton Signaling

I (Gq) 1a mGlu1/5, CaR,

A1R/A2R,

Caveolin1/2b,
GB1, Cav2.1

Homer, CAL,

Tamalin

a-Actinin 4,

band 4.1,

tubulin a/b

Norbin, optineurin,

GRK2, CAIN,

PKC, PP1g,
Siah-1A

1b mGlu1/5 – a-Actinin 4,

tubulin a/b,
Vimentin

GRK2

5a mGlu1/5, A1R/

A2R, NMDAR,

m-OpioidR

Homer, CAL,

Tamalin,

NHERF,

Ab

Filamin-A Norbin, optineurin,

CAIN, PKC,

Siah-1A, P1g,
CaM, NECAB2

5b mGlu1/5, D2R,

m-OpioidR
Homer,

Tamalin,

Ab

a-Actinin 4,

filamin-A

Norbin, CaM,

NECAB2,

PKC, PP1g,
Siah-1A

II (Gi/Go) 2 mGlu2/3/4/7/8,

5-HT2AR

Tamalin – PKA, RanBPM

3 mGlu2/3/4/7/8 Tamalin,

GRIP1,

PICK1

– PKA, PP2a,
RanBPM

III (Gi/Go) 4 mGlu2/3/4/7/8 GRIP-1,

PICK1,

Syntenin

Filamin-A,

MAP1B

CaM, PIAS1,

PKA, RanBPM

6 mGlu2/3/4/7/8 GRIP1,

Syntenin

MAP1B PIAS1

7a mGlu2/3/4/7/8 PICK1,

GRIP1,

Syntenin

Tubulin a/b,
MAP1B

CaM, G-bg,
MacMARCKS,

PKA, PKC,

PIAS1,

RanBPM

7b mGlu2/3/4/7/8 PICK1,

Syntenin

Filamin-A,

MAP1B

CaM, G-bg,
MacMARCKS,

PIAS1, PP1g,
RanBPM

8a mGlu2/3/4/7/8 PICK1 Filamin-A,

MAP1B

CaM, PIAS1,

PKA, RanBPM

8b mGlu2/3/4/7/8 PICK1 MAP1B CaM, PIAS1,

RanBPM

5-HT2AR serotonin type 2A receptor, A1R/A2R type1/type2 adenosine receptors, CAIN calcineurin

inhibitor protein, CAL CFTR-associated ligand, CaM calmodulin, CaR Ca2+-sensing receptor,

Cav2.1 pore-forming unit of voltage-gated Ca2+ channel, D2R dopamine receptor type2, GB1 GB1

subunit of GABAB receptor, GRIP-1 glutamate receptor–interacting protein 1, GRK2
G Protein–coupled receptor kinase 2, MAP1B microtubule-associated protein 1B, m-OpioidR
m-opioid receptor, NECAB2 neuronal Ca2+-binding protein 2, NHERF-2 Na+/H+-exchanger regu-

latory factor 2, NMDAR NMDA receptor, PIAS1 protein inhibitor of activated STAT 1, PICK1
protein interacting with C-kinase 1, PP1g protein phosphatase 1g, PP2a protein phosphatase 2a,
RanBPM Ran-binding protein in the microtubule-organizing center, RanBPM Ran-binding protein

in the microtubule-organizing center, Siah-1A seven in absentia homolog 1A
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The mGlu5 and NMDA receptors have been reported to directly interact when

coexpressed in heterologous expression systems. Formation of the complex results

in reciprocal and agonist-independent inhibition of the two receptors (Perroy et al.

2008). Both receptors coexist in dendritic spines, but are physically distant one

from each other. NMDA receptors are localized within the synaptic density and

face the neurotransmitter (glutamate) release site, whereas mGlu5 receptors are

localized at the periphery of the synapse. Although not definitively proved, the

biological substrate responsible for this specific postsynaptic membrane localiza-

tion might be the multiprotein (Homer-Shank-GKAP-PSD95) scaffolding complex

that physically links these receptors together. It has been hypothesized that in

conditions of elevated synaptic activity, the scaffold can be disrupted by the

immediate early gene Homer1a, and the mGlu5 receptor may then move toward

and interact with the NMDA receptor (Perroy et al. 2008). Thus, this association

should give rise to reduced NMDA receptor–mediated currents and protect the

neuron from excitotoxicity.

Both 5-HT2A and mGlu2 receptors have been implicated in schizophrenia (Roth

et al. 1998; Benneyworth et al. 2007, 2008). Activation of mGlu2 receptor increases

affinity of 5-HT2A receptors, whereas activation of 5-HT2A receptors decreases

mGlu2 receptor affinity. Moreover the two receptors colocalize and coimmunopre-

cipitate. These observations suggest that mGlu2 and 5-HT2A receptors oligomerize

(Gonzalez-Maeso et al. 2008). Formation of the complex would depend on the

TM4 and TM5 transmembrane helices of mGlu2 receptor, as chimeric mGlu3

receptor containing the TM4 and TM5 domains of mGlu2 receptor does not

associate with 5-HT2A receptor. The mGlu2-5-HT2A receptor heterodimer thus

represents a promising target for the treatment of schizophrenia.

The A2A adenosin receptor couples to Gs protein and mediates phosphorylation

of 32 kDa dopamine- and cyclic AMP-regulated phosphoprotein (DARPP-32) via

PKA activation, in striatal neurons. On the other hand, the D2 dopamine receptor

couples to Gi/Go proteins and counteracts the effect of A2A receptor (Agnati et al.

2003). When coexpressed with mGlu5 receptor, A2A receptors can trigger Ca2+

responses in HEK293 cells, similarly to mGlu5 receptor activation. Costimulation

of A2A and mGlu5 receptors synergistically increases DARPP-32 phosphorylation

in striatal slices, making DARPP-32 a crossroad for the A2A, mGlu5 and D2

receptor signaling pathways. This functional interplay may be supported by oligo-

merization of the receptors, which have been evidenced using bimolecular fluores-

cence complementation, bioluminescence resonance energy transfer (BRET) and

sequential resonance energy transfer (RET) approaches. Interactions depend on the

third intracellular loop of the D2 receptor and a C-terminal serine containing motif

of the A2A receptor (Ciruela et al. 2004; Ferre et al. 2007; Azdad et al. 2009), while

interactions with mGlu5 receptor depends on the C-terminus of the receptor. Indeed

not only mGlu5 receptor can interact with D2 receptor, but all three A2A, D2, and

mGlu5 receptors can form hetero-oligomers, as supported by high-resolution elec-

tron microscopy that shows the presence of these receptors at extrasynaptic

membranes of the same striatal dendritic spines (see Cabello et al. 2009; Prezeau

et al. 2010, for a review).
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A synergistic action of A1 receptor activation on mGlu5 receptor–mediated Ca2+

responses is observed in transfected HEK293 cells. Interestingly, the A1 and mGlu1

receptor coimmunoprecipitate and colocalize in cortical and cerebellar neurons

(Ciruela et al. 2001), further suggesting heterodimerization of the two receptors.

3.3 Scaffolding Proteins

Synaptic scaffolding proteins are present at both pre- and postsynaptic sites. They

form multiprotein complexes that organize receptors and channels at the mem-

brane, and link them to their intracellular signaling pathways, as well as to cyto-

skeleton. A number of these proteins also serve as signaling proteins in developing

and adult neurons, thus playing an essential role in dendritic spine morphogenesis

and synaptic transmission. Several scaffolding proteins have been shown to interact

with mGlu receptors. Group I mGlu receptors can interact with Homer (Tu et al.

1998), tamalin (Kitano et al. 2002), Na+/H+-exchanger regulatory factor

2 (NHERF2) (Paquet et al. 2006), and CFTR-associated ligand (CAL) proteins

(Zhang et al. 2008; Cheng et al. 2010). The group II mGlu3 and group III mGlu7

receptors have been reported to interact with glutamate receptor–interacting protein

1 (GRIP1) (Hirbec et al. 2002) and protein interacting with C-kinase 1 (PICK1,

(El Far et al. 2000) (Table 3.1)).

Functional intercellular communications, including synaptic transmission,

require adequate membrane and subcellular localization of ion channels and neuro-

transmitter receptors. Scaffolding proteins can provide such cellular functions,

namely during early stages of development and in the adult cell communication

systems. Best examples of these are given by the mGlu receptor–associated proteins

Homer. Within group I, the three long C-terminus of mGlu1a and mGlu5 subunits

contain a consensus sequence (-PPxxF-) that is a binding motif for the N-terminal

EVH-like domain of Homer proteins (Tu et al. 1998). These proteins are the

products of 3 genes (Homer1, Homer2, and Homer3) that give rise to several

splice variants (Brakeman et al. 1997; Kato et al. 1997; Xiao et al. 1998). We

have previously shown that constitutively expressed Homer3 controls the neuritic

sorting of mGlu5 receptor in cultured neurons, thus excluding the receptor from

axons and triggering its localization at postsynaptic sites (Ango et al. 2000).

Notwithstanding, the receptor complex was predominantly found in the intracellu-

lar compartment. The short variant Homer1a was found to trigger the membrane

targeting of the receptor (Ango et al. 2002). These studies suggest complementary

roles of Homer proteins in functional expression of mGlu5 receptors at the synapse.

Although the mGlu1a receptor also interacts with Homer proteins, the same

regulation did not apply to this receptor. The synaptic localization of mGlu1a seems

to be rather regulated by the PDZ protein Tamalin (Kitano et al. 2002). Another

PDZ domain–interacting protein, CAL, inhibits polyubiquitination and degradation

of mGlu5a receptor, thus enhancing functional expression of the receptor in

neurons (Zhang et al. 2008; Cheng et al. 2010).
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Homer proteins also control efficacy of receptor signaling. The Homer ligand

motif (-PPxxF-) is not only present at the C-terminus of mGlu1a and mGlu5

receptors, but also in the inositol trisphosphate (IP3) and ryanodine receptor-

channels (Tu et al. 1998, Xiao et al. 1998), transient receptor-channels 1 and 4

(TRPC1, TRPC4; (Yuan et al. 2003) and Cav2.1 subunit of voltage-gated Ca2+

channels (Huang et al. 2007). Thus, Homer proteins can link mGlu1a/5 receptors

to both membrane and intracellular Ca2+-permeable ion channels. Formation of

such a multiprotein association by Homer proteins constitutes an ideal machinery

for controlling intracellular Ca2+ signaling (Fagni et al. 2004 for a review).

Macromolecular complexes can be responsible for restriction of intracellular

signaling to specific subcellular microdomains. For instance, Homer proteins pro-

mote faster receptor Ca2+ responses by bringing mGlu1a/5 receptors in close

proximity to Ca2+ stores and TRPCs (Tu et al. 1998). The specific localization of

the receptor complex in the dendritic spine also contributes to confination of the

mGluRa/5 receptor Ca2+ signaling at the synapse.

The C-terminus of presynaptic mGlu7 receptors binds to several proteins,

including the PDZ protein PICK1, G protein bg subunits (Gbg), Ca2+/calmodulin

(Ca/CaM), and the PKC substrate macrophage myristolated alanine-rich C-kinase

substrate (MacMARCKS) (Jess et al. 2002). PICK1 is an adaptor protein that

dimerizes and physically links PKCa to mGluR7. The complex integrity is required

for mGlu7a receptor intracellular signaling, which consists of self- and voltage-

sensitive Ca2+ channel phosphorylation by PKCa (Dev et al. 2000). This effect is

responsible for inhibition of the channel and reduced synaptic release of glutamate

(Perroy et al. 2002). The mGlu7 receptor–mediated downregulation of synaptic

transmission plays an essential role in condition of high-frequency synaptic activ-

ity. Indeed, mice deleted from the GRM7 gene (Masugi et al. 1999) or expressing a

mutated mGlu7 receptor that does not bind to PICK1 (Bertaso et al. 2008) display

epileptic activities.

The following example illustrates the importance of receptor scaffolding

proteins in agonist-independent/constitutive regulation of G-protein receptor func-

tion. The mGlu1a and mGlu5 receptors display marked agonist-independent/con-

stitutive activity in heterologous expression systems, but not in neurons. We have

shown that blockade of Homer3 synthesis by a specific antisense oligonucleotide or

induction/transfection of Homer1a in cerebellar neurons results in marked consti-

tutive activity of endogenous mGlu1a receptor. This suggests that Homer3

stabilizes mGlu1a/5 receptors in an inactive conformation, thus preventing their

spontaneous activity in the absence of agonist. On the other hand, activity-

dependent induction of Homer1a and disruption of Homer3-mGlu1a/5 receptor

interaction results in spontaneous activity of the receptors. Thus, the multimeric

Homer3-IP3R/RyR complex would create sufficient physical constraints to the

C-terminus of mGlu1a receptor to prevent agonist-independent activity of the

receptor. Disruption of the interaction between mGlu1a receptor and its C-terminal

complex would decrease the physical constraints, thus allowing spontaneous acti-

vation of the G protein. These results provide the first evidence that an intracellular
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protein can activate a G protein–coupled receptor, independently of extracellular

ligand receptor binding, in neurons (Ango et al. 2001). Homer proteins have later

been found to exert a similar control over the spontaneous activity of TRPCs (Yuan

et al. 2003). These studies support the notion that in addition to extracellular

ligands, receptors and channels can be activated by intracellular partners. This

noncanonical mode of activation of receptors and channels appears to have slower

kinetics than conventional synaptic stimulation, membrane potential variation or

even second messenger–mediated activation of receptors and channels, and may

therefore represent a more stable signal of cell communication.

Mutations of genes encoding Homer proteins are candidates for neuropsychiatric

phenotypes resulting from abnormal functioning of glutamate receptors, such as

memory impairments, epilepsy, schizophrenia, affective syndromes, neuropathic

disorders, and neurodegenerative diseases (Table 3.2). For example, studies

performed in Homer1 deficient mice indicate a fundamental role of this protein in

motivational, emotional, cognitive, and sensorimotor processes that were consistent

with schizophrenia and altered cocaine-stimulated increase in circulating gluta-

mate, in the prefrontal cortex (Szumlinski et al. 2005). Cognitive performance is

closely correlated to the density and shape of dendritic spines. Thus, mental

disorders are often associated with reduced number and abnormal spine morphol-

ogy. The mGluR1a/5-associated Homer proteins, in combination with Shank

Table 3.2 List of mGlu receptors related brain diseases

Diseases mGlu receptor subtypes (references)

Psychiatric disorders

Schizophrenia mGlu2 (Gonzalez-Maeso et al. 2008)

Mental retardation (Fragile X syndrome) mGlu5 (Bear et al. 2004)

Neurological disorders

Addiction to cocaine mGlu1 (Mameli et al. 2007)

Stress, anxiety, depression mGlu5 (Porter et al. 2005)

mGlu2/3 (Swanson et al. 2005)

Temporal lobe epilepsy mGlu1/5 (Blumcke et al. 2000)

mGlu2/3 (Tang et al. 2004)

Absence epilepsy mGlu7 (Bertaso et al. 2008)

Pain mGlu1/5 (Karim et al. 2001)

Neurodegenerative diseases

Ischemia mGlu1/5 (Rao et al. 2000; Bao et al. 2001)

Alzheimer’s mGlu1 (Albasanz et al. 2005)

mGlu5 (Renner et al. 2010)

mGlu2 (Lee et al. 2004),

Parkinson’s mGlu1/5/2/3 (Pisani et al. 2003)

Sporadic amyotrophic sclerosis mGlu1 (Valerio et al. 2002)

mGlu2 (Poulopoulou et al. 2005)

Multiple sclerosis mGlu4/8 (Geurts et al. 2005)

Retinitis pigmentosa mGlu8 (Scherer et al. 1996, 1997)

Age-related hearing impairment mGlu7 (Friedman et al. 2009)
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proteins, play important roles in spine morphogenesis. Interestingly, in the Fragile

X mental retardation syndrome, mGluR5-Homer association is reduced at the

postsynaptic density (Giuffrida et al. 2005), and synaptic plasticity, as well as

spine morphogenesis, are profoundly modified (see Bear et al. 2004 for a review).

Glutamatergic Ca2+ signaling is crucial for the development of nociceptive

plasticity associated with chronic pain. In vivo studies showed that Homer1a

is up-regulated in spinal cord neurons after peripheral inflammation and

downregulates excitability of the pain pathway in an activity-dependent manner.

Indeed, activity-dependent uncoupling of glutamate receptors from intracellular

Ca2+ signaling pathway by Homer1a provides a mechanism to counteract sensiti-

zation of the first synapses in the pain pathway (Tappe et al. 2006). Homer proteins

thus appear as promising targets for the treatment of hyperalgesia.

3.4 Proteins Associated with Cytoskeleton

Metabotropic glutamate receptors directly interact with proteins of the cytoskele-

ton. Thus, a-actinin-4 interacts with group I mGlu receptors (Cabello et al. 2007;

Francesconi et al. 2009a); vimentin with mGlu1b (Francesconi et al. 2009b); a/b-
tubulin with mGlu1a/b and mGlu7 (Francesconi et al. 2009b); band 4.1 proteins

with mGlu1a and mGlu8 (Lu et al. 2004; Rose et al. 2008); filamin-A with mGlu5

(Enz 2002a), mGlu4, mGlu7, and mGlu8; and microtubule-associated protein 1B

(MAP1B) with all group III mGlu subunits (Moritz et al. 2009).

Among these interactions, cytoskeleton and associated proteins are believed to

control trafficking of the receptors to synapses. Vimentin is a phosphorylated

intermediate filament protein involved in multiple cellular functions, including

trafficking of protein complexes at the cell membrane. Interestingly vimentin is

expressed in glia, but not in postmitotic neurons, except following injury. Then

vimentin participates in retrograde axonal transport of proteins, which therefore

may include mGlu1b receptor subunit.

Band 4.1 protein is part of the ezrin/radixin/moesin protein superfamily that

functions as adaptor proteins, linking membrane proteins to actin cytoskeleton. This

family of proteins not only serve as structural elements but also regulate signal

transduction and neuronal cell development. However, the role of these proteins in

mGlu1a and mGlu8 receptor signaling is not yet characterized.

3.5 Signaling Proteins

Although mGlu receptors are coupled to G proteins, they can also directly

bind other signaling proteins, thus controlling additional intracellular signaling

pathways. The mGlu receptors signaling protein partners are Gbg subunits for

mGlu7 receptors (Minakami et al. 1997; O’Connor et al. 1999; El Far et al.
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2001), Ca2+ binding proteins such as calmodulin for mGlu4/5/7/8 (Minakami et al.

1997; O’Connor et al. 1999; El Far et al. 2001) and neuronal Ca2+-binding protein

2 (NECAB2) for mGlu5 subunits (Canela et al. 2009). They can also bind protein

kinsases such as G protein-coupled receptor kinase 2 (GRK2) for group I mGlu

receptors (Dhami et al. 2005), PKA for group II and group III mGlu receptors

(Cai et al. 2001), PKC for group I mGlu and mGlu7 receptors (Airas et al. 2001;

Mao et al. 2008); protein phosphatases such as PP1g, (Enz 2002b) and PP2a
(Flajolet et al. 2003) for group I and mGlu7 receptors; associated modulatory

protein such as calcineurin inhibitor (CAIN) for group I mGlu receptors (Ferreira

et al. 2009), MacMARCKS for mGlu7 receptor (Bertaso et al. 2006), protein

inhibitor of activated STAT1 (PIAS1) for group III and mGlu4 receptors (Tang

et al. 2005). And G protein–coupled receptor kinase 2 (GRK2) for group I mGlu

receptors (Dhami et al. 2005). Finally, group I mGlu receptors can also interact with

non-enzymatically active proteins such as Norbin/Neurochodrin (Wang et al. 2009)

and the huntingtin-binding protein, optineurin (Anborgh et al. 2005). Group I mGlu

receptors can bind to the E3 ubiquitin ligase, seven in absentia homolog 1 (Siah-1A;

(Ishikawa et al. 1999)). Group II and group III mGlu receptors are associated with

Ran-binding protein in the microtubule-organizing center (RanBPM; (Seebahn

et al. 2008)), and mGlu4 receptor binds to Munc18-1 (Nakajima et al. 2009) and

RGS4 (Schwendt and McGinty 2007). It has recently been shown that mGlu5

receptor coimmunoprecipitates with amyloid peptide APP (Renner et al. 2010)

(Table 3.1).

Interaction between Gbg subunits and mGlu7a receptor is modulated by the

binding of Ca2+/CaM and MacMARCKS on the receptor C-terminus. The Gbg
binding site overlaps with that of Ca2+/CaM, leading to mutually exclusive associ-

ation of these molecules with the mGlu7a receptor. Thus Ca2+/CaM binding leads

to the release of Gbg subunits, independently of mGlu7a receptor stimulation by an

agonist, and Gbg can then directly inhibit voltage-sensitive Ca2+ channels and

synaptic transmission. Importantly, the concomitant binding of MacMARCKS to

mGlu7a receptor antagonizes the binding of Ca2+/CaM and impairs the agonist-

independent inhibition of Ca2+ channels by Gbg (Bertaso et al. 2006). This system

illustrates how competitive binding between intracellular proteins can organize

receptor signaling, independently of agonist stimulation.

Norbin/neurochondrin is a 75-kD neuronal protein without any known func-

tional domain. It coimmunoprecipitates with mGlu5 receptor from rat brain lysates.

The proximal C-terminus of the receptor is responsible for interaction with the

protein. Coexpression of norbin increases surface expression of mGlu5 receptor in

heterologous cells, and knock-down of norbin decreases the amount of functional

mGlu5 receptors in neurons. This indicated an important role of this protein in

regulating the receptor targeting to the plasma membrane. Indeed genetic deletion

of norbin in mouse alters plasticity of excitatory synaptic transmission (both long-

term potentiation and long-term depression) in the hippocampus, and induces a

phenotype that is related to that of rodent schizophrenia models (Wang et al. 2009).

Optineurin belongs to the large group of proteins that bind to huntingtin, a

protein that is responsible for Huntington’s disease when displaying polyglutamine
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expansion in its amino-terminal region. Optineurin is a coiled-coil domain

containing protein with no clear specific cellular function. The protein interacts

with group I mGlu receptors and antagonizes the agonist-stimulated receptors signal-

ing. Interestingly, mutated huntingtin facilitates optineurin-mediated attenuation

of mGlu1a receptor signaling, thus indicating a possible role of the receptor

complex in Huntington’s disease. It has been proposed that in striatal tissue,

where GRK2 is expressed at relatively low level, optineurin substitutes for GRK2

to mediate mGlu5 receptor desensitization. These observations provide additional

biochemical link between mGlu receptors and Huntington’s disease (Anborgh et al.

2005).

Oligomers of amyloid b (Abo) peptide greatly contributes to memory loss and

neurodegeneration in Alzheimer’s disease. Using single particle tracking of Abo
labeled with quantum dots, it has recently been shown that membrane-bound Abo
diffuses laterally and accumulates at excitatory synapses in cultured hippocampal

neurons. The newly generated pathogenic synaptic clusters significantly reduce the

mobility of mGlu5 receptors, which normally diffuse readily in the plasma mem-

brane. Consequently, mGlu5 receptors form ectopic aggregates, which impact on

Ca2+ signaling at synapses. Consistent with these findings, cultured hippocampal

neurons isolated from mGlu5 receptor KO mouse were protected from neuronal

surface binding of Abo (Renner et al. 2010). These results provide new pharmaco-

logical targets for therapeutic improvement of synaptic and cognitive functions in

Alzheimer’s disease.

3.6 Concluding Remarks

Receptor-interacting proteins have been initially thought to organize receptors,

channels and transporters to plasma membrane solely. The studies described here

show that these proteins can also play important roles in receptor targeting and

signaling, at least for the mGlu receptor family. By interacting with the C-terminus

of the receptors, they may also specify the function of receptor variants. It is

remarkable that such a concept applies to both pre- and post-synaptic mGlu

receptors (Fig. 3.1).

Metabotropic glutamate receptors have been implicated in several neurological

and psychiatric disorders. These are neurodegenerative diseases such as

Alzheimer’s and Parkinson’s diseases for group I mGlu receptors and mGlu2

receptor, sporadic amyotrophic lateral sclerosis (for mGlu1 receptor) and multiple

sclerosis (for mGlu4/8 receptors), age-related hearing impairment (for mGlu7

receptor) and retinitis pigmentosa (for mGlu8 receptor). Group I and group II

mGlu receptors are implicated in temporal lobe epilepsy, while the group III

mGlu7 receptor may participate in absence epilepsy. Metabotropic glutamate

receptors have also been associated with drug addiction (mGlu1 receptor), mental

retardation (mGlu5 receptor, Down’s and Fragile X syndromes), as well as anxiety
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and related diseases (mGlu5 receptor and group II receptors; see Table 3.2 for

references). Studies reported here show that mGlu receptor–interacting proteins

play a role in several of these pathologies, thus pointing out that these receptor-

associated proteins provide novel potential therapeutic targets for the treatment of

neurological and psychiatric disorders.

a-Actinin4

Tamalin

Tamalin

RanBPM
MacMARCKS

Ab

PRE-SYNAPTIC

POST-SYNAPTIC

mGlu1a/5

mGlu1a/5

mGlu2/3

mGlu1a/5

5-HT2A

A1R/A2R

mGlu7 mGlu2/3/4

NMDAR

Cav2.1

Cytoskeleton

Scaffolding

Signalling

Membrane

Fig. 3.1 Schematic view of mGlu receptor interactomes. MGlu receptors are represented in black.
The mGlu receptor–interacting proteins are indicated with different colors, depending on their

functional role. These colors are blue for the scaffolding proteins, pink for the cytoskeleton adaptor
proteins, donut for the signaling proteins, and green for the membrane proteins. Only one

representative protein of the different classes is represented for each mGlu receptor group
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Chapter 4

Regulation of the Actin Cytoskeleton

in Dendritic Spines

Peter Penzes and Igor Rafalovich

Abstract Spine morphogenesis is largely dependent on the remodeling of the actin

cytoskeleton. Actin dynamics within spines is regulated by a complex network of

signaling molecules, which relay signals from synaptic receptors, through small

GTPases and their regulators, to actin-binding proteins. In this chapter, we will

discuss molecules involved in dendritic spine plasticity beginning with actin and

moving upstream toward neuromodulators and trophic factors that initiate signaling

involved in these plasticity events. We will place special emphasis on small GTPase

pathways, as they have an established importance in dendritic spine plasticity and

pathology. Finally, we will discuss some epigenetic mechanisms that control spine

morphogenesis.

Keywords Actin binding proteins • GTPase activating proteins • Guanine

exchange factors • Small GTPases • Spine synapses

4.1 Introduction

More than a century ago, after observing dendritic spines on Purkinje cell dendrites,

Santiago Ramon y Cajal proposed that “such spines could be the points where

electrical charge or current is received.” This hypothesis has proved to be correct,
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and it has been demonstrated that most excitatory synapses are formed between

axon terminals and these “dendritic spines.”

Dendritic spines are heterogeneous in their shape and size. However, their

morphology can be classified into long-thin, stubby, and mushroom-shaped. Their

shape often reflects their stability and the strength of the synapse, the latter

presumably due to AMPA receptor levels. Often, the destabilization of spines – their

shrinkage from mushroom-shaped to long and thin leads to their disappearance

(Alvarez and Sabatini 2007). Conversely, spines that appear as long, thin filopodia

might increase in area in an activity-dependent manner (Bonhoeffer and Yuste 2002).

The change in spine morphology and spine morphogenesis is mainly dependent on the

remodeling of b- and g-actin, the main isoforms of actin present in neurons (Schubert

and Dotti 2007). In this chapter, we will discuss molecules involved in dendritic spine

plasticity beginning with actin and moving upstream toward neuromodulators and

trophic factors that initiate signaling involved in these plasticity events. We will place

special emphasis on small GTPase pathways, as they have an established importance

in dendritic spine plasticity and pathology.

Actin is found as soluble monomeric G-actin and polymerized F-actin filaments,

the latter likely conferring the characteristic spine morphology. The polymerization

of free G-actin is subject to regulation by numerous pathways activated by

various surface receptors (Cingolani and Goda 2008). Most notably, activations

of N-methyl-D-aspartic acid (NMDA) receptors lead to the aforementioned

changes. The pathways that act as transducers of these changes are subject to

modulation by converging pathways giving rise to a complex molecular network.

4.2 Actin-Binding Proteins

The conversion of soluble G-actin into F-actin is a highly dynamic and reversible

process that is regulated through interactions with actin-binding proteins (ABPs).

The differential effect of ABPs on actin (some favor polymerization while others

depolymerization) confers intricate regulation of the cytoskeletal remodeling at the

synapse. The actin-related proteins 2 and 3 (Arp2/3) complex is a major component

of actin remodeling that is localized to dendritic spines of hippocampal neurons

(Racz and Weinberg 2008). Upon activation, Arp2/3 binds existing acting

filaments, nucleating them into a branched network of actin filaments (Goley and

Welch 2006). Recent knockdown studies of Arp2/3 in hippocampal neurons

have revealed its importance for dendritic spine formation (Wegner et al. 2008).

An interesting consideration is that the Arp2/3 complex is the target of many

converging pathways involved in dendritic spine morphogenesis. For example,

the F-actin-binding protein cortactin binds Arp2/3, activating and localizing it to

dendritic spines (Weaver et al. 2001; Hering and Sheng 2003). Another crucial

Arp2/3 activator isWAVE-1 (Wiskott-Aldrich syndrome protein family member 1).

WAVE-1 serves as a signal transducer between the Rho GTPase Rac1 and Arp2/3.

Knockdown studies of WAVE-1 have revealed its importance in spine morphology

(Soderling et al. 2007). Depletion of other Arp2/3 activators including Abi2,
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N-WASP, and Abp1 alters morphology and number of spines (Grove et al. 2004;

Haeckel et al. 2008; Wegner et al. 2008) (Fig. 4.1).

Profilin is another key player in actin polymerization that targets to dendritic spines

upon chemical or electrical stimulation of hippocampal neurons (Witke et al. 2001;

Neuhoff et al. 2005). Experiments utilizing a peptide competitor of profilin prevented

profilin targeting and destabilized dendritic spines (Ackermann and Matus 2003).

Concordantly, it has been observed that profilin translocates from the dendritic shaft

into the dendritic spine in the amygdala after fear conditioning (Lamprecht et al. 2006).

Another important promoter of actin polymerization is drebrin. Drebrin is an

F-actin-binding protein that is highly concentrated in dendritic spines, where it

associates with actin filaments (Hayashi et al. 1996; Hayashi and Shirao 1999).

Studies have shown that drebrin accumulates in dendritic spines prior to PSD-95

during spine formation. Knockdown of drebrin with siRNA disrupts accumulation

of PSD-95 in spines. These studies suggest that drebrin’s role is to promote actin

assembly and the clustering of PSD-95 in synaptic spines (Takahashi et al. 2003).

Gelsolin is another actin-binding protein whose actin-binding activity is Ca2+

dependent. In the presence of high Ca2+ concentration, gelsolin binds to the ends of

actin filaments and prevents further elongation. This action also serves to stabilize

the actin filaments during synaptic plasticity (Star et al. 2002).

Spinophilin, named after its prominent localization to dendritic spines, targets

protein phosphatase 1 (PP1) to dendritic spines. Spinophilin promotes the phosphatase

activity of PP1 (Allen et al. 1997; Hsieh-Wilson et al. 1999). Spinophilin’s actin binding

is modulated by protein kinase A (PKA) and Ca2+/calmodulin-dependent kinase II
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Fig. 4.1 Schematic representation of the molecules that regulate bidirectional dendritic spine

plasticity. Pathways that promote spine enlargement and stabilization are on the right; pathways
promoting spine shrinkage and destabilization are on the left
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(CaMKII), allowing for its activity-dependent regulation (Grossman et al. 2004). Addi-

tionally, spinophilin has been shown to serve as a Rac1 regulator through its interaction

with the Rac1 guanine exchange factor (GEF) Tiam1 (Buchsbaum et al. 2003).

The balance betweenG- and F-actin is also controlled by the actin depolymerizing

factor (ADF)-related protein cofilin. Depending on phosphorylation state, cofilin can

either disassemble filaments or sever them providing a barbed end of actin assembly

(Carlier et al. 1997). Knocking down cofilin in neuronal culture results in a reduction

of F-actin turnover and a loss of dendritic spine density (Hotulainen et al. 2009).

Phosphorylation of cofilin on serine 3 by LIM kinases inhibits its function. LIM

kinase I (LIMK-1) is an ADF/cofilin-specific kinase enriched in dendritic spines.

Hippocampal neurons cultured from LIMK-1 mice show reduced cofilin phosphor-

ylation and aberrant F-actin accumulation in spines (Meng et al. 2003). Although the

roles of the above molecules have predominantly been identified as ABPs, many of

these have other roles within the synaptic plasticity network.

4.3 Small GTPases

Small GTPases are crucial for the remodeling of the actin cytoskeleton. Since

GTPases can exist in two states, an active GTP-bound and an inactive GDP-

bound, they serve as “on” or “off” binary molecular switches. These small

molecules are regulated by guanine exchange factors (GEFs) which catalyze the

exchange of GDP for GTP, resulting in activation of the GTPase. Conversely,

GTPase-activating proteins (GAPs) enhance the hydrolysis of GTP into GDP,

inactivating the GTPase. There are a few different families of GTPases involved

in spine morphogenesis. The most widely studied is the Rho family, which includes

RhoA, Rac1, Cdc42, and others which are not as well characterized. Tight regula-

tion of these molecules is necessary for proper spine formation and function. It is

generally accepted that Rac1 activation stimulates F-actin polymerization and

stabilizes dendritic spines through the activation of downstream effectors p21-

activated kinase (PAK), LIM kinase I (LIMKI), and the actin-binding protein

cofilin (Meng et al. 2002; Govek et al. 2004; Zhang et al. 2005) (Fig. 4.1). Luo

and colleagues showed that transgenic mice expressing a mutant form of Rac1,

lacking the ability to hydrolyze GTP thus remaining constitutively active, resulted

in increased spine density at the expense of spine size in cerebellar Purkinje cells

(Luo et al. 1996). Experiments where constitutively active Rac1 was overexpressed

in hippocampal cultured neurons and slices documented the formation of

irregularly shaped protrusions and impairment of synapse formation which

contrasts with in vivo data (Luo et al. 1996; Tashiro et al. 2000; Zhang et al.

2003). Overexpression of a dominant-negative form of Rac1, incapable of

interacting with GEFs, drastically decreases the number of spines and synapses in

cultured hippocampal slices and dissociated neurons (Nakayama et al. 2000; Penzes

et al. 2003; Zhang et al. 2003). These data suggest that an optimal level of Rac1

activation is required for proper maintenance of dendritic spines, and only small

fluctuations in Rac1 activity are responsible for spine morphogenesis.
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Another small GTPase, Cdc42, plays a role in spine morphogenesis as

demonstrated in experiments where a dominant-negative version prevented mor-

phology changes in cultured hippocampal neurons (Irie and Yamaguchi 2002). In

contrast to Rac1 and Cdc42, the RhoA GTPase seems to promote spine destabiliza-

tion, shrinkage, and reduction in density. For example, overexpression of constitu-

tively active RhoA in hippocampal slice cultures fosters spine retraction and

elimination (Tashiro et al. 2000).

Ras and Rap are a pair of closely related GTPases in the Ras subfamily that share

many common regulators and effectors but exert contrasting actions on dendritic

spines. Whereas Ras has been shown to stabilize synapses and traffic AMPA

receptors into spines in a phosphoinositide 3-kinase (PI3K)/Akt-dependent manor

(Zhu et al. 2002), Rap has been shown to destabilize spines through B-Raf signaling.

In general, the consensus seems to be that Rac1, Cdc42, and Ras promote spine

formation/stability, while RhoA and Rap promote spine destabilization, shrinkage,

and elimination.

4.4 Guanine Exchange Factors and GTPase-Activating Proteins

Through catalyzing the exchange of the GTPase-bound GDP to GTP, guanine

exchange factors (GEFs) serve to activate GTPases. Kalirin-7 is one such GEF,

regulating the activity of Rac1. Kalirin-7 is especially unique due to the fact that it

is the only known Rac1 GEF expressed in the cortex of adult mice (Penzes et al.

2008). Overexpression of this GEF in cortical cultures leads to an increase in spine

head area and density. Concomitantly, knockdown of kalirin-7 through an RNAi

approach reduces the spine area and density (Xie et al. 2007). In the hippocampus,

the role of kalirin-7 is obscured due to the presence of two other Rac1 GTPases,

Tiam1 and b-PIX (Zhang et al. 2005; Tolias et al. 2007). Interestingly, mice in

which the kalirin gene has been deleted exhibit many phenotypes reminiscent of

schizophrenia including deficits in working memory as well as reduced dendritic

spine density in the cortex (Cahill et al. 2009).

In the hippocampus, Tiam1 is regulated by NMDA receptor activation and has

also been implicated in EphB receptor–dependent dendritic spine development

(Tolias et al. 2005, 2007). Likewise, the Rac1 GEF b-PIX, a downstream target

of NMDA receptors, has been shown to be regulated by CaM kinase kinase and

CaM kinase I (Zhang et al. 2005).

RhoA is associated with spine shrinkage and destabilization. Thus, GEFs that

activate this GTPase have similar effects on dendritic spine morphology. For

example, the recently identified GEF-H1 has been shown to colocalize with the

AMPA receptor complex and negatively regulate spine density and length through

a RhoA signaling cascade (Kang et al. 2009). Another GEF involved in the

destabilization and shrinkage of spines is Epac2. This Rap1 GEF is activated by

cAMP and leads to reduced spine AMPA receptor content, depressed excitatory

transmission, as well as spine destabilization as demonstrated by live imaging
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studies. Conversely, inhibition of Epac2 leads to spine enlargement and stabiliza-

tion (Woolfrey et al. 2009). Recent studies have associated Epac2 with autism.

Thus, further studies centered around this GEF may shed light on the pathology of

this complex disorder (Bacchelli et al. 2003).

Despite their name, GTPase-activating proteins (GAPs), serve to inhibit GTPase

activity by increasing the rate at which the GTPase-bound GTP is hydrolyzed to

GDP. For example, SPAR1 has been found to be enriched in dendritic spines of

cultured hippocampal neurons. Here it interacts with the PSD-95 and the NMDA

receptor complex to dampen Rap activity and enlargement of dendritic spines (Pak

et al. 2001). In medium spiny neurons, Rap1GAP1 serves an analogous role to

SPAR1 in pyramidal neurons. McAvoy et al. showed that overexpression of this

GAP leads to increased spine area (McAvoy et al. 2009). p250GAP is a RhoA GAP

associated with the NMDA receptors. Studies where p250GAP was knocked down

in primary hippocampal neurons show an increase in dendritic spine width as well

as elevated RhoA activity (Nakazawa et al. 2008) (Fig. 4.1).

GAPs are not limited to the regulation of GTPases associated with spine

destabilization and shrinkage. SynGAP is a Ras/Rap GAP associated with traffick-

ing of glutamate receptors to the synapse. Heterozygous deletion of SynGAP was

sufficient to result in an elevated number of mushroom-shaped spines. In addition,

both Ras and Rac activation was decreased in the forebrain of these heterozygous

animals. Activation of NMDA receptors in neurons cultured from SynGAP-knockout

animals resulted in aberrant cofilin function. Finally, normal EPSPs were also

disrupted in hippocampal slices cultured from heterozygous animals (Carlisle et al.

2008). GEFs and GAPS are very large molecules often incorporating various

domains and motifs including lipid-binding domains, cAMP-binding domains,

PDZ-binding motifs, and others (Rossman et al. 2005). Together, GEFs add another

layer of GTPase control.

4.5 Trophic Factors

A few trophic factor signaling pathways have been identified to feed into and

modulate the abovementioned pathways involved in dendritic spine morphogene-

sis. The trophic factor neuregulin-1 (NRG1), polymorphisms in which are

associated with schizophrenia, binds to ErbB4, the postsynaptic receptor tyrosine

kinase. Long-term treatment of hippocampal pyramidal neurons with NRG1 has

been shown to increase spine density as well as increasing the proportion of spines

with a mature phenotype (Barros et al. 2009). Furthermore, mouse models in which

ErbB4 was knocked out from the CNS show a deficit in dendritic spine density in

both the hippocampus and cortex (Barros et al. 2009). Another study has

demonstrated that the overexpression of ErbB4 leads to an increase in dendritic

spine density (Li et al. 2007). Interestingly, this signaling interaction has recently

been associated with schizophrenia (Jaaro-Peled et al. 2009).

86 P. Penzes and I. Rafalovich



The trophic factor, brain-derived neurotrophic factor (BDNF), and its high-

affinity receptor, tropomyocin-related kinase B (TrkB), have long been associated

with synaptic formation and plasticity (Luikart and Parada 2006; Lu et al. 2008).

Numerous studies have reported BDNF-induced changes in dendritic spine density

and morphology in a variety of neuron populations (Luikart and Parada 2006;

Lu et al. 2008). Consistently, TrkB-deficient mice have significantly fewer dendritic

spines on CA1 hippocampal neurons (Luikart et al. 2005). The TrkB receptor has also

been shown to interact with the Rac1 GEF Tiam1 (Miyamoto et al. 2006). This

finding further implicates BDNF/TrkB signaling in dendritic spine plasticity. Of all

trophic factors, the effects of NRG1 and BDNF on dendritic spine morphogenesis

have been best described. However, future studies will identify undoubtedly other

factors involved in regulating dendritic spine plasticity.

4.6 Neurotransmitter Signaling Regulating Dendritic

Spine Plasticity

The predominant receptor in regulating dendritic spine plasticity is the NMDA

receptor. Numerous studies have shown that many of the signaling molecules

mentioned earlier either interact with or are downstream of NMDA receptors.

Upon activation of this receptor, the dendritic spine undergoes a transient increase

in calcium concentration (Sobczyk and Svoboda 2007). This rise in calcium

activates the calcium-sensing calmodulin (CaM). Calcium-bound CaM activates

the CaMK family of serine/threonine kinases including CaMKI, CaMKII, and

CaMKIV (Hook and Means 2001). These kinases go on to phosphorylate a variety

of targets involved in spine structural plasticity including kalirin-7, as well as

other signaling and scaffolding proteins involved in plasticity (Soderling 2000;

Xie et al. 2007).

Aside from glutamate, other neurotransmitters have been shown to modulate

dendritic spine plasticity. Activation of 5-HT2A receptors in pyramidal neurons

increased spine size through a kalirin-7-Rac1-PAK-dependent mechanism (Jones

et al. 2009). This study is of particular importance as it provides a direct link

between serotonergic signaling and dendritic spine morphogenesis, both implicated

in schizophrenia.

Another important neurotransmitter implicated in dendritic spines is dopamine.

A study examining dendritic spine density in the prelimbic cortex of rats treated

with 6-hydroxydopamine, a neurotoxin that selectively ablates dopaminergic and

noradrenergic neurons, found a decrease in spine density in this region 3 weeks

after toxin administration (Solis et al. 2007). Similar findings were also reported in

another study (Wang and Deutch 2008). At the molecular level, activation of the

D1/D5 receptors with the selective agonist SKF-38393 leads to spine shrinkage

through activation of the Rap GEF Epac2 (Woolfrey et al. 2009).

4 Regulation of the Actin Cytoskeleton in Dendritic Spines 87



Ablation of the cholinergic system using 192 IgG-saporin has been shown to

decrease dendritic spine density in layer V cortical pyramidal neurons (Sherren and

Pappas 2005). Furthermore, muscarinic acetylcholine receptors have recently been

localized to the extrasynaptic membrane of pyramidal neurons (Yamasaki et al.

2010); however, their exact role in spine morphogenesis has not been determined.

In vivo evidence has demonstrated that deletion of the b2 subunit of the acetylcho-

line nicotine receptor leads to reduction of spines in the higher-order association

areas (Ballesteros-Yanez et al. 2010).

Classically defined as a hormone, estrogen has recently come into the spotlight

as an important modulator of dendritic spine plasticity. A study in 2008 by

Srivastava et al. demonstrated the nonlinearity of signaling pathways. In this

study, treatment of cortical cultures with estradiol increased spine density while

decreasing the AMPA receptor content of spines. These “silent synapses” were

potentiated by activation of NMDA receptors, reminiscent of activity-dependent

maturation of silent synapses during development (Srivastava et al. 2008). These

effects were mediated by the Rap/AF-6/ERK1/2 signaling pathways (Srivastava

et al. 2008). Additionally, recent studies have demonstrated that treatment of rat

cortical cultures leads to phosphorylation of WAVE1 and its targeting to spines,

leading to the polymerization of actin (Sanchez et al. 2009). Similar findings have

been reported in hippocampal cultured neurons. Here, treatment of hippocampal

cultures resulted in increased number of synapses in addition to increased kalirin-7

localization in dendritic spines (Ma et al. 2010). These actions of estradiol seem to

be mediated through the ER-b receptor as ER-b, but not ER-a, agonists are able to
recapitulate these effects (Ma et al. 2010; Srivastava et al. 2010).

Taken together, these findings demonstrate the importance of modulatory neu-

rotransmitter signaling in dendritic spine plasticity.

4.7 Epigenetic Mechanisms in Dendritic Spine Plasticity

Epigenetics is the study of inherited changes in phenotype caused by mechanisms

other than changes in the underlying DNA sequence. A field still in its infancy,

epigenetic research has only begun to amalgamate with neuroscience in general and

synaptic and spine plasticity specifically. Nevertheless, a handful of studies have

begun to elucidate the role of epigenetics in dendritic spine plasticity. The acetyla-

tion and deacetylation of histone proteins has been associated with regulation of

gene transcription through the loosening of heterochromatin. A study by Guan et al.

has shown the role of histone deacetylase 2 (HDAC2) in synaptic plasticity. In this

study, the authors showed that neuron-specific overexpression of HDAC2

decreased spine density, synapse number, and enhanced learning. On the other

hand, HDAC2 deficits resulted in an increased synapse and spine number. The same

was observed in mice treated with HDAC2 inhibitors (Guan et al. 2009).

DNAmethylation is another type of epigenetic modification. Emerging evidence

is beginning to implicate this process in the formation of dendritic spines. Repeated
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exposure of rodents to cocaine increases spine density in the nucleus accumbens.

However, this effect is mitigated by lack of lysine dimethyltransferase G9a, the

enzyme involved in transferring methyl groups to DNA cysteine residues (Maze

et al. 2010).

The modulation of compact chromatin and nucleosomes, by deacetylases,

kinases, phosphatases, and other chromatin-modifying enzymes is crucial for the

binding of transcription factors (TFs) and initiation of transcription. The effort

toward an understanding of epigenetic mechanisms has spilled over into synaptic

and dendritic spine plasticity leading to an identification of transcription factors

involved in these processes. As such, a recent study has identified two transcription

factors, Cux1 and Cux2, in the control of dendritic spine morphology (Cubelos et al.

2010). Cubelos et al. showed that mice deficient in either one of these factors are

deficient in dendritic spine density in layer 2/3 but not layer 5 cortical pyramidal

neurons (Cubelos et al. 2010).

Whereas the abovementioned transcription factors are crucial for dendritic spine

maintenance, the TF MEF2 is needed for proper synapse elimination. Flavell et al.

showed that MEF2 is involved in synapse elimination in hippocampal neuron

cultures. Activity-dependent dephosphorylation of MEF2 leads to the expression

of activity-regulated cytoskeletal-associated protein (Arc) and SynGAP. Since Arc

has been associated with AMPA receptor endocytosis (Chowdhury et al. 2006),

dephosphorylation of MEF2 induces destabilization of the synapse leading to spine

elimination. These in vitro observations have recently been confirmed in vivo

where Mef2c deficient mice showed an elevation in dendritic spine number com-

pared to control (Flavell et al. 2006; Pfeiffer et al. 2010). Additionally, MEF2 has

also been shown to be involved in the spine elimination of striatal medium spiny

neurons (Tian et al. 2010).

After TFs initiate transcription, microRNAs (miRNAs) regulate protein expres-

sion by binding to mRNA and suppressing its translation. miRNAs that are involved

in dendritic spine formation and stabilization are just begging to emerge. Morgan

Sheng’s group has recently discovered two miRNAs, miR-125b and miR-132,

which associate with the fragile X mental retardation protein (FMRP) as knock-

down of this protein ameliorates the effect of these miRNAs on spine morphology

(Edbauer et al. 2010). In this study, they demonstrated that the NR2A subunit of the

NMDA receptor is the target for both of these miRNA; however, their effect on

spine morphology is conflicting. Whereas overexpression of miR-125b induced

long, narrow spines correlated with reduced synaptic transmission, overexpression

of miR-132 lead to enlarged spine heads (Edbauer et al. 2010). MiR-132 has also

been associated with another mechanism. Through suppression of p250GAP trans-

lation, miR-132 induces spine formation. A similar effect is seen with knockdown

of p250GAP. Inhibition of miR-132 results in smaller dendritic spines and reduced

EPSCs (Impey et al. 2010).

Another molecule that is regulated at the miRNA level is LIMK1. Schratt et al.

found that miR-134 suppresses LIMK1; however, exposure of cultured cells to

BDNF relieves this suppression and contributes to spine stabilization (Schratt

et al. 2006).
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A novel and interesting way by which miRNAs regulate dendritic spine plastic-

ity is by inhibiting the translation of a protein involved in palmitoylation. miR-138

has been shown to negatively control dendritic spine size in rat hippocampal

neurons through the regulation of acyl protein thioesterase 1 (APT1) expression.

Because APT1 is involved in the palmitoylation of proteins at the synapse, its

modulation may effect dendritic spine morphogenesis through regulating the

targeting of synaptic proteins to the synapse (Siegel et al. 2009).

Another miRNA target recently identified to be involved in regulating dendritic

spines is the ubiquitin ligase mind bomb-1 (MB1). Smart et al. have shown that

suppression of MB1 by miR-137 results in a decrease in dendritic spine density in

hippocampal cultured neurons (Smart et al. 2010).

Although epigenetic control of dendritic spine plasticity has only begun to

emerge, the importance of control at the RNA level has already been demonstrated.

Undoubtedly, more miRNA targets involved in the dendritic spine regulation will

soon be elucidated.

4.8 Conclusions

Dendritic spine plasticity is a relatively nascent field. Recent technological

advancement, particularly imaging technologies, has allowed for the study of the

above molecules and their roles in these plasticity events. As fluorescent probes and

delivery techniques continue to be developed, studies demonstrating the dynamic

nature of signaling events will begin to phase out the currently used static

approaches. For example, two seminal studies recently utilized time-lapse imaging

to elucidate the molecular mechanisms in spine plasticity (Srivastava et al. 2008;

Woolfrey et al. 2009). Furthermore, development of 2-photon imaging has already

revolutionized our understanding of the structural and functional dynamics of

spines, through in vivo studies of the intact cortex (Grutzendler et al. 2002;

Holtmaat et al. 2005; Yang et al. 2009). As we move through the twenty-first

century, computational analysis and modeling of molecular pathway networks

will provide a more comprehensive understanding of the nonlinear molecular

interactions regulating spine plasticity. This is particularly important as many

proteins involved in spine plasticity have been implicated in various psychiatric

disorders. Of particular importance are studies that show disease-related

phenotypes in concord with dendritic spine aberrations such as the study by Cahill

et al. (2009). Additionally, there exists a dearth of studies in which an observed

anatomical phenotype in correlation with a molecular abnormality is modeled in a

laboratory setting. In conclusion, understanding the functional relationships

between different signaling molecules associated with a particular disorder will

undoubtedly shed light on the underpinnings of pathology as well as identify

possible targets for treatment.
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Chapter 5

Synaptic Cell Adhesion Molecules

Olena Bukalo and Alexander Dityatev

Abstract During development of the nervous system following axon pathfinding,

synaptic connections are established between neurons. Specific cell adhesion

molecules (CAMs) accumulate at pre- and postsynaptic sites and trigger synaptic

differentiation through interactions with intra- and extracellular scaffolds. These

interactions are important to align pre- and postsynaptic transduction machineries

and to couple the sites of cell-to-cell adhesion to the cytoskeleton and signaling

complexes necessary to accumulate and recycle presynaptic vesicles, components

of exo- and endocytic zones, and postsynaptic receptors. In mature brains, CAMs

contribute to regulation of synaptic efficacy and plasticity, partially via direct

interactions with postsynaptic neurotransmitter receptors and presynaptic voltage-

gated ion channels. This chapter is to highlight the major classes of synaptic

CAMs, their multiple functions, and the multistage concerted interactions between

different CAMs and other components of synapses.
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5.1 Introduction

CAMs in the brain enable cell–cell recognition and are responsible for mechanical

stabilization of synaptic contacts, as well as for synapse organization through assem-

bling signalingmolecules, neurotransmitter receptors, and actin cytoskeleton. Numer-

ous studies indicate that synaptically localized CAMs are not just involved in physical

adhesion but can control synapse formation, regulate dendritic spine morphology, and

modify synaptic receptor function in an activity-dependent manner.

Considerable progress has been made in the characterization of several CAM

families at both developing and mature synapses (Fig. 5.1). These include

cadherins, immunoglobulin-containing cell adhesion molecules (Ig-CAMs),

neurexins and neuroligins, ephrins, and Eph receptors. Recent data have

highlighted the synaptic functions of SynCAMs and IgLONs that belong to Ig-

CAMs, and leucine-rich repeat (LRR)–containing CAMs, such as NGLs (netrin-G

ligands), LRRTMs (leucine-rich repeat transmembrane neuronal), and SALMs

(synaptic adhesion–like molecules). Each of these synaptic CAMs differs in terms

of homo-/heterophilic adhesion, calcium sensitivity, and synaptic/extrasynaptic

localization and is thought to act in different processes, such as recognition of

specific target domains within a neuron, synaptic differentiation, synaptic stability,

and synaptic plasticity. In this chapter, we provide an overview of the current data on

how each of the CAM families influences these diverse pre- and postsynaptic

functions (see also Tables 5.1 and 5.2). Furthermore, we focus on recent studies

that start to shed light on the molecular interactions by which mammalian CAMs

shape the developing synapse and determine the molecular organization of mature

synaptic contacts.

5.2 N-cadherin

Cadherins form a large superfamily of Ca2+-dependent CAMs mediating mostly

homophilic interactions and are grouped into subfamilies of classic cadherins and

protocadherins. Strong cadherin adhesion is dependent on their ability to dimerize

in cis orientation (between molecules presented on the same cell), which then binds

in trans (molecules from different cells). N-cadherin, the most extensively studied

classic cadherin, is expressed at excitatory synapses. It localizes at active zones of

developing synapses, and synapse maturation is accompanied by the clustering of

N-cadherin at puncta adherentia junctions (PAJs), the region flanking the active

zone (Benson et al. 1998; Tallafuss et al. 2010). Several lines of evidence indicate

that N-cadherin homophilic adhesion contributes to synapse stabilization both

during early development (synapse formation) and in adult (synaptic plasticity),

providing structural support to the synaptic complex and/or by activating intracel-

lular signaling that regulates neuronal physiology. Multiple features of immature

spines, such as reduced spine number, more filopodia-like spines, thinner spines, or
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Fig. 5.1 Domain structure of synaptic CAMs and schematic diagram of the protein–protein

interactions between synaptic CAMs expressed on pre- and postsynaptic sites, as discussed in

this chapter. Abbreviations: CHL1 close homolog of L1, GPI glycosylphosphatidylinositol, Ig
immunoglobulin, NCAM neural cell adhesion molecule, NLG neuroligin, NRX neurexin, NGL
netrin-G ligand, LAR-RPTP leukocyte antigen-related family protein tyrosine phosphatase,

LRRTM leucine-rich repeat transmembrane gene family. Protein–protein interactions between

CAMs are shown by dotted lines
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spines with smaller heads, are detected in cultures deficient in N-cadherin or

associated b-catenin that mediates cadherin interaction with the cytoskeleton

(Mendez et al. 2010; Okuda et al. 2007; Saglietti et al. 2007). Adhesion mediated

by N-cadherin is not static, but may be regulated in an activity-dependent manner

either by dimerization of N-cadherin molecules, leading to more association of

b-catenin with N-cadherin; or by redistribution of N-cadherin and b-catenin from

dendritic shafts to spines; or by the protocadherin arcadlin–mediated N-cadherin

Table 5.1 Presynaptic scaffold and functions mediated by CAMs

Molecules Function Interactions and possible

mechanisms

References

N-cadherin Docked vesicle localization,

"vesicle accumulation

and recycling, "STP,
"release probability,
"mEPSC frequency

Trans-synaptic retrograde
regulation via

N-cadherin, NLG1, and

S-SCAM

Jungling et al.

(2006),

Stan et al. (2010)

N-cadherin Modulation of presynaptic

calcium influx

p120-catenin, presynaptic

VDCCs, RhoA GTPase,

and myosin–actin

Marrs et al. (2009)

NCAM "vesicle recycling, "PPF at

NMJ

Via C-terminal to MLCK,

MLC, and myosin II

Polo-Parada et al.

(2005), Rafuse

et al. (2000)

CHL1 Vesicle localization at

inhibitory synapses,

"vesicle recycling

Association in complex with

Hsc70/SGT, CSP, and

SNARE

Nikonenko et al.

(2006),

Andreyeva et al.

(2010)

Contactin-1 "PPF ND Murai et al. (2002)

SynCAM1 "mEPSC frequency,

"vesicle recycling
Association with CASK via

PDZ-binding domain

Biederer et al.

(2002)

EphrinB1 "mEPSC frequency, "PPF,
"vesicle recycling,
"LTP in the optic tectum

Reverse signaling via

postsynaptic EphB2

Lim et al. (2008)

NLG1 Docked vesicle localization ND Dahlhaus et al.

(2010)

NRXb "release probability Trans-synaptic retrograde
modulation via NLG1,

PSD-95

Futai et al. (2007),

Tabuchi et al.

(2002), Biederer

and Sudhof

(2001)
Binding via PDZ domain

to CASK/Mint1and

CASK/caskin1, protein

4.1, and actin

NRXa "Ca2+ triggered transmitter

release, "mIPSC

frequency, "vesicle
recycling, "presynaptic
Ca2+ current

Regulation of presynaptic

N- and P/Q-type VDCCs

activation via

extracellular domain of

NRXa

Missler et al. (2003),

Zhang et al.

(2005)

STP short-term plasticity, mEPSCs miniature excitatory postsynaptic currents, mIPSCs miniature

inhibitory postsynaptic currents, PPF paired-pulse facilitation, VDCCs voltage-dependent calcium
channels, CHL1 close homolog of L1, NCAM neural cell adhesion molecule, NLG neuroligin, NRX
neurexin, " increase, ND not determined

100 O. Bukalo and A. Dityatev



Table 5.2 Postsynaptic scaffolding and functions mediated by CAMs

Molecules Function Interactions and possible

mechanisms

References

N-cadherin Postsynaptic scaffolding d-Catenin PDZ domain

binds to GluA2 via

ABP and GRIP

Silverman et al. (2007)

N-cadherin "AMPAR-mediated

current

Extracellular interaction

with GluA1 and GluA2

Nuriya and Huganir

(2006), Saglietti

et al. (2007)

N-cadherin "LTP, not LTD in CA1 Dendritic spine

enlargement

Bozdagi et al. (2010)

NCAM Postsynaptic scaffolding Associated with b-spectrin
and accumulation of

PSD95, GluN1,

GluN2B, CaMKII

Sytnyk et al. (2006)

NCAM "AMPAR-mediated

current

By PSA in immature

neurons

Vaithianathan et al.

(2004)

NCAM #GluN2B-mediated

current, "LTP in CA1

PSA inhibition of

GluN2B, activation of

p38 MAPK

Hammond et al. (2006),

Kochlamazashvili

et al. (2010)

TLCN #LTP in CA1 Dendritic spine retraction,

interaction with ERM

proteins and F-actin

Nakamura et al. (2001),

Tian et al. (2007)

SynCAM1 Postsynaptic scaffolding,

NMDAR trafficking,

"NMDAR-mediated

current, #LTD, not
LTP in CA1

FERM-binding domain to

4.1B protein, CASK,

syntenin1, GluN1/

GluN2B accumulation

Hoy et al. (2009),

Robbins et al. (2010)

EphA4 #LTP in amygdala EphrinB3-activated

forward signaling,

Rab5-GEF

Rin1–mediated EphA4

endocytosis

Deininger et al. (2008)

EphB2 AMPAR trafficking Via PDZ domain to

GluA2/3

Kayser et al. (2006)

EphB2 " NMDAR-mediated

current, "LTD and late

LTP in CA1

Extracellular binding to

GluN1; activation of

Erk1/2, Fyn, and Src

tyrosine kinases;

GluN2A/GluN2B

phosphorylation

Dalva et al. (2000),

Grunwald et al.

(2001), Takasu et al.

(2002), Henderson

et al. (2001)

EphrinB2 "LTP in CA3 Retrograde signaling via

postsynaptic EphB,

GluA2 clustering by

GRIP and PICK

Contractor et al. (2002)

EphrinB3 Postsynaptic scaffolding,

"excitatory synaptic

transmission, "LTP
and LTD in CA1

EphA4, reverse signaling.

Interactions with

GRIP1 via PDZ-

binding domain

Aoto et al. (2007),

Grunwald et al.

(2004), Rodenas-

Ruano et al. (2006)

(continued)
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Table 5.2 (continued)

Molecules Function Interactions and possible

mechanisms

References

NLG1 AMPAR trafficking GluA2 recruitment to

PSD-95

Heine et al. (2008)

NLG1 Postsynaptic scaffolding,

NMDAR trafficking,

"NMDAR-mediated

current, "LTP and

STDP in amygdala

GluN1 recruitment via

PDZ-binding to

PSD-95 and other

scaffolding protein

Barrow et al. (2009),

Kim et al. (2008),

Jung et al. (2010)

NLG2 Postsynaptic scaffolding,

"GABAergic and
glycinergic

transmission

Gephyrin, collybistin,

GABAARs

Poulopoulos et al.

(2009)

NLG3 AMPAR (GluA2/3)

trafficking during

spine remodeling

Epac2 recruitment, Rap-

GEF activation

Woolfrey et al. (2009)

NLG1/3 Activity-dependent

targeting to

postsynaptic

membrane

" surface NLG1/3 after

chem-LTP

Schapitz et al. (2010)

# surface NLG1/3 after

chem-LTD PSD-95

binding, microtubule

and dynein motor

complex

NRXb Alignment of pre- and

postsynaptic sites

Retrograde transsynaptic

interaction with GluD2

via cerebellin1

precursor protein

Uemura et al. (2010)

NRXb #GABAAR-mediated

transmission

Independent of NLG1 and

NLG2; extracellular

binding to GABAAaR1

Zhang et al. (2010)

NGLs Postsynaptic scaffolding Associated with PSD-95,

GKAP, Shank,

GluN2A, GluN1,

GluA2

Kim et al. (2006),

Woo et al. (2009)

LAR-RPTPs AMPAR trafficking,

"AMPAR-mediated

current

LAR-mediated

dephosphorylation of

b-catenin, complex

with GRIP/a-liprin/
GluA2/3 and cadherin

Dunah et al. (2005)

LRRTM2 AMPAR trafficking,

"excitatory synaptic

transmission

Extracellular binding to

GluA1, GluA2 via LAR

domain, interaction with

PSD-95 via

PDZ-domain, NRXa,
NRXb

De Wit et al. (2009)

SALM1 Postsynaptic scaffolding,

NMDAR trafficking

Associated with PSD-95,

PDZ-dependent

interaction with

GluN1

Wang et al. (2006)

(continued)
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endocytosis (Murase et al. 2002; Tanaka et al. 2000; Yasuda et al. 2007). Therefore,

in response to activity, changes in N-cadherin-mediating adhesion may affect

dendritic spine morphology and synaptic transmission. Indeed, activity-dependent

stabilization of spines by N-cadherin has been demonstrated recently. Firstly, in

conditional N-cadherin deficient mice despite normal spine morphogenesis and

basal synaptic transmission, the magnitude of LTP and LTP-associated spine

enlargement are prominently reduced in the CA1 region (Bozdagi et al. 2010).

Secondly, interfering with N-cadherin functions either by dominant-negative pro-

tein or by siRNA prevents plasticity-induced stabilization of spines in organotypic

hippocampal cultures (Mendez et al. 2010).

Disrupting N-cadherin homophilic interactions influences both the pre- and

postsynapses, by affecting accumulation of synaptic proteins, synaptic vesicle

recycling, and potentiation of neurotransmission (Bozdagi et al. 2000; Okuda

et al. 2007; Tanaka et al. 2000). Accumulating evidence supports the role of the

retrograde transsynaptic signaling by postsynaptic N-cadherin that in turn may

regulate presynaptic vesicle exocytosis (Saglietti et al. 2007) or vesicle recycling

under enhanced synaptic activity (Jungling et al. 2006). This signaling is possibly

initiated by formation of a postsynaptic complex containing N-cadherin, neuroligin-1,

and a scaffolding molecule S-SCAM (Stan et al. 2010). Another mechanism, inde-

pendent of cadherin binding, implicates presynaptic b-catenin in regulation of the

reserve pool of synaptic vesicles via binding of the b-catenin PDZ domain to the Veli

protein, which is involved in synaptic vesicle exocytosis (Bamji et al. 2003). In mice

with conditionally ablated b-catenin, a decrease in the reserve but not docked pool of
synaptic vesicles and an impaired response to prolonged repetitive stimulation was

shown (Bamji et al. 2003). Presynaptic function, measured as the prepulse facilitation

ratio (PPF), is also impaired in hippocampal slices from mice deficient in

another member of the catenin family d-catenin (Israely et al. 2004). In contrast to

b-catenin that regulates presynaptic release in a cadherin-independent manner,

the d-catenin effects on PPF may be mediated via N-cadherin since a selective

loss of N-cadherin has been reported in the brain of d-catenin deficient mice

(Israely et al. 2004). Interestingly, homophilic N-cadherin binding controls

Table 5.2 (continued)

Molecules Function Interactions and possible

mechanisms

References

SALM2 Postsynaptic scaffolding Induces clustering of

PSD-95, GKAP, GluA1

Ko et al. (2006),

Chang et al. (2010)

LAR-mediated interaction

with reticulon3 within

ER

SALM3 Postsynaptic scaffolding Associated/clustered with

PSD-95

Mah et al. (2010)

chem chemical, NCAM neural cell adhesion molecule, PSA polysialic acid, TLCN telencephalin,

NLG neuroligin, NRX neurexin, NGLs netrin-G ligands, LAR-RPTPs leukocyte antigen-related

family protein tyrosine phosphatases, LRRTM leucine-rich repeat transmembrane gene family, ER
endoplasmic reticulum, # reduction, " increase, ND not determined
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presynaptic voltage-activated Ca2+ influx by interacting with p120-catenin and

regulating the RhoA GTPase activity and myosin–actin interactions downstream of

RhoA (Marrs et al. 2009). Differences in the above describedmechanismsmay rely on

the distinct engagement of catenins to the actin cytoskeleton either by direct

binding (as for p120 catenin and d-catenin) or via intermediate a-catenin (as for

b-catenin), thereby linking different pools of synaptic vesicles and affecting presyn-

aptic function. At the postsynapse, N-cadherin is involved in AMPA receptor

(AMPAR) trafficking associated with the spine growth and regulation of excitatory

synaptic transmission. Published data suggest that N-cadherin may bind via its

extracellular domain to the extracellular part of AMPARs (GluA1 and GluA2),

thereby regulating function and availability of AMPARs at the postsynaptic

membrane (Nuriya and Huganir 2006; Saglietti et al. 2007). Also, N-cadherin-

induced intracellular signaling may regulate AMPAR trafficking and modulate

excitatory synaptic transmission. In this scenario, the availability of GluA2 on the

synaptic surface is regulated byN-cadherin’s interactionwith d-catenin and additional
recruitment of AMPAR binding proteins ABP and GRIP (Silverman et al. 2007).

An increase in GluA1 content at the postsynaptic membrane is associated with

N-cadherin-mediated spine growth via interaction of its PDZ domain to Rac-guanine

exchange factor (GEF) kalirin-7, resulting in activation of Rac-1 and p21-activated

kinase (PAK) (Xie et al. 2008).

5.3 NCAM

The neural cell adhesion molecule (NCAM), a member of the Ig-CAM family, is

expressed at both the pre- and postsynaptic membrane, where it can interact with

NCAM and other membrane molecules in cis or trans. NCAM regulates synapse

formation, maturation, and function through homo- and heterophilic interactions.

During the early stages of synapse formation, NCAM is clustered at nascent

synaptic contacts, where it interacts with b1-spectrin, and recruits trans-Golgi
network-derived organelles, transforming these contacts into functional synapses

(Sytnyk et al. 2002). In heterotypic hippocampal cultures, obtained from wild-type

and NCAM-deficient mice, a reduced number of synapses, decreased amplitude of

excitatory postsynaptic current, and abolished potentiation after glutamate applica-

tion are observed selectively in cells with ablated postsynaptic NCAM. This

suggests that excitatory synapse formation and function is regulated by postsynap-

tic NCAM (Dityatev et al. 2000). Further, in vitro studies revealed a decrease in

PSD size, as well as reduced expression of PSD-associated molecules such as PSD-

95, GluN1, GluN2B, CaMKII, and a-actinin in NCAM-deficient hippocampal

cultures. Activity-dependent translocation of CaMKII to the PSD in response to

glutamate was abolished in this system (Sytnyk et al. 2006). These results are in line

with data obtained in vivo demonstrating increased NCAM180 expression and its

colocalization with GluN2A in the PSD after induction of LTP in the dentate gyrus

(Fux et al. 2003; Schuster et al. 1998). In addition, NMDAR-dependent forms of
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synaptic plasticity are impaired in NCAM-deficient mice, including LTP and LTD

in CA1 (Bukalo et al. 2004; Muller et al. 1996) and LTP in the dentate gyrus

(Stoenica et al. 2006). It appears that NCAM-mediated targeting of NMDARs to the

PSD and redistribution of PSD components in response to activity are required for

both synapse formation and synaptic plasticity.

In the mammalian brain, NCAM is a predominant carrier of the unusual long-

chain polyanionic carbohydrate, polysialic acid (PSA) that is able to modify

NCAM-mediated adhesion and is involved in synaptogenesis and synaptic plas-

ticity (Rutishauser 2008). It has been demonstrated that removals of PSA by

endoneuraminidase N (endoN) or interfering by NCAM-PSA-Fc impairs prefer-

ential formation of synapses on NCAM-expressing neurons in hippocampal

cultures (Dityatev et al. 2004). The mechanism by which PSA-NCAM regulates

synaptogenesis requires an interaction with heparan sulfate proteoglycans and

activation of NMDA and FGF receptors (Dityatev et al. 2004). In cultures,

soluble PSA increases AMPAR-mediated current in immature, but not mature

cells (Vaithianathan et al. 2004) and modulates NMDAR-mediated currents in a

concentration-dependent manner (Hammond et al. 2006). LTP, LTD, and

activity-dependent formation of perforated spines in the CA1 region are impaired

after enzymatic cleavage of PSA with endoN (Becker et al. 1996; Dityatev et al.

2004; Muller et al. 1996), as well as by exogenous application of PSA (Muller

et al. 2000; Senkov et al. 2006). Experiments in mice deficient in polysialyl-

transferase ST8SiaIV/PST, the enzyme that is responsible for PSA synthesis at

late developmental stages, demonstrated impaired LTP and LTD in CA1

(Eckhardt et al. 2000). Recently, it has been shown that a deficiency in NCAM

or PSA upregulates GluN2B-mediated transmission and phosphorylation of

p38 MAPK (Kochlamazashvili et al. 2010). In this study, CA1 LTP recordings

inmice deficient inNCAMorPSA could be restored by suppression ofGluN2Bor p38

MAPK activity and by ablation of Ras-GRF1 that transduces signaling between

GluN2B and p38 MAPK. Furthermore, CA1 LTP could be restored by a glutamate

scavenger. The latter observation and the fact that PSA potentiates only GluN2B-

mediated currents that are activated by low micromolar concentrations of glutamate

suggest that PSA restrains signaling through extrasynaptic GluN2B receptors and by

this mechanism controls synaptic plasticity (Kochlamazashvili et al. 2010). Available

data demonstrate that postsynaptically expressed NCAM and PSA are important

components of synapse organization and function at different developmental stages

by being involved in the reorganization of the PSD and function of NMDARs.

Recently, a fraction of SynCAM1 has been demonstrated to be polysialylated on a

glial cell subpopulation in the early postnatal brain (Galuska et al. 2010), and it will be

interesting to determine to which extent PSA expressed on these cells may contribute

to synapse formation and function.

NCAM also has presynaptic functions. NCAM-deficient neuromuscular

junctions (NMJs) are lacking paired-pulse facilitation and fail to maintain transmit-

ter output with repetitive stimuli (Rafuse et al. 2000). Furthermore, clusters of

dye-loaded vesicles are observed not only at the end plate but also at the pretermi-

nal part of the axon, as it has been found previously in immature axons
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(Polo-Parada et al. 2001). A highly conserved C-terminal domain of NCAM is

required to maintain effective transmission via a pathway involving myosin light-

chain kinase (MLCK) and probably MLC and myosin II (Polo-Parada et al. 2005).

This pathway is necessary to replenish synaptic vesicles during high levels of

exocytosis by facilitating myosin-driven delivery of synaptic vesicles to active

zones for subsequent exocytosis. In addition, NCAM�/� mice exhibit deficits in

catecholamine granule trafficking between the readily releasable pool and the

immediately releasable pool (Chan et al. 2005). Thus, NCAM appears to play a

fundamental role in the transmitter release mechanism at least in neuroendocrine

cells and at the neuromuscular junction.

5.4 L1-CAMs

The L1 family of neural cell adhesion molecules (L1-CAMs) contains transmem-

brane receptors with critical functions in neurodevelopment. It has been demonstrated

that the L1 intracellular domain binds to ankyrin, FERM, and 14-3-3 proteins,

suggesting that L1 may be involved in synaptic organization (Hortsch et al. 2009;

Ramser et al. 2010). Ultrastructural studies performed in the hippocampus of

L1-deficient mice revealed a decreased density of perisomatic synapses and structural

abnormalities in the presynaptic terminals (Saghatelyan et al. 2004). A more diffuse

distribution of synaptic vesicles is accompanied by decreased mIPSC frequency and

by increased activity-dependent disinhibition in hippocampal slices from juvenile

L1-deficient mice (Saghatelyan et al. 2004). Although in conditional L1 knockout

mice enhanced basal synaptic transmission is possibly due to abnormalities in

inhibitory currents, no structural abnormalities in morphology of inhibitory or

excitatory synapses are detected in these mice (Law et al. 2003). Recently, it has

been demonstrated that a loss of the L1–ankyrin interaction impaired branching

of GABAergic interneurons, including basket cells, and reduced the number of

perisomatic synapses in the cingulate cortex in mice (Guan and Maness 2010).

Interestingly, another L1-CAM, neurofascin, has also been implicated in develop-

ment of GABAergic innervation of cerebellar Purkinje cells, and its function also

depends on the interaction with ankyrin (Ango et al. 2004). Thus, at least two L1-

CAMs are involved in the formation of inhibitory perisomatic synapses during

development via interactions with ankyrin.

With regard to the importance of L1 in synaptic plasticity, no changes have been

reported for the CA3–CA1 synapses in L1-deficient mice (Bliss et al. 2000; Law

et al. 2003; Saghatelyan et al. 2004), but systematic analysis of seven major

subtypes of excitatory synapses in the hippocampus revealed a specific impairment

of LTP at synapses made by perforant path axons on distal dendrites of pyramidal

cells (Lepsveridze, Dityatev, Schachner, unpublished data).

Another member of the L1 subfamily, CHL1 (close homolog of L1), is also

involved in synaptogenesis of inhibitory interneurons. In the hippocampus of

juvenile CHL1-deficient mice, the density and total number of perisomatic
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interneurons are increased (Nikonenko et al. 2006). Ultrastructural studies

demonstrated an increased length and linear density of active zones in inhibi-

tory synapses that was accompanied by increased inhibitory currents recorded

from CHL1-deficient neurons (Nikonenko et al. 2006). Thus, CHL1 has an

effect opposite to L1 on structure and function of inhibitory synapses in the

juvenile hippocampus. The increase in inhibition results in a reduced LTP in

CA1 in juvenile CHL1-deficient mice, which can be abrogated by suppression

of GABAergic inhibition (Nikonenko et al. 2006). However, in young adult

CHL1-deficient mice, LTP in seven major excitatory connections in the hippo-

campus is normal, indicating a compensation of developmental synaptic

abnormalities in the CA1 region. At this age, however, basal synaptic trans-

mission in lateral and medial perforant path projections to the dentate gyrus is

elevated in CHL1-deficient mice, correlating with a reduced reactivity to

environmental stimuli and reduced expression of social behaviors (Morellini

et al. 2007).

The underlying mechanisms may involve interaction between the intracellular

domain of CHL1 and ATPase 70 kDa heat shock cognate protein (Hsc70) and

SNARE complex components, which are involved in clathrin-mediated vesicles

endocytosis (Andreyeva et al. 2010; Leshchyns’ka et al. 2006). In response to

synaptic activity, CHL1 recruits Hsc70 and SNARE complex component to the

presynaptic vesicles (Leshchyns’ka et al. 2006). In CHL1-deficient mice, Hsc70-

mediated chaperone activity in synapses is reduced and, therefore, the SNARE

complex is unable to sustain vesicle recycling during prolonged synaptic activity

(Andreyeva et al. 2010) (Fig. 5.1).

5.5 Telencephalin

Telencephalin (TLCN) is a member of the ICAM subfamily of Ig-CAMs with

expression restricted to the soma and dendrites of neurons (Oka et al. 1990).

TLCN facilitates the formation, elongation, and maintenance of dendritic filopodia

and thereby slows spine maturation in hippocampal neurons, as demonstrated in

experiments using TLCN-deficient mice (Matsuno et al. 2006). TLCN is linked to

the actin cytoskeleton via its intracellular domain that interacts with a-actin in the

dendritic shafts. In dendritic filopodia, TLCN interacts with the phosphorylated,

active form of ERM (ezrin/radixin/moesin) proteins (Furutani et al. 2007). It has

been shown that in response to synaptic activity, membrane-associated TLCN is

cleaved by matrix metalloproteases and is dissociated from F-actin, which results in

increased number and length of filopodia in wild-type neurons (Tian et al. 2007).

Accordingly, retraction of spine heads is shown in TLCN-deficient hippocampal

neurons (Tian et al. 2007). Ablation of TLCN leads to the enhancement of CA1

LTP and increased saturation level for LTP (Nakamura et al. 2001). These data

suggest that synapse “rejuvenation” by TLCN deficiency may increase LTP and the

dynamic range of synaptic plasticity; in this respect, abnormalities in LTD can be
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predicted in TLCN mutants. Altogether, these data indicate that TLCN-mediated

adhesion controls structural synaptic plasticity by counteracting adhesion systems

that are facilitating spine maturation.

5.6 Contactins

Contactins are GPI-linked Ig-CAMs that exert heterophilic binding activities,

interacting with members of the L1-CAMs and extracellular matrix components

(Shimoda and Watanabe 2009). Electron microscopy studies detected contactin-1

as a component of the PSD in CA1 pyramidal cells (Murai et al. 2002). The

development of synaptic ultrastructure, basal excitatory synaptic transmission,

NMDA receptor function, LTP, and depotentiation in the CA1 region are intact in

the mutant. Contactin-1-deficient mice are specifically impaired in LTD in CA1

pyramidal cells, and it has been proposed that the mutation appears to affect the

stabilization of LTD rather than its induction (Murai et al. 2002). Although

contactin-1 is localized at the postsynaptic membrane, impaired PPF was detected

in contactin-1-deficient mice, suggesting that contactin-1 either decreases postsyn-

aptic expression of GluA2-containing AMPARs or regulates presynaptic function

via transsynaptic interactions. Recently, a presynaptic localization of another mem-

ber of contactin family, contactin-6, was shown in hippocampus and cerebellum

(Sakurai et al. 2009, 2010). A reduced number of excitatory presynaptic terminals

were detected in these brain regions in contactin-6-deficient mice (Sakurai et al.

2009, 2010). If contactin-6/contactin-1 may function as the transsynaptic system

and play a role in synapse, development and function remain to be investigated.

5.7 Nectins

Nectins are transmembrane Ig-CAMs that interact in trans, in a Ca2+-independent

manner through their extracellular domains with each other or with other Ig-CAMs.

Nectins through their PDZ domain bind to the actin-binding protein afadin that

interacts with a-catenin, thereby anchoring nectins to the actin cytoskeleton and to

the cadherin/catenin adhesion complex (Giagtzoglou et al. 2009). Interestingly, at

an early developmental stage, nectin-1/afadin complex is found at both excitatory

and inhibitory synapses in association with F-actin (Benson et al. 1998; Lim et al.

2008). However, following synaptic maturation, nectin-1 localization is restricted to

excitatory synapses similar to N-cadherin (Benson et al. 1998; Lim et al. 2008). In

the hippocampal CA3 region of adult brain, nectin-1 and -3 localize at pre- and

postsynaptic sites, respectively, whereas afadin is symmetrically present at both

sites (Mizoguchi et al. 2002). Inhibiting the function of nectin-1 in hippocampal

cell culture results in a reduction in the size of synapses, which is accompanied by

an increased number of synapses (Mizoguchi et al. 2002), suggesting a role of
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nectins in synaptogenesis. On the other hand, analysis of spine morphology in the

hippocampus of nectin-1- and nectin-3-deficient mice revealed no abnormalities in

these dendritic structures, despite a reduced number of PAJs and aberrantly localized

N-cadherin and afadin (Honda et al. 2006). Conditional ablation of afadin results in

reduced expression of nectin-1, nectin-3, N-cadherin and b-catenin, a reduction of

PAJs, and an increased number of perforated synapses in the CA3 region (Majima

et al. 2009). Collectively, these results indicate that afadin is important for the

accumulation of not only nectins but also N-cadherin and b-catenin at synapses and

plays a key role in the formation of PAJs. Nectin-1 and afadin also colocalize with the

scaffolding protein S-SCAM (Yamada et al. 2003) that associates with N-cadherin via

the cell adhesion molecule neuroligin 1 (Stan et al. 2010), indicating that several cell

adhesion systems may operate cooperatively in the formation of junctional

complexes. In spite of aberrant mossy fiber projections, basic synaptic transmission

and LTP at the mossy fiber synapse of nectin-1 knockout mice are not distinguished

from wild-type mice (Honda et al. 2006).

5.8 SynCAMs

Synaptic cell adhesion molecules (SynCAM) represent a family of four Ca2+-

independent transmembrane Ig-CAMs that are prominently expressed throughout

the brain at both excitatory and inhibitory neurons (Thomas et al. 2008). At early

developmental stages, SynCAM1 is involved in the contact-mediated differentia-

tion of synapses (Stagi et al. 2010). During synapse maturation, SynCAM proteins

are enriched in pre- and postsynaptic plasmamembranes and are engaged in specific

homo- and heterophilic adhesive interactions, representing trans-interacting adhe-

sion system (Biederer et al. 2002; Fogel et al. 2007). Interestingly, heterophilic

adhesion between SynCAM1 and SynCAM2 is affected by their N-glycosylation

pattern (Fogel et al. 2007). Functionally, the heterophilic partners SynCAM1 and

SynCAM2 increase the number of presynaptic terminals and enhance excitatory

neurotransmission in cultured neurons, suggesting a role of SynCAMs in presynapse

formation and function (Biederer et al. 2002; Fogel et al. 2007; Sara et al. 2005).

Through its PDZ domain, SynCAM1 binds to the scaffolding proteins syntenin and

CASK and recruits them from the cytosol to the membrane (Biederer et al. 2002;

Meyer et al. 2004). In addition, SynCAM1 is able to interact with the FERM domain

of proteins 4.1B and 4.1N, recruiting NMDAR and AMPAR, respectively, to the

postsynaptic membrane (Hoy et al. 2009). Manipulating 4.1B expression in hippo-

campal cultures and coexpressing SynCAM with GluN1/GluN2B lead to enhanced

synaptic localization of NMDARs, NMDAR-mediated current, and synaptogenesis

(Hoy et al. 2009), suggesting that 4.1B is a SynCAM1 effector molecule that

influences postsynaptic development. In vivo experiments in SynCAM1-deficient

and overexpressing mice have convincingly demonstrated that the organization of

excitatory synapses is the key developmental role of SynCAM1 (Robbins et al.

2010). In adult brains, LTP in the CA1 remains intact in both transgenic lines,
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whereas LTD is abolished in overexpressing mice and enhanced in mice with

ablated SynCAM1, suggesting that SynCAM1 is involved in regulation of synaptic

plasticity via restricting LTD (Robbins et al. 2010).

5.9 IgLONs

The IgLON subfamily of Ig-CAMs consists of four highly glycosylated proteins that

are attached to membrane lipid rafts via a GPI anchor. LAMP (limbic system–

associated membrane protein), OBCAM (opioid-binding cell adhesion molecule),

and Ntm (neurotrimin), but not Kilon, are capable of homophilic interactions both in

trans and cis (Lodge et al. 2000). LAMP, OBCAM, and Ntm bind also in a

heterophilic manner to each other and to Kilon (Lodge et al. 2000; Miyata et al.

2003). IgLON proteins are abundant at synapses of the limbic system and cerebral

cortex (Miyata et al. 2003); however, their subcellular localization is developmen-

tally regulated. In fetal neurons, LAMP is widely expressed on somata, dendrites, and

axons, whereas in mature neurons, it is restricted to postsynaptic sites (Pimenta et al.

1996). Kilon expression is confined to axons and presynaptic terminals at early

developmental stages, but is also localized at dendritic spines and somatic synapses

later on (Hashimoto et al. 2008; Miyata et al. 2003). OBCAM was shown to have a

much more restricted distribution pattern with a selective localization at dendritic

spines in both immature and mature brains (Miyata et al. 2003). Studies performed in

cell culture suggest that LAMP, Kilon, and OBCAM are important for controlling

synapse number. Overexpression or suppression of LAMP and OBCAM in cultured

neurons results in corresponding changes in synapse numbers (Hashimoto et al. 2009;

Yamada et al. 2007). Early in development, Kilon is not anchored at lipid rafts and

decreases the number of synapses after overexpression. However, with synapse

maturation, Kilon associates with lipid rafts and then promotes synapse formation

(Hashimoto et al. 2008). Furthermore, in response to increased neuronal activity,

OBCAM at the cell surface is internalized via a raft-dependent pathway (Yamada

et al. 2007). These data suggest that control of the IgLONs association with lipid rafts

may be implicated in synapse formation and function. It has been demonstrated that

synaptic lipid rafts are important for maintenance of postsynaptic structures (Hering

et al. 2003) and retention of potassium channel Kir3 by NCAM (Kleene et al. 2010).

The functional significance of raft associated IgLONs and their relevance to modula-

tion of synaptic functions in vivo remain to be investigated.

5.10 Ephrins and Eph Receptors

Eph receptors represent a family of receptor tyrosine kinases which have been

divided into EphA and EphB subclasses. EphA receptors typically bind to GPI-

anchored ephrinA, and EphBs bind to transmembrane ephrinB ligands; the
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exception is EphA4, which binds to both classes of ephrins. Because of the

signaling capability of ephrins, Eph–ephrin binding leads to bidirectional signal

transduction into both the receptor expressing cell (forward signaling) and the

ligand expressing cell (reverse signaling). Eph and ephrins can be expressed either

at pre- and postsynaptic membrane, as well as extrasynaptically; EphA4 and Ephrin

A3 expression has also been detected on astrocytes (Klein 2009).

Several lines of evidence indicate that activation of EphAs by ephrinAs is

involved in spine retraction in hippocampal neurons (Fu et al. 2007; Murai et al.

2003). Regulation of small Rho family GTPases that control the actin cytoskeleton

has been proposed as the underlying mechanism. EphA4 stimulation leads to inacti-

vation of Rap1 GAP, with following inhibition of integrin signaling and reduced

adhesion to the extracellular matrix (Bourgin et al. 2007; Richter et al. 2007) or

activation of serine/threonine kinase Cdk5, RhoA-specific GEF ephexin1, and RhoA

(Fu et al. 2007). The regulation of spine length and retraction of spines may also

involve the activation of PLCg1 by ephrinA3 that leads to reduced membrane

association of the actin depolymerization factor cofilin (Zhou et al. 2007). The

significance of EphA4 forward signaling in maturation of dendritic spines is con-

firmed in EphA4-deficient mice, which have longer, irregular shaped dendritic spines

with disorganized appearance (Murai et al. 2003). Apparently, synaptic adhesion

mediated by EphA–ephrinA is also important in regulation of spines dynamic and

function in the adult brain because a deficit in hippocampal CA1 LTP and LTD is

observed in EphA4-deficient mice, independent of EphA4 kinase activity (Grunwald

et al. 2004). In mature neurons of the amygdala, EphA4 forward signaling activated

by ephrinB3 is required for regulation of Rab5-GEF Rin1, which is involved in

EphA4 internalization and restricting LTP (Deininger et al. 2008).

In contrast to EphA–ephrinA, activation of EphB–ephrinB signaling promotes

excitatory synaptogenesis, as it has been demonstrated both in vitro and in vivo

for EphB1–B3 and ephrinB1–B3 (Aoto et al. 2007; Bouzioukh et al. 2007;

Henkemeyer et al. 2003; Kayser et al. 2008; Kayser et al. 2006; Penzes et al.

2003). EphBs role in synaptogenesis is temporally restricted, being the most critical

during contact initiation, when filopodia are most abundant and motile (Kayser

et al. 2008). Interfering with EphBs expression in mature culture resulted in fewer

spines and synapses but also in more filopodia (Henkemeyer et al. 2003; Penzes

et al. 2003). EphB forward signaling leads to activation of PAK and increased

filopodia motility (Kayser et al. 2008), suggesting that signaling initiated by EphBs

may lead to the reorganization of the actin cytoskeleton by Rho GTPases. EphB

forward signaling leads to phosphorylation of the Rho GEF Tiam1 and kalirin-7,

which activate the Rho family GTPases Rac1 and Cdc42 (Irie and Yamaguchi

2002; Penzes et al. 2003; Tolias et al. 2007). EphB2 also phosphorylates the

transmembrane heparan sulfate proteoglycan syndecan-2 (Ethell et al. 2001),

which activates Cdc42 (Irie and Yamaguchi 2002).

EphB signaling is also involved in the regulation of glutamatergic receptor

trafficking and function. In the hippocampus of triple EphB1/EphB2/EphB3 knock-

out mice, less dendritic NMDAR and AMPAR clusters were detected (Kayser

et al. 2006). Distinct modes of EphB2 association with neurotransmitter

5 Synaptic Cell Adhesion Molecules 111



receptors may regulate synapse maturation and function. EphB2 controls, in a

kinase-dependent manner, the localization of GluA2/3 through PDZ-binding

domain interactions and triggers presynaptic differentiation via its extracellular

ephrin-binding domain (Kayser et al. 2006). Modulation of mature spine number

by presynaptic mechanisms is demonstrated, as an increase in release sites by long-

term incubation with ephrinB1–Fc or EphB2–Fc (Dalva et al. 2000; Penzes et al.

2003) and a reduction in mEPSC frequency by EphB2 siRNA (Kayser et al. 2006).

Clustering of GluA2-containing AMPARs by glutamate receptor–binding protein

(GRIP), protein interacting with C kinase (PICK), and EphB2 at postsynaptic sites

initiates the reverse signaling to enhance the increase in glutamate release underlying

mossy fiber LTP in the CA3 region (Contractor et al. 2002). Also PDZ-mediated

interactions of ephrinB3 with GRIP1 are critical for shaft synapse formation (Aoto

et al. 2007). Deficiency in ephrinB3 expression affects the number of presynaptic

terminals, frequency of mEPSC, and mossy fiber LTP (Aoto et al. 2007; Armstrong

et al. 2006), suggesting that reverse signaling by ephrinB3 is involved in regulation of

synapse formation and function.

EphB2 directly binds to the extracellular domain of GluN1, and this interaction is

implicated in EphB2-mediated synapse formation (Dalva et al. 2000) and synaptic

plasticity (Grunwald et al. 2001). Activation of EphB2 kinase activity by ephrinB1/

ephrinB2 binding results in activation of Erk1/2, Fyn, and Src tyrosine kinases,

phosphorylation of GluN2A/GluN2B, and Ca2+ influx via NMDARs (Grunwald

et al. 2001; Takasu et al. 2002). Impaired LTP in the dentate gyrus of EphB2-deficient

mice is accompanied by reduced synaptic NMDAR-mediated current, whereas total

NMDAR- and AMPAR-mediated currents are unchanged (Henderson et al. 2001). In

the CA1 region of EphB2 knockout mice, there are less GluN1/EphB2 clusters,

impaired LTD, decreased late LTP, and normal early LTP (Grunwald et al. 2001).

EphB2, as EphA4, is required for synaptic plasticity in a kinase domain-independent

fashion, suggesting that EphB2 may be either required in the dendrite, interacting in

cis with other postsynaptic proteins (including NMDARs), or in the axon terminal,

where it transsynaptically interacts with postsynaptic ephrinBs. Reduced LTP and

LTD in CA1 are recorded in ephrinB2- and ephrinB3-deficient mice (Bouzioukh

et al. 2007; Grunwald et al. 2004; Rodenas-Ruano et al. 2006).

In summary, transsynaptic ephrin–Eph adhesion is involved in the dynamic

formation and retraction of spines during development and in the adult brain by

regulating transmitter release, clustering of neurotransmitter receptors in the PSD,

regulation of NMDAR’s function, and signaling through activation of tyrosine

kinases and small GTPases activity.

5.11 Neurexins and Neuroligins

Neuroligins (NLGs) constitute a family of cell adhesion proteins that transsynaptically

interact with neurexins (NRXs) in a Ca2+-dependent manner. Four neuroligin genes

(NLG1–4) and three neurexin genes (NRX1–3) are widely expressed in mouse brains.
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Alternative promoter choice generates two transcripts per NRX gene (NRXa and

NRXb), and alternative splicing at five splicing sites generates >1,000 neurexins

isoforms. Also, several isoforms of NLGs are generated by alternative splicing at two

sites in the extracellular domain. Ultrastructural studies indicate a postsynaptic

localization of NLGs, whereas NRXs are found both pre- and postsynaptically

(Tallafuss et al. 2010).

Numerous studies performed in cell culture suggest that the NLG–NRX interac-

tion may control the formation of excitatory and inhibitory synapses (Chih et al.

2005; Dean et al. 2003; Graf et al. 2004). In contrast, in vivo studies in triple

NLG1–NLG2–NLG3 knockout mice have shown that elimination of NLGs does

not affect synapse numbers in the brain, although it alters the recruitment of

postsynaptic receptors to glutamatergic, GABAergic, and glycinergic synapses

(Varoqueaux et al. 2006). Overexpressing NLG1 in vivo increases proportion of

dendritic spines with mature morphology in comparison to wild-type mice

(Dahlhaus et al. 2010). In triple NRXa-deficient mice, a normal excitatory synapse

number and morphology, but a decreased number of inhibitory synapses, have been

demonstrated (Missler et al. 2003). These findings suggest that NLGs and NRXs are

essential for proper synapse maturation by stabilization of transient synaptic

contacts. Another important aspect of the NLG–NRX adhesion system is its ability

to determine excitatory or inhibitory synapse specification in an activity-dependent

manner (Chubykin et al. 2007; Graf et al. 2004). Overexpression of NLG1 and

NLG2 results in increased clustering of presynaptic vesicles in glutamatergic and

GABAergic synapses in culture (Graf et al. 2004; Prange et al. 2004). Using NLG1-

and NLG2-deficient mice, it was shown that NLG1 selectively increases excitatory

synaptic responses, whereas NLG2 enhances inhibitory transmission (Chubykin

et al. 2007), suggesting that the relative expression levels of NLG1 and NLG2 may

be involved in the regulation of the excitation/inhibition ratio. In fact, the small

extracellular splice insertions A and B restrict the function of NLG1 and NLG2 to

glutamatergic versus GABAergic synapses and alter interaction with presynaptic

neurexins. The NLG isoforms associated with GABAergic synapses (containing the

splice insert A) bind to NRX1a and a subset of NRX1bs, with a potency to induce

GABAergic but not glutamatergic postsynaptic differentiation (Chih et al. 2006).

NLG–NRX signaling is involved in presynaptic organization of excitatory

and inhibitory synapses. The PDZ domain of NRXb interacts with several

proteins of the synaptic release machinery, including synapsins, CASK–Mint1,

and CASK–caskin1, linking NRXb to the actin cytoskeleton (Biederer and Sudhof

2001; Dean et al. 2003; Tabuchi et al. 2002). The functional significance of these

interactions has been further verified in cultures overexpressing PSD-95, in which

an increase in AMPAR-mediated current is explained by an increase in release

probability due to the transsynaptic NLG1–NRXb interaction (Futai et al. 2007).

An impaired presynaptic function, measured as a reduction of quantal content and

an increase in the failure rate, is responsible for reduction in inhibitory transmission

in fast-spiking interneurons of NLG1–NLG2 double knockout or NLG2 single

knockout mice (Gibson et al. 2009; Poulopoulos et al. 2009). Abnormalities

in presynaptic release are also observed in triple NRXa mice that show severely
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depressed Ca2+-triggered excitatory and inhibitory neurotransmitter release

measured as a reduced frequency of mEPSC and mIPSC. Additionally, an increased

failure rate and decreased whole-cell Ca2+ currents are seen (Missler et al. 2003).

Later studies using both NRXa-deficient and transgenically rescued mice show that

the described changes in synaptic properties are due to selective alterations in

N- and P-/Q-type VDCC-mediated currents (Zhang et al. 2005), suggesting an

involvement of NRXa in the regulation of presynaptic Ca2+ influx through these

channels.

At the postsynaptic membrane, NLG–NRX signaling is involved in neurotrans-

mitter receptor targeting to the cell surface. In mice with altered NLG1, NLG2,

NLG3, and NRXa expression (either single or in combination), NMDAR-mediated

synaptic transmission and NMDAR-dependent synaptic plasticity are impaired

(Chubykin et al. 2007; Dahlhaus et al. 2010; Jung et al. 2010; Kim et al. 2008;

Varoqueaux et al. 2006). Interaction of NLG1 with NRXb results in increased

clustering of PSD-95 and accumulation of NMDA and AMPA receptors within the

PSD (Chih et al. 2005; Graf et al. 2004; Heine et al. 2008; Nam and Chen 2005).

Interestingly, distinct mechanisms are shown to recruit NMDARs and PSD-95 to

dendritic NLG1 clusters. During early synaptogenesis NLG1 clusters are able to

associate with GluN1 via PDZ-containing adapter proteins, other than PSD-95, and

aggregate on the membrane within a few minutes after formation of axon–dendritic

contact (Barrow et al. 2009). Additional NMDARs can be recruited to the

established synaptic sites during spine maturation via a slower NLG-dependent

recruitment of GluN1 that is associated with PSD-95 and requires a palmitoylation

step (Barrow et al. 2009). NRXb-induced NLG1 clustering results in rapid consti-

tutive accumulation of GluA2 at PSD-95 clusters during early synaptogenesis

(Heine et al. 2008). The membrane surface level of NLGs can be modulated by

activity also in the adult brain. Chemical stimulation that induces either LTP or

LTD in hippocampal neurons leads to a corresponding membrane accumulation or

endocytosis of NGL1/3, which occurs in a microtubule- and dynein-dependent

manner (Schapitz et al. 2010). These results suggest that activity-dependent

NLGs turnover through active cytoskeletal transport is coupled to neurotransmitter

receptors delivery or removal. In cultured rat cortical neurons, NLG3 is associated

with and is able to activate Epac2, a PKA-independent cAMP target and Rap-GEF.

Epac2 activation, likely by D1/D5 G protein–coupled receptors, induces spine

shrinkage, increases spine motility, removal of synaptic GluA2/3, and depression

of excitatory transmission, whereas its inhibition promotes spine enlargement and

stabilization (Woolfrey et al. 2009).

At inhibitory synapses formed by perisomatic interneurons, GABAARs clus-

tering is regulated by PDZ-mediated NGL2 binding to inhibitory postsynaptic

scaffolding proteins gephyrin and collybistin, affecting GABAergic and

glycinergic transmission (Poulopoulos et al. 2009). Overexpression of NRXbs
or addition of recombinant NRXb to cell cultures has been shown to reduce

surface GABAAa1R expression and to prevent the normal developmental

increase in GABAergic transmission without decreasing the synapse number

(Zhang et al. 2010). Notably, these effects are not mediated via interactions
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with NLGs, but rather due to direct extracellular interaction of NRXbs with

GABAAa1R (Zhang et al. 2010). Whether this interaction occurs in cis or trans
is still unclear. In mature brains, NRXbs are detected at the presynaptic spe-

cialization, although a small fraction are also localized postsynaptically

(Berninghausen et al. 2007), resulting in inactivation of NLG1 and the destabili-

zation of synapses (Taniguchi et al. 2007). Interestingly, NRXs redistribute from

a dendritic localization to the axon shaft in cultured neurons as a result of

signaling from astrocytes (Barker and Ullian 2008), suggesting that interactions

of NRXs with their binding partners may depend on the developmental stage and

the microenvironment. Additionally, binding of presynaptic NRXb to post-

synaptic neurotransmitter receptors via secreted extracellular proteins can be

essential for synapse formation, as it was demonstrated for GluD2 that

transsynaptically interacts with NRXb1 via the cerebellin 1 precursor protein

(Uemura et al. 2010).

5.12 NGLs

NGL (netrin-G ligand) proteins form a family of leucine-rich repeat (LRR)–containing

CAMs, which have three members NGL-1, NGL-2, and NGL-3. NGL-1 and

NGL-2 bind the GPI-anchored netrin-G1 or netrin-G2 in an isoform-specific manner

(Kim et al. 2006), while NGL-3 interacts with receptor tyrosine phosphatases

family proteins (LAR-RPTPs), including LAR, PTPs, and PTPd (Kwon et al. 2010;

Woo et al. 2009). NGLs are mainly detected at postsynaptic sites of excitatory

synapses, where they interact with PSD-95 (Kim et al. 2006). Because

overexpression of NGLs promotes pre- and postsynaptic differentiation and

knockdown of NGLs reduces the number and functions of excitatory synapses

(Kim et al. 2006; Woo et al. 2009), the role of NGL-mediated adhesion in

synaptogenesis has been proposed. Also, ablating LAR expression in hippocam-

pal cultures leads to a decreased number and function of excitatory synapses

(Dunah et al. 2005); however, a normal density of PSD-95 clusters was

observed in the hippocampus of netrin-G1 and netrin-G2 knockout mice

(Nishimura-Akiyoshi et al. 2007).

The precise mechanism how NGLs may be involved in synaptogenesis is still

unknown. The aggregation of NGLs on the surface of dendrites recruits postsynap-

tic proteins to the dendritic surface, including scaffolding proteins PSD-95, GKAP,

and Shank, but not gephyrin (Kim et al. 2006; Woo et al. 2009). In addition, both

NLG-2 and NLG-3 are able to aggregate GluN2A and GluN1 subunits of

NMDARs, respectively, whereas GluA2 is clustered selectively by NGL-3 (Kim

et al. 2006; Woo et al. 2009). One should also note that LAR-RPTPs, via their

intracellular domain, interact with liprin-a (Pulido et al. 1995), a cytoplasmic

adaptor protein that is important for both presynaptic and postsynaptic development

and function. At the presynapse, liprin-a is coupled to presynaptic active zone

proteins, including RIM, ELKS/ERC, and CASK/LIN (Ko et al. 2003; Olsen et al.
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2005; Schoch et al. 2002), similar to b-catenins and NRXb (Bamji et al. 2003;

Tabuchi et al. 2002), suggesting that LAR-RPTPs may converge onto liprin-a to

promote synaptic differentiation. At postsynaptic sites, LAR binding to liprin-a is

involved in clustering of GRIP1 and GluA2/3 (Dunah et al. 2005). LAR-RPTPs

are associated with b-catenin in neurons, and LAR phosphatase activity leads to

b-catenin dephosphorylation and reduces its targeting to the dendritic spine (Dunah
et al. 2005). LTD induced by activation of muscarinic acetylcholine receptors

involves interactions between GluA2, GRIP, and liprin-a that are likely to be

important for the subsequent GluA2 dephosphorylation and endocytosis (Dickinson

et al. 2009). Although presynaptically localized LAR is involved in synapse

formation (Woo et al. 2009), cis interactions between LAR and NGL-3 at postsyn-

aptic membrane may be important in mature synapses to support synaptic function

and plasticity. However, the functional significance of interactions between NGLs

and their binding partners, netrin-Gs and LAR-RPTPs, remains to be investigated

in vivo.

5.13 LRRTMs

The LRRTM (leucine-rich repeat transmembrane neuronal) proteins form a family

of four LRR containing cell surface receptors that are enriched in the PSD fraction

and that are dynamically expressed in the developing and adult nervous systems

(Lauren et al. 2003). Although all LRRTMs expressed in cell lines are able to

initiate the formation of presynaptic terminals in cocultured hippocampal neurons,

LRRTM1 and LRRTM2 exhibit the most potent synaptogenic activity (Linhoff

et al. 2009). The LRR (extracellular) domain of LRRTM2 is necessary and suffi-

cient to induce excitatory presynaptic differentiation without any contribution from

other factors (de Wit et al. 2009; Linhoff et al. 2009). Knocking down the expres-

sion of LRRTM2 results in a reduction (de Wit et al. 2009) and, conversely,

overexpression results in an increase in the number of excitatory synapses (Ko

et al. 2009). These effects are shown to be solely dependent on the extracellular

regions of LRRTM2 and to occur in trans, suggesting the presence of a presynaptic
extracellular ligand for LRRTM2 that was subsequently able to instruct the forma-

tion of a presynaptic terminal. Two independent studies (de Wit et al. 2009;

Ko et al. 2009) demonstrate that both NRXa1 and NRXb1 are receptors for

LRRTM2 and that all four LRRTMs can bind NRXb1. LRRTM binding to NRXs

is Ca2+ dependent and competitive with those of NLGs (Siddiqui et al. 2010).

Overexpressing both NLGs and LRRTMs enhances the recruitment of the presyn-

aptic proteins bassoon and synaptophysin to presynaptic terminals, suggesting that

these receptors function in a cooperative manner to promote glutamatergic synapse

development (Siddiqui et al. 2010). Similar to NLG-deficient mice, LRRTM1-

deficient mice exhibit subtle morphological abnormalities, demonstrating a selec-

tive increase in the size of presynaptic terminals in hippocampal CA1 region
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(Linhoff et al. 2009). In support of the in vivo function of LRRTMs, knockdown of

LRRTM2 results in a reduction of AMPAR- and NMDAR-mediated currents in

hippocampal slices (de Wit et al. 2009).

5.14 SALMs

Synaptic adhesion–like molecules (SALM1–SALM5) are transmembrane CAMs

containing both LRR and Ig-like domains in their extracellular region and a PDZ-

binding motif that interacts with PSD-95 at the C-terminal. In an overexpression

system, SALMs 4 and 5 form homomeric trans interactions, through their extracel-
lular domains, whereas other SALMs do not (Seabold et al. 2008). Members of the

SALM family regulate excitatory and inhibitory synapse formation through distinct

mechanisms. SALM1 via its PDZ domain is able to recruit NMDARs (GluN1,

GluN2B, and GluN2A) and PSD-95 to the postsynaptic membrane, but not

AMPARs. In addition, the SALM1 extracellular domain was shown to bind directly

to the extracellular domain of GluN1 within the endoplasmic reticulum (ER)

(Wang et al. 2006) and to ER protein reticulon-3 that is involved in protein

trafficking (Chang et al. 2010). Although the functional meaning of this interaction

remains to be studied, targeting of NMDARs to the postsynaptic membrane by

SALM1 is a plausible mechanism. SALM2 is also involved in excitatory

synaptogenesis by regulating postsynaptic differentiation and function, possibly

via PSD-95, GKAP, GluA1, and to a lesser extent GluN1 clustering at the postsyn-

aptic membrane surface (Ko et al. 2006). Unlike SALM1, SALM2 effects on

neurons are more prominent at later developmental stages, suggesting that

SALM2 may be involved in the maturation of excitatory synapses through

mechanisms including synaptic enrichment of AMPARs. On the other hand,

SALM3 and SALM5, but not other members of the SALM family, are capable of

inducing both excitatory and inhibitory presynaptic differentiations in contacting

axons. SALM3 and SALM5 induce clustering of presynaptic proteins, including the

excitatory and inhibitory presynaptic markers VGluT and VGAT, the presynaptic

vesicle protein synaptophysin, and the presynaptic active zone protein Piccolo

(Mah et al. 2010). Aggregation of SALM3 on the dendritic surface leads to the

subsequent clustering of PSD-95, similar to SALM1 and SALM2 (Mah et al. 2010).

Knockdown of SALM5 expression with siRNA results in reduced excitatory and

inhibitory synapse number and function (Mah et al. 2010).

5.15 Summary and Outlook

In vitro data provided strong evidence for the role of numerous CAMs in

synaptogenesis, which, however, not always were confirmed by in vivo studies,

in which synaptic changes due to manipulation of single or even multiple CAMs are
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typically rather subtle and often even undetectable. The most likely reason is

redundancy between CAMs within the same class/group and complex interaction

between multiple cell adhesion systems. No single pair of CAMs seems to be

necessary or sufficient to organize all aspects of synapse development, indicating

that CAMs might have overlapping functions and act together at synaptic sites. This

concerted action is necessary to support the dynamic nature of synapse formation

(different stages involve distinct CAMs, adhesion modulations, redistribution of

CAMs, a switch from trans to cis interaction, etc.).
The diversity of the synaptogenic CAMs and their isoforms also corresponds to

the vast heterogeneity of synapses (in terms of presynaptic axons and postsynaptic

targets, and hence morphology, molecular composition, and even the type of

neurotransmitter released). Further studies are warranted to delineate specific

contributions of distinct CAMs and interconnected complexes of CAMs in forma-

tion, maintenance, and use-dependent plasticity of specific subtypes of excitatory

and inhibitory synapses.

As described in this chapter, numerous studies demonstrate the importance of

interactions between CAMs and intracellular scaffold molecules (Fig. 5.1). In

addition, accumulating evidences emphasizes the role of ECM scaffolds in

transsynaptic signaling at central synapses (Dityatev and Schachner 2003; Dityatev

and Rusakov 2011). Induction and maintenance of functional compartments from the

extracellular space can be advantageous in comparison to that via intracellular

scaffolding proteins because cross-linking of pre- and postsynaptic CAMs by ECM

molecules can result in a well-defined stoichiometric relationship between pre- and

postsynaptic components. To some degree, this is also achieved by direct

transsynaptic interactions between CAMs. However, as ECM scaffolds may have

binding sites for multiple CAMs and other membrane-associated molecules, a higher

order of coordination between pre- and postsynaptic composition might be gained.

Thus, the impact of interplay between (peri)synaptic ECM and CAMs should be

further elucidated.

Among other important aspects, which have not received enough attention in the

past but could deepen our understanding of mechanisms mediated by synaptic

CAMs, are as follows:

• Direct effects of CAMs and associated glycans on the activity of neurotransmit-

ter receptors

• Transsynaptic bidirectional signaling via CAMs as a basis for coordinated

changes at the pre- and postsynaptic compartments during synaptogenesis and

synaptic plasticity

• Mechanisms of activity-dependent regulation of CAM synaptic expression, such

as control of endo- and exocytosis, proteolytic degradation, and lateral diffusion

At the systemic level, more research is necessary to understand the importance of

synaptic CAMs for learning and memory and their roles in synaptopathies. In fact,

there are exciting examples implicating diverse CAMs in mental retardation, autism,

and schizophrenia. Still, studies on the impact of mutations/genetic variability of

CAMs in humans are in their infancy, not saying about the development of small
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molecules that would interfere with CAM-mediated interactions. Such molecules,

however, could direct formation or plasticity of synapses and be potentially used for

improvement of cognitive functions in human patients suffering from synaptopathies.
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Chapter 6

Molecular Dynamics of the Excitatory Synapse

Shigeo Okabe

Abstract Molecular dynamics of synapses are one of the most important factors

that control the remodeling of synaptic connection and efficacy of transmission.

This chapter focuses on the dynamics of postsynaptic molecular machinery and

describes the imaging technologies important for quantitative analyses of synapses,

their application to the postsynaptic molecules, and the insights obtained from these

analyses. New visualization techniques, such as super-resolution microscopy, will

become an indispensable approach to reveal submicron changes of synaptic

molecules. New methods of monitoring protein interactions will also be integrated

with experimental paradigms of synaptic plasticity. Cell biological analyses,

together with cutting-edge imaging technologies, have been applied to the studies

of nascent synapse formation, synapse maintenance, and activity-dependent syn-

apse remodeling. From these studies, a variety of new concepts emerged, such as

local assembly of postsynaptic scaffolds, presence of “transport packets” of post-

synaptic receptors, heterogeneity of actin movement within spines, and activity-

free fluctuation of PSD/spine sizes. These new concepts are useful in understanding

specific properties of postsynaptic functions and should be integrated in future to

build a realistic model of the postsynaptic organization that can explain its remark-

able stability and tunability.
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6.1 Introduction

Excitatory synapses, the major sites of communication between neurons in the

mammalian CNS, are composed of two distinct components: the presynaptic

exocytotic machinery that releases neurotransmitters into the synaptic cleft and

the postsynaptic structure specialized for the signal transduction initiated by the

binding of neurotransmitters to their membrane receptors. To increase the efficacy

of detecting neurotransmitters released to the synaptic cleft and to regulate the

signal transduction, specialized postsynaptic structures are differentiated, such

as dendritic spines, postsynaptic densities (PSDs), and spine apparatuses. Dynamics

of functional molecules in the postsynaptic compartment are one of the most

important factors controlling the remodeling of synaptic connection and efficacy

of synaptic transmission. In this chapter, I will focus on the dynamics of the

postsynaptic molecular machinery and describe the imaging technologies for the

detection of molecular dynamics, their application to the postsynaptic molecules,

and the insights obtained from these analyses.

6.2 Microstructure of the Excitatory Postsynaptic Cytoplasm

Most excitatory synapses are formed onto dendritic spines in the mammalian

forebrain. Dendritic spines contain several unique cytoplasmic structures, including

the PSD (Palade and Palay 1954), meshwork of the actin cytoskeleton (Matus

2000), spine apparatus (Spacek 1985), endosomal membranes (Park et al. 2006),

and mitochondria (Li et al. 2004) (Fig. 6.1). The PSD is located at the plasma

membrane of the dendritic spine and apposed to the presynaptic active zone. The

typical PSD has a disk-like structure with a diameter of 200–500 nm and a thickness

Fig. 6.1 Microstructure of the excitatory postsynaptic cytoplasm. The excitatory synapses are

mainly formed onto the head of dendritic spines. The spine cytoplasm contains the PSD (thick
arrows in right EM image), the endocytotic machinery (double thin arrows in right EM image),

and F-actin meshwork. Fast-growing ends of F-actin are oriented toward the plasma membrane of

the spine. However, recent reports indicate that this polarity orientation is not strict
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of 30–60 nm (Harris et al. 1992; Spacek and Harris 1998). The PSD is a highly

organized network of membrane proteins and cytoplasmic interacting proteins.

Neurotransmitter receptors, such as AMPA-type and NMDA-type glutamate

receptors, are accumulated at the PSD. Cell adhesion molecules are also present

in the PSD. The PSD also plays a role as a platform for the recruitment of protein

kinases and phosphatases. Their interaction with PSD scaffold is often regulated by

synaptic activity. Recycling endosomes and endocytic zones are found within

spines or at their base (Blanpied et al. 2002; Racz et al. 2004). The spine cytoplasm

is enriched with the actin cytoskeleton (Hirokawa 1989; Landis and Reese 1983),

and other cytoskeletal filaments are relatively scarce.

Spine morphology is regulated by the combination of local synaptic transmission

and global activity of the postsynaptic neuron. Experimental procedures that induce

long-lasting change in synaptic efficacy have been shown to affect spine structure.

When synaptic efficacy is increased (long-term potentiation, or LTP), the spine is

enlarged (Matsuzaki et al. 2004). In turn, when synaptic transmission is depressed

(long-term depression, or LTD), the spine reduces its size (Nagerl et al. 2004; Zhou

et al. 2004). These experiments illustrate the importance of dynamic behavior of

PSD molecules and spine cytoskeletal elements in fine tuning of the synaptic

transmission.

6.3 Molecular Composition of the PSD

High-sensitivity mass spectrometry identified more than 400 proteins in highly

purified PSD preparations (Husi et al. 2000; Jordan et al. 2004; Yoshimura et al.

2004). The list includes proteins belonging to classes with their major subcellular

localization distinct from the PSD, such as those involved in signaling to the

nucleus, RNA trafficking, and protein translation. Imaging studies of PSD

molecules have been mainly focused on proteins abundant in the PSD, such as

glutamate receptors and scaffolding proteins. Both AMPA-type and NMDA-type

glutamate receptors are abundant in the purified PSDs (Cheng et al. 2006).

Immunoelectron microscopy also confirmed relative enrichment of AMPA and

NMDA receptors in the postsynaptic membrane (Nusser 1999; Nusser et al. 1998;

Petralia et al. 1994a, b; Tanaka et al. 2005). AMPA and NMDA receptors are

essential functional elements of the fast synaptic transmission. Recruitment and

turnover of these receptors both in nascent and mature synapses have been studied

extensively, and previous imaging studies illustrated activity-dependent regulation

of receptor mobility.

PSD scaffolding molecules, such as PSD-95 and Homer, are highly enriched at

postsynaptic sites. PSD-95 belongs to the membrane-associated guanylate kinase

(MAGUK) protein family (Cho et al. 1992). PSD-95 directly binds to NR2 subunits

of NMDA receptors (Kornau et al. 1995) and indirectly with AMPA receptors via

interaction with transmembrane AMPA receptor regulatory proteins (TARPs), an

auxiliary component of the native AMPA receptor complex (Tomita et al. 2005).
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PSD-95 also interacts with a variety of cell adhesionmolecules, including neuroligins

(Irie et al. 1997;Meyer et al. 2004). Homer proteins interact with group Imetabotropic

glutamate receptors (mGluRs) (Brakeman et al. 1997) and other synaptic molecules

including a scaffolding protein Shank (Tu et al. 1999). Absolute numbers of PSD

scaffolding proteins per synapse were rigorously estimated to be in the range of

100–500 (Chen et al. 2005; Sugiyama et al. 2005). They are thought to provide the

framework of the PSD through their interactionswith bothmembrane proteins and the

cytoplasmic cytoskeletal components (Okabe 2007).

Synapses are specialized sites of cell-to-cell contact and cell adhesion molecules

should be important in both formation of synaptic contacts and maintenance of

assembled synaptic structures. A variety of cell adhesion molecules have been

identified to be localized in the postsynaptic membrane, and many of them have

been shown to play important roles in synapse formation and maintenance. Among

these, neuroligins are the molecules that function as “synapse organizers”

(Scheiffele et al. 2000), and their roles in both synapse formation and regulation

of assembled synaptic junctions have been extensively studied (Brose 2009).

Because neuroligin binds to the presynaptic receptor neurexins and induce differ-

entiation of the presynaptic structure by itself, the molecular dynamics of

neuroligins in the postsynaptic compartment should be clarified. This point will

be discussed in the following chapter.

6.4 Cytoskeletal Organization of the Spine Cytoplasm

Abundance of actin in the spine cytoplasm is one of the remarkable features of the

excitatory postsynaptic sites. Local actin content is already high in immature

filopodia lacking contact with axons, indicating that reorganization of actin

cytoskeleton precedes differentiation of the postsynaptic specialization. Possibly,

this cell autonomous event alters the dendritic cytoplasm to be able to respond to

the presynaptic contact. Organization of actin filaments in dendritic filopodia

(Korobova and Svitkina 2010) shows similarity with that in non-neuronal

filopodia (Okabe and Hirokawa 1989; Svitkina et al. 2003). In both cases, actin

filaments show uniform polarity orientation with their barbed ends (fast-growing

ends) enriched at the distal ends of protrusions. After contact with the presynaptic

component, dendritic filopodia change their shape into mature spines with

enlarged heads (Dailey and Smith 1996; Yasumatsu et al. 2008). This expansion

of the heads is a unique feature of neuronal filopodia/spines, and specific regu-

latory mechanism should be present. Branched actin meshwork has been shown to

be present in the mature spine heads (Korobova and Svitkina 2010), together with

regulatory proteins involved in branch formation of actin filaments, such as

Arp2/3 complex (Hotulainen et al. 2009) and cortactin (Hering and Sheng 2003;

Iki et al. 2005).
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6.5 Technologies of Monitoring Protein Dynamics

in Synapses

Studies on protein dynamics in synapses heavily rely on imaging technologies

that can visualize and quantitate mobility of proteins within the small compart-

ment of synapses. The sizes of the spine and PSD are close to the resolution of a

high-numerical-aperture objective lens. Therefore, conventional imaging

technologies are not useful to extract information on dynamics and redistribution

of proteins within the spine and PSDs. Quantitative techniques of fluorescence

microscopy (such as fluorescence recovery after photobleaching (FRAP),

photoactivation (PA)/photoconversion) and detection of single molecules (single

receptor tracking by quantum dots (QDs) and photoactivated localization micros-

copy (PALM)/stochastic optical reconstruction microscopy (STORM)) are the

methods applicable to the study of submicron-scale analysis of postsynaptic

structures.

6.5.1 Fluorescence Recovery After Photobleaching (FRAP)

FRAP is a technique of rapidly eliminating fluorescence signals from a defined

region of cellular structures by exposure to the intense excitation light and measur-

ing the recovery of fluorescence (Axelrod et al. 1976). This technique has been

applied to monitor dynamics of a variety of proteins in different cellular

components, including the cytoplasm, plasma membrane, nucleoplasm, cytoskele-

ton, and specific organelles (Reits and Neefjes 2001). In general, FRAP

measurements can provide two parameters of protein dynamics: the mobile fraction

of molecules and the rate of mobility (Fig. 6.2a). The mobile fraction can be

calculated from three parameters: the fluorescence in the region of interest before

bleaching (Fi), immediately after bleaching (Fb), and also after full recovery (Fr).

The mobile fraction (R) is calculated as follows:

R ¼ Fr� Fbð Þ= Fi� Fbð Þ

The rate of mobility can be determined by fitting the FRAP recovery curve with

theoretical curves. The shapes of theoretical curves are dependent on the models of

molecular diffusion/mobility. Usually, unrestricted two-dimensional diffusion or

three-dimensional diffusion models are applied to membrane proteins or cytoplas-

mic protein, respectively.

FRAP measurements of membrane molecules and cytoplasmic proteins within

spines are possible, but analyses of data require considerations of the specific

geometry of spines (Fig. 6.2b). Fluorescence recovery within the spine head is

determined by the rate of molecular diffusion through the spine neck. By using a

simple compartment model of the spine, which has volume V and concentration of

the fluorophore Cs and is connected to a large dendritic shaft (infinite volume and
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fluorophore concentration of Cd) with a thin neck (diffusional resistance of W), it is

possible to relate the concentration of the fluorophore in the spine (Cs) with the rate

of fluorophore flux through the neck (J) as follows:

J ¼ D Cs� Cdð Þ=W

where D is the diffusion coefficient of the fluorophore in the cytoplasm (Svoboda

et al. 1996). This equation is similar to the one that describes the simple one-

dimensional diffusion model. Therefore, fluorescence recovery of freely diffusible

molecules within spines is expected to follow a single exponential with a time

constant t (Fig. 6.2c), which can be related to diffusion coefficient as follows:

t ¼ WV=D

Because D can be assumed to be similar throughout the cytoplasm, estimation of

D from measurements within the dendritic shaft or cell body is possible (Kuriu et al.

2006; Majewska et al. 2000). Estimated t from spine FRAP, combined with

Fig. 6.2 FRAP analysis of the spine. (a) FRAP recovery curve can determine the amount of

mobile fraction (Fr – Fb)/(Fi – Fb) without information of the initial concentration of the

fluorophore. (b) A simple two compartment model of the molecular mobility between the spine

and the dendrite. (c) Estimation of time constant t from the FRAP recovery curve by fitting with a

single exponential
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measurement of D in the dendritic shaft and estimation of spine volume from the

fluorescence image, can be utilized to calculate W, which directly reflects the

structural resistance of the spine neck.

Selection of fluorophores for FRAP measurement is important. First, fluoro-

phores should be resistant to the excitation light during the measurement of fluore-

scence recovery, but should be sensitive enough to allow rapid photobleaching.

Second, fluorophores should not generate reactive oxygen species (ROS) by

photobleaching. This is occasionally problematic with proteins labeled by conven-

tional chemical fluorophores, such as fluorescein (Okabe and Hirokawa 1993).

Indeed, chromophore-assisted light inactivation (CALI)/fluorophore-assisted light

inactivation (FALI) are the techniques based on light-induced generation of ROS to

selectively inactivate functional proteins labeled by fluorophores (Hoffman-Kim

et al. 2007). Fortunately, GFP and related fluorescent proteins are not efficient in

ROS production (Rajfur et al. 2002), and the side effects of FRAP is usually

negligible if the irradiation dose is set to be minimal for photobleaching. Third,

fluorophores should not show reversible photobleaching, which is the recovery of

fluorescence by photochemical processes independent of fluorophore mobility.

Reversible photobleaching occurs if fluorophores transiently stay in a triplet state.

Wild-type GFP shows a complex photochromism, but this feature is largely

suppressed in engineered GFP variants such as eGFP. However, eGFP together

with eCFP and eYFP still shows reversible recovery to some extent with time

constants of 30–60 s (Sinnecker et al. 2005). This property should be taken into

account in the interpretation of FRAP data, especially when small differences in the

recovery curve should be evaluated.

6.5.2 Photoactivation (PA)/Photoconversion

Local photoactivation (PA) of fluorescence and subsequent monitoring of fluores-

cence intensity and distribution is a technique complementary to FRAP. Originally,

this technique was applied to monitor microtubule dynamics in mitotic cells and in

growing axons by using caged fluorescein-labeled tubulin (Mitchison 1989; Okabe

and Hirokawa 1992). Development of photoactivatable GFP variants (Patterson

and Lippincott-Schwartz 2002) accelerated application of this technique to a

variety of biological samples, including fully differentiated neurons with synaptic

connections. An obvious advantage of PA strategy in the study of protein dynamics

is its low background. Detection of the stable bleached molecules in the background

of fluorescence from newly incorporated molecules is very difficult in FRAP

measurements. In contrast, photoactivated molecules stably incorporated into syn-

aptic structures can be easily detected and quantitated after local PA. Another

advantage of the PA technique is the relatively low dose of irradiation required

for PA of either caged fluorescein or PA-GFP variants compared with the irradia-

tion dose required for photobleaching. Further reduction of phototoxicity can

be achieved by using two-photon excitation with longer wavelength laser pulses
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(720–840 nm) in comparison with single-photon excitation (usually with a 405 nm

diode laser) (Schneider et al. 2005).

Imaging of photoactivatable GFP/RFP variants needs identification of the

nonfluorescent target structure before activation. This is usually achieved by

co-expression of other fluorescent markers. Discovery of photoconvertible fluores-

cent proteins, such as Kaede (Ando et al. 2002), enabled researchers to identify the

target structure by fluorescence from the photoconvertible molecules of their

original color and subsequently mark tagged molecules by changing their color

with exposure to short-wavelength light. As in the case of photoactivatable fluores-

cent proteins, the irradiation dose required for photoconversion is much less than

that for photobleaching.

6.5.3 Tracking of Single Membrane Molecules by Labeling
with Semiconductor Quantum Dots (QDs)
or Fluorescent Dyes

FRAP, PA, and photoconversion technologies are useful in measuring the ensemble

behavior of fluorescent molecules in synapses. However, the heterogeneous behav-

ior of individual molecules and discrimination of mobility within substructures of

synapses cannot be obtained by these techniques. Tracking of single membrane

molecules by labeling with QDs or fluorescent dyes is a powerful method to extract

the dynamic properties of single molecules on the spine surface (Fujiwara et al.

2002; Groc et al. 2004). This technique has been applied to the analysis of both

excitatory and inhibitory synapses by scientists in Paris and Bordeaux (Triller and

Choquet 2008), and detailed discussions of this topic are present in other chapters of

this book. Essential points are as follows: (1) Cell surface receptors, such as

glutamate receptors, GABA receptors, and glycine receptors, can be labeled by

antibodies coupled to QDs or fluorescent dyes. (2) Signals from single QDs or

fluorescent dyes can be identified on the cell surface. (3) Movement of single QDs

and fluorescent dyes can be tracked for a time period sufficient to calculate their

kinetic parameters, such as instantaneous diffusion coefficient, the degree of con-

finement, and residence time within specific compartment, such as the PSD area

(Triller and Choquet 2008). These parameters can be obtained only from the

detection of single membrane receptors on the spine surface, illustrating the unique-

ness of this approach. The only pitfall of the technique is the possible restriction of

labeled membrane receptors by other membrane proteins and extracellular

components present within the synaptic cleft. This possibility was evaluated by

Groc et al. (2007), and the results indicated that only very fast diffusing molecules

may be slowed down by attaching bulky probes such as QDs coated with antibodies,

but the average of diffusion coefficients for all particles within synapses were not

different. This result indicates that average mobility of receptors within synapses

can be reliably monitored by the QD-based visualization technique.
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6.5.4 Photoactivated Localization Microscopy (PALM)/Stochastic
Optical Reconstruction Microscopy (STORM)

Single molecule tracking is a powerful technique to measure dynamics of proteins in

small domains of cells. Antibody labeling methods applied to cell surface receptors

is difficult to extend to cytoplasmic components, such as PSD scaffolds and actin

filaments. The recent development of the PALM/STORM technique and its appli-

cation to living cells using photoactivatable fluorescent proteins opened the door

into live imaging of single cytoplasmic proteins in the subcompartments of spines

(Betzig et al. 2006; Rust et al. 2006). In PALM/STORM imaging, only a small

number of photoactivatable fluorescent molecules are activated by weak irradiation

with a UV-violet laser, and their images were recorded by illumination with

a second laser with appropriate excitation wavelengths. The positions of single

activated fluorescent molecules are estimated by using nonlinear least squares fitting

or maximum-likelihood fitting with assumed Gaussian point-spread functions. After

repeating cycles of activation recording of single molecules, the data of molecular

positions are utilized to reconstruct high-resolution images or precise trajectories of

individual molecules. There has been a rapid technical development associated with

this reconstruction method. PALM/STORM imaging of multiple fluorophores

(Bates et al. 2007; Shroff et al. 2007) and applications of PALM/STORM to

three-dimensional imaging (Huang et al. 2008) have been reported.

6.6 Molecular Dynamics in Nascent Synapses

Precise roles of filopodia protruding from immature dendritic shafts are not yet

clarified (Portera-Cailliau et al. 2003). Dendritic filopodia are highly motile and

transient. Only a small proportion of filopodia may be stabilized and start to form

synaptic contacts (Okabe et al. 2001a). This means that the main role of filopodia in

immature dendrites may not be to generate spines, but to search the surrounding

tissue for appropriate targets. In this sense, dendritic filopodia may be classified into

two categories: One is transient protrusions for probing the environment, and the

other is spine precursors. A recent report suggested that actin filaments within

dendritic filopodia are not bundled but form meshwork of branched and linear

actin filaments (Korobova and Svitkina 2010). This organization is different from

bundled straight F-actin in conventional filopodia of non-neuronal cells (Okabe and

Hirokawa 1989; Svitkina et al. 2003), suggesting importance of distinct actin orga-

nization in different types of filopodia. FRAP analysis of dendritic filopodia revealed

unique incorporation pattern of GFP-actin (Hotulainen et al. 2009). In non-neuronal

filopodia, incorporation of G-actin is restricted to their tips. However, dendritic

filopodia show addition of new actin also at their roots. This additional site of actin

incorporation may be responsible for more flexible structural change of dendritic

filopodia, which may be associated with their activity of searching nearby axons.
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A subset of motile filopodia interacts with axons and starts to form stable

synaptic contacts. Target recognition is one of the most important events in synapse

formation, but information about recruitment of membrane proteins and

submembranous scaffolds to the contact sites is not sufficient to build a model of

molecular assembly during target recognition. Initial recognition of synaptic

partners should be mediated by trans-interaction of cell adhesion molecules.

N-cadherin is a prominent component of developing synapses and may play

a critical role in the initial contact (Togashi et al. 2002). In vivo trafficking of

N-cadherin in growing axons of zebra fish embryos revealed the presence of highly

mobile transport packets and rapid formation (<1 h) of stable N-cadherin clusters in

the wake of growth cones (Jontes et al. 2004). Regulated delivery of cadherin-

containing vesicles should also be important in postsynaptic functions of cadherins.

Neuroligins are heterophilic postsynaptic cell adhesion molecules interacting

with a presynaptic partner neurexins (Brose 2009). Neurexin expressed in non-

neuronal cells can induce postsynaptic differentiation in dendrites within a few days

(Graf et al. 2004). These artificial postsynaptic sites contain PSD scaffolding

protein PSD-95, GKAP, and synGAP, together with NMDA receptor subunits,

but not AMPA receptor subunits (Graf et al. 2004; Nam and Chen 2005). The

ability of postsynaptic neuroligins to accumulate multiple PSD proteins after

interaction with presynaptic neurexins indicates possible roles of neuroligins to

recognize presynaptic partners and initiate postsynaptic molecular cascades of

synaptogenesis. Time-lapse imaging of GFP-/CFP-tagged neuroligin 1 in cultured

cortical neurons at 4–5 days in vitro revealed appearance of neuroligin 1 clusters at

sites of axodendritic contact within 10 min (Barrow et al. 2009). At the same

developmental stage, mobile neuroligin 1 clusters were also present both in den-

dritic shafts and filopodia. Although time course of neuroligin clustering in cultured

cortical neurons is faster than that of cadherin in zebra fish embryos, neuroligin

clustering may need cadherin functions, as N-cadherin knockout neurons show

marked reduction of neuroligin 1 clusters in dendrites (Stan et al. 2010).

Induction of artificial postsynaptic specialization by contact with neurexin-

expressing cells revealed accumulation of both PSD-95 and NMDA receptors

at the sites of neuroligin clusters, but the route of this recruitment is not clear,

and imaging approaches are necessary to resolve this issue. Imaging of immature

hippocampal neurons in culture revealed the presence of two distinct populations of

postsynaptic structures (Gerrow et al. 2006). One is a mobile nonsynaptic complex

of multiple scaffolding proteins, including PSD-95, GKAP, and Shank, but without

neuroligin 1. The other is also positive with PSD-95, GKAP, and Shank, but

stationary and contains neuroligin 1. The presence of these two populations of

clusters may indicate marking of synaptic contact sites by neuroligin clustering and

subsequent recruitment of mobile packets to predetermined sites. However, several

other reports postulate an alternative mechanism for the recruitment of postsynaptic

scaffolds to the synaptic contact sites. First, artificially induced patches of

neuroligin 1 on the surface of immature neurons accumulate PSD-95 gradually,

suggesting palmitoylation-dependent recruitment of individual molecules (Barrow

et al. 2009). Second, FRAP analysis of PSD-95, GKAP, Shank, and Homer
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molecules indicates exchange between assembled and diffusible pools (Gray et al.

2006; Kuriu et al. 2006; Okabe et al. 2001b). Third, time-lapse imaging of individ-

ual PSDs by PSD-95 or Shank tagged with GFP showed gradual increase of total

fluorescence signals in single PSDs, further supporting addition of new molecules

from a diffusible cytoplasmic pool (Bresler et al. 2001, 2004). These data collec-

tively indicate local assembly of PSD scaffolds is a predominant recruitment

pathway. On the other hand, recruitment of NMDA receptors to nascent synapses

should depend on transport vesicles, and this process was successfully visualized in

immature neurons in culture (Washbourne et al. 2002). The relative importance and

the amount of scaffolding proteins provided from two distinct sources (preassem-

bled packets and diffusible pool) may be dependent on several factors, such as

maturity of neurons, location along dendrites, and stage of synapse development.

Comparison of the same culture system at different stages of maturation should be

performed more extensively to clarify the routes of transport.

Both filopodia protrusion and their contact with presynaptic membranes via cell

adhesion molecules are important events in synapse formation, but molecular

mechanisms linking these two events have not yet been clarified. Filopodia may

recruit clusters of cell adhesion molecules to increase their ability to form stable

contacts with axons, or clustering of cell adhesion molecules may initiate filopodia

formation. Cell adhesion and filopodia formation may be coordinated by cell

adhesion molecules that can regulate the actin cytoskeleton. Telencephalin, a cell

adhesion molecule expressed in the forebrain neurons (Matsuno et al. 2006;

Yoshihara et al. 1994), is unique in its activity to interact with ERM (exrin/

radixin/moesin) family proteins with its cytoplasmic domain (Furutani et al.

2007). ERM proteins are adaptor molecules between membrane proteins and

F-actin, and enriched in membrane-protruding structures such as microvilli. It is

not yet clear if telencephalin recruitment to the contact sites initiates interaction

between the plasma membrane and F-actin locally. Alternatively, synapse

organizers, such as neuroligin, may be recruited to telencephalin-enriched filopodia

by cis-interaction. These possibilities should be tested by real-time imaging of cell

adhesion molecules at nascent synapses in future.

6.7 Molecular Dynamics in Spine Synapse Maintenance

Stability of synaptic junctions is fundamentally important in the maintenance of

neuron network connectivity and preservation of memory. Recent in vivo imaging

studies of dendritic spines in the neocortex revealed remarkable stability of indi-

vidual spines, which can be preserved throughout the entire life of an animal (Zuo

et al. 2005) (Fig. 6.3a). In contrast to the stability of spines, turnover of molecules

building postsynaptic structure has been shown to be very rapid. In culture

preparations, FRAP measurements revealed that glutamate receptors, PSD scaf-

folding proteins, and cytoskeletal proteins exchange with retention times of minutes

to several hours (Kuriu et al. 2006; Sharma et al. 2006; Star et al. 2002). Rapid
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Fig. 6.3 Models of PSD/spine stability. (a) In vivo two-photon microscopy of dendritic spines

from a transgenic mouse expressing GFP. These two spines of the pyramidal neuron in the

somatosensory cortex are stable at least for 33 days. (b) Three models of PSD/spine stability.

Model 1: Hypothetical PSD membrane protein Y, which shows prolonged residence in the PSD,

supports the PSD stability. Model 2: Feedback regulation between PSD scaffolding protein Z and

the cytoskeletal protein V supports the PSD stability. If the content of protein Z spontaneously
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turnover of PSD-95 was confirmed by in vivo two-photon microscopy of PA-GFP-

labeled PSD-95 (Gray et al. 2006). Even with these rapid exchange rates, structure

of PSDs can be maintained for a prolonged period. The molecular mechanisms

underlying this stability are currently unknown. A simple model is to hypothesize

the existence of yet unidentified “core” proteins that are persistently present in the

PSD structure (Model 1 in Fig. 6.3b). Indeed, proteins forming nuclear pore

complexes can disassemble during mitosis and reassemble into the newly forming

nuclei, but do not turn over in differentiated cells (D’Angelo et al. 2009). Existence

of similar “core” proteins in the stable PSDs can explain the integrity of the

structure for years. Second possibility is the existence of a feedback mechanism

that maintains the molecular content of PSDs (Model 2 in Fig. 6.3b). If rapid actin

turnover in spines facilitate elimination of PSD scaffolding molecules, but decrease

of PSD scaffolds secondarily induces reduction of molecules involved in actin

nucleation, this will create a feedback loop to maintain the constant amount of

scaffolding molecules and F-actin. This model can explain short-term regulation of

synaptic molecular content, but the setting point of the feedback loop should be

sensitive to other factors, such as the spine volume. The third possible explanation

of PSD stability is to hypothesize that there exist multiple steps in the growth

process of PSDs (Model 3 in Fig. 6.3b). Even if transition between adjacent steps is

relatively rapid in the order of hours, transition through tens of the steps will require

a prolonged period, possibly in the scale of months. Previous FRAP analyses of

multiple PSD scaffolding proteins revealed their differential dynamics (Kuriu et al.

2006), suggesting differential contribution of individual molecules for the PSD

stability. Consistent with this observation, immunoelectron microscopic analysis

indicated that individual PSD molecules have distinct patterns of tangential distri-

bution along the PSD (Valtschanoff andWeinberg 2001). If the amounts of multiple

PSD molecules encode the current step of PSD stabilization and increase of stable

scaffolds triggers the transition to the next step, this mechanism may function to

confer prolonged stability to the PSDs. Indeed, gradual increase of scaffolding

protein content per individual synapses along neuronal differentiation was reported

(Sugiyama et al. 2005), suggesting correlation between PSD stability and the

content of scaffolding proteins. This model is theoretically possible, but may not

explain rapid acquisition of new information by changing the state of PSDs.

Quantitative imaging of PSD molecular contents will be essential to test possible

models of the PSD stability.

Live imaging of spines revealed continual change of morphology while they are

preserving contact with presynaptic components. This structural change is on the

�

Fig. 6.3 (continued) fluctuates downward, it will induce suppression of the cytoskeletal system

regulated by protein V. This suppression of the cytoskeletal system will subsequently result in

enhanced incorporation of protein Z back to the initial level. Model 3: Multiple steps from the

nascent to mature spines prevent sudden elimination of the PSD. If there exist tens of intermediate

steps from nascent synapses to the fully stabilized synapses and transition between the adjacent

steps is regulated by addition/elimination of specific PSD molecules, elimination of PSD in fully

stabilized spines should be difficult and require prolonged transition time
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order of minutes and based on local actin polymerization (Fischer et al. 1998).

Actin polymerization is also coupled to structural changes of the PSDs (Blanpied

et al. 2008), and rapid elimination of spine actin filaments triggers partial disas-

sembly of the PSD scaffolds (Kuriu et al. 2006), suggesting active roles of actin

reorganization in the control of PSD function and molecular content. In turn, PSDs

contain molecules that can interact and regulate actin cytoskeleton. For example,

cortactin binds to both actin filaments and Arp2/3 complex and is enriched in the

PSD via its interaction with Shank molecules (Hering and Sheng 2003; Iki et al.

2005). Multiple interactions between PSDs and actin network should exist, and

physiological roles of individual pathways in synaptic function should be clarified.

The presence of retrograde actin flow in the spine head was successfully visualized

by using two-photon activation of PA-GFP-labeled actin (Honkura et al. 2008).

Recent application of high-resolution microscopic techniques (PALM/STORM) to

the behavior of single actin molecules in spines confirmed the presence of actin

flow (Frost et al. 2010; Tatavarty et al. 2009). In addition, these PALM/STORM

studies revealed more complex behavior of actin filaments in the spine cytoplasm.

They reported that velocity of individual actin molecules incorporated into the

network is heterogeneous even within a single spine. In the microdomain close to

the PSD, actin velocity is specifically enhanced. In contrast, the endocytic zone

showed no enhancement of actin velocity, indicating clear functional distinction of

actin network between spine microdomains (Fig. 6.1). Bidirectional translocation

of single actin molecules also exists within spines, indicating the presence of actin

filaments with their pointed ends toward the spine head. These reports illustrate

heterogeneity in actin movement and relatively short distance of their net flow,

suggesting that overall organization of actin filaments in spines is based on short

filaments with less aligned orientation (Fig. 6.1). This model perfectly matches with

the snapshots of spine actin network obtained by using platinum replica electron

microscopy (Korobova and Svitkina 2010).

Maintenance of glutamate receptors on the postsynaptic membrane is achieved

by surface delivery and retrieval of receptors and also by local two-dimensional

mobility of receptors and subsequent confinement within the postsynaptic mem-

brane. To monitor exocytosis of AMPA receptor-containing vesicles, tagging of

AMPA receptors with a pH-sensitive form of GFP (SEP) has been widely utilized in

combination with two-photon microscopy of neurons in slice culture (Kopec et al.

2006). In addition to the detection of total surface AMPA receptors, elimination of

SEP signals from preexisting surface AMPA receptor by photobleaching is possible,

allowing direct monitoring of AMPA receptors newly incorporated into the plasma

membrane. By tracking single AMPA receptors labeled with QDs, the trajectories of

single AMPA receptors exposed to the dendritic surface can be traced and analyzed

quantitatively (Triller and Choquet 2008). General agreement is that, in a resting

state, AMPA receptors are continuously cycling between cell surface and the

intracellular pool, and this process is required for the supply of sufficient surface

AMPA receptors that can be trapped at the synaptic sites (Petrini et al. 2009).
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6.8 Molecular Dynamics in Response to Activity

Synaptic transmission, postsynaptic depolarization, and elevation of intracellular

calcium can induce multiple changes in molecular composition, structure, and

function of dendritic spines. Among different forms of synapse plasticity, LTP has

provided insight into the mechanisms of memory formation triggered by sensory

stimuli in animals. The cellular and molecular mechanisms of LTP have been

extensively studied, but still not yet fully understood. Because excellent reviews

on the topic of activity-dependent synaptic plasticity and molecular dynamics

already exist (Newpher and Ehlers 2008; Shepherd and Huganir 2007), I will

introduce several new concepts related to this topic and discuss future directions.

6.8.1 Identification of New Rules of Synapse Remodeling

Models of synaptic plasticity are relatively limited. LTP and homeostatic plasticity

are two major paradigms widely used to trigger changes in synaptic molecules.

However, it is unclear how many different forms of synaptic plasticity exist.

In order to identify new rules of synapse remodeling, long-term imaging of single

spines/PSDs should be a very powerful approach. Yasumatsu et al. reported intrin-

sic fluctuations of spine volume in the absence of synaptic activity and proposed

this instability is essential in ensemble behavior of the spine population and also

establishment of a small number of large stable spines (Yasumatsu et al. 2008). This

report is unique in identification of activity-independent mechanisms that support

variability of the spine shape and spontaneous appearance of large spines (activity-

free fluctuation). Another experiment performed by Minerbi et al. illustrates the

long-term effects of activity blockade on the distribution of PSD sizes by using real-

time imaging of PSD-95-GFP in cultured neurons (Minerbi et al. 2009). Their first

conclusion is similar to the activity-free fluctuation proposed by Yasumatsu et al.:

Neurons have an activity-independent intrinsic mechanism to increase the hetero-

geneity of PSD size. An interesting point is that, in addition to the first rule, they

proposed a second rule: Activity induces PSD sizes to be more uniform, by

suppressing further growth of large PSDs and enhancing growth of small PSDs.

This second rule (“democratic” rule) is distinct from both LTP/LTD and homeo-

static plasticity. LTP/LTD should regulate individual synapses, but the “demo-

cratic” rule applies to the population of synapses. Homeostatic plasticity predicts

increase of the average of synaptic strength after activity elimination, but the

“democratic” rule does not affect the population average. An important point is

whether these new rules may operate in a physiological context or not. To this end,

long-term imaging of spines or PSDs should be performed in combination with

a strategy to suppress neuronal activity in vivo.
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6.8.2 Plasticity-Dependent Remodeling of Cell Adhesion
Molecules

Recent researches in activity-dependent redistribution of AMPA receptors revealed

importance of recycling endosomes within spines (Petrini et al. 2009; Wang et al.

2008). These analyses suggest that recycling of membrane proteins in general may

be enhanced in spines after synaptic activity. Cell adhesion molecules are important

in the establishment of initial target recognition at the beginning of synapse

formation, but may also be involved in activity-dependent changes of mature

spines. Indeed, Schapitz et al. reported that a treatment triggering LTD in cultured

neurons also accelerates internalization of neuroligin 1 at synaptic sites (Schapitz

et al. 2010). Reduction of neuroligin 1 in the postsynaptic sites may affect synaptic

contacts and impair AMPA receptor-mediated synaptic transmission via inhibition

of PSD-95. A new technology of visualizing interaction between two protein

molecules by site-specific biotin ligation was developed and applied to detect

interactions between neurexin and neuroligin in hippocampal neuron culture

(Thyagarajan and Ting 2010). Transsynaptic interaction between neurexin and

neuroligin was enhanced after acute increase of synaptic transmission, suggesting

importance of cell adhesion itself in the expression of synaptic plasticity.

Importance of N-cadherin in spines was also confirmed by using single synapse

imaging in slice culture preparations (Mendez et al. 2010). In control slices, there

was a large difference in spine lifetime when they were classified by the presence of

N-cadherin clusters. Application of LTP-inducing stimuli promoted formation

of N-cadherin-GFP positive spines, which were also more stable than spines

without N-cadherins. A variety of “synapse organizers” have been identified, and

all of these molecules can potentially be involved in molecular mechanisms of LTP.

It is important to know how targeting of cell adhesion molecules to the synaptic

junctions is regulated in both a resting state and after induction of synaptic

plasticity. Unexpected interactions between cell adhesion molecules and ionotropic

glutamate receptors have been identified, and their roles in synaptic plasticity

should also be evaluated (Saglietti et al. 2007).

6.8.3 Remodeling and Actin-Microtubule Interaction

It is well established that actin reorganization is associated with synaptic plasticity,

and stabilization of actin network underlies structural enlargement of spines.

Although actin filaments are persistently present within spines and interact with

molecules present within PSDs, the spine cytoplasm is usually devoid of

microtubules and they are only infrequently enter into spines. A recent report

illustrated the importance of microtubule entry in spine enlargement, via the

interaction of microtubule tip-tracking protein EB3, postsynaptic protein

p140Cap, and actin-binding protein cortactin (Jaworski et al. 2009). This molecular
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link indicates importance of coordination between microtubules and F-actin in

regulated spine enlargement. Several other cross-linking systems between

microtubules and F-actin have been reported, and their roles in regulation of

spine morphology should be tested (Bielas et al. 2007).

6.9 Conclusion

In this chapter, I described the technologies important for the analyses of molecular

dynamics, their application to the postsynaptic molecules, and the insights obtained

from these analyses. New techniques for visualization of synaptic molecules are

expanding rapidly. Among these techniques, high-resolution microscopy should

become an indispensable approach to reveal molecular distribution in submicron

domains of spines. New methods of monitoring protein interactions will also be

integrated with experimental paradigms of synaptic plasticity. These technical

advancements will reveal the complex interactions among receptors, cell adhesion

molecules, PSD scaffolds, and actin network in spines. The remarkable consistency

and tunability of the postsynaptic functions can only be understood through these

bottom-up approaches.
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Chapter 7

The Brain’s Extracellular Matrix and Its

Role in Synaptic Plasticity

Renato Frischknecht and Eckart D. Gundelfinger

Abstract The extracellular matrix (ECM) of the brain has important roles in

regulating synaptic function and plasticity. A juvenile ECM supports the wiring

of neuronal networks, synaptogenesis, and synaptic maturation. The closure of

critical periods for experience-dependent shaping of neuronal circuits coincides

with the implementation of a mature form of ECM that is characterized by highly

elaborate hyaluronan-based structures, the perineuronal nets (PNN), and PNN-like

perisynaptic ECM specializations. In this chapter, we will focus on some recently

reported aspects of ECM functions in brain plasticity. These include (a) the dis-

covery that the ECM can act as a passive diffusion barrier for cell surface mole-

cules including neurotransmitter receptors and in this way compartmentalize cell

surfaces, (b) the specific functions of ECM components in actively regulating

synaptic plasticity and homeostasis, and (c) the shaping processes of the ECM by

extracellular proteases and in turn the activation particular signaling pathways.

Keywords Cell surface molecules • Extracellular matrix • Perineuronal nets •

Proteases • Synaptic plasticity

7.1 Introduction

The extracellular matrix (ECM) wrapping neural cells in the brain is produced by

both neurons and glial cells. During postnatal maturation of neuronal circuits, this

originally rather diffuse ECM condenses into a netlike structure around a subclass

of neurons. These structures are termed perineuronal nets (PNN) and have been

discovered by the pioneers of brain cell biology including Camillo Golgi and

Santiago Ramon y Cajal (for review, see Celio et al. 1998). Nonetheless, the
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occurrence of an ECM in the brain has only been generally accepted in the 1970s

(for review, see Zimmermann and Dours-Zimmermann 2008). The unbranched

polysaccharide hyaluronic acid is the core component of the ECM in the brain.

It acts as a kind of backbone to recruit proteoglycans and glycoproteins into ECM

structures (Bandtlow and Zimmermann 2000; Rauch 2004; Frischknecht and

Seidenbecher 2008). Major components of the hyaluronic acid–based ECM are

chondroitin sulfate proteoglycans (CSPGs) of the lectican family (also named

hyalecticans), tenascins, and so-called link proteins (Bandtlow and Zimmermann

2000; Yamaguchi 2000; Rauch 2004). In addition, a variety of other glycoproteins

and proteoglycans contribute to the brain’s ECM. These include laminins,

pentraxins, pleiotrophin/HB-GAM, phosphocan, reelin, thrombospondins, and the

heparan-sulfate proteoglycan (HSPG) agrin or cell surface-bound HSPGs of the

syndecan and glypican families. Moreover, matrix-shaping enzymes, like proteases

and hyaluronidases, are found in the brain ECM (Bandtlow and Zimmermann 2000;

Dityatev and Schachner 2003; Christopherson et al. 2005; Dityatev and Fellin 2008;

Frischknecht and Seidenbecher 2008).

During CNS development, the ECM undergoes significant changes. Initially,

a juvenile ECM is synthesized during late embryonic and early postnatal develop-

ment of the mammalian brain. The lectican neurocan and tenascin-C are prominent

constituents of this juvenile matrix (Carulli et al. 2007). The adult ECM is

characterized by downregulation of these components and the upregulation of

other components including tenascin-R, brevican, aggrecan (Fig. 7.1), or particular

versican isoforms (Milev et al. 1998; Carulli et al. 2007; Zimmermann and Dours-

Zimmermann 2008; Carulli et al. 2010). A systematic biochemical and immuno-

histochemical investigation revealed differentially extractable ECM fractions from

the adult brain (Deepa et al. 2006). Most of the material is loosely associated with

Fig. 7.1 Aggrecan is a major component of perineuronal nets (PNN). Staining of brain sections

from 6-month-old mice with anti-aggrecan antibodies identifies numerous interneurons in the

hippocampus and cortex surrounded by a PNN. Higher magnifications of cortical and hippocampal

CA3 areas are shown in the upper and the lower box, respectively (scale bar: 100 mm). Of note, the

massive aggrecan immunoreactivity of the CA2 region in the hippocampus
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brain membranes. Nonionic detergents and salt can solubilize another fraction of

ECM material that is thought to be more tightly associated with neural cell

membranes. A final fraction comprising roughly a quarter of the CSPG material

can only be extracted with urea. This fraction includes aggrecan, versican V2,

neurocan, brevican, as well as phosphacan, and is not present in the young brain

before closure of the critical period in the visual cortex (Deepa et al. 2006). The

fraction is thought to represent cartilage-like ECM material forming the PNN

(Fawcett 2009a). The PNN-like material can be removed from brain tissue entirely

with the hyaluronic acid hydrolyzing enzyme hyaluronidase and partly with

chondroitinase ABC, an enzyme that removes glycosaminoglycan chains from

CSPGs (Deepa et al. 2006).

PNN are most prominent on GABAergic interneurons expressing the calcium

buffer protein parvalbumin (Celio et al. 1998; Hartig et al. 1999). However, recent

studies revealed that PNN are highly heterogeneous and that they occur on various

types of neurons including excitatory principal neurons and inhibitory neurons

throughout the CNS (Bruckner et al. 2000; Matthews et al. 2002; Wegner et al.

2003; Alpar et al. 2006). Mouse mutants for brevican, aggrecan, cartilage link

protein Crtl1 (Hapln1) and tenascin-R display abnormal PNN indicating the impor-

tance of lecticans and tenascins for these ECM specializations (Bruckner et al. 2000;

Brakebusch et al. 2002; Giamanco et al. 2010). After prolonged time in culture,

PNN-like structures form also in primary neuronal cultures of various CNS areas

(Miyata et al. 2005; John et al. 2006; Dityatev et al. 2007). Also here, GABAergic

neurons first accumulate ECM material on their surfaces (Dityatev et al. 2007);

however, virtually all neurons including their neurites are more or less densely

covered within netlike structures after about 3 weeks in culture (John et al. 2006).

This hyaluronan-based ECM tightly wraps synapses and is interspersed between

neurons and astrocytes. Formation of cartilage-like cell surface structures resem-

bling PNN can be triggered by heterologous overexpression of hyaluronan synthase

(HAS), Crtl1, and aggrecan in human embryonic kidney cells (Kwok et al. 2010).

7.2 The Tetrapartite Synapse

The concept of a tripartite synapse implying that not only the canonical pre- and

postsynaptic elements of two adjacent neurons but also the endfeet of glial cells

contribute to the structure and function of brain synapses has been developed more

than a decade ago and is nowadays widely accepted (for a review, see Araque et al.

1999; Haydon 2001; Slezak and Pfrieger 2003; Faissner et al. 2010). The term

tetrapartite synapse or “synaptic quadriga” has been coined to indicate that, in

addition to these three cellular parts, ECM structures produced by both astrocytes

and neurons contribute to the functional synaptic complex (Dityatev et al. 2006;

John et al. 2006; Dityatev et al. 2010b). A well-studied example of such a quadriga

is the vertebrate neuromuscular junction where nonmyelinating Schwann cells

tightly wrap the presynaptic terminal, and a prominent agrin–laminin-based basal
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lamina fills the synaptic cleft between the motorneuron ending and the postsynaptic

membrane of the muscle (for review, see Sanes and Lichtman 2001; Faissner et al.

2010). At CNS synapses, the synaptic cleft is much less wide as compared to the

neuromuscular synapse (20 vs. 50 microns, respectively), and it does not contain

a basal lamina. Nonetheless, within the synaptic cleft of excitatory CNS synapses,

regularly assembled ECM structures are found, the biochemical identity of which is

currently unknown (Zuber et al. 2005). Maybe, like at the neuromuscular junction,

an agrin-based ECM is found also in the cleft of central synapses. Consistent with

this hypothesis, processing of agrin by the extracellular protease neurotrypsin is

involved in the development and plasticity of CNS synapses (Matsumoto-Miyai

et al. 2009; see below).

The ECM of the synaptic cleft seems to be clearly distinct from the perisynaptic

ECM wrapping CNS synapses. For example, biochemical fractionation has

demonstrated that ECM components of the mature brain, like brevican, tightly

associate with synaptic protein preparations (Seidenbecher et al. 1995, 2002;

Li et al. 2004). However, at the ultrastructural level, brevican immunoreactivity

is strictly perisynaptic and not found within the synaptic cleft (Seidenbecher et al.

1997). Brevican is primarily synthesized by astrocytes (Yamada et al. 1997; John

et al. 2006) confirming that glia-derived components contribute to the PNN-like

ECM tightly associated with the synaptic complex. As will be discussed in detail

below, both passive and active functions might be assigned to the perisynaptic

ECM. Passive functions include the trapping of trophic factors like neurotrophins,

fibroblast growth factors, midkine, or pleiotrophin in the vicinity of their cognate

high affinity receptors (Celio and Blumcke 1994; Galtrey and Fawcett 2007;

Fawcett 2009a), as well as the formation of diffusion barriers for cell membrane

proteins (Frischknecht et al. 2009, see below). Active functions include specific

interactions of ECM components with synaptic proteins and pathways as well as

the generation of signaling components via proteolysis of ECM components

(see below).

Astrocyte-derived ECM components serve important functions already during

synaptogenesis and synaptic maturation. For example, thrombospondins (TSPs),

oligomeric ECM proteins secreted by astrocytes in the brain, have been identified

as a major factor for synapse development inducing synapse formation and matu-

ration of the presynaptic bouton. However, these synapses were postsynaptically

silent (Christopherson et al. 2005). Mice lacking both TSP1 and 2 exhibited

a significantly decreased number of excitatory synapses in the cerebral cortex

(Christopherson et al. 2005). Another member of the thrombospondin family

(TSP4) is strongly expressed in adult astrocytes and is a candidate for regulating

synaptic plasticity in the CNS (Eroglu 2009). The postsynaptic partner of TSPs is

the non-channel-forming a2d-1 subunit of voltage-gated calcium channels, which

also acts as receptor for the antiepileptic analgesic drug gabapentin. Binding of

TSPs to the gabapentin receptor is also required for postsynaptic activation of

excitatory synapses (Eroglu et al. 2009). Moreover, the interaction of TSP1 with

the postsynaptic cell adhesion molecule neuroligin 1 seems to accelerate the

process of synaptogenesis in hippocampal primary cultures (Xu et al. 2010).
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Fig. 7.2 Examples of ECM function in the modulation of synaptic transmission. (a) The

perisynaptic ECM represents a physical barrier for lateral diffusion of neurotransmitter receptors

(red arrows). Surface receptors such as AMPA-receptors are limited in lateral diffusion by the

ECM, which reduces the exchange of synaptic and extrasynaptic receptors in the adult brain

(Frischknecht et al. 2009). (b) On parvalbumin-positive inhibitory neurons multimers of the

neuronal pentraxins NP1 and narp bind to and cluster AMPA receptors in response to elevated

synaptic activity and thus regulate homeostatic scaling (Chang et al. 2010). (c) ECM-integrin

signaling reduces AMPA receptor internalization and thus contributes to synaptic scaling.

Reduced synaptic activity is thought to induce the release of tumor necrosis factor alpha (TNF)
from glial cells, which in turn enhances surface expression of b3-containing integrins. b3-Integrins
inhibit the small GTPase Rap1, which in its active state is responsible for removal of GluA2-

containg AMPA receptors from the cell surface (for review, see Pozo and Goda 2010; Dityatev

et al. 2010a). (d) Reelin signaling alters activity (blue arrows) and lateral diffusion of NMDA

receptors. Upon binding, reelin clusters its receptors, the very-low-density lipoprotein receptor

(VLDLR) and the apolipoprotein E receptor type 2 (ApoER2), which is in contact with NMDA

receptors through binding to the scaffold protein PSD-95. Co-clustering of the intracellular adaptor

protein disabled 1 (DAB1), which binds to both receptors induces activation Src family tyrosine

kinases (SFK) and to tyrosine phosphorylation of NMDA receptors leading to increased receptor

activity. Similarly, SFK mediate NMDA receptor tyrosine phosphorylation after activation of b1-
containing integrins (blue arrows). Reelin signaling further enhances lateral diffusion of GluN2B

but not GluN2A containing NMDA-receptors and thus may contributes to the decrease of synaptic

GluN2B receptors during late development (red arrows). Hypothetically, in this case reelin

signaling may act through direct binding to a3b1-containing integrins (for review, see Herz and

Chen 2006; Dityatev et al. 2010a; Frotscher 2010). (e) Integrins control surface trafficking of

glycine receptors on spinal cord neurons. b1 – (blue arrows) and b3 – (red arrows) containing
integrins act on glycine receptor diffusion in an antagonistic manner. Both integrins require protein

kinase C (PKC) for their activity. However, activation of b1-integrins by trombospondin 1 also
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At inhibitory synapses of the spinal cord, TSP1 via its integrin b1 receptor slows the
mobility of extrasynaptic glycine receptors (GlyR) and stabilizes these receptors in

synapses (Charrier et al. 2010, see Fig. 7.2e).

7.3 Formation of the Adult ECM: Switch from Developmental

to Mature Forms of Synaptic Plasticity

One of the most striking aspects of adult ECM function is its appearance at the end

of the critical period of circuit wiring suggesting that it is involved in the implemen-

tation of adult plasticity modes (Mataga et al. 2002; Pizzorusso et al. 2002; Mataga

et al. 2004; Oray et al. 2004). This seems to occur at the expense of the regenerative

potential of the central nervous system (Fawcett 2009b). Initial findings derive from

studies on ocular dominance (OD) plasticity in the visual cortex of cats, which, since

its discovery (Wiesel and Hubel 1963), has represented a valuable model for

studying experience-dependent plasticity in vivo. In the visual cortex, certain

groups of neurons respond preferentially to one but not the other eye. Visual

deprivation of one eye during a developmental period, the so-called critical period

(postnatal days P21–P25 in rodents), leads to a drastic change in the neuronal

circuits in the visual cortex. There the number of neurons responding to the

nondeprived eye increases at the expense of those responding to the deprived eye.

In contrast to what is observed during the critical period, visual deprivation

performed in adult animals results in little or no plasticity (Pizzorusso et al. 2002;

Berardi et al. 2003). Experiments by Pizzorusso and colleagues (2002) have

demonstrated that removal of the hyaluronan-based ECM from the visual cortex

can restore OD plasticity in the adult stage. Injection of chondroitinase ABC into the

visual cortex and subsequent monocular deprivation resulted in a shift of ocular

dominance. Utilizing this treatment, it was even possible to rescue visual acuity

in adult animals reared with one long-term deprived eye and thus suffering from

strongly asymmetric ocular dominance (Pizzorusso et al. 2006). Investigations on a

mouse mutant for the cartilage link protein 1 (Crtl1) revealed that it does not develop

Fig. 7.2 (continued) activates Ca2+/calmodulin-dependent protein kinase II (CaMKII) and reduces
glycine receptor diffusion and accumulation of the receptor at the synapse. In contrast, activation

of b1-integrins by fibronectin blocks of CaMKII and increases lateral mobility and in turn the loss

of receptors from the synaptic membrane (Charrier et al. 2010). (f) Effects of proteolytic cleavage

of ECMmolecules on synaptic function. Cleavage of an unknown substrate in the ECM by MMP9

unmasks an RGD signal for b1-containing integrins. Subsequently GluN2A-containing NMDA

receptors exhibit increased lateral diffusion within the neuronal membrane (Michaluk et al. 2009).

Neurotrypsin is released from presynaptic vesicles. Activation of neurotrypsin requires concomi-

tant activation of the postsynapse (orange arrows). Active neurotrypsin processes agrin and

releases a 22-kD stable fragment harboring a single laminin G3 domain. This fragment is able

to induce dendritic filopodia that may give rise to new synapses (Frischknecht et al. 2008;

Matsumoto-Miyai et al. 2009)
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normal PNN, retains juvenile levels of OD plasticity, and the visual acuity remains

sensitive to visual deprivation (Carulli et al. 2010). In these mice, also plasticity of

Purkinje cell axon terminals in the deep cerebellar nuclei is enhanced (Foscarin et al.

2011). In rodents, formation of PNN in the visual cortex is delayed upon dark

rearing (Pizzorusso et al. 2002; Carulli et al. 2010) and is reduced in deep cerebellar

nuclei by rearing in enriched environment (Foscarin et al. 2011) suggesting an

interplay of external stimuli and the synthesis and/or maintenance of PNN.

Another study by Gogolla and colleagues (2009) suggests that similar

mechanisms involving the ECM may make particular memories, in this case fear

memories, resistant to erasure. Conditioned fear memories can be erased perma-

nently in young rats while animals older than 3–4 weeks are largely resistant to this

fear extinction. Fear extinction in both adult and young rats is amygdala dependent.

In this brain structure, PNN develop between postnatal days P16 and P21. After this

critical period, fear memory can be reduced by repeated exposure to the conditioned

stimulus in the absence of the aversive fear-provoking stimulus. However, in

contrast to young animals, fear response is reinstated in adult rats when the aversive

stimulus is presented again. Similar to the experiments in the visual cortex, removal

of the hyaluronan/CSPG-based ECM achieved a rapid and permanent erasure of

newly acquired fear memories. Extinction did not take place when fear experience

was made before enzyme application indicating that CSPGs are essential for

protecting fear memories from erasure during the acquisition phase (Gogolla

et al. 2009; Pizzorusso 2009).

7.4 The Hyaluronic Acid–Based ECM Is Indispensible

for Mature Forms of Synaptic Plasticity

In the adult mouse brain, the lack of components of the ECM leads to impaired

synaptic plasticity (for a comprehensive review, see Dityatev and Fellin 2008). For

instance, TNR-deficient mice exhibit impaired long-term potentiation (LTP) but

normal long-term depression (LTD). Further, a lack of TNR leads to disinhibition

of the CA1 region of the hippocampus and to shift in the threshold for induction of

LTP (Bukalo et al. 2007). Mice lacking the CSPGs brevican or neurocan also show

impairments in LTP 30 min and 2 h after induction, respectively (Zhou et al. 2001;

Brakebusch et al. 2002). Removal of chondroitin sulfates results in the degradation

of perineuronal nets, the increase in excitability of perisomatic interneurons

(Dityatev et al. 2007), and in the GABAA receptor-dependent inhibition of LTP

induction (Bukalo et al. 2001). Interestingly, it has recently been suggested that

hyaluronic acid is not only a fundamental structural element of the PNN but also has

a direct impact on synaptic plasticity (Kochlamazashvili et al. 2010). According

to this report, hyaluronic acid binds directly to and modulates L-type voltage-

dependent calcium channels (L-VDCC; Cav1.2). Acute enzymatic removal of

hyaluronic acid with hyaluronidase reduced nifedipine-sensitive Ca2+ currents in
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dendrites and spines of hippocampal neurons in slices from 2- to 3-month-old mice.

Furthermore, it abolished an L-VDCC-dependent component of LTP at the

CA3–CA1 Schaffer collateral synapses in the hippocampus. This deficit was

completely rescued by the application of exogenous hyaluronic acid. In a heterolo-

gous expression system, exogenous HA rapidly increased currents mediated by

Cav1.2, but not Cav1.3 subunit-containing L-VDCCs indicating a direct binding of

hyaluronic acid to the channel. At the systemic level, intrahippocampal injection of

hyaluronidase impaired contextual fear conditioning. Thus, the perisynaptic extra-

cellular matrix influences use-dependent synaptic plasticity through regulation of

dendritic Ca2+ channels (Kochlamazashvili et al. 2010).

7.5 Role of ECM in Control of Neurotransmitter Receptors

7.5.1 The ECM as a Passive Diffusion Barrier for Cell
Surface Molecules

A large pool of surface molecules is highly mobile within the plasma membrane

due to lateral Brownian diffusion (Kusumi et al. 1993; Triller and Choquet 2008).

However, most surface molecules are restricted in lateral mobility by obstacles

(pickets and corrals) compartmentalizing the cell surface. These obstacles are most

likely formed by the underlying cytoskeleton or by rigid membrane structures

(Kusumi et al. 1993; Choquet and Triller 2003; Kusumi et al. 2005). Synapses
represent one of the most important surface compartments and are the sites of

neurotransmitter release and detection for interneuronal communication. Interest-

ingly neurotransmitter receptors, such as AMPA-type and NMDA-type glutamate

receptors or GABAA receptors, not only are present in synaptic areas but are also

found extrasynaptically. Lateral diffusion of receptors in extrasynaptic and synaptic

domains has been investigated intensely in the past years (Triller and Choquet

2008). In general, diffusion of these receptors is more confined in the synaptic

compartment as compared to extrasynaptic areas. However, receptors are steadily

exchanging between synaptic and extrasynaptic pools. This steady replacement

probably constitutes a fundamental mechanism for the maintenance of synaptic

receptor pools as the exchange between cell surface and intracellular receptors

through exo- and endocytosis occurs outside the synaptic membrane (Newpher and

Ehlers 2008; Petrini et al. 2009). In addition, studies on hippocampal slices and

primary hippocampal neurons have revealed that lateral diffusion may account for

the exchange of desensitized synaptic AMPA receptors, which emerge during high-

frequency firing, for naive extrasynaptic ones (Heine et al. 2008). Blockade of

lateral diffusion, e.g., by cross-linking with antibodies, resulted in strong paired-

pulse depression (PPD) presumably caused by the accumulation of desensitized

receptors under the release site. These results demonstrated that the lateral diffusion
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of AMPA receptors was a novel postsynaptic mechanism influencing short-term

plasticity of individual synapses.

Interestingly, the diffusion rates of AMPA receptors on dissociated hippocampal

neurons decreased during synapse maturation, between the second and third week

in vitro (Borgdorff and Choquet 2002). During this time period, a hyaluronan–

CSPG-based ECM resembling the perisynaptic netlike ECM of the adult CNS is

formed in these cultures (John et al. 2006). Similar to the in vivo situation, the

netlike structure divides the neuronal surface into multiple compartments of vari-

able size. These ECM-derived cell surface structures restrict the lateral diffusion of

extrasynaptic AMPA receptors (Frischknecht et al. 2009; Fig. 7.2a). Removal of

the ECM with the enzyme hyaluronidase increased diffusion rates of extrasynaptic

but not of synaptic receptors. The exchange between receptors at synapses and

extrasynaptic compartments was also increased. Extrasynaptic diffusion rates after

hyaluronidase treatment resembled the “juvenile” situation before the ECM is

established in the cultures at day 10 in vitro.

An electrophysiological assessment revealed that removal of ECM from

dissociated hippocampal neurons and, under certain conditions, also from hippo-

campal slices affected short-term synaptic plasticity (Frischknecht et al. 2009;

Kochlamazashvili et al. 2010). In the presence of the ECM, PPD seems to be

much stronger than after hyaluronidase treatment when basically no PPD was

observed. Thus, ECM-derived surface compartments can influence short-term

plasticity of neurons by controlling lateral diffusion and thus control the synaptic

availability of naive AMPA receptors. It should be noted here that ECM nets are not

impermeable barriers for diffusing surface proteins. They rather have to be consid-

ered as viscous structures that reduce the surface mobility of proteins through weak,

transient interactions, or simply as passive obstacles. Accordingly, the size and

shape of the extracellular domains of surface-exposed membrane proteins influence

the mobility shift by the ECM (Frischknecht et al. 2009). Along this line, the recent

characterization of the full crystal structure of AMPA receptors points to their very

large extracellular domain, protruding over 10 nm into the extracellular space

(Sobolevsky et al. 2009) and, thus, likely to bump into these ECM components.

7.5.2 Specific Effects of ECM Elements on Neurotransmitter
Receptor Regulation and Synaptic Plasticity

In addition, there are ECM components that interact specifically with surface

molecules and thereby modify synaptic function. Especially the neuronal

activity–regulated pentraxin (Narp), an immediate early gene that is upregulated

by neuronal activity, has been implicated in activity-dependent synapse formation

and synaptic scaling (O’Brien et al. 1999; Chang et al. 2010). Narp is a secreted

calcium-dependent lectin that forms a covalent heteromeric complex with the

neuronal pentraxin 1 (NP1) (Tsui et al. 1996; Xu et al. 2003). Narp complexes are
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enriched at excitatory synapses especially on parvalbumin (PV)-expressing

interneurons; they have been suggested to associate with the GluA4 subunit of

AMPA receptors and to regulate their synaptic clustering (O’Brien et al. 1999; Sia

et al. 2007; Chang et al. 2010). Digestion of the PNN using chondroitinase ABC

abolishes Narp clustering on PV-positive neurons indicating that the formation of

Narp clusters depends on hyaluronan/CSPG-based ECM structure (Chang et al.
2010). It has been further reported that presynaptically released Narp is required for

homeostatic synaptic scaling in PV cells (Chang et al. 2010; Fig. 7.2b). Increased

network activity drives Narp expression, which in turn is required for GluA4

upregulation and enhanced mEPSC amplitudes on PV cells after network silencing

using TTX. PV-expressing cells from Narp�/� mice show neither increased GluA4

expression nor any form of synaptic scaling (Chang et al. 2010). It is known

that PV-positive cells are key players in the control of network activity (Sohal

et al. 2009), and the inhibitory network plays an important role in suppression of

seizures. Consistently, Narp�/� mice are more sensitive to kindling-induced

seizures (Chang et al. 2010).

It is known for long that integrins as classical ECM receptors are involved in

synaptic function and plasticity (e.g. Staubli et al. 1998; Chavis and Westbrook

2001; Dityatev and Schachner 2003). Different integrin heterodimers seem to have

differential functions in the induction and maintenance of synaptic plasticity

including LTP (Chan et al. 2006; for review, see Dityatev et al. 2010a). One

particular example is the antagonistic regulation of synaptic accumulations of

GlyRs in rat spinal cord neurons (Charrier et al. 2010). Here, b1-containing
integrins seem to increase GlyR and gephyrin clusters in synapses, whereas

b3-containing integrins have the opposite effect. Potential ligands are TSP1 for

b1-containing integrins and fibrinogen for b3-containing integrins. Signaling

occurs both via protein kinase C, what affects GlyR mobility inside and outside

of synapses, and CaM kinase II that is activated and inhibited by b1 and b3
integrins, respectively, and has opposing effects on synaptic GlyRs (Fig. 7.2e).

Thus, active CaMKII is responsible for keeping GlyRs within the synapse. Integrin

signaling cooperates with other signaling pathways to regulate synaptic functions.

For instance, b1-integrin signaling seems to interact with reelin-induced signaling

pathways to regulate NMDA receptor composition and mobility (see below).

Interestingly, matrix metalloproteases, like MMP9, can unmask binding motifs on

integrin ligands upon proteolytic cleavage and in this way induce integrin-mediated

regulation of NMDA receptors (Wang et al. 2008; Michaluk et al. 2009, see below).

Finally, integrins are also involved in homeostatic processes like synaptic

scaling. For example, b3-containing integrin complexes regulate the synaptic

availability of GluA2-containing AMPA receptors via the small GTPase Rap1

(Cingolani et al. 2008). It is thought that the upregulation of b3-integrins by

tumor necrosis factor-a (TNFa) released from astrocytes is responsible for a

reduction of GluA2 endocytosis and accordingly a synaptic upscaling in response

to tetrodotoxin-induced suppression of network activity (Pozo and Goda 2010;

Fig. 7.2c). Accordingly, Steinmetz and Turrigiano (2010) showed that addition of

TNFa to hippocampal cultures leads to increased AMPA amplitude at control
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synapses. However, addition of the factor to prescaled cultures had exactly the

opposite effect suggesting that TNFa is a critical factor for maintaining synapses

in a plastic range within which scaling can be accomplished (Steinmetz and

Turrigiano 2010).

Reelin is a 400-kDa ECM protein that is well appreciated for its function during

development, where it is involved in controlling the migration and laminar arrange-

ment of neurons in various structures including the neocortex, the hippocampus, the

cerebellum, and the spinal cord. This molecule has also been implicated in the

maintenance of neuronal networks (Frotscher 2010) and in mechanisms of synaptic

plasticity, e.g., by controlling NMDA receptor function (Herz and Chen 2006).

Reelin mediates its function in the adult CNS as well as during development by

binding to its cell surface receptors the very-low-density lipoprotein receptor

(VLDLR) and ApoE2 receptor (ApoE2R) and in turn the downstream adaptor

protein Dab1 (see Fig. 7.2d for details on reelin signaling pathways). Reelin

signaling eventually stabilizes F-actin via inducing n-cofilin phosphorylation

(Chai et al. 2009). Reelin-mediated stabilization of F-actin is not only crucial for

directional migration processes during cortex development, but in addition may be

essential for the maintenance of the adult brain and thus was hypothesized to act as

a mediator between stability and plasticity in the adult brain (Frotscher 2010).

Moreover, the reelin receptors VLDLR and ApoE2 seem to be directly in contact

with synaptic NMDA receptors via the membrane-associated guanylate kinase

homologue PSD-95, and reelin signaling is closely connected to NMDA receptor

signaling and thereby regulates synaptic plasticity (Herz and Chen 2006; Rogers

and Weeber 2008). Reelin has also been implicated in the control of the subunit

composition of somatic NMDA receptors during hippocampal maturation (Sinagra

et al. 2005), and reelin secreted by GABAergic interneurons is responsible for

maintaining the adult NMDA receptor composition. Blockade of reelin secretion

reversibly increases the fraction of juvenile GluN2B-containing NMDA receptors,

and addition of exogenous reelin can rescue this effect (Campo et al. 2009).

In addition, reelin controls the surface trafficking of GluN2B-containing NMDA

receptors (Fig. 7.2d). As shown by single-particle tracking, inhibition of reelin

function reduced the surface mobility of these receptors and increased their synap-

tic dwell time in an integrin-dependent manner (Groc et al. 2007). b1-containing
integrin receptors are supposed to cooperate with ApoE2Rs and/ or VLDLRs in

this context.

Reelin has also been discussed as a serine protease that is able to digest

fibronectin, laminin, and to a lesser extent also collagen IV. Recently, also Caspr

(contactin-associated protein), a molecule known to be required for the formation of

axoglial paranodal junctions surrounding the nodes of Ranvier in myelinated axons,

has been added as a substrate of reelin (Devanathan et al. 2010). Caspr inhibits

neurite outgrowth of cerebellar neurons, and it has been proposed that shedding of

Caspr by proteolytic action of reelin counteracts its repulsive function (Devanathan

et al. 2010). Further, it was proposed that binding of the prion protein (PrP) to Caspr

protects Caspr from proteolysis and thus supports its repulsive function during

neurite outgrowth (Devanathan et al. 2010). However, it should be noted that the
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protease activity of reelin is controversially discussed in the literature (Kohno and

Hattori 2010).

7.6 Proteolysis of the ECM and the Generation of Synaptic

Signals

ECM-modulating enzymes with major impact on brain development and synapse

function are the large family of the matrix metalloproteases (Ethell and Ethell

2007). Probably, the best-studied member of the MMP family in the nervous system

is MMP9. Increased neuronal activity enhances expression of MMP9 and leads to

increased proteolysis of b-dystroglycan (Szklarczyk et al. 2002; Michaluk et al.
2007). Depletion of MMP9 results in an impairment of LTP at hippocampal

synapses (Nagy et al. 2006). Application of MMP9 to neuronal primary cultures

affects lateral diffusion of NMDA receptors without changing the mobility of

AMPA receptors or the structure of the hyaluronic acid–based ECM (Michaluk

et al. 2009). Rather, extracellular MMP9 proteolysis induced b1-integrin-dependent
signaling,which then led to themobilizationofNMDAreceptors (Fig. 7.2f).b1-Integrin
signaling was also identified as being responsible for MMP9-induced spine enlarge-

ment and synaptic potentiation (Wang et al. 2008). To date, the target of MMP9

proteolysis within the ECM that induces integrin signaling remains unknown.

Recently, the effect of an enriched environment on synapse morphology, ECM

structure, and MMP9 and MMP2 activity in the deep cerebellar nuclei (DCN) of

adult mice has been examined (Foscarin et al. 2011). Enriched environment leads to

an increased size of Purkinje cell axon termini on DCN neurons. At the same time,

a reduction of Wisteria floribunda agglutinin (WFA) staining, which labels

chondroitin sulfates, and hyaluronic acid labeling was observed indicating

a downregulation of PNN. This may happen through a downregulation of com-

ponents of the PNN after environmental enrichment as it was observed on the level of

transcripts for aggrecan and Crtl1. Alternatively, the ECM may be degraded by

MMP9 and its close relative MMP2, which exhibited an increased activity after

environmental enrichment (Foscarin et al. 2011).

Another matrix metalloprotease, MMP3, processes agrin at the basal lamina of

the neuromuscular junction in an activity-dependent manner (Werle and VanSaun

2003). Agrin plays a pivotal role in the development and maintenance of the

neuromuscular junction. It induces acetylcholine receptor clustering through the

muscle-specific receptor tyrosine kinase (MuSK) and its coreceptor low-density

lipoprotein receptor-related protein 4 (LRP4) (Sanes and Lichtman 2001; Dityatev

et al. 2010a). It has been suggested that agrin processing by MMP3 is indispensable

for normal neuromuscular junction development. In line with this view, MMP3

knockout mice exhibit abnormal neuromuscular junction morphology and acetyl-

choline receptor distribution (VanSaun et al. 2003).
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Also the brain-specific serine protease neurotrypsin has been reported to specifi-

cally process agrin (Reif et al. 2008). Actually, neurotrypsin seems to be the sole

agrin-cleaving protease in the CNS while, in contrast to MMP3, it is not relevant

for agrin cleavage at the neuromuscular junction (Bolliger et al. 2010). Like

MMP3, neurotrypsin cleaves agrin at two highly conserved sites releasing a

90-kDa and a 22-kDa fragment. Both agrin fragments are absent in the brain of

neurotrypsin-deficient mice indicating that in vivo cleavage of agrin in the brain

depends on neurotrypsin (Reif et al. 2007; Reif et al. 2008). The 22-kDa fragment

resembles a laminin G3 domain. Indeed, it has been shown that the naturally

occurring cleavage product forms a stable, well-folded domain while shorter

constructs were aberrantly folded (Tidow et al. 2011). Neurotrypsin has been

identified as essential for cognitive functions in the human brain. Deletion mutation

in the coding region resulting in a truncated protein without protease domain leads

to severe mental retardation (Molinari et al. 2002). Furthermore, neurotrypsin is

recruited and released at synapses in an activity-dependent manner (Frischknecht

et al. 2008). Activation of neurotrypsin proteolytic activity requires concomitant

activation of the postsynaptic neuron (Matsumoto-Miyai et al. 2009). It has been
demonstrated that the proteolytic fragment of 22 kDa acquired filopodia-inducing

signaling properties in hippocampal slice cultures after induction of synaptic LTP

(Matsumoto-Miyai et al. 2009). Similar to MMP9, proteolytic cleavage of ECM

components by neurotrypsin unmasks a signaling molecule (Fig. 7.2f), which in turn

induces alterations in spine morphology and even the generation of new synapses.

These examples suggest that the ECM contains a variety of hidden instructive

signals that can be unmasked by specific proteolytic enzymes.

Similar to chondroitinase ABC treatment, the topical application of the serine

protease tissue-type plasminogen activator (tPA) can prolong the critical period in

the visual cortex (Mataga et al. 2004; Oray et al. 2004). Moreover, tPA expression

is significantly increased after monocular deprivation during the critical period of

development (Mataga et al. 2002). In line with this observation, tPA knockout mice

display reduced OD plasticity during the critical period and repetitive application of

tPA to the cortex rescues normal plasticity in mutant mice (Mataga et al. 2002). In

adult animals, where no OD plasticity occurs, monocular deprivation leads to no

significant increase in tPA activity (Mataga et al. 2004). Application of tPA to

cortical slices increases spine motility, and a 2-day period of monocular depriva-

tion, which leads to tPA release, has a similar effect (Mataga et al. 2004). The effect

of exogenous tPA is prevented in slice from monocularly deprived animals,

suggesting that tPA is the mediator of the increased spine motility after monocular

deprivation (Mataga et al. 2004). Moreover, tPA activity is also responsible for

a change in spine density that follows monocular deprivation (Oray et al. 2004) with

a transient loss of spines in the binocular region of the visual cortex. This effect is

absent in the tPA knockout mouse and can be rescued by exogenous application of

tPA (Oray et al. 2004). Thus, tPA release after monocular deprivation is develop-

mentally regulated, and by degrading ECM proteins, tPA might be a crucial

determinant of experience-dependent plasticity in vivo.
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7.7 Outlook

After their discovery, PNN have been enigmatic for more than a century. Research

activities of the last decade strongly imply that one important function of PNN is

the restriction of juvenile plasticity in the adult brain at the end of critical periods.

This occurs at the expense of the regenerative potential of the mature vertebrate

CNS. Moreover, while PNN are most prominent on a particular class of GABAergic

interneurons, PNN-like structures are found throughout the brain where they

influence and regulate synaptic plasticity processes. There they have passive and

active roles, the molecular mechanisms of which are just about to be discovered.

The knowledge of these mechanisms will open new avenues for a better basic

understanding of brain function. In longer terms this may also provide opportunities

for curative intervention, e.g., by keeping the critical periods for brain wiring open

for longer time or even reopening them therapeutically to correct miswiring.
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Chapter 8

Molecular Motors in Cargo Trafficking

and Synapse Assembly

Robert van den Berg and Casper C. Hoogenraad

Abstract Every production process, be it cellular or industrial, depends on a

constant supply of energy and resources. Synapses, specialized junctions in the

central nervous system through which neurons signal to each other, are no excep-

tion to this rule. In order to form new synapses and alter the strength of synaptic

transmission, neurons need a regulatory mechanism to deliver and remove

synaptic proteins at synaptic sites. Neurons make use of active transport driven

by molecular motor proteins to move synaptic cargo over either microtubules

(kinesin, dynein) or actin filaments (myosin) to their specific site of action. These

mechanisms are crucial for the initial establishment of synaptic specializations

during synaptogenesis and for activity-dependent changes in synaptic strength

during plasticity. In this chapter, we address the organization of the neuronal

cytoskeleton, focus on synaptic cargo transport activities that operate in axons

and dendrites, and discuss the spatial and temporal regulation of motor protein-

based transport.

Keywords Actin • Axon • Cytoskeleton • Dendrite • Disease • Dynein • Kinesin •

Microtubule • Myosin • Neuron • Synapse • Synaptic plasticity

8.1 Introduction

One apparent feature of neurons is that once the axon and dendrites have grown out,

they establish synaptic contacts forming neuronal networks that propagate infor-

mation in a unidirectional fashion. Excitatory synaptic signaling in the brain occurs

by releasing glutamate from “sending” neurons and activating glutamate receptors
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at “receiving” neurons (Sheng and Hoogenraad 2007; S€udhof 2004). Structurally,
synapses are divided into two specialized domains: the presynaptic bouton on the

axon side of the “sending neuron” and the postsynaptic compartment on the

dendrite of the “receiving” neuron. The directional nature of signal relay requires

that synaptic contacts are morphologically asymmetric with distinct protein

components. Recent studies have identified the molecular components of synapses,

particularly by using genetic and proteomic strategies, and have revealed that the

specification of synaptic function, for example, excitatory or inhibitory, at both pre-

and postsynapses is achieved via the recruitment and assembly of very distinct

synaptic complexes (Jin and Garner 2008; Kim and Sheng 2004; Margeta et al.

2008; Sheng and Hoogenraad 2007). Proper arrangement of pre- and postsynaptic

membranes and organization of pre- and postsynaptic compartments is essential for

accurate synaptic signaling, neural network activity, and cognitive processes such

as learning and memory formation (Kasai et al. 2010; Lisman et al. 2007; Yuste and

Bonhoeffer 2001).

Most of the synaptic cargos, such as neurotransmitter receptors, ion channels,

integral membrane proteins, signaling complexes, mRNAs, synaptic vesicle

precursors, or mitochondria, are made and preassembled in the cell soma and

need to be transported to the proper synaptic destinations. Studies on intracellular

trafficking have demonstrated various mechanisms for compartment-specific local-

ization (Goldstein and Yang 2000; Hirokawa and Takemura 2005; Hoogenraad and

Bradke 2009; Winckler and Mellman 2010). For example, several synaptic cargos

are nonspecifically transported to both axons and dendrites and are then selectively

retained at the required compartments (Bel et al. 2009; Garrido et al. 2001; Leterrier

et al. 2006; Sampo et al. 2003; Wisco et al. 2003). Alternatively, many presynaptic

cargos are correctly sorted into axons (Kaether et al. 2000; Pennuto et al. 2003),

whereas postsynaptic components move specifically into dendritic branches and

spines, which are specialized dendritic protrusions that mediate most of the excit-

atory synaptic transmission (Craig et al. 1993; Ruberti and Dotti 2000; Stowell and

Craig 1999; Wang et al. 2008). In consequence, synaptic precursor vesicles need to

be steered into axons in order to reach the presynaptic terminals, and glutamate

receptors need to be transported into dendrites to be correctly inserted in the

postsynaptic membrane. Importantly, several neurological diseases are linked to

abnormalities in the machinery that controls synaptic cargo trafficking (Chevalier-

Larsen and Holzbaur 2006; Gunawardena and Goldstein 2004; Lau and Zukin

2007; Shepherd and Huganir 2007; van Spronsen and Hoogenraad 2010).

Most intracellular cargo transport is driven by molecular motor proteins that

move along two types of cytoskeletal elements: actin filaments and microtubules

(Schliwa and Woehlke 2003; Vale 2003). Actin facilitates motility of motor

proteins of the myosin superfamily, whereas microtubules serve as tracks for two

families of motor proteins, kinesin and dynein. While many different motor

proteins have been found to participate in neuronal cargo trafficking (Goldstein

and Yang 2000; Hirokawa and Takemura 2005), for many of these their precise

contribution to synaptic cargo transport has remained unclear. Most current models

for neuronal trafficking rely heavily on microtubule plus-end-directed kinesin
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family members (Hirokawa and Takemura 2005); however, recent work reported

important roles for dynein and myosin in synaptic cargo transport (Kapitein et al.

2010; Lewis et al. 2009; Zheng et al. 2008). Further evidence suggests that the

docking of molecular motors to synaptic cargo vesicles via adaptor molecules is an

important mechanism to achieve transport specificity (Akhmanova and Hammer

2010; Schlager and Hoogenraad 2009).

It has intrigued scientists for a long time how synaptic cargo can be sorted in

neurons along the cytoskeleton network to ensure precise cargo delivery. How are

motor-cargo complexes able to choose between transport routes to the axon or

dendrites? Here, it is important to consider that the actin and microtubule filaments

themselves are intrinsically polarized structures with two functionally distinct ends,

a “plus” and “minus” end. The polarity of the cytoskeleton filaments exists not only

at the two ends but also all along the length of its lattice, which is critical for the

directional movement of molecular motor proteins. For example, dynein transports

cargo toward the minus end of microtubules, while kinesins motor proteins move

toward the plus end of microtubules. In this way, local polarity patterns of

microtubules and actin filaments in axon and dendrites can direct motor-driven

cargo trafficking within neurons. Recent evidence suggests that a well-organized

cytoskeleton network exists in neurons that can facilitate directional motor-driven

cargo trafficking and establish asymmetric distributions of specific synaptic proteins

(Kapitein and Hoogenraad 2010). Moreover, variations in cytoskeleton density,

binding proteins, and posttranslational modifications could also drive synaptic

cargo transport in specific directions. Thus, knowing the polarity and modification

pattern of microtubules and actin in axon and dendrites is an instrumental piece

of information for understanding howmolecular motors direct synaptic cargo traffic.

In this chapter, we aim to give an overview of the molecular trafficking

mechanisms important for the delivery of synaptic proteins. We will review current

knowledge about the organization of the neuronal cytoskeleton, focus on synaptic

cargo sorting and trafficking into axons and dendrites, and discuss the spatial and

temporal regulation of motor protein–based transport. Studying the basic cellular

machinery for synaptic cargo trafficking will help us to understand fundamental

principles of synapse formation, function, and plasticity.

8.2 Microtubule and Actin Cytoskeleton in Neurons

The cytoskeletal organization in neurons is specialized in several ways, involving

intracellular variations in density, orientations, binding proteins, and posttransla-

tional modifications. Recently, it has become increasingly clear that these specific

cytoskeletal properties directly modulate the activity of specific molecular motor

proteins. In this section, we will review current knowledge about the structure,

organization, and modifications of the microtubule and actin cytoskeleton

(Fig. 8.1).

8 Molecular Motors in Cargo Trafficking and Synapse Assembly 175



8.2.1 Actin and Microtubule Structure and Dynamics

The main transport infrastructure in eukaryotic cells is formed by the microtubules

and actin cytoskeleton. To serve this function, the cytoskeleton must be organized

into a wide variety of configurations, ranging from the higher-order actin-based

networks in dendritic spines to the dense antiparallel microtubule array in dendritic

shaft. Without the cytoskeleton, neurons would not be able to maintain their

complex axonal and dendritic architectures and synaptic organization. Micro-

tubules are noncovalent polymers of a- and b-tubulin dimers that form a hollow

cylinder with a diameter of 25 nm and actin filaments consist of monomers of the

protein actin that polymerizes to form 8-nm fibers (Howard and Hyman 2009;

Pollard and Cooper 2009). There are multiple actin and a- and b-tubulin genes that
are highly conserved among and between species and might be utilized for distinct

neuronal functions. With the recent discovery of several congenital neurological

disorders that result from mutations in genes that encode different a- and b-tubulin
isotypes, novel paradigms have emerged to assess how selective perturbations

in microtubule subunits affect neuronal functioning (Baran et al. 2010; Keays

et al. 2007). For example, a series of heterozygous missense mutations in

TUBB3, encoding the neuron-specific ß-tubulin isotype III, have been described

that result in a spectrum of human nervous system disorders (Tischfield et al. 2010).

A knock-in disease mouse model reveals axon guidance defects without evidence

of cortical cell migration abnormalities. Importantly, it was demonstrated that the

Fig. 8.1 Cytoskeleton organization in neurons. Microtubules (red) are present in both axons

and dendritic shaft, while actin (purple) is enriched in the axon initial segment and dendritic

spines. From the cell soma, synaptic cargo vesicles are sorted into the dendrites (yellow vesicles) or
the axon (red vesicles). (a) In the axon, all microtubules are oriented with their plus ends (blue
comets) pointing outward. (b) In dendrites, microtubules have a mixed orientation. (c) Dynamic

microtubules occasionally enter spines
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disease-associated mutations impair tubulin heterodimer formation and disrupt the

interaction with kinesin motors.

Microtubules and actin filaments are intrinsically polar structures and contain

two distinct ends, a “plus end” favored for assembly/disassembly and a “minus

end” which is less favored for these dynamics. Minus ends of microtubules are

often, but not always, attached to the centrosome from which the microtubule is

nucleated. It was recently found that the centrosome loses its function as

a microtubule-organizing center during development of hippocampal neurons

(Stiess et al. 2010). It is well possible that acentrosomal microtubule nucleation

arranges the neuronal microtubule cytoskeleton in mature neurons and is respon-

sible for the extended and complex morphology of neurons. In living cells,

microtubules and actin filaments are highly dynamic, and their dominant kinetic

behavior is known as dynamic instability, where the individual ends alternate

between bouts of growth (“polymerization”) and shrinkage (“depolymerization”)

(Mitchison and Kirschner 1984). Microtubules and actin filaments may also

undergo treadmilling, a phenomenon in which filament length remains approxi-

mately constant, while monomers add at the plus end and dissociate from the

minus end (Kueh and Mitchison 2009).

Regulation of microtubule and actin dynamics and turnover plays an important

role in neuronal development and synaptic plasticity (Conde and Caceres 2009;

Dent and Gertler 2003; Frost et al. 2010a; Hotulainen and Hoogenraad 2010). It is

not surprising that recently, a lot of attention has been given to the plus ends of

the microtubule, the site where most dynamics takes place. The microtubule plus

end can grow, then undergo a shrinking event (“catastrophe”), pause, and grow

again (“rescue”), all in a matter of seconds. The fate of the microtubule is

determined by a large number of plus-end tracking proteins, most of them only

found on the microtubule tip, that can control microtubule dynamics (Akhmanova

and Steinmetz 2008; Gouveia and Akhmanova 2010). Plus-end tracking proteins

regulate different aspects of neuronal architecture by mediating the cross talk

between microtubule ends, the actin cytoskeleton, and the cell cortex, and partic-

ipate in transport and positioning of signaling factors and membrane organelles

(Hoogenraad and Bradke 2009; Jaworski et al. 2008). For example, it was

recently found that the microtubule plus-end binding protein EB3 regulates

actin dynamics in dendritic spines and is involved in spine morphology and

synaptic plasticity (Jaworski et al. 2009).

8.2.2 Actin Organization in Neurons

Microtubules and actin filaments are present throughout the cell body and axonal

and dendritic compartments (Cingolani and Goda 2008; Conde and Caceres 2009;

Hotulainen and Hoogenraad 2010). In mature neurons, actin is the most prominent

cytoskeletal protein at synapses, being present at both the pre- and the postsynaptic

terminals but highly enriched at dendritic spines (Landis et al. 1988; Landis and
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Reese 1983). Neurons treated with latrunculin, an inhibitor of actin polymerization,

showed that the actin cytoskeleton is necessary for synapse formation, stability, and

normal synaptic activity (Krucker et al. 2000; Okamoto et al. 2004). At the

presynaptic terminal, actin filaments are important in organizing and recycling of

synaptic vesicle (Cingolani and Goda 2008), while at the postsynaptic site, actin is

involved in receptor trafficking and spine plasticity (Frost et al. 2010a; Hotulainen

and Hoogenraad 2010). Spines exhibit a continuous network of both branched and

long, linear actin filaments (Korobova and Svitkina 2010). In the spine heads, actin

filaments are oriented with their plus ends to the postsynaptic density and synaptic

membrane and their minus ends toward the dendritic shaft. The most likely role of

actin in mature spines is to stabilize postsynaptic proteins and modulate spine head

structure in response to postsynaptic signaling (Frost et al. 2010a; Hotulainen and

Hoogenraad 2010). Several recent studies using advanced microscopy techniques

present new insights in the organization and molecular composition of actin

cytoskeleton in dendritic spines (Frost et al. 2010b; Honkura et al. 2008; Korobova

and Svitkina 2010). For example, electron microscopy revealed that actin filaments

in the neck of dendritic spines were shown to exhibit mixed polarity, although the

plus ends are predominantly oriented away from the dendritic shaft (Hotulainen

et al. 2009; Korobova and Svitkina 2010). Mutations in genes that code for actin

regulatory proteins, like Rho GTPases, are commonly associated with mental

retardation (Govek et al. 2004). Subtle variations in spine size and shape, mediated

by the actin cytoskeleton, are associated with a variety of neurological and psychi-

atric disorders like schizophrenia and drug addiction (Blanpied and Ehlers 2004;

van Spronsen and Hoogenraad 2010).

Apart from its organization in synapses and spines, little is known about the

arrangement of the actin cytoskeleton in the axonal and dendritic shafts in mature

neurons (Kapitein and Hoogenraad 2010). Evidence suggests that actin is present

as short, branched filaments in the axon oriented perpendicular to the plasma

membrane and is sometimes aligned with microtubules (Bearer and Reese 1999).

Several papers showed that actin is enriched in the axon initial segment (Nakada

et al. 2003; Winckler et al. 1999). Here, actin is an important regulator of Na+-

channel stability at the initial segment membrane and is actively involved in the

maintenance of neuronal polarity (Rasband 2010). The actin network in the initial

segment could also function as a selective barrier for cargo transport to enter the

axon. In fact, a recent paper presented evidence for an actin-based molecular

sieve that prevents the diffusional entry of large macromolecules at the initial

segment and isolates the axon from the cell body (Song et al. 2009). In contrast,

other work proposed that the actin organization in axons promotes retrograde

cargo transport by myosin Va motors (Lewis et al. 2009), which would require

actin filaments of uniform polarity oriented parallel to the axon long axis. To

better understand actin-based transport activity in neurons, detailed studies are

required to reveal the actin cytoskeleton organization in axons, dendrites, and

at the initial segment.
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8.2.3 Microtubule Organization in Neurons

In mature neurons, most neuronal microtubules are not attached to the centrosome

(Stiess et al. 2010) and form dense bundles running along the length of axons and

dendrites (Fig. 8.1). Individual microtubules do not extend along the entire length

of neuronal processes; instead, microtubule fragments stabilized at their minus ends

form regularly spaced longitudinal arrays cross-linked by microtubule-associated

proteins (MAPs) (Chen et al. 1992). Two abundant neuronal MAPs whose distri-

butions are polarized between axons and dendrites are tau and MAP2 (Dehmelt and

Halpain 2005). Since tau and MAP2 induce the formation of longitudinal micro-

tubule bundles with a distinct spacing, it is plausible that MAPs are directly

involved in the organizing of polarized cargo trafficking in axons and dendrites.

So far, there is no evidence that this different spacing directly influences the

transport machinery. In contrast, the presence of MAPs on the microtubule lattice

seems to affect motor protein motility in vitro (Dixit et al. 2008). MAPs can cause

decreased attachment and/or increased detachment of kinesin-1 motors and/or

vesicles (Verhey and Hammond 2009). However, a direct role of MAPs in guiding

polarized transport seems unlikely, as tau and MAP2 knockout mice show rela-

tively mild phenotypes (Dehmelt and Halpain 2005).

Microtubule arrays within axon and dendrites are highly organized with respect

to their intrinsic polarity (Hoogenraad and Bradke 2009; Kapitein and Hoogenraad

2010). In the late 1980s, an elegant hook-decoration technique was used to deter-

mine the orientation of microtubules in axons and dendrites by electron microscopy

(Baas et al. 1988; Burton 1988). Surprisingly, microtubules in the axon are gener-

ally long and uniformly oriented, with their plus ends facing outward, while the

microtubules in the dendrites are oriented in both directions (Fig. 8.1). Thinner,

more distal dendrites, however, contain unipolar microtubules oriented the same

way as axonal ones (Baas et al. 1988, 1989). This specialized microtubule organi-

zation has also been captured in action by visualizing EB3-GFP in living neuronal

cells (Jaworski et al. 2009; Morrison et al. 2002; Stepanova et al. 2003). Stepanova

et al. showed that in axons and distal dendrites, all dynamic microtubule plus ends

point toward growth cones, while in proximal dendrites, significant EB3-GFP

displacement was directed toward the cell body (Stepanova et al. 2003). Remark-

ably, the use of EB1-GFP tracking in Drosophila neurons provided strong evidence
that axons and dendrites both have microtubule arrays of uniform polarity orienta-

tion. However, while axonal microtubules were uniformly plus-end distal, dendritic

microtubules were of the opposite orientation, nearly all minus-end out (Rolls et al.

2007; Stone et al. 2008). These results show a striking difference in microtubule

orientations in axons and dendrites and further prompt the idea that these distinct

patterns might underlie polarized sorting of synaptic cargos (Fig. 8.2). Distinct

patterns of microtubule orientation can directly generate asymmetries in the com-

position of each neuronal compartment by directing specific motor protein transport

into axons or dendrites. Indeed, recent work in vertebrates, worms, and flies

reported a specific role for plus- and minus-end-directed motor proteins in steering
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synaptic cargo transport into either axons or dendrites (Kapitein et al. 2010; Zheng

et al. 2008) and found that the cyclin-dependent kinase pathway regulates polarized

trafficking of presynaptic components (Ou et al. 2010).

8.2.4 Microtubule Modifications in Neurons

One other way to directly influence synaptic cargo transport is to generate func-

tional diversity by modifying the cytoskeleton; motor proteins recognize the vari-

ous spatial cues and establish specific synaptic cargo trafficking routes. It has also

recently been demonstrated that posttranslational modification of microtubules can

alter their stability and motor protein–binding characteristics (Verhey and

Hammond 2009). Stable microtubules in neurons typically accumulate a variety

of posttranslational modifications, like acetylation, detyrosination, and (poly)

glutamylation. Although both dendrites and axons have high levels of acetylated

microtubules, acetylated microtubules are abundantly present in axons (Witte et al.

2008). The selective enrichment of acetylated microtubules in axons can be

abolished by inhibition of a known a-tubulin deacetylase histone deacetylase 6

(HDAC6), suggesting that in normal situations, the activity of tubulin-modifying

enzymes differs between axons and dendrites rather than that the acetylation

reaction is restricted to the axon (Janke and Kneussel 2010). Biochemical evidence

Fig. 8.2 Essential components of the synaptic cargo transport machinery. Kinesin, dynein,

and myosin are the three classes of motor proteins that form the workforce of the transport system.

(a) In the axon, dynein typically moves its cargo retrograde, toward the cell body, while kinesins

move outward toward the synapse. Multiple active and inactive motors can be simultaneously

attached to one synaptic cargo vesicle. (b) The situation in the dendrite is more complex, as both

kinesins and dynein can move in antero- and retrograde direction, depending on the orientation of

the underlying microtubule. (c) Upon arrival at the base of the spine, cargo vesicles are transported

along the actin network by myosin motors
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revealed that kinesin-1 has an increased affinity for acetylated microtubules, con-

sistent with the observation that in fibroblast cells, kinesin-1 motility occurs

predominantly over modified microtubules (Cai et al. 2009). It was proposed that

acetylation of microtubules was the major determinant for the selective motility of

kinesin-1 motors into specific neurites. Kinesin-1 also preferentially binds

detyrosinated microtubules (Liao and Gundersen 1998), which are also enriched

in the axon. Recent work identified a specific region in kinesin-1, termed b5-L8, to
be responsible for this preference (Konishi and Setou 2009). Interestingly, upon

knockdown of tubulin tyrosine ligase (TTL), the fraction of dendrites that contained

kinesin-1 increased. Recently, synaptic activity has been shown to modify

microtubules posttranslational modifications (Maas et al. 2009). Treatment of

neurons with strychnine, an inhibitor of the glycine receptor, increases neuronal

activity, leads to increased polyglutamylation, and influences synaptic cargo trans-

port. In this way, microtubule modifications are intimately related to synaptic

changes and synaptic cargo transport.

8.3 Microtubule- and Actin-Based Motor Proteins

In general, cargos are transported over long distances along microtubules before

transferring to the actin cytoskeleton for the final part of their journey. A common

feature of both actin- and microtubule-based transport is that the force required for

cargo transport is generated by molecular motor proteins through ATP hydrolysis

(Kardon and Vale 2009; Schliwa and Woehlke 2003; Vale 2003; Woolner and

Bement 2009). The motor proteins that use microtubules as tracks are the minus-

end-directed dynein and plus-end-directed kinesins, whereas myosins move along

actin filaments. Neuronal cargo trafficking is achieved by the concerted efforts of

both microtubule-based and actin-based motors (Hirokawa and Takemura 2005;

Schlager and Hoogenraad 2009). Several classes of myosin motors participate in

synaptic cargo transport in axon and dendrites—most commonly used are myosin V

and myosin VI. Although the basic machinery for microtubule- and actin-dependent

transport in neurons is well established, how synaptic cargos achieve specificity and

directionality to their site of action is an emerging field of investigation. In this

section, we will introduce the actin and microtubule transport system and its main

components. We will also explain the role the actin network plays in selecting the

destination of cargo and its role in synaptic function.

8.3.1 Myosin Motor Proteins in Neurons

Myosins were the first molecular motors to be discovered and comprise a large (~25

classes) evolutionarily conserved family of actin-based motor proteins (Conti and

Adelstein 2008). Early studies focused on the role of myosins as force generators in
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muscle tissue. The head region in the myosin heavy chain contains the motor

domain; this is the site of ATP hydrolysis, which leads to a force generating

conformational change (Conti and Adelstein 2008). It was long thought that the

sole function of myosin was to generate force in muscles; however, with the

discovery of nonmuscle (unconventional) myosin, new roles for myosin motors

were uncovered. Several myosin motors can move directionally along actin

filaments, such as myosin V toward the plus end and myosin VI toward the minus

end (Sweeney and Houdusse 2010; Woolner and Bement 2009). Myosin motors

have been implicated in short-range transport of synaptic cargos, especially in the

areas of the neuron where there is hardly any microtubule network, like dendritic

spines and presynaptic terminals. For example, myosin V and VI regulate the

mobility of synaptic vesicles at the presynapse (Cingolani and Goda 2008) and

AMPA receptor–containing recycling endosomes in dendritic spines (Nash et al.

2010; Osterweil et al. 2005; Rudolf et al. 2010; Wang et al. 2008). Moreover,

myosin motors can also be involved in regulating microtubule-based cargo trans-

port, either by making direct physical contact with kinesin motors and enhancing

each other’s processivity (Ali et al. 2008; Huang et al. 1999) or by cooperative

actions of actin- and microtubule-based motors on a single cargo (Gross et al.

2007). These motor-motor interactions may represent a mechanism by which the

transition of vesicles from microtubules to actin filaments or vice versa is regulated.

In contrast, recent data suggest that myosin V and VI can facilitate organelle

docking by opposing, rather than complementing, microtubule-based movements

(Pathak et al. 2010). Emerging data show that myosin motors are not only important

for transport of cargo, they also regulate the secretion of exocytotic vesicles by

docking them in actin-rich areas (Desnos et al. 2007). Moreover, myosin II can also

regulate actin dynamics in spines in response to synaptic stimulation (Rex et al.

2010; Ryu et al. 2006). All these different actions of myosin motors, such as

regulating synapse shape and stability, transporting and docking synaptic vesicles,

and influencing actin dynamics, are important for synaptic function and plasticity

(Hotulainen and Hoogenraad 2010).

8.3.2 Kinesin Motor Proteins in Neurons

Kinesin-1 was the neuronal transport motor to be identified based on assays of

vesicular motility along microtubules in extruded axoplasm (Vale et al. 1985).

Similar to the myosin superfamily nowadays, many different kinesin motors have

been found. It is thought that approximately 45 different mammalian kinesin genes

exist which, by virtue of alternative splicing, code for as many as 90 different

kinesin proteins (Hirokawa et al. 2009). The vast majority of kinesin proteins share

a number of structural characteristics: a highly conserved kinesin motor domain,

responsible for microtubule binding and force generation by ATP hydrolysis; one or

more coiled-coil domains for protein dimerization; and a cargo-binding domain

(Hirokawa and Noda 2008; Lawrence et al. 2004; Schliwa and Woehlke 2003;
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Vale 2003). The motor domain is ATP bound and upon attachment to the microtu-

bule, ATP is hydrolyzed to ADP, resulting in a conformational change of the

kinesin protein. This conformational change effectively results in a step of 8 nm

along the microtubule (Schnitzer and Block 1997). Since most kinesin form a

homodimer, the two heads of the kinesin molecule move in a hand-over-hand

mechanism along the microtubule (Yildiz et al. 2004). Kinesin movement is highly

processive, meaning that once bound to themicrotubule, themotor will move prior to

detaching, allowing it to transport cargo over long distances in axons and dendrites.

The position of the kinesinmotor domain determines the direction in which it moves:

kinesin proteins with an N-terminal motor domain (the most common layout) move

to the microtubule plus end, whereas kinesins with a C-terminal motor domain move

toward the minus end. Kinesins with a motor domain in the middle are involved in

regulating microtubule dynamics (Hirokawa and Noda 2008; Verhey and Hammond

2009). The nonmotor regions of kinesin motor proteins are poorly conserved and

have been shown to regulate both motor function (by intramolecular folding and

inhibition of ATPase activity) (Verhey and Hammond 2009) and cargo binding (by

interacting with adaptor proteins) (Schlager and Hoogenraad 2009).

Most cargos bound to kinesin-1 motor proteins, such as amyloid precursor

protein (APP) and Reelin receptor AporER2, interact indirectly via kinesin-1

light chains (Hirokawa et al. 2010). However, some cargos bind directly to the

kinesin heavy chain, such as the AMPA receptor, which binds via adaptor protein

GRIP1 (Setou et al. 2002), and mitochondria, which bind via adaptor protein Milton

(Glater et al. 2006). A recent study showed that kinesin-1 binds synaptic precursor

vesicles via syntabulin and syntaxin-1 (Cai et al. 2007). Knockdown of syntabulin

impairs the anterograde transport of synaptic vesicle precursors. Members of the

kinesin-3 family, including KIF1A and KIF1Bb, also transport synaptic vesicle

precursors in the axon. Both KIF1A and KIF1Bb knockout mice exhibit defects in

sensory and motor neurons, including a loss of synaptic vesicles (Hirokawa et al.

2010). The delivery of GABAA receptors to synapses is mediated by the kinesin-

HAP-1 complex and is disrupted by mutant huntingtin (Twelvetrees et al. 2010).

Several kinesin motors are now critically involved in neuronal disease pathogenesis

(Goldstein 2001; Hirokawa and Noda 2008; Mandelkow and Mandelkow 2002;

Morfini et al. 2009). For example, mutations in kinesin-1/KIF5A are associated

with spastic paraplegia (Ebbing et al. 2008), truncating mutations in KIF17 are

associated with schizophrenia (Tarabeux et al. 2010), and heterozygous missense

mutations in KIF21A have been found to cause congenital fibrosis of the

extraocular muscles (CFEOM), a rare congenital eye movement disorder that

results from the dysfunction of the oculomotor nerve (Yamada et al. 2003).

8.3.3 Dynein Motor Proteins in Neurons

Similar to kinesin motors, the motor proteins of the dynein family move along

microtubule structures. However, while most kinesin motors move toward the
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microtubule plus end, dyneins move toward the minus end of the microtubule.

In most species, more than 15 dynein encoding genes have been identified, where

the majority of dynein motor proteins are involved in nontransport actions but drive

flagellar beating (Kardon and Vale 2009). In stark contrast to kinesin proteins where

many different motor types perform many different tasks, only one dynein motor,

cytoplasmic dynein 1, is responsible for the bulk of the minus-end-directed cargo

transport. In other respects, dynein is very different from kinesin and myosin motor

proteins. One of the most obvious differences is the sheer size of the dynein motor

complex: with a mass of 1–2 MDa, it is several times larger than a typical myosin or

kinesin motor. At the core of the motor complex is the dynein heavy chain (DHC1),

a polypeptide of over 500 kDa, which is essential for the motor activity consisting

of three different domains: the stalk, motor, and tail domains. While in kinesin and

myosin motors, the polymer-binding site and catalytic site are integrated within

a single globular motor domain; in dynein, the microtubule-binding domain is

separated from the motor domain by a ~15-nm stalk (Carter et al. 2008). The

stalk is a coiled-coil structure that extends directly from the motor domain and is

thought to function as a lever (Houdusse and Carter 2009; Kardon and Vale 2009).

The circular motor domain consists of six ATPase domains, the tail domains

mediate dimerization and form the interaction site for five additional dynein

subunits. The intermediate chain (IC) and light intermediate chain (LIC) bind

directly to the heavy chain tail, whereas light chain 8 (LC8), light chain 7 (LC7

or roadblock), and T-complex testis-specific protein 1 (Tctex1) bind to the interme-

diate chain (Kardon and Vale 2009). The dynein subunits are essential in determin-

ing the binding of dynein to specific cargos, the cellular localization, and even

intrinsic properties of dynein, like its processivity. Interestingly, missense point

mutations in the tail domain of cytoplasmic dynein heavy chain have been shown to

result in progressive motor neuron degeneration in mice (Hafezparast et al. 2003).

Recent data show that the mutations in the nonmotor part of the protein inhibit

dynein motor run length and significantly alter motor domain coordination (Ori-

McKenney et al. 2010). These results suggest a potential role for the dynein tail

in motor function and provide direct evidence for a link between single-motor

processivity and disease.

The efficient function of cytoplasmic dynein critically depends on the dynactin

(dynein activator) accessory complex. Most dynein-dependent processes from yeast

and filamentous fungi to invertebrates and mammals require dynactin (Schroer

2004). Dynactin has been shown to regulate dynein transport in several ways;

it is involved in targeting of dynein, functions as adaptor protein, and regulates

processive dynein movement (Kardon and Vale 2009; Schroer 2004). Dynactin is

a large complex that contains 11 different subunits, and since some subunits are

present in multiple copies, the complete assembly can be comprised of as many as

20 proteins. Detailed EM studies have revealed that dynactin basically consists of

two parts, a rod domain and arm domain projecting from the rod (Schroer 2004).

Mutations in the p150glued gene, coding for one of the large dynactin subunits, are

found in a family with motor neuron disease (Puls et al. 2003). Affected patients

develop adult-onset vocal fold paralysis, facial weakness, and distal limb muscle
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weakness, mainly caused by the selective loss of motor neurons. Mutant mice with

impaired dynein/dynactin function showed disrupted retrograde axonal transport

and develop motor neuron disease similar to amyotrophic lateral sclerosis (ALS)

(LaMonte et al. 2002; Teuling et al. 2008). This illustrates both the importance of

subunits in the dynactin complex as well as the crucial role of dynein-based

transport in the nervous system.

Cytoplasmic dynein transports neurotrophic tyrosine kinase receptor family

(Trk) (Ha et al. 2008), Rab6-positive neuropeptide-containing secretory vesicles

(Colin et al. 2008; Schlager et al. 2010), the piccolo/bassoon complex (Fejtova et al.

2009), and mitochondria (Hollenbeck and Saxton 2005) retrogradely in the axon,

while in the dendrites, the cargos carried by cytoplasmic dynein include glycine

receptor vesicles (Maas et al. 2006), messenger ribonucleoproteins (mRNPs)

(Villace et al. 2004), Rab5 endosomes (Satoh et al. 2008), and AMPA receptor

vesicles (Kapitein et al. 2010). In these cases, the cargos bind to the dynein complex

either directly or through adaptor proteins such as gephyrin (glycine receptor) or

bicaudal-D and related proteins (Rab6, BDNF, NPY) (Fig. 8.3). Regulation of the

binding is controlled via phosphorylation, GTP hydrolysis of the small Rab-

GTPases, or Ca2+ signaling (Schlager and Hoogenraad 2009).

Fig. 8.3 Motor-adaptor-cargo transport complexes. Three typical examples of motor-adaptor-

cargo transport machineries. Each motor protein connects to its cargo via adaptor molecules.

Although the motor proteins, adaptors, and cargos vary, the essential building blocks are the same

in each case. (a) Dynein motor complex connected to neuropeptide containing Rab6-positive

vesicles via adaptor BICD-2. (b) Kinesin-1 is connected to mitochondria via Miro and Milton.

This complex is regulated by calcium. (c) Myosin V transports glutamate receptor–containing

vesicles by connecting to Rab11-FIP2
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8.4 Regulating Motor Protein–Based Transport

Precise regulation of motor-based transport is essential to ensure precise cargo

delivery to synapses. The list of molecules that are known to link specific transport

motors to synaptic cargos is rapidly expanding (Hirokawa et al. 2010; Schlager and

Hoogenraad 2009). Biochemical and proteomics approaches and high-throughput

yeast two-hybrid screens have identified more than 100 proteins that bind to

kinesin-1 in mammals, flies, and worms (Gindhart 2006). Most of these proteins

act as cargo molecules themselves or function as motor-adaptor proteins (scaffold-

ing proteins, Rab GTPases, signaling proteins); some are regulators of motor

activity. Emerging data from several organisms and different experimental systems

suggest that transport motors can be regulated at several points, including motor-

cargo binding, motor activation, motor switching, microtubule track selection,

cargo release at the destination, and the recycling of motors (Schlager and

Hoogenraad 2009;Verhey and Hammond 2009). It is becoming increasingly clear

that motor-adaptor-cargo interactions play a key role in identifying synaptic cargos

and regulating synaptic cargo trafficking. In this section, we discuss recent work

that has shed light on the regulation of the synaptic cargo-motor interactions. To

illustrate the common layout and components of motor-adaptor-cargo complexes,

we will focus here on two calcium-regulated motor adaptors, the endosomal

myosin-V-FIP2 and mitochondrial kinesin-1-Milton-Miro complexes (Fig. 8.3).

8.4.1 Motor-Adaptor-Cargo Interactions

In the large majority of cases, motor proteins do not bind directly to vesicles or

synaptic proteins, but they interact with cargo via so-called adaptor proteins. The

main role of adaptor proteins is to provide an additional layer of regulation for

transport specificity and selectivity. Adaptors can be single proteins, such as GRIP

linking KIF5 to AMPA receptors (Hoogenraad et al. 2005; Setou et al. 2002), or

protein complexes such as the Mint/CASK/MALS linking KIF17 to NR2B subunits

of NMDA receptors (Setou et al. 2000). Interestingly, recent findings show that

CaMKII activity is correlated with regulated cargo release near the postsynaptic

membrane. Here, CaMKII has been shown to phosphorylate KIF17, which induces

the dissociation of the Mint scaffolding protein complex and release of NMDA

receptor–containing cargo near the postsynaptic membrane (Guillaud et al. 2008).

In this way, regulated CaMKII activity provides an attractive mechanism for

targeting NMDA receptor complexes to active synapses where an activity regulated

kinase is switched “on.” The significance of KIF17 function to brain function is

further illustrated by the observation that transgenic mice overexpressing KIF17

show enhanced spatial and working memory (Wong et al. 2002). Additional

examples of regulated adaptor proteins are the DENN/MADD adaptor protein

that binds KIF1A and KIF1Bß and interacts with Rab3 vesicles (Niwa et al. 2008),
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liprin family proteins as adaptors that link KIF1A to synaptic vesicle precursors

(Miller et al. 2005; Wagner et al. 2009), and bicaudal-D family proteins connecting

dynein motors to Rab6-positive neuropeptide secretory vesicles (Grigoriev et al.

2007; Matanis et al. 2002; Schlager et al. 2010). Interestingly, these Rab6-positive

secretory vesicles also contain semaphorin 3A and BDNF and are anterogradely

transported in axons by kinesin-3 motors (Barkus et al. 2008; de Wit et al. 2006;

Schlager et al. 2010). Thus, regulation of cargo binding can be controlled via

phosphorylation or GTP hydrolysis of the small Rab-GTPases (Schlager and

Hoogenraad 2009).

A third way to control intracellular trafficking is to regulate motor-cargo

interactions by responding to changes in local ion concentrations. It is well

known that activation of NMDA receptors causes a rapid influx of Ca2+ in dendritic

spines. A recent study shows that myosin Vb is a “Ca2+ sensor” for actin-based

postsynaptic AMPA receptor trafficking (Wang et al. 2008). Increased Ca2+ levels

lead to unfolding of myosin Vb motors and allows for binding to Rab11-FIP2

adaptors on recycling endosomes (Schlager and Hoogenraad 2009) (Fig. 8.3). The

association of myosin Vb with Rab11-FIP2 transports AMPA receptor–containing

recycling endosomes into the actin-rich spines. Thus, elevated Ca2+ levels in spines

promote local postsynaptic trafficking. On the other hand, Ca2+ influx reduces

mitochondrial motility (Boldogh and Pon 2007). The Milton-Miro complex was

identified as an adaptor between kinesin-1 and mitochondria and a candidate for

Ca2+-dependent regulation of mitochondrial transport. Indeed, recent studies sug-

gest that the mitochondrial Miro-Milton adaptor complex is important for the Ca2+-

dependent regulation of mitochondria trafficking (Wang and Schwarz 2009)

(Fig. 8.3). Elevated Ca2+ levels permit Miro to interact directly with the motor

domain of kinesin-1. The interesting aspect of this model is that kinesin-1 remains

associated with mitochondria regardless of whether they are moving or stationary.

In the “moving” state, kinesin-1 is bound to mitochondria by binding to Milton,

which in turn interacts with Miro on the mitochondrial surface. In the “stationary”

state, in the presence of high Ca2+ levels, the kinesin-1 motor domain interacts

directly with Miro and prevents microtubule interactions. In contrast, another recent

paper showed that the presence of Ca2+ inhibits the Miro1/kinesin-1 protein-protein

interaction and that the motor is dissociated from mitochondria yielding arrested

movement (Macaskill et al. 2009). Both findings imply the existence of “Ca2+

sensors” that detect neuronal activity stimuli and convert Ca2+ influx into

mechanisms regulating cargo trafficking.

8.5 Conclusion and Future Directions

A typical fully differentiated neuron within an active neuronal circuitry faces an

enormous logistical challenge. Synaptic cargo needs to be sorted into dendrites and

axons both during basal neuronal activity and changes in activity, such during firing

of action potentials. Not all synapses are equally active, and their requirements can

8 Molecular Motors in Cargo Trafficking and Synapse Assembly 187



vary greatly; some may require a constant flow of receptors and neurotransmitters,

while others undergo depression and mainly need transport out of the synapse into

a reserve pool or back to the cell body. Moreover, the distance between the cell

soma and the most distant synapse can be huge, for example, up to 1 m for a motor

neuron. And all these transported proteins, mitochondria, neurotransmitters, and

synaptic vesicle precursors flow through an axon of only 5 micrometer in diameter.

Therefore, neurons are equipped with a well-balanced and meticulously regulated

transport system in order to facilitate synapse formation, function, and plasticity.

First of all, the actin and microtubule cytoskeleton play a pivotal role in synaptic

plasticity—together they determine synaptic architecture, organize subcellular

compartments, and transport intracellular synaptic constituents. Second, the char-

acteristic dynamics, polarity, and modifications patterns of cytoskeleton elements

are instrumental for establishing and maintaining the structural and compositional

polarity of synapses. Third, this highly specialized microtubule and actin cytoskel-

etal organization facilitates local, polarized transport by guiding specific motor

proteins to specific directions. Fourth, synaptic activity may regulate the cytoskele-

ton organization and motor protein transport in neurons. All these mechanisms

occur simultaneous and can influence each other, creating a highly dynamic infra-

structure that is able to rebuild itself in order to adapt to changes in the cellular

environment. Without this highly dynamic cytoskeleton system, synaptic plasticity

and cognitive brain functions would be impossible.

The relationship between cytoskeleton, motor protein transport, and synaptic

signaling is never more apparent than when the brain becomes dysfunctional.

Molecular motor proteins, especially kinesin proteins, are prime candidates to be

involved in several psychiatric and neurological disorders (Goldstein 2001;

Mandelkow and Mandelkow 2002), ranging from schizophrenia (Tarabeux et al.

2010) to spastic paraplegia (Ebbing et al. 2008). Both KIF5 and dynein may be

involved in the pathology of Huntington and other polyQ diseases (Colin et al.

2008; Twelvetrees et al. 2010). The role of dynein and dynactin in neurological

diseases is best described in the motor neuron disease ALS (Chevalier-Larsen and

Holzbaur 2006), and mutations in tubulin isotypes have been observed in patients

with severe neurodevelopmental disorders (Keays et al. 2007; Tischfield et al.

2010). There is also a strong link between the activity of tubulin modifying

enzymes and neuronal abnormalities. Mutant mice that lack the gene for tubulin

tyrosine ligase (TTL), the enzyme that catalyzes the addition of a C-terminal

tyrosine residue to a-tubulin in the tubulin tyrosination cycle, die shortly after

birth because of neuronal disorganization, including premature axon specialization

(Erck et al. 2005). On the other hand, mice that lack functional cytosolic carboxy-

peptidase (CCP1), the enzymes catalyzing deglutamylation, have increased micro-

tubule hyperglutamylation and Purkinje cell degeneration (Rogowski et al. 2010).

However, a number of key mechanistic questions remain to be answered. What are

the downstream effects of transport deficits that lead to neurodegeneration? In some

cases, it may be a failure to supply new material to the distal axons and dendrites, so

that synapses degrade over time. Consistently, defects in both axon and dendritic

transport in various organisms can lead to neuropathies (Hirokawa et al. 2010).
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In other cases, neuronal degeneration may result from the accumulation of toxic

substances in the processes. The molecular motor machinery itself could be criti-

cally involved in removing toxic waste in neurons, but these protein accumulations

may also lead to traffic jams and disrupt normal synaptic trafficking routes.

In this chapter, we have shown how the cellular infrastructure is essential for

neuronal development and plasticity. This highly adaptive network of filaments,

motor, adaptor, and cargo proteins is able to answer the ever-changing demands of

neuronal networks in action. As a large number of neurological diseases illustrate,

there is little room for error. If this fascinating intracellular transport system is not

working at peak efficiency, neurons are not able to function properly and will

eventually degenerate and die. Future studies on neuronal cytoskeletal dynamics

and the synaptic transport machinery may lead to new insights and, hopefully, new

treatments for neurological and psychiatric disorders.
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Chapter 9

Surface Traffic in Synaptic Membranes

Martin Heine

Abstract The precision of signal transmission in chemical synapses is highly

dependent on the structural alignment between pre- and postsynaptic components.

The thermal agitation of transmembrane signaling molecules by surrounding lipid

molecules and activity-driven changes in the local protein interaction affinities

indicate a dynamic molecular traffic of molecules within synapses. The observation

of local protein surface dynamics starts to be a useful tool to determine the

contribution of intracellular and extracellular structures in organizing a plastic

synapse. Local rearrangements by lateral diffusion in the synaptic and perisynaptic

membrane induce fast density changes of signaling molecules and enable the

synapse to change efficacy in short time scales. The degree of lateral mobility is

restricted by many passive and active interactions inside and outside the membrane.

AMPAR at the glutamatergic synapse are the best explored receptors in this respect

and reviewed here as an example molecule. In addition, transsynaptic adhesion

molecule complexes also appear highly dynamically in the synapse and do further

support the importance of local surface traffic in subcellular compartments like

synapses.
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9.1 Introduction

The local number, composition, and density of signaling molecules at synapses are

important determinants of synaptic plasticity. Changes in synaptic protein content

were identified to be basic features of synaptic plasticity and memory formation

(Kessels and Malinow 2009). Mechanisms like the endo-exocytotic cycle of synap-

tic membrane proteins, intracellular transport, and local synthesis of new molecules

were shown to change local number, density, and composition of proteins within a

time window of minutes to hours (Newpher and Ehlers 2008). Initialization of

short- and long-term changes in synaptic plasticity takes place in a few milliseconds

and is known to depend on interplay between pre- and postsynaptic mechanisms.

Kinetic properties of pre- and postsynaptic molecules are identified to play a major

role within this very first moment of activity changes, including calcium-induced

facilitation or depression of presynaptic release properties (Catterall and Few 2008;

Neher and Sakaba 2008) or postsynaptic receptor saturation and desensitization

(Trussell et al. 1993; Xu-Friedman and Regehr 2003). In order to weaken or

strengthen synaptic transmission, the alignment between pre- and postsynaptic

elements has been shown to be crucial (Franks et al. 2003; Raghavachari and

Lisman 2004; Shouval 2005; Xie et al. 1997). In this respect, the view of the

synapse as a highly ordered compartment of signaling molecules has to be com-

bined with a high molecular dynamic. The self-agitation of lipids and transmem-

brane molecules in biological membranes predicts that the position and local

density of signaling molecules might be highly variable (Fig. 9.1). Within the

membrane, all components can undergo rotational, translational, and lateral

motions (Edidin 2003; Saxton and Jacobson 1997). These provoked questions as

how is the synaptic molecular structure and density established and maintained? Is

lateral mobility controlled or even used as a mechanism for synaptic organization

and plasticity? Which quantities of molecules are involved? What is the turnover of

crucial molecules?

Here, I will focus on functional implications and consequences of the surface

traffic of proteins within and around pre- and postsynaptic membranes. Several

mechanisms of dynamic protein stabilization were proposed (Poo 1985, Fig. 1) and

recently revisited:

– Diffusion-Mediated trapping by intracellular anchors (Triller, Choquet 2008)

– Interactions with the extracellular matrix (Dityatev et al. 2010; Gundelfinger

et al. 2010)

– Changes of membrane viscosity by different lipid composition (Renner et al.

2009a)

– Iontophoretic forces (Fromherz 1988; Savtchenko et al. 2000; Sylantyev et al.

2008).

Plasticity concepts based on a dynamic surface organization within both mem-

brane compartments have been proposed (Franks et al. 2003; Raghavachari and

Lisman 2004; Shouval 2005; Xie et al. 1997) but have not been experimentally

198 M. Heine



m
sd

time interval

m
sd

time interval

m
sd

time interval

m
sd

time interval

a b c

d e f

g

Fig. 9.1 The pictograms should demonstrate the different modes of diffusive behavior in the

membrane and possible changes by structural elements within or attached to the membrane.

The mean square displacement (msd) over time interval is the basal function for distinct

diffusive properties as demonstrated for the extreme cases in a–c. (a) Free Brownian diffusion

within the membrane is characterized by a linear msd versus time interval plot. The slope of this

relationship determines the diffusion coefficient. (b) Confined motions within a defined area are

reflected in the curved msd plot. The slope of the first points reflects the diffusion coefficient within

the area. (c) The combination of diffusion and directed motion will result in a parabolic msd plot

and can be separated from purely diffusive behavior. d–f are examples for anomalous diffusion,

which represents the most abandon case of diffusion behavior in neuronal synapses and is an

intermediate situation between free and confined diffusion. Several possible structural elements
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addressed in much detail. The development and application of imaging techniques

as FRAP (Axelrod et al. 1976), single particle tracking (SPT) (Saxton and Jacobson

1997), and STED microscopy (Dyba et al. 2003; Toomre and Bewersdorf 2010) to

synaptic structures initiated the visualization of the molecular organization inside

and around synapses. Recent developments in the field of microscopy to probe

membrane dynamics have been reviewed extensively and will be not introduced

here in detail (Marguet et al. 2006; Thoumine et al. 2008).

Application of these techniques has evaluated theoretical concepts of synaptic

surface organization and there dynamics in such crowded and tiny compartments

(diameter of 500 nm for a cortical synapse). In the past years, many experimental

data support the view that the molecular noise induced by the thermal self-agitation

of molecules, membrane potential changes, and intermolecular repulsive charges in

the neuronal membrane are important variables to describe synaptic function as a

dynamic network of signaling molecules. In the following sections, I will review

the dynamics of molecules that are examples for the dynamic organization of the

synaptic signaling apparatus.

9.2 Diffusion-Mediated Trapping of Postsynaptic Receptors

The first report about surface mobility of synaptic proteins came from FRAP

experiments of acetylcholine receptors in the muscular membrane (Edidin and

Fambrough 1973). Such experiments gave indications about the proportion of

mobile and immobile acetylcholine receptors. With the application of SPT to

neuronal cells (Borgdorff and Choquet 2002; Dahan et al. 2003; Meier et al.

2001), many more synaptic molecules were described to be mobile in the plasma

membrane (see Table 9.1). The use of SPT provides us with detailed information

about the location (accuracy of 10–50 nm), the temporal diffusion properties,

relative dwell times, and relative population size of exchanging molecules within

small membrane compartments. Diffusive properties can be quantified by the mean

square displacement over time as an indication of the explored surface and give a

quantitative measure for the apparent viscosity around the molecule of interest

(for review, see Kusumi et al. 2005; Saxton and Jacobson 1997).

Fig. 9.1 (continued) are discussed in the text and illustrated here. (d) Changes in the membrane

viscosity (blue patches) can introduce a confinement to free diffusive molecules in the membrane.

(e) Intracellular as well as extracellular meshwork of structural elements (dotted lines) of the
cytoskeleton or the extracellular matrix, respectively, can confine free diffusive molecules. (f)

Transmembrane obstacles (red dots) can induce a transient confinement of diffusive molecules. (g)

The curved msd plot is an often observed phenomenon of diffusive molecules in the membrane.

Correlation of the trajectory with structural elements, for example, postsynaptic density markers,

can be used to segregate the diffusive behavior in different membrane domains of the cell that are

defined in time and space
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In general, the macroscopic mobility of synaptic transmembrane molecules

fulfills the characteristics of free and anomalous Brownian diffusion as evidenced

by the linear or sublinear relationship of the mean square displacement (MSD) plots

over time interval, respectively. For ionotropic receptors of inhibitory and excit-

atory synapses, it has been demonstrated by SPT (see Table 9.1) as well as

electrophysiological measurements (Adesnik et al. 2005; Heine et al. 2008a;

Thomas et al. 2005; Tovar and Westbrook 2002; Young and Poo 1983) that they

1

2

3

4

actin filaments

scaffold proteins

receptors

ECM-elements

Intersynaptic adhesive contacts

Fig. 9.2 Sketch of the dynamic organization of a spiny postsynaptic density: (1) intracellular
scaffold proteins can interact with receptors and postsynaptic elements of adhesive contacts,

(2) specialized zones like endocytotic pits do have a stabilization effect on diffusive receptors

and will hinder them to escape from the synapse, (3) intracellular cytoskeleton is an important

structure to regulate the surface traffic outside the postsynaptic density, and (4) intercellular

structures like the extracellular matrix of adhesive contacts will have a passive, and, perhaps,

also an active, impact on the mobility of receptors in and out of the PSD
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are in a continuous exchange between the synaptic and extrasynaptic membrane.

Therefore, the number and density of those crucial postsynaptic molecules depend

on the regulation of diffusion properties and the capacity of a synapse to trap these

receptors inside the postsynaptic density (PSD, Fig. 9.2). Molecular interactions

between receptors, scaffold proteins below the inner surface of the membrane, and

elements of the cytoskeleton are mechanisms to enrich molecules in the PSD. In

order to clarify the contribution of a particular interaction to the stabilization of the

molecule outside and inside the synapse, the surface mobility is a sensitive readout.

The cytoskeleton has been identified to control the diffusion of proteins as probed

by the disruption of microtubules and actin filaments (Charrier et al. 2010; Gu et al.

2010; Lee et al. 2009; Renner et al. 2009a; Rust et al. 2010). Inside synapses, major

scaffold proteins are identified for AMPA-, NMDA-, GABA-, and Gly-receptors,

which contribute to the local organization of these receptors in the synaptic

membrane (Choquet 2010; Newpher and Ehlers 2008; Triller and Choquet 2008).

As an example, interacting partners for AMPAR in the glutamatergic synapse and

their surface dynamic as a functional variable of synaptic transmission are

discussed below (see also Choquet 2010; Gerrow and Triller 2010).

AMPARs are composed of four subunits (GluA1–4) and expressed as heteromeric

tetramers in the neuronal membrane (Collingridge et al. 2004; Hollmann and

Heinemann 1994). The different length of the intracellular C-terminus, the identifica-

tion of PDZ-binding domains at the end of those termini, and the different types of

PDZ-binding domains, type 1GluA1 and type 2 for GluA2 (Shi et al. 2001), suggested

a direct link between AMPARs and intracellular scaffold proteins with multiple PDZ

domains like PSD95, GRIP, and PICK (Feng and Zhang 2009; Kessels and Malinow

2009). The different splice variants and subunits of AMPAR, in particular, GluA1 and

GluA2, are often assembled as heterodimers and crucial for plastic changes as studied

extensively in hippocampal synapses by the use of plasticity protocols to induce long-

term potentiation or depression (LTP, LTD) (Kessels and Malinow 2009). Supported

by a number of experimental findings, this has led to the hypothesis that the capacity of

the postsynaptic side is defined by the number of PDZ domains and the composition

and phosphorylation state of the AMPARs that predicts their affinity to the intracellu-

lar scaffold (Malenka 2003). Knockout of the GluA1-subunit impairs the induction of

long-term potentiation (LTP) in classical high-frequency stimulation paradigm

(Zamanillo et al. 1999). GluA1-subunit containing AMPARs are preferentially in

cooperated into the synapse during LTP induction as compared to GluA2/GluA3

heterodimers with a shorter C-terminus and a different PDZ-binding domain (Shi

et al. 2001). In line, a point mutation within the PDZ-binding domain of GluA1 to

disrupt the affinity to the PDZ domain impairs LTP (Hayashi et al. 2000). After LTP

induction, synapses are reconsolidated by the gradual loss of GluA1/GluA2-containing

receptors which are replaced by GluA2/GluA3 receptors. The disruption of the endo-

exocytosis ofAMPA-receptors leads to a reduction of postsynaptic receptor population

and an impairment of LTP (Ehlers 2000; Park et al. 2004). In parallel to these findings, a

transient increase of calcium or induction of chemical LTP was demonstrated to

immobilize receptors in the PSD (Borgdorff and Choquet 2002; Tardin et al. 2003).
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Contradictory to these experiments, studies in knockout mice lacking GluA2- and

GluA3-subunits show no impairment in LTP or LTD (Meng et al. 2003). Further-

more, the specific deletion of the complete PDZ-binding domain of the GluA1- or

GluA2-subunit did not disturb basal transmission or LTP induction (Kim et al. 2005;

Panicker et al. 2008). Both findings speak against a model that subunit-specific PDZ-

binding domains of AMPARs alone are critical for the traffic of the receptor to the

synapse and plastic changes of their strength.

The discovery of additional subunits of AMPAR, named transmembrane AMPA

receptor regulatory proteins (TARPs, Chen et al. 2000) helped to resolve this

discrepant results. Initial investigations of the stargazer mutant mouse lead to the

discovery of stargazin, which was believed to be a subunit of calcium channels but

has much more dominant function in the traffic of AMPAR in the cerebellum (Chen

et al. 2000). TARPs enhance the surface expression of AMPAR (Priel et al. 2005;

Tomita et al. 2005), bind directly to PSD95 (Schnell et al. 2002), change pharma-

cological properties of AMPAR (Milstein and Nicoll 2008), alter kinetic properties

of AMPAR (Kato et al. 2010; Milstein et al. 2007; Morimoto-Tomita et al. 2009;

Priel et al. 2005; Tomita et al. 2005), and modulate the diffusion properties in the

synaptic membrane (Bats et al. 2007; Opazo et al. 2010). The knockout of the

dominant TARP isoform g8 in the hippocampus results in impaired LTP similar to

those seen for the GluA1 knockout (Rouach et al. 2005). Following the surface

mobility of TARPs together with AMPARs by SPT revealed that AMPARs without

this additional subunit stay much shorter inside the PSD and spontaneous postsyn-

aptic currents almost disappear. In addition, the interruption of the PDZ-binding

domain of TARP (g2, stargazin) but not of the GluA2-subunit disrupts the confine-
ment of receptors in the synapse (Bats et al. 2007). By tagging stargazin, the

diffusion coefficients were not different in comparison to AMPAR, which

implicates that a large population of AMPAR is associated with stargazin (Bats

et al. 2007). In order to prove the idea that TARPs stabilize AMPAR in the PSD,

Sainlos et al. (2011) developed cell-permeable biomimetic divalent ligands to

disrupt AMPAR stabilization in the PSD. Those ligands do specifically bind to

PSD95 type 1 PDZ domains and similar PDZ domains of PSD95 like MAGUKS

(SAP102, SAP97). Those peptides do indeed disrupt the stabilization of an

AMPAR subpopulation but only transient. Application of the biomimetic ligands

has a time-dependent effect on AMPAR diffusion but reduces EPSC amplitude to

about 40% of the control. Monomeric ligands were not effective (Sainlos et al.

2011). The temporal effect on diffusion can be seen as a loss of stabilization sides in

the synapse and a readjustment of the tightly controlled equilibrium between

surface and intracellular pool of receptors controlled by endocytotic zones close

to the PSD (Blanpied et al. 2002; Petrini et al. 2009; Racz et al. 2004). Endocytic

zones have been identified to be a stabilization side for mobile receptors in the

periphery of the PSD controlling the local surface population of AMPAR (Petrini

et al. 2009). The milder effects of these biomimetic tools point to the multivalent

interactions within the PSD to control receptor mobility. The transient change of

receptor diffusion therefore supports the trap diffusion model and indicates the

dynamic organization of AMPAR within the PSD.
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To be plastic, such local trapping of receptors inside the synapse must be modular.

Global manipulation of synaptic activity has profound effects on the receptor mobility

in the neuronal membrane (Groc et al. 2004; Tardin et al. 2003). A disruption of

presynaptic transmitter release revealed that receptor stabilization inside the PSD is

activity dependent (Ehlers et al. 2007). Artificial modulation of the mobile population

of synaptic AMPAR in parallel to electrophysiological measurements of synaptic

responses demonstrated a significant contribution of mobile receptors to basal synap-

tic transmission (Choquet 2010; Heine et al. 2008a). In case of fast repetitive activa-

tion (>10 Hz) of the postsynaptic receptors, the responsive population declines faster

if receptors are immobilized in the postsynaptic membrane. Liberating receptors by

digestion of the extracellular matrix has opposite effects (Frischknecht et al. 2009; see

also Frischknecht and Gundelfinger within this book). Recordings of synaptic

responses confirmed that receptor mobility is a variable of short-term plasticity

(Choquet 2010; Heine et al. 2008a). The kinetic properties of AMPAR, low affinity

to glutamate (Featherstone and Shippy 2008), fast desensitization, and slow recovery

from desensitization (Jonas et al. 1993), do support the finding that a fast exchange of

glutamate-bound and glutamate-unbound receptors will influence the postsynaptic

responsiveness to high-frequency transmitter release. In addition, it has been shown

that the synaptic population of AMPARs is not saturated by a single transmitter

vesicle (Liu et al. 1999; McAllister and Stevens 2000), supporting the possibility of

a fast (within ms) exchange of glutamate-bound receptors by free receptors within the

synapse.

Another kinetic property of AMPAR is the steady state desensitization in the

presence of micromolar concentrations of glutamate (Featherstone and Shippy

2008; Raman and Trussell 1995). Investigating the interaction between AMPAR

and stargazin, Morimoto-Tomita et al. (2009) propose that the association of GluA1

and stargazin is critical for a steady state current evoked by micromolar ambient

glutamate concentrations. Furthermore, the dissociation of the receptor-TARP

complex occurs at glutamate concentrations above 100 mM and leads to a faster

and more complete desensitization as well as slower recovery from this conforma-

tional state. Hence, the described dissociation of the complex within a few ms

proposes a more complex picture as seen by only looking at AMPAR diffusion.

Liberated AMPARmay diffuse away from the scaffold-bound stargazin and stick to

their next neighbor TARPs outside the focal plane of glutamate release. With the

invention of new imaging techniques, we will be enabled to gain dynamic informa-

tion for a large population of receptors simultaneously (Giannone et al. 2010;

Manley et al. 2008). One might postulate that different activation states of

AMPAR will show different diffusion kinetics and will allow further insights in

dynamic association and dissociation of receptor complexes.

Focusing on a key molecule for plasticity in glutamatergic synapses, the

calcium/calmodulin-dependent protein kinase II (CaMKII; Lisman et al. 2002),

Opazo et al. (2010) have demonstrated that CaMKII induces a phosphorylation-

dependent stabilization of stargazin that dominates the stability of AMPAR in the

PSD and that has similar physiological consequences like artificial cross-linking of

AMPAR in the postsynaptic membrane (Heine et al. 2008a). Taken together, this
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underscores the importance of local molecular dynamics in the plasma membrane

for synaptic transmission and plasticity.

The discovery of other subunits associated with AMPAR in different brain

regions, as cornichons (Schwenk et al. 2009), CKAMP44 (von Engelhardt et al.

2010), and SynDIG1 (Kalashnikova et al. 2010), will probably further extend the

dynamic view of the AMPAR as an association point for many interacting

molecules that might tune the surface mobility and kinetic properties of AMPAR.

Despite the strong interactions of surface molecules with the PSD as discussed

above for AMPARs and seen for GABAA-, Glycin-, and NMDA-receptors as well

(Bannai et al. 2009; Bard et al. 2010; Charrier et al. 2010; Dumoulin et al. 2009;

Jacob et al. 2005; Muir et al. 2010; Tretter et al. 2008; Tretter and Moss 2008) other

factors inside and outside the membrane contribute to a dynamic surface organiza-

tion of signaling molecules (Fig. 9.1). The transient stabilization of receptors in the

synapse leads to the idea that other mechanisms in addition to the intracellular

anchors will contribute to maintain the concentration of signaling molecules within

the synapse. Such mechanisms could include a different lipid composition (Allen

et al. 2007), extracellular structures, like components of the extracellular matrix

(Dityatev et al. 2010; Gundelfinger et al. 2010, Frischknecht and Gundelfinger in

this book), repulsive or attractive intermolecular forces induced by charge differences

(electrodiffusion (Savtchenko et al. 2000) or stable transmembrane molecules acting

as diffusion obstacles (Kusumi et al. 2005)).

9.3 Molecular Crowding Confines Molecules Inside

the Synapse

The existence of cholesterol/sphingolipid microdomains (lipid rafts) within the

dendritic membrane was proposed to influence the membrane stabilization of

AMPAR at synapses (Hering et al. 2003). Characterization of the diffusion

properties of two lipid raft markers, glycophosphatidylinositol-anchored green

fluorescent protein (GFP-GPI) and cholera toxin (beta-subunit binds to GM1) in

the postsynaptic membrane revealed confined diffusion inside the synapse (Renner

et al. 2009a, b). Both raft markers are not enriched in the postsynaptic membrane of

excitatory or inhibitory synapses, despite the confined diffusion within the synapse.

Interestingly, lipid diffusion is twofold slower in inhibitory than in excitatory

synapses, indicating a stiffer organization of inhibitory postsynaptic membranes

(Renner et al. 2009a). Manipulation of the cytoskeletal integrity by depolymeriza-

tion of F-actin leads to an even higher diffusion of fast-diffusing lipids in the

postsynaptic membrane. The acceleration of lipid diffusion in the outer leaflet of

the membrane can be explained as a decrease in the apparent viscosity of the

membrane resulting from a weaker stabilization of transmembrane proteins in the

absence of F-actin filaments. The molecular manipulation of actin polymerization

by the actin depolymerization factor (ADF) n-cofilin had no effect on cholera toxin
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diffusion, confirming the rather indirect effect of the actin skeleton within the PSD

(Rust et al. 2010).

A partial extraction of cholesterol from the membrane does not dramatically

change receptor or lipid diffusion inside synapses. The confined diffusion without

enrichment of lipids inside synapses speaks in favor for a situation where the

density of obstacles is the main source of confinement for small molecules like

lipids as seen in the axonal initial segment and synapse (Nakada et al. 2003; Renner

et al. 2009a, b), rather than a specific population of saturated lipids like those

described in lipid rafts. The noncovalent interactions of synaptic receptors with the

PSD, as described above, have a significant contribution to the crowded environ-

ment keeping a homeostatic concentration of receptors (Santamaria et al. 2010;

Shouval 2005). Other forces beside lateral diffusion and intracellular binding

affinities manipulating local molecular density are electrostatical interactions

between molecules and transient electric fields generated by the opening of receptors

after neurotransmitter binding (Fromherz 1988; Poo et al. 1979). For small cortical

synapses, the contribution of electric forces has only been investigated theoretically,

suggesting that AMPARwill be clustered during trains of high-frequency stimulation

(>20 Hz) in opposite to the presynaptic release side (Savtchenko et al. 2000). In order

to test this idea experimentally, SPT with high spatial and temporal resolution could

give an answer (Kusumi et al. 2005). However, the mainly used video-rate acquisi-

tion (30 Hz) is not sufficient to follow fast motions. Increasing the temporal resolu-

tion is often paid by the loss of spatial resolution and needs further methodological

development.

9.4 Membrane Structures Contribute to Local Confinement

Apart from the scaffold protein interaction and packed organization within the

postsynaptic membrane, the question occurs how the receptor concentration is

maintained within the synapse if each dissociation from an interaction partner

results in increased mobility. It appears therefore reasonable to assume that specific

structures around the synapse will prevent the escape of proteins over time. Models

of the synaptic membrane organization have suggested barriers in the periphery of

the PSD (Holcman and Triller 2006; Schuss et al. 2007) with restricted numbers of

open gates that allow both the flux of molecules and the retaining of a critical local

population inside the synapse. Investigations of the endo-exocytotic cycle and

diffusional membrane organization made clear that first the source and sink of

receptors are located outside the PSD (Blanpied et al. 2002; Jacob et al. 2009;

Jaskolski et al. 2009; Kennedy et al. 2010; Lu et al. 2007; Yudowski et al. 2006), the

distance between the PSD and clathrin-coated endocytotic pits does regulate the

number of available receptors (Lu et al. 2007), exocytosis occurs within a specific

membrane compartment close to the PSD (Kennedy et al. 2010) or within the

dendritic shaft and soma (Adesnik et al. 2005; Jaskolski et al. 2009; Makino and

Malinow 2009; Yudowski et al. 2006), and transient receptor stabilization in
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clathrin-coated endocytotic pits modifies the synaptic responsiveness to activity

changes (Jacob et al. 2009; Petrini et al. 2009).

The microscale organization of the perisynaptic membrane has profound

consequences for long-term synaptic plasticity. Dendritic exocytosis of AMPAR

has been identified as essential for LTP maintenance (Makino and Malinow 2009).

The molecular players were recently identified and will help to further explore the

molecular network underlying changes in synaptic plasticity. Receptor exocytosis

occurs within local clusters of the t-SNARE protein syntaxin4 (Kennedy et al.

2010). Syntaxin4-mediated exocytosis is regulated by the interaction with F-actin

filaments (Band et al. 2002), which do control the association with the vesicular

SNARE protein synaptobrevin2 (VAMP2) (Jewell et al. 2008). The mobile organi-

zation of syntaxin4 aggregates shortly before exocytosis, and the interaction with

the vesicular SNARE protein is controlled by the local depolimerization of F-actin

(Gu et al. 2010; Kennedy et al. 2010). As mentioned above, the actin depolymeri-

zation factor n-cofilin has little effect for the synaptic membrane organization but

influences spine morphology, exocytosis, and extrasynaptic surface mobility of

AMPAR which seems also to be regulated by the phosphorylation status of n-cofilin

(Gu et al. 2010; Rust et al. 2010). Similar mechanisms were reported for acetylcho-

line receptors in the Xenopus neuromuscular junction (Lee et al. 2009). Once

exocytosed, the majority of receptors are confined close to the synaptic density

(Kennedy et al. 2010). Membrane curvature and the intracellular condensation state

of the actin filaments are proposed to hinder diffusion escape from the PSD

(Holcman and Triller 2006) and hence allow receptors to become incorporated in

the PSD. ADF/cofilins are responsible for the dynamic surface organization of

syntaxin4-containing exocytotic zones around the synapse. The structures that

cause such restricted mobility still need to be identified. Septins are very likely

candidates as demonstrated for the developmental switch from microdomains to

nanodomains in the presynaptic terminal of the calyx of Held (Yang et al. 2010).

Knockout mice for n-cofilin show no difference in synaptic transmission and

short-term plasticity but have impaired late LTP and LTD as well as deficits in

associative learning (Rust et al. 2010). The concept of the membrane microdomain

organization around the synapse is interconnected by lateral surface diffusion of

proteins between these domains that regulate synaptic plasticity and contributes to

the spatial isolation of individual synapses.

At the presynaptic side, the very efficient and fast endo-exocytotic coupling is

discussed to be a directed surface diffusion/flow of vesicular proteins (Haucke et al.

2011) within the presynaptic membrane. Its role would be to bridge the space

between vesicle fusion and vesicle retrieval in the periphery of the active zone

and to prevent an enlargement of the presynaptic terminal. At the postsynaptic side,

volume changes in dendritic spines are reported to be associated with the insertion

of new AMPAR and the induction of LTP (Kopec et al. 2007; Makino and Malinow

2009), suggesting a less tight coupling between membrane insertion and membrane

retrieval. Such structural plasticity may interfere with the adhesion between pre-

and postsynaptic membranes. Adhesion molecule surface organization may provide

an insight in such dynamic processes.
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9.5 Surface Dynamic of Adhesion Molecules as Modulator

of Synaptic Molecular Organization

As shown in other cellular systems, the formation and maintenance of focal inter-

cellular contacts, like synaptic junctions, depend on the density and mobility of

adhesive partners on both membranes (Chan et al. 1991). It is reasonable to assume

that primarily the density of cell adhesive molecules (CAM) will determine the

strength of the formed contact. However, the mobility of CAMs in both membranes

strongly accelerate the formation of the contact formation (Chan et al. 1991).

Many synaptic CAMs have been found, and the list of their intra- and extracel-

lular binding partners is still growing (for further review, see Dalva et al. 2007;

Tallafuss et al. 2010). Beside their known function to tether pre- and postsynaptic

membranes, the capacity of transsynaptic signaling of CAMs is an important

variable of synaptic plasticity (Futai et al. 2007; Stan et al. 2010). During

synaptogenesis, the lateral recruitment of adhesion molecules to focal intercellular

contacts is well accepted and used in many approaches to demonstrate the adhesive

function of the molecule by the capacity to corecruit other synaptic molecules. For

example, a prominent pair of synaptic adhesion molecules, neuroligins (postsynap-

tic) and neurexins (presynaptic), has been studied by the use HEK cells expressing

either neuroligin (Scheiffele et al. 2000) or neurexin (Dean et al. 2003; Graf et al.

2004) cocultured with neurons, demonstrating the binding ability and recruitment

of pre- and postsynaptic elements like transmitter vesicles (Scheiffele et al. 2000) or

postsynaptic scaffold proteins (PSD95; Irie et al. 1997), Gephrin; (Poulopoulos

et al. 2009), NMDA- and AMPA-receptors, respectively. Another assay was to use

neurexin-coated beads to recruit neuroligin (Heine et al. 2008b; Nam and Chen

2005) or the simple application of Fc-tagged b-neurexins and subsequential cross-

linking by Fc-specific antibodies (Barrow et al. 2009). It can be assumed that at

least during synaptogenesis, adhesive molecules are expressed in the outer mem-

brane and able to form preliminary intercellular contacts that will be consolidated

following their establishment. However, the direct investigation of the surface

distribution and dynamic of adhesive molecules as well as their intracellular

trafficking is little understood, due to the methodological problem of interference

with the intercellular binding partners by fluorescent labeling without interference

with the function of these proteins.

Using transsynaptic enzymatic biotinylation to ensure functional surface label-

ing of heterophilic contacts between b-neurexin and neuroligin 1, Thyagarajan and

Ting (2010) proposed a very local synapse-specific recycling of both molecules,

which is modulated by neuronal activity. A similar local trafficking has been

proposed for N-cadherin endocytosis (Tai et al. 2007).

Recent work by Fu and Huang (2010) directly addressed the question of subcellu-

lar distribution and surface accumulation of neurexins in the axon of parvalbumin-

positive interneurons in cultured organotypic brain slices. Using pHluorin (pH-

sensitive variant of GFP, Miesenbock et al. 1998) tagged a- and b-neurexins within
organotypic slices, they conducted FRAP experiments to probe the dynamic of

neurexins in the axonal membrane. b-Neurexins have been seen mostly clustered
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within the axonal terminal, whereas a-neurexins are nearly equally distributed in the
synaptic and axonal membrane and exchange between neighboring synapses. Despite

the differences in surface distribution, both probes recover to 100% after local

photobleaching within several minutes. Modulating presynaptic activity by the

blocking of sodium channels with TTX or disrupting transmitter release with tetanus

toxin did decrease the mobility of b-neurexins but did not influence the mobility of a-
neurexins (Fu and Huang 2010). The described functions of these two forms of

Neurexins are different and seem to be reflected in the surface dynamic. b-Neurexins
possess a short extrasynaptic domain and bind to postsynaptic neuroligin 1 and

2 involved in the establishment and maintenance of specific synaptic contacts

depending on the splice isoforms (Dalva et al. 2007; Tallafuss et al. 2010). Whereas,

a-neurexins are recognized to organize the number or localization of presynaptic

calcium channels (Missler et al. 2003; Zhang et al. 2005) and have only moderate

binding affinities to neuroligin 2 in GABAergic synapses. The side of interaction

between a-neurexin and N- and P/Q-type channels is still not known. It is conceivable
that the differences in surface mobility could be due to a difference in function of

neurexin isoforms and splice variants in synapse maturation and plasticity. Another

explanation comes from the discovery of new postsynaptic binding partners of

b-neurexins, suggesting a stronger anchoring of b-neurexins due to the multivalent

interactions with other adhesion molecules (de Wit et al. 2009; Ko et al. 2009) or

subunits (a1) of GABAA-receptors (Zhang et al. 2010). The application of SPT to

investigate the mobility of adhesion molecules in the synapse will contribute to the

validation of biochemically identified binding partners and might help to measure

association and dissociation constants in a more physiological cellular environment

(Saint-Michel et al. 2009).

9.6 Conclusions

The molecular noise within biological membranes has been documented as an

important variable for immunological synapses, which have a lifetime of a few

hours at most. The function of neuronal synapses as structural elements for learning

and memory suggests a much more stable organization. However, molecular

lifetime, nonequal distribution of binding partners, activity-driven changes of

binding affinities, and concentrations argue against a rigid structural organization.

The advent of imaging techniques that allow resolving single-molecule level shed

new light in the nm-scale organization of synapses. The combination of such

imaging techniques with physiological assays will clarify the functional impact of

molecular motion in processes like learning and memory. As reviewed here for

AMPAR synaptic transmission and short-term plasticity, initial changes of synaptic

integration in the millisecond time window depend on the mobility of signaling

molecules. Therefore, molecular flexibility, which is partially reflected in the

differential diffusion of transmitter receptors, has a fundamental impact on neuro-

nal network function.
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Chapter 10

Synaptic Protein Degradation in Memory

Reorganization

Bong-Kiun Kaang and Jun-Hyeok Choi

Abstract The ubiquitin-proteasome system (UPS) is a ubiquitous, major pathway

of protein degradation that is involved in most cellular processes by regulating the

abundance of certain proteins. Accumulating evidence indicates a role for the UPS

in specific functions of neurons. In this chapter, we first introduce the role of the

UPS in neuronal function and the mechanism of UPS regulation following synaptic

activity. Then, we focus on the recently revealed, distinct role of the UPS in the

destabilization of a reactivated memory. Finally, we discuss the physiological role

of this destabilization process. The reactivated memory may undergo modification

from the initial memory depending on the context in which the memory is

reactivated, which we will term memory reorganization. We will introduce the

role of the protein degradation–dependent destabilization process for memory

reorganization and suggest a hypothetical model combining the recent findings.
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10.1 Introduction

The ubiquitin-proteasome system (UPS) is a ubiquitous, major pathway of protein

degradation that governs the turnover of proteins, thereby inevitably affecting every

process in which proteins are involved. In the UPS, the small protein ubiquitin is

covalently conjugated to a substrate protein by the serial action of the E1 ubiquitin-

activating enzyme, the E2 ubiquitin-conjugating enzyme, and the E3 ubiquitin

ligase. After a serial reaction to produce a polyubiquitin chain on the substrate,

the polyubiquitinated substrate is directed to a large proteasome complex that

manages the degradation. E3 ubiquitin ligase seems to be the major component

that determines substrate specificity (Fig. 10.1). Emerging evidence indicates the

critical involvement of protein degradation in specialized functions of the neurons.

Ubiquitin-proteasome-dependent degradation is known to play important roles in

the regulation of synaptogenesis and the elimination of synapses in the develop-

ment (DiAntonio et al. 2001; Ding et al. 2007; Liao et al. 2004; Schaefer et al. 2000;

van Roessel et al. 2004; Wan et al. 2000), maintenance, and modulation of

neurotransmission functions (Arancibia-Carcamo et al. 2009; Bedford et al. 2001;

Burbea et al. 2002; Colledge et al. 2003; Dreier et al. 2005; Haas et al. 2007; Juo

and Kaplan 2004; Kato et al. 2005; Patrick et al. 2003; Speese et al. 2003; Tada

et al. 2010; van Roessel et al. 2004; Willeumier et al. 2006; Yao et al. 2007) and the

structural remodeling of the synapse (Cartier et al. 2009; Colledge et al. 2003;

Hoogenraad et al. 2007; Hung et al. 2010; Pak and Sheng 2003). Also, recent findings

indicate that the UPS can be regulated by neuronal activity, suggesting a specific role

for the UPS in plastic changes of synaptic strength (Ehlers 2003; Bingol et al. 2010;

Fig. 10.1 Mechanism of the ubiquitin–proteasome system. Ubiquitin is first conjugated to E1

ubiquitin-activating enzyme (E1) in an ATP-dependent manner. The conjugated ubiquitin is then

transferred to E2 ubiquitin-conjugating enzyme (E2). E3 ubiquitin ligase (E3) recognizes specific

target proteins (substrates) and transfers and conjugates the ubiquitin from E2 to the substrate. E2

and E3 may also transfer the ubiquitin to a previously conjugated ubiquitin. After a serial reaction

to produce a polyubiquitin chain on the substrate, the polyubiquitinated substrate is directed to a

large proteasome complex that manages the degradation
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Colledge et al. 2003; Deng and Lei 2007; Hou et al. 2006; Karpova et al. 2006; Kato

et al. 2005; Pak and Sheng 2003; Patrick et al. 2003; Bingol and Schuman 2006;

Djakovic et al. 2009; Fonseca et al. 2006; Shen et al. 2007).

In accordance with the findings on the role of the UPS in synaptic plasticity

in vitro, recent in vivo studies show an involvement of the UPS in memory (Merlo

and Romano 2007; Artinian et al. 2008; Wood et al. 2005; Lee et al. 2008; Lee

2008; Choi et al. 2010). Some of these findings suggest a distinct role of protein

degradation in a specific step of reconsolidation (Lee et al. 2008; Lee 2008). Nader

and colleagues (Nader et al. 2000) demonstrated that after a memory is retrieved,

the previously consolidated memory becomes “labile” or sensitive to the amnesic

effect of protein synthesis inhibitors, for a certain period of time. This indicates that

the reactivated memory may have undergone an active destabilization process

followed by a restabilization process, and this is termed reconsolidation. The

early studies on reconsolidation focused on the consolidation-like restabilization

process, which is mainly protein synthesis dependent (reviewed in Tronson and

Taylor (2007), Nader and Hardt (2009), Dudai (2006)). However, the destabiliza-

tion process is now demonstrated to rely on ubiquitin-proteasome-dependent deg-

radation (Lee et al. 2008) (for a brief review, see Kaang et al. (2009)).

In this chapter, wewill first discuss the specific role of theUPS in neuronal function

and the mechanism for regulating the UPS following neuronal activity. Then, we will

focus on recent studies exploring the distinct role of protein degradation as a mecha-

nism of destabilization induced by the reactivation of a previously consolidated

memory and also the significance of this process in memory reorganization.

10.2 The Ubiquitin-Proteasome System in Neurons

10.2.1 Regulation of Synapse Formation, Elimination,
and Function by the UPS

Specific genes involved in the UPS are required for axon growth, synapse forma-

tion, and elimination. In C. elegans, Rpm-1, which is a subunit of the SCF ubiquitin

ligase complex, is involved in axon growth and synaptogenesis (Schaefer et al.

2000). A mutant for this gene showed disorganized axon morphologies and presyn-

aptic structures, while these phenotypes were rescued by expressing Rpm-1. FSN-1,

another subunit of the SCF complex in C. elegans, was also shown to be involved in
synapse formation (Liao et al. 2004). In the Drosophila neuromuscular junction

(NMJ), a mutant for Highwire (a Drosophila homologue of Rpm-1) resulted in

synapse outgrowth and expanded the extent of branches and the number of boutons

(Wan et al. 2000). The overexpression of deubiquitinating protease fat facets resulted

in a similar phenotype as the Highwiremutant in theDrosophilaNMJ, suggesting that

synapse formation may be regulated by the balance between positive and negative

regulators of ubiquitination (DiAntonio et al. 2001). APC, another E3 ligase complex,

has also been shown to be involved in synapse formation in the NMJ ofDrosophila by
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regulating the degradation of the scaffold protein liprin-a (van Roessel et al. 2004).

Disrupting the functions of SCF complex subunits SKR-1, Cullin and SEL-10 in C.
elegans also caused defects in synapse elimination. SKR-1-binding protein SYG-1 is

shown to protect synapses from elimination by inhibiting the association between

SKR-1 and SEL-10 (Ding et al. 2007).

There are also studies demonstrating that the UPS modulates presynaptic neuro-

transmission function. In the Drosophila NMJ, the UPS components are shown to

regulate the level of the presynaptic and essential synaptic vesicle-priming protein

DUNC-13. An inhibition of proteasome activity resulted in an accumulation of

DUNC-13 and an increased presynaptic efficacy (Speese et al. 2003). Pharmaco-

logical inhibition of proteasome activity has demonstrated that the UPS also plays

an important role in regulating synaptic transmission in mammalian presynaptic

terminals. Using a fluorescent dye in a hippocampal neuron culture, it was shown

that a 2-hour inhibition of proteasome activity increased the recycling pool of

vesicles by 76%, with no change in the rate or total amount of dye release

(Willeumier et al. 2006). SCRAPPER, a synapse-localized E3 ubiquitin ligase,

was shown to bind and ubiquitinate RIM1, a modulator of presynaptic plasticity.

Neurons from SCRAPPER-knockout mice showed an increased frequency of

miniature excitatory postsynaptic currents that was rescued by the expression of

exogenous SCRAPPER or the knockdown of RIM1 (Yao et al. 2007). A novel

ubiquitin ligase, Fbxo45, selectively expressed in the nervous system, was

demonstrated to regulate neurotransmission, likely by modulating the synaptic

vesicle-priming factor Munc13-1 at the synapse (Tada et al. 2010).

Several studies have demonstrated that the level of GLR-1 glutamate receptor is

regulated by the UPS in C. elegans (Burbea et al. 2002; Dreier et al. 2005; Juo and

Kaplan 2004; van Roessel et al. 2004). By expressing the dominant-negative form of

proteasome subunits postsynaptically in the Drosophila NMJ, it was shown that the

proteasome regulates the abundance of GluRIIB-containing glutamate receptors,

limiting the synaptic strength (Haas et al. 2007). Agonist-induced AMPA receptor

internalization was also regulated by the ubiquitin-proteasome-dependent degrada-

tion of PSD-95 in mammalian neurons (Patrick et al. 2003; Colledge et al. 2003). By

expressing a dominant-negative form of Fbx2 that directs the ubiquitination of NR1

in hippocampal neuron, increased NR1 levels and NMDA receptor currents were

seen in an activity-dependent manner, suggesting that the UPS is involved in the

homeostatic control of synaptic NR1 (Kato et al. 2005). There is also evidence

showing that the level of GABAA receptor, the key receptor for inhibitory transmis-

sion, is regulated by the UPS (Arancibia-Carcamo et al. 2009; Bedford et al. 2001).

Besides the regulation of receptors that directly mediates synaptic transmission,

UPS also regulates the architectural components of the synapse. Serum-inducible

kinase (SNK) was induced in hippocampal neurons by synaptic activity and was

targeted to dendritic spines. Then SNK phosphorylated spine-associated Rap gua-

nosine triphosphatase–activating protein (SPAR, a postsynaptic actin regulatory

protein), which was then subjected to ubiquitin-proteasome-dependent degradation,

thereby affecting the morphological change in the spines. The activation of SNK

was dependent on the activities of the NMDA receptor, the AMPA receptor, and the
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L-type voltage-gated calcium channel (LVGCC) (Pak and Sheng 2003). The

activity of ubiquitin C-terminal hydrolase L1 (UCH-L1), a deubiquitinating

enzyme, was rapidly regulated by NMDA receptor activation, affecting the synaptic

protein distribution and spine morphology, size, and density, indirectly showing

that the UPS is involved in activity-dependent structural remodeling (Cartier et al.

2009). Also, scaffolding proteins such as Shank, GKAP, AKAP79/150, PSD-95, and
liprin-a have been demonstrated to be regulated by the UPS in an activity-depen-

dent manner (Ehlers 2003; Colledge et al. 2003; Hoogenraad et al. 2007). Among

these proteins, the specific E3 ligases for GKAP and PSD-95 were identified as

TRIM3 and Mdm2, respectively (Colledge et al. 2003; Hung et al. 2010). Given the

role of these scaffolding proteins in mediating multiple protein-protein interactions

in synapse architecture and function, the UPS may be one of the pathways

regulating activity-driven synapse remodeling.

10.2.2 Synaptic Activity–Dependent Regulation of the UPS

Long-lasting synaptic plasticity requires the incorporation of newly synthesized

proteins. Protein degradation provides another mechanism for regulating the protein

profile in activated neurons. Chronic inhibition or upregulation of synaptic activity in

cultured neurons results in a changed protein profile: the levels of some proteins

increase with the upregulation of activity and decrease upon the inhibition of activity,

some are inversely regulated, and some are maintained at stable levels (Ehlers 2003).

Some of the changes in synapse structure and function mediated by the UPS, as

mentioned in the previous section, were induced in an activity-dependent manner

(Colledge et al. 2003; Patrick et al. 2003;Kato et al. 2005; Pak and Sheng 2003;Cartier

et al. 2009). In addition, the UPS also modulates rapid, activity-induced plasticity,

long-term potentiation (LTP), and long-term depression (LTD) (Hou et al. 2006;

Colledge et al. 2003; Fonseca et al. 2006; Karpova et al. 2006; Deng and Lei 2007).

Polyribosomes are transported to dendritic spines during LTP, and there is a

body of evidence showing that proteins are locally synthesized in the activated sites

(Aakalu et al. 2001; Ostroff et al. 2002; Pfeiffer and Huber 2006). Similar to this

local protein synthesis, several studies demonstrated that proteasomes are

transported from the dendritic shaft to the synaptic spines after synaptic activity,

suggesting the possibility of local protein degradation (Bingol and Schuman 2006;

Shen et al. 2007; Bingol et al. 2010). Synaptic activity enhanced the proteasome

entry rate by ~1.5-fold while dramatically reducing the exit rate by at least sixfold,

likely induced by an association with the actin cytoskeleton (Bingol and Schuman

2006). Another report has shown that NAC1, a cocaine-regulated transcriptional

protein that associates with subunits of the proteasome complex, is cotranslocated

with the proteasome from the nucleus into the dendritic spines by enhanced

synaptic activity (Shen et al. 2007). Translocation of the proteasome can be blocked

either by the depletion of NAC1 or by the expression of a dominant-negative

mutant lacking the proteasome binding domain. A recent report demonstrated that
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calcium-/calmodulin-dependent protein kinase IIa (CaMKIIa) acts as a scaffold

responsible for the activity-dependent translocation of the proteasome to dendritic

spines (Bingol et al. 2010). CaMKIIa showed a biochemical association with the

proteasome in the brain and also showed colocalization with the proteasome in a

hippocampal culture. Activity-dependent translocation of CaMKIIa in hippocam-

pal culture was necessary and sufficient for the translocation of the proteasome.

This process required autophosphorylation of CaMKIIa, while kinase activity itself
was not necessary. This evidence supports the possibility of activity-dependent

local protein degradation, which may serve as one of the mechanisms controlling

the local protein composition at synapses after stimulation (Fig. 10.2).

Fig. 10.2 Regulation of the UPS by synaptic activity. Roughly three pathways that affect protein

degradation are regulated by synaptic activity. When there is a synaptic activity, NMDA receptors

and LVGCCs are activated, resulting in an influx of external calcium ions. These calcium ions in

turn activate CaMKII, which may then phosphorylate a proteasome complex subunit, thereby

upregulating general proteasome activity. Autophosphorylated CaMKII also works as a scaffold

for the translocation of the proteasome from the dendritic shaft to the synaptic spines. As

postsynaptic proteins seem to be differentially regulated by neuronal activity in vitro or by

retrieval in vivo, another pathway should regulate this target-specific differential turnover ratio.

Although the upstream members of this pathway are not well characterized, the pathway is likely

to involve regulation of either target tagging or specific E3 ligases’ activity, which governs the

target-specific protein degradation by regulating polyubiquitination. For example, SNK

phosphorylates a specific protein SPAR, leading to the degradation of this protein. This process

is dependent on NMDA receptor and LVGCC. Deubiquitination, an opposite process of

ubiquitination, is also regulated by synaptic activity. UCH-L1 is a deubiquitinating enzyme

regulated by NMDA receptor activation
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A recent study revealed one of the upstream pathways that may regulate neuro-

nal activity-induced proteasome stimulation (Djakovic et al. 2009). Blockade or

upregulation of neuronal activity induced rapid inhibition or enhancement of

proteasome activity, respectively. This regulation of proteasome activity is depen-

dent on NMDA receptors and LVGCCs and also requires CaMKII activity, which

phosphorylates a subunit of the proteasome complex, Rpt6. As external calcium

entry and CaMKII activation are crucial molecular requirements for synaptic

plasticity, the regulation of proteasome activity by this pathway may provide a

mechanism for remodeling the synaptic composition and strength via protein

degradation. However, as many synaptic molecules are differentially regulated,

i.e., some are increased by an upregulation of activity, while others are decreased

(Ehlers 2003), there should be mechanisms to differentially regulate the degrada-

tion of each protein, probably by differentially regulating various E3 ligases. This

synaptic activity–induced regulation of specific E3 ligases is largely unknown so

far (Fig. 10.2).

10.3 Role of the UPS in the Destabilization of Retrieved

Memory

10.3.1 Protein Degradation as a Mechanism of Postretrieval
Destabilization

Recently, Lee et al. suggested protein degradation as a mechanism of destabilizing

memory after it is activated (Lee et al. 2008). Overall, polyubiquitination of

synaptic proteins in the hippocampus was specifically increased after the retrieval

of consolidated contextual fear conditioning, which induces protein synthesis–
dependent reconsolidation. As polyubiquitination is a key step of the ubiquitin-

proteasome-dependent protein degradation pathway, this result suggests that total

ubiquitin-proteasome-dependent protein degradation of synaptic proteins is

increased under this condition. This result is in accordance with reports showing

that activity regulates postsynaptic protein composition through the ubiquitin-

proteasome system mentioned in the previous section (Ehlers 2003), likely

providing a mechanism for the activity-driven functional reorganization of

synapses in culture systems.

The retrieval-induced degradation of synaptic proteins seems to be target spe-

cific. For example, the polyubiquitination of specific synaptic proteins, including

Shank and GKAP, was increased, whereas that of PSD-95 was stable. This pattern

resembles the results acquired in culture systems. Notably, the endogenous level of

Shank in the synaptosomal fraction of the hippocampus decreased after retrieval,

reaching the lowest level 2 h after retrieval and recovering to basal levels at 6 h after

retrieval. This retrieval-induced decrease in the endogenous Shank level was
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blocked by clasto-lactacystin-b-lactone (b-lactone), a specific proteasome inhibi-

tor, strongly suggesting that specific synaptic proteins are destabilized after

retrieval through the ubiquitin-proteasome-dependent degradation pathway.

The inhibition of proteasome activity in the hippocampus after retrieval seems to

prevent the destabilization of memory. Postretrieval anisomycin treatment leads to

impairment of the previously formed memory. However, local treatment of

proteasome inhibitor b-lactone along with anisomycin in the hippocampus after

the retrieval of contextual fear memory prevented the amnesic effect of anisomycin.

b-lactone treatment alone did not affect memory. These results suggest that

ubiquitin-proteasome-dependent protein degradation underlies the destabilization

of a previously formed memory after it is retrieved. On the other hand, b-lactone
treatment immediately after conditioning did not prevent the amnesic effect of

anisomycin on consolidation. This result demonstrates that b-lactone does not have
a critical role in the consolidation process of this fear memory and that the effect of

b-lactone cannot be attributed to a direct compensation of the effects of anisomycin.

This supports the hypothesis that protein degradation plays a critical role in the

destabilization of previously formed memories after retrieval, rather than in the

consolidation-like restabilization process. However, another study demonstrated

that both consolidation and reconsolidation of spatial memory in a water maze task

were impaired by the inhibition of proteasome activity (Artinian et al. 2008), and

the consolidation of learning in the crab Chasmagnathuswas also interfered with by
UPS inhibition (Merlo and Romano 2007). These indicate that the involvement of

proteasome-dependent degradation may differ between species and memory types.

There are also reports suggesting a critical role for proteasome activity in LTP

(Karpova et al. 2006; Fonseca et al. 2006), though the treatment of proteasome

inhibitor started more than 30 min before LTP induction and might possibly have

affected the protein profile before the induction of LTP (which is different from the

research of Lee et al., where the drug was injected after the memory task) (Lee et al.

2008). It is also possible that the effect of proteasome inhibition on consolidation

was simply not detected in the relatively strong conditioning protocol in the

research of Lee et al. Meanwhile, the involvement of the UPS in LTD might have

some relationship with the role of the UPS in the destabilization of reactivated

memory (Colledge et al. 2003; Deng and Lei 2007; Hou et al. 2006). This destabi-

lization process shows a similar outcome as depotentiation, the reversal of potenti-

ation that shares some mechanisms with LTD.

10.3.2 Molecules Involved in Postretrieval Destabilization

Several molecules, including the NMDA receptor, are also involved in the destabi-

lization of reactivated memory (Ben Mamou et al. 2006). NMDA receptor antago-

nist AP5, as well as NR2B selective inhibitor ifenprodil, locally applied in the

amygdala before the retrieval of cued fear conditioning prevented the amnesic

effect of postretrieval anisomycin injection. On the other hand, AMPA receptor
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antagonist CNQX did not interfere with the blocking effect of anisomycin. How-

ever, several studies have shown that the NMDA receptor antagonist itself has an

amnesic effect when the previously formed memory is retrieved (Brown et al. 2008;

Itzhak 2008; Lee and Everitt 2008; Milton et al. 2008; Suzuki et al. 2004;

Lee et al. 2006). Systemic treatment with the NMDA antagonist MK-801 produced

an amnesic effect on the reconsolidation of contextual and cued fear conditioning,

odor-reward association, and drug-associated memories. Intra-amygdala NMDA

receptor antagonism by AP5 also prevented the reconsolidation of drug-associated

memory. These results demonstrate that the effect of NMDA receptor inhibition

differs among various memory paradigms and treatment methods and also that

NMDA receptors may be required for the restabilization of destabilized memory

under certain conditions.

LVGCC and central cannabinoid receptor 1 (CB1 receptor) are also involved in

the destabilization of reactivated contextual fear memory (Suzuki et al. 2008).

Systemic and hippocampal treatments of LVGCC or CB1 receptor inhibitors

prevented the amnesic effect of anisomycin after the retrieval of contextual fear

memory. Systemic blockade of LVGCCs also protected reactivated memories

against the amnesic effects of CREB activity inhibition. As LVGCCs and CB1

receptors are also required for memory extinction (Suzuki et al. 2004, 2008), there

may be overlap between the initial destabilization mechanisms during

reconsolidation and extinction.

These molecules may work as upstream factors in the protein degradation

pathway after memory is reactivated. As mentioned in the previous section,

NMDA receptor and LVGCC-dependent external calcium entry, and the resulting

activation of CaMKII, constitute a pathway that regulates proteasome activity

in vitro (Djakovic et al. 2009). Autophosphorylation of CaMKIIa and its transloca-

tion are also responsible for the regulation of proteasome translocation. Studies of

the relationships among these molecules and the protein degradation induced by

memory reactivation are required to fully understand the mechanism of destabili-

zation induced by memory reactivation.

10.4 Memory Reorganization

10.4.1 Weakening the Reactivated Memory

Although memory can be stably stored for a long time, it sometimes has to be

updated as circumstances change. The idea that reconsolidation may be an updating

mechanism was hypothesized years ago (Dudai and Eisenberg 2004), and

accumulating evidence suggests that this is indeed the case (Garcia-DeLaTorre

et al. 2009; Lee 2008; Lee et al. 2008; Morris et al. 2006; Rodriguez-Ortiz et al.

2005; Rodriguez-Ortiz et al. 2008; Rossato et al. 2007; Winters et al. 2009).
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The idea that reconsolidation is required for reorganization assumes that new

information is incorporated during the labile state, leading to the stabilization of

new information together with restabilization of the reactivated initial memory.

Although there are some differences between the restabilization process of the

reactivated memory and the consolidation process of the initially encoded memory,

these two share many molecular mechanisms. The pharmacological treatments that

can block restabilization of the reactivated memory usually also block the consoli-

dation of a new memory. Even if these treatments block the incorporation of new

information after the previously formed memory is reactivated, the results can be

interpreted as the inhibition of either the independent consolidation of new infor-

mation or the reconsolidation-based updating mechanism. Furthermore, even if

there were treatments that exclusively impaired reconsolidation, such treatments

would also lead to impaired initial memory. As the new information is related to the

initial memory, it is hard to determine whether the incorporation of new informa-

tion is actually impaired or whether it is simply not expressed due to an impairment

of the initial memory that may be required for the expression of the updated

component. Pioneering studies of the destabilization mechanism after the reactiva-

tion of a previously formed memory have provided a breakthrough regarding the

role of reconsolidation as an updating mechanism. If the destabilization process is

critical for the incorporation of the new information into the previously formed

memory, pharmacological treatments that block the destabilization of the

reactivated memory should impair the updating procedure while preserving the

previous memory.

The strength of a previously formed memory may be weakened as one realizes

that the memory of the initial situation is no longer valid. Extinction is an example

of this kind of learning paradigm. In extinction of classical conditioning, for

example, the subjects are extensively exposed to the conditioned stimulus (CS)

without unconditioned stimulus (US), leading to a weaker conditioned response

(CR) to the CS (Fig. 10.3a). This type of learning paradigm may be considered the

modification and reorganization of the original memory in conjunction with the

new information, i.e., that the CS is no longer associated with the US. In the paper

reporting protein degradation as a mechanism of destabilization in reactivated

memory, Lee et al. also confirmed that blocking protein degradation results in

impaired contextual fear memory extinction (Lee et al. 2008). Local treatment

with protein degradation inhibitors in the hippocampus after the extinction

trial blocked the decrement of freezing the next day, whereas the vehicle group

showed normal memory extinction. This result indicates that protein degradation–
dependent destabilization of the reactivatedmemory is required for further reorgani-

zation or specifically for weakening of the initial memory. Similar results were

found when considering the putative upstream molecules of destabilization, the

LVGCCs and CB1 receptors (Suzuki et al. 2008). Other than their role in destabili-

zation within the reconsolidation process, these molecules are also required for

extinction (Suzuki et al. 2004; Suzuki et al. 2008). These results are in accordance

with the findings on protein degradation inhibition, although the possibility remains

that these molecules have unique roles in extinction learning.
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Although reconsolidation and extinction have been considered distinct processes

thus far, the results described above demonstrate that reconsolidation and extinction

share a common molecular mechanism, at least in the initial stages after the

reactivation of the memory. Based on this interpretation, it may be possible to

consider reconsolidation and extinction under a unified model in the reorganization

of preexisting memory. After the consolidated memory is reactivated, it undergoes

a destabilization process, which involves active degradation of scaffolding proteins

such as Shank and GKAP in the spines, followed by restabilization either to recover

the initial memory (reconsolidation) via protein synthesis or to maintain the

destabilized state (extinction) with either minimal protein synthesis or active

suppressive memory formation. Although some reports support the “unlearning”

paradigm of extinction (Kim et al. 2007, 2009), active relearning of the CS-“no US”

association (which is dependent on protein synthesis) is also a well-known

Fig. 10.3 A model for memory reorganization – strengthening, maintaining, and weakening. (a)
Cartoons of the behavioral scheme used to reveal the mechanism underlying memory

strengthening, maintaining, and weakening. After the original contextual fear conditioning, the

memory is reactivated in various situations. In the scheme for memory strengthening, the animal

receives an additional US shock. In the scheme for memory maintaining, it is exposed to the

training context (CS) for a few minutes. In the scheme for memory weakening, it is repeatedly

exposed to the training context (CS). Drugs are applied after memory reactivation, and the memory

level is tested on the next day. (b) The diagram represents the state of the memory during the

strengthening, maintaining, and weakening of the consolidated memory. Although the diagrams

are shown with a single synapse, note that this is a simple symbolic representation
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mechanism of extinction (reviewed in (Lattal et al. 2006; Quirk and Mueller 2008)).

It is not yet clear whether the protein degradation–dependent destabilization
process is the initial part of either the unlearning or the relearning mechanism of

extinction. It is also possible that different independent mechanisms cooperatively

work toward the result of extinction.

10.4.2 Strengthening the Reactivated Memory

In some learning paradigms, one learning trial leads to robust memory that can be

saturated, but in most cases, repeated learning leads to a gradual strengthening of

memory. Several experiments utilized this gradual strengthening of memory to

demonstrate that reconsolidation occurs when there is new information. Additionally,

several studies have indicated that the application of certain drugs during

reconsolidation can enhance the strength of memory, suggesting that reconsolidation

can be potentially associated with an increase in memory strength (Lee et al. 2006;

Tronson et al. 2006). However, these studies do not provide direct evidence for the

hypothesis that the reconsolidation process is required for updating and increasing

memory strength.

Following the report that protein degradation underlies the weakening of

reactivated memory, another study demonstrated that destabilization of

reactivated memory is also required for the strengthening of contextual fear

memory (Lee 2008). The author first demonstrated that contextual fear memory

can be further strengthened by repeated conditioning with a relatively weak,

aversive US (Fig. 10.3a). Given that the consolidation and reconsolidation of

contextual fear have different molecular requirements (Lee et al. 2004),

Lee showed that the strengthening of a consolidated memory that occurs upon

second training does not match the molecular mechanism of consolidation, as the

treatment that has an amnesic effect exclusively upon consolidation had no effect.

The author also demonstrated that a treatment that has an amnesic effect exclu-

sively on reconsolidation could impair the strengthening as well as the reactivated

memory. However, the amnesic treatment of reconsolidation impairs and ablates

the original reactivated memory and thus also impairs strengthening, no matter

whether the strengthening mechanism actually relies on reconsolidation. To

more directly demonstrate the requirement for the reconsolidation mechanism

in memory strengthening, the author locally applied a protein degradation
inhibitor to the hippocampus after the second training. If protein degradation–
dependent destabilization was required to strengthen the reactivated memory, the

protein degradation inhibitor would block further enhancement of the memory,

leaving it at the level of initially consolidated memory. This was what the author

observed (Lee 2008).
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10.4.3 Hypothetical Model for Memory Reorganization

The fact that strengthening reactivated memories requires protein degradation–
dependent destabilization, together with the evidence that reconsolidation and

extinction partly share a common mechanism, indicates that the maintenance,

weakening, and strengthening of a reactivated original memory may be interpreted

under a unified model of reorganization (Fig. 10.3b). After a memory is

consolidated, it can be retrieved by certain situations that include one or more

components related to the original memory. These situations may be quite diverse

and can determine the fate of the retrieved memory. In some cases, the memory

seems to be maintained without being reactivated. When the memory retrieval is

very brief, or when the memory is saturated by overtraining, it is not susceptible to

the amnesic effect of protein synthesis inhibitors, even though the memory is well

retrieved (Suzuki et al. 2004; Rodriguez-Ortiz et al. 2005, 2008; Garcia-DeLaTorre

et al. 2009; Wang et al. 2009). On the other hand, when a memory, usually

unsaturated, is retrieved for more than a very brief period, it can be reactivated

and reorganized. The reactivated memory first becomes destabilized by a mecha-

nism that is likely initiated by the NMDA receptor, LVGCC, or CB1 receptor and

involves protein degradation. The fate of the destabilized memory depends on the

incoming information specific to the situation. In cases where the original memory

is no longer valid, the destabilized memory will either passively remain in a

destabilized state or the extinction information will be actively encoded, weakening

the memory. In cases where the original memory should be strengthened by

additional training, the destabilized memory is restabilized into a stronger memory.

Finally, in cases where there is no additional training, but there is not sufficient

information to conclude that the original memory is no longer valid, the

destabilized memory is restabilized to a similar level as the original memory.

The underlying molecular pathway of this reorganization mechanism is still

under investigation. The destabilization process seems to be initiated by activation

of NMDA receptors, LVGCC, and CB1 receptors (Suzuki et al. 2008; Ben Mamou

et al. 2006). The UPS seems to have a critical role in this process, though the direct

links of the upstream molecules have not been demonstrated in vivo. In vitro studies
show the possibility that NMDA receptors and LVGCC can activate CaMKII,

which in turn activates and translocates the proteasome to the synaptic spines

along with the autophosphorylated CaMKII (Bingol et al. 2010; Bingol and

Schuman 2006). The increase of degradation in the synaptosomal fraction can be

well explained by this pathway (Lee et al. 2008). However, the pathway that links

synaptic activity to the specificity of the substrate for degradation is unknown. Two

substrates demonstrated to be actively degraded during the destabilization step are

Shank and GKAP, both of which have been proven to be regulated by synaptic

activity in vitro (Ehlers 2003), where GKAP is especially ubiquitinated by TRIM3

ubiquitin ligase (Hung et al. 2010). Given the role of these proteins as scaffolding

proteins of the synaptic spine, in which Shank specifically acts as a “master”

scaffolding protein that holds together intermediate scaffolding proteins such as
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GKAP and PSD-95, and also considering the fact that the UPS is involved in

activity-dependent synaptic remodeling (Pak and Sheng 2003; Cartier et al.

2009), it seems that during reconsolidation, reactivated synapses undergo synaptic

remodeling, first being disassembled during the destabilization step and then

being recovered to a state similar to the initial one or becoming stabilized as a

modified state. This process might accompany morphological changes as well.

Restabilization is basically protein synthesis dependent and shares many molecular

Fig. 10.4 A model for memory reorganization – synaptic remodeling. (a) Structure of a synapse
encoding memory. (b) When the memory is reactivated, NMDA receptor and LVGCC are opened,

allowing calcium influx to the spine. These calcium ions activate CaMKII, which then

phosphorylates the proteasome to increase the activity. The activated CaMKII may undergo

autophosphorylation and can associate with and translocate the proteasome from the dendritic

shaft to the spine. Meanwhile, target proteins are polyubiquitinated by the specific action of E3

ligases and other proteins. The known proteins that undergo polyubiquitination after memory

reactivation are Shank and GKAP, as indicated. (c) The recruited active proteasomes degrade

these specifically polyubiquitinated targets. Since the targets here are scaffolding proteins, it is

a likely consideration that this spine undergoes structural remodeling. (d) A protein synthesis–

dependent process restabilizes the synapse either to a state similar to the initial state or to a

modified state

234 B.-K. Kaang and J.-H. Choi



mechanisms with the original consolidation, although some differences exist. The

process of restabilization may be the key step that governs the fate of the memory

(Fig. 10.4). The reorganization process investigated so far is focused on the

postsynaptic site. The role of protein degradation on the presynaptic site is largely

unknown.

The model here is based on the reorganization of memory strength. However, it

is noteworthy that there are other types of reorganization where the memory content

is changed rather than the quantitative extent of the memory. A recent study

demonstrated that partial modification of an object-place associative memory

requires both protein synthesis and degradation (Choi et al. 2010). One day after

the animal had initially formed object-place associative memory for four objects

placed in a context, it was exposed to a context where two of the objects positions

were changed. Without any treatment, the animal would reorganize the initial

memory in order to learn the changed position of the objects. However, when either

a protein synthesis inhibitor or a proteasome inhibitor was treated right after the

second exposure, the animal could not appropriately reorganize the memory.

Although more research is required to clearly reveal the memory reorganization

process in this situation, the requirement of both protein synthesis and degradation

matches the suggested model.

10.5 Conclusions and Future Directions

As for many basic cellular processes, neuronal functions are also under the influ-

ence of the UPS. Recent studies indicate that the UPS can be regulated in response

to synaptic activity, suggesting a role for the UPS in synaptic plasticity and

memory. The role of protein degradation in the destabilization step of recon-

solidation shows that the UPS may serve a very specific role, more than simply

maintaining proteins at an appropriate level.

Since reconsolidation was first demonstrated, many studies have focused on the

mechanism of the restabilization step of the full process. However, the destabili-

zation that occurs prior to restabilization is also a unique and important process.

Recent studies focusing on the destabilization process of reactivated memory have

not only revealed the underlying mechanism of this process but also given insight

into important aspects of the fate of reactivated memory. In contrast to the protein
synthesis–dependent restabilization process, destabilization of reactivated memory

seems to be dependent on protein degradation. There are several molecules that

may work in a putative upstream pathway to regulate protein degradation. As

synaptic protein turnover rates are differentially regulated by neuronal activity,

more studies are required to elucidate the target-specific regulation of each protein.

Using a proteasome inhibitor as a tool to block destabilization of reactivated

memory, it was shown that this reactivation-induced destabilization is required

for the reorganization of the reactivated memory, a process that includes

maintaining, weakening, and strengthening the memory. These results suggest a
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unified model of reorganization, beginning with the destabilization of reactivated

memory and followed by stabilization of appropriate information, depending on the

situation.

The studies based on culture systems and molecular analyses after behavioral

processes suggest that the protein degradation–based mechanism may work on a

synaptic level. However, there is no direct evidence as to whether each synapse that

is involved in the memory behaves according to the memory state, i.e., destabiliza-

tion followed by restabilization, which is an important issue. Another important

issue is whether this protein degradation–dependent reorganization mechanism can

be applied to systems-level changes such as systems consolidation and systems

reconsolidation (Debiec et al. 2002; Frankland and Bontempi 2005). More studies

are required to reveal the details of the mechanism and also to apply studies on

in vitro systems to the in vivo destabilization process. Studies utilizing more

selective targeting of a specifically regulated proteasome function would also be

valuable compared to those using a general, pharmacological inhibition of

proteasome activity. It is also important to determine the range of memory tasks

and animal models to which this model can be applied.

Acknowledgments This work was supported by the National Creative Research Initiative

Program and WCU program of the Korean Ministry of Science and Technology.

References

Aakalu, G., Smith, W. B., Nguyen, N., Jiang, C., & Schuman, E. M. (2001). Dynamic visualization

of local protein synthesis in hippocampal neurons. Neuron, 30(2), 489–502. doi:S0896-6273
(01)00295-1 [pii].

Arancibia-Carcamo, I. L., Yuen, E. Y., Muir, J., Lumb, M. J., Michels, G., Saliba, R. S., Smart, T. G.,

Yan, Z., Kittler, J. T., & Moss, S. J. (2009). Ubiquitin-dependent lysosomal targeting of

GABA(A) receptors regulates neuronal inhibition. Proceedings of the National Academy of
Sciences of the United States of America, 106(41), 17552–17557. doi:0905502106 [pii]

10.1073/pnas.0905502106.

Artinian, J., McGauran, A. M., De Jaeger, X., Mouledous, L., Frances, B., & Roullet, P. (2008).

Protein degradation, as with protein synthesis, is required during not only long-term spatial

memory consolidation but also reconsolidation. The European Journal of Neuroscience, 27
(11), 3009–3019. doi:EJN6262 [pii] 10.1111/j.1460-9568.2008.06262.x.

Bedford, F. K., Kittler, J. T., Muller, E., Thomas, P., Uren, J. M., Merlo, D., Wisden, W., Triller, A.,

Smart, T. G., & Moss, S. J. (2001). GABA(A) receptor cell surface number and subunit

stability are regulated by the ubiquitin-like protein Plic-1. Nature Neuroscience, 4(9),
908–916. doi:10.1038/nn0901-908 nn0901-908 [pii].

Ben Mamou, C., Gamache, K., & Nader, K. (2006). NMDA receptors are critical for unleashing

consolidated auditory fear memories. Nature Neuroscience, 9(10), 1237–1239. doi:nn1778
[pii] 10.1038/nn1778.

Bingol, B., & Schuman, E. M. (2006). Activity-dependent dynamics and sequestration of

proteasomes in dendritic spines. Nature, 441(7097), 1144–1148. doi:nature04769 [pii]

10.1038/nature04769.

236 B.-K. Kaang and J.-H. Choi

http://dx.doi.org/S0896-6273(01)00295-1 [pii]
http://dx.doi.org/S0896-6273(01)00295-1 [pii]
http://dx.doi.org/0905502106 [pii] 10.1073/pnas.0905502106
http://dx.doi.org/0905502106 [pii] 10.1073/pnas.0905502106
http://dx.doi.org/EJN6262 [pii] 10.1111/j.1460-9568.2008.06262.x
http://dx.doi.org/10.1038/nn0901-908 nn0901-908 [pii]
http://dx.doi.org/nn1778 [pii] 10.1038/nn1778
http://dx.doi.org/nn1778 [pii] 10.1038/nn1778
http://dx.doi.org/nature04769 [pii] 10.1038/nature04769
http://dx.doi.org/nature04769 [pii] 10.1038/nature04769


Bingol, B., Wang, C. F., Arnott, D., Cheng, D., Peng, J., & Sheng, M. (2010). Autophosphorylated

CaMKIIalpha acts as a scaffold to recruit proteasomes to dendritic spines. Cell, 140(4),
567–578. doi:S0092-8674(10)00059-0 [pii] 10.1016/j.cell.2010.01.024.

Brown, T. E., Lee, B. R., & Sorg, B. A. (2008). The NMDA antagonist MK-801 disrupts

reconsolidation of a cocaine-associated memory for conditioned place preference but not for

self-administration in rats. Learning and Memory, 15(12), 857–865. doi:15/12/857 [pii]

10.1101/lm.1152808.

Burbea, M., Dreier, L., Dittman, J. S., Grunwald, M. E., & Kaplan, J. M. (2002). Ubiquitin

and AP180 regulate the abundance of GLR-1 glutamate receptors at postsynaptic elements in

C. elegans. Neuron, 35(1), 107–120. doi:doi:S0896627302007493 [pii].

Cartier, A. E., Djakovic, S. N., Salehi, A., Wilson, S. M., Masliah, E., & Patrick, G. N. (2009).

Regulation of synaptic structure by ubiquitin C-terminal hydrolase L1. The Journal of Neuro-
science, 29(24), 7857–7868. doi:29/24/7857 [pii] 10.1523/JNEUROSCI.1817-09.2009.

Choi, J. H., Kim, J. E., & Kaang, B. K. (2010). Protein synthesis and degradation are required for

the incorporation of modified information into the pre-existing object-location memory.

Molecular Brain, 3, 1. doi:1756-6606-3-1 [pii] 10.1186/1756-6606-3-1.

Colledge, M., Snyder, E. M., Crozier, R. A., Soderling, J. A., Jin, Y., Langeberg, L. K., Lu, H.,

Bear, M. F., & Scott, J. D. (2003). Ubiquitination regulates PSD-95 degradation and AMPA

receptor surface expression. Neuron, 40(3), 595–607. doi:S0896627303006871 [pii].

Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in the

hippocampus. Neuron, 36(3), 527–538. doi:S0896627302010012 [pii].

Deng, P. Y., & Lei, S. (2007). Long-term depression in identified stellate neurons of juvenile rat

entorhinal cortex. Journal of Neurophysiology, 97(1), 727–737. doi:01089.2006 [pii] 10.1152/
jn.01089.2006.

DiAntonio, A., Haghighi, A. P., Portman, S. L., Lee, J. D., Amaranto, A. M., & Goodman, C. S.

(2001). Ubiquitination-dependent mechanisms regulate synaptic growth and function. Nature,
412(6845), 449–452. doi:10.1038/35086595 35086595 [pii].

Ding, M., Chao, D., Wang, G., & Shen, K. (2007). Spatial regulation of an E3 ubiquitin ligase

directs selective synapse elimination. Science, 317(5840), 947–951. doi:1145727 [pii]

10.1126/science.1145727.

Djakovic, S. N., Schwarz, L. A., Barylko, B., DeMartino, G. N., & Patrick, G. N. (2009).

Regulation of the proteasome by neuronal activity and calcium/calmodulin-dependent protein

kinase II. The Journal of Biological Chemistry, 284(39), 26655–26665. doi:M109.021956 [pii]

10.1074/jbc.M109.021956.

Dreier, L., Burbea, M., & Kaplan, J. M. (2005). LIN-23-mediated degradation of beta-catenin

regulates the abundance of GLR-1 glutamate receptors in the ventral nerve cord of C. elegans.
Neuron, 46(1), 51–64. doi:doi:S0896-6273(05)00161-3 [pii] 10.1016/j.neuron.2004.12.058.

Dudai, Y. (2006). Reconsolidation: The advantage of being refocused. Current Opinion in
Neurobiology, 16(2), 174–178. doi:S0959-4388(06)00035-3 [pii] 10.1016/j.conb.2006.03.010.

Dudai, Y., & Eisenberg, M. (2004). Rites of passage of the engram: Reconsolidation and the

lingering consolidation hypothesis. Neuron, 44(1), 93–100. doi:10.1016/j.neuron.2004.09.003
S0896627304005720 [pii].

Ehlers, M. D. (2003). Activity level controls postsynaptic composition and signaling via

the ubiquitin-proteasome system. Nature Neuroscience, 6(3), 231–242. doi:10.1038/nn1013
nn1013 [pii].

Fonseca, R., Vabulas, R. M., Hartl, F. U., Bonhoeffer, T., & Nagerl, U. V. (2006). A balance of

protein synthesis and proteasome-dependent degradation determines the maintenance of LTP.

Neuron, 52(2), 239–245. doi:S0896-6273(06)00637-4 [pii] 10.1016/j.neuron.2006.08.015.

Frankland, P. W., & Bontempi, B. (2005). The organization of recent and remote memories.

Nature Reviews Neuroscience, 6(2), 119–130. doi:nrn1607 [pii] 10.1038/nrn1607.

Garcia-DeLaTorre, P., Rodriguez-Ortiz, C. J., Arreguin-Martinez, J. L., Cruz-Castaneda, P., &

Bermudez-Rattoni, F. (2009). Simultaneous but not independent anisomycin infusions in

10 Synaptic Protein Degradation in Memory Reorganization 237

http://dx.doi.org/S0092-8674(10)00059-0 [pii] 10.1016/j.cell.2010.01.024
http://dx.doi.org/15/12/857 [pii] 10.1101/lm.1152808
http://dx.doi.org/15/12/857 [pii] 10.1101/lm.1152808
http://dx.doi.org/doi:S0896627302007493 [pii]
http://dx.doi.org/29/24/7857 [pii] 10.1523/JNEUROSCI.1817-09.2009
http://dx.doi.org/1756-6606-3-1 [pii] 10.1186/1756-6606-3-1
http://dx.doi.org/S0896627303006871 [pii]
http://dx.doi.org/S0896627302010012 [pii]
http://dx.doi.org/01089.2006 [pii] 10.1152/jn.01089.2006
http://dx.doi.org/01089.2006 [pii] 10.1152/jn.01089.2006
http://dx.doi.org/10.1038/35086595 35086595 [pii]
http://dx.doi.org/1145727 [pii] 10.1126/science.1145727
http://dx.doi.org/1145727 [pii] 10.1126/science.1145727
http://dx.doi.org/M109.021956 [pii] 10.1074/jbc.M109.021956
http://dx.doi.org/M109.021956 [pii] 10.1074/jbc.M109.021956
http://dx.doi.org/doi:S0896-6273(05)00161-3 [pii] 10.1016/j.neuron.2004.12.058
http://dx.doi.org/S0959-4388(06)00035-3 [pii] 10.1016/j.conb.2006.03.010
http://dx.doi.org/10.1016/j.neuron.2004.09.003 S0896627304005720 [pii]
http://dx.doi.org/10.1016/j.neuron.2004.09.003 S0896627304005720 [pii]
http://dx.doi.org/10.1038/nn1013 nn1013 [pii]
http://dx.doi.org/10.1038/nn1013 nn1013 [pii]
http://dx.doi.org/S0896-6273(06)00637-4 [pii] 10.1016/j.neuron.2006.08.015
http://dx.doi.org/nrn1607 [pii] 10.1038/nrn1607


insular cortex and amygdala hinder stabilization of taste memory when updated. Learning and
Memory, 16(9), 514–519. doi:16/9/514 [pii] 10.1101/lm.1356509.

Haas, K. F., Miller, S. L., Friedman, D. B., & Broadie, K. (2007). The ubiquitin-proteasome

system postsynaptically regulates glutamatergic synaptic function. Molecular and Cellular
Neuroscience, 35(1), 64–75. doi:S1044-7431(07)00027-9 [pii] 10.1016/j.mcn.2007.02.002.

Hoogenraad, C. C., Feliu-Mojer, M. I., Spangler, S. A., Milstein, A. D., Dunah, A. W., Hung, A. Y.,

& Sheng, M. (2007). Liprinalpha1 degradation by calcium/calmodulin-dependent protein kinase

II regulates LAR receptor tyrosine phosphatase distribution and dendrite development. Develop-
mental Cell, 12(4), 587–602. doi:S1534-5807(07)00056-1 [pii] 10.1016/j.devcel.2007.02.006.

Hou, L., Antion, M. D., Hu, D., Spencer, C. M., Paylor, R., & Klann, E. (2006). Dynamic

translational and proteasomal regulation of fragile X mental retardation protein controls

mGluR-dependent long-term depression. Neuron, 51(4), 441–454. doi:S0896-6273(06)

00545-9 [pii] 10.1016/j.neuron.2006.07.005.

Hung, A. Y., Sung, C. C., Brito, I. L., & Sheng, M. (2010). Degradation of postsynaptic scaffold

GKAP and regulation of dendritic spine morphology by the TRIM3 ubiquitin ligase in rat

hippocampal neurons. PLoS One, 5(3), e9842. doi:10.1371/journal.pone.0009842.
Itzhak, Y. (2008). Role of the NMDA receptor and nitric oxide in memory reconsolidation of

cocaine-induced conditioned place preference in mice. Annals of the New York Academy of
Sciences, 1139, 350–357. doi:NYAS1139051 [pii] 10.1196/annals.1432.051.

Juo, P., & Kaplan, J. M. (2004). The anaphase-promoting complex regulates the abundance of

GLR-1 glutamate receptors in the ventral nerve cord of C. elegans. Current Biology, 14(22),
2057–2062. doi:doi:S0960982204008802 [pii] 10.1016/j.cub.2004.11.010.

Kaang, B. K., Lee, S. H., & Kim, H. (2009). Synaptic protein degradation as a mechanism in

memory reorganization. The Neuroscientist, 15(5), 430–435. doi:1073858408331374 [pii]

10.1177/1073858408331374.

Karpova, A., Mikhaylova, M., Thomas, U., Knopfel, T., & Behnisch, T. (2006). Involvement of

protein synthesis and degradation in long-term potentiation of Schaffer collateral CA1

synapses. The Journal of Neuroscience, 26(18), 4949–4955. doi:26/18/4949 [pii] 10.1523/

JNEUROSCI.4573-05.2006.

Kato, A., Rouach, N., Nicoll, R. A., & Bredt, D. S. (2005). Activity-dependent NMDA receptor

degradation mediated by retrotranslocation and ubiquitination. Proceedings of the National
Academy of Sciences of the United States of America, 102(15), 5600–5605. doi:0501769102
[pii] 10.1073/pnas.0501769102.

Kim, J., Lee, S., Park, K., Hong, I., Song, B., Son, G., Park, H., Kim, W. R., Park, E., Choe, H. K.,

Kim, H., Lee, C., Sun, W., Kim, K., Shin, K. S., & Choi, S. (2007). Amygdala depotentiation

and fear extinction. Proceedings of the National Academy of Sciences of the United States of
America, 104(52), 20955–20960. doi:0710548105 [pii] 10.1073/pnas.0710548105.

Kim, J., Park, S., Lee, S., & Choi, S. (2009). Amygdala depotentiation ex vivo requires mitogen-

activated protein kinases and protein synthesis. Neuroreport, 20(5), 517–520. doi:10.1097/
WNR.0b013e328329412d.

Lattal, K. M., Radulovic, J., & Lukowiak, K. (2006). Extinction: [corrected] does it or doesn’t it?

The requirement of altered gene activity and new protein synthesis. Biological Psychiatry, 60
(4), 344–351. doi:S0006-3223(06)00766-9 [pii] 10.1016/j.biopsych.2006.05.038.

Lee, J. L. (2008). Memory reconsolidation mediates the strengthening of memories by additional

learning. Nature Neuroscience, 11(11), 1264–1266. doi:nn.2205 [pii] 10.1038/nn.2205.

Lee, S. H., Choi, J. H., Lee, N., Lee, H. R., Kim, J. I., Yu, N. K., Choi, S. L., Kim, H., & Kaang, B. K.

(2008). Synaptic protein degradation underlies destabilization of retrieved fear memory. Science,
319(5867), 1253–1256. doi:1150541 [pii] 10.1126/science.1150541.

Lee, J. L., & Everitt, B. J. (2008). Appetitive memory reconsolidation depends upon NMDA

receptor-mediated neurotransmission. Neurobiology of Learning and Memory, 90(1), 147–154.
doi:S1074-7427(08)00031-2 [pii] 10.1016/j.nlm.2008.02.004.

238 B.-K. Kaang and J.-H. Choi

http://dx.doi.org/16/9/514 [pii] 10.1101/lm.1356509
http://dx.doi.org/S1044-7431(07)00027-9 [pii] 10.1016/j.mcn.2007.02.002
http://dx.doi.org/S1534-5807(07)00056-1 [pii] 10.1016/j.devcel.2007.02.006
http://dx.doi.org/S0896-6273(06)00545-9 [pii] 10.1016/j.neuron.2006.07.005
http://dx.doi.org/S0896-6273(06)00545-9 [pii] 10.1016/j.neuron.2006.07.005
http://dx.doi.org/10.1371/journal.pone.0009842
http://dx.doi.org/NYAS1139051 [pii] 10.1196/annals.1432.051
http://dx.doi.org/doi:S0960982204008802 [pii] 10.1016/j.cub.2004.11.010
http://dx.doi.org/1073858408331374 [pii] 10.1177/1073858408331374
http://dx.doi.org/1073858408331374 [pii] 10.1177/1073858408331374
http://dx.doi.org/26/18/4949 [pii] 10.1523/JNEUROSCI.4573-05.2006
http://dx.doi.org/26/18/4949 [pii] 10.1523/JNEUROSCI.4573-05.2006
http://dx.doi.org/0501769102 [pii] 10.1073/pnas.0501769102
http://dx.doi.org/0501769102 [pii] 10.1073/pnas.0501769102
http://dx.doi.org/0710548105 [pii] 10.1073/pnas.0710548105
http://dx.doi.org/10.1097/WNR.0b013e328329412d
http://dx.doi.org/10.1097/WNR.0b013e328329412d
http://dx.doi.org/S0006-3223(06)00766-9 [pii] 10.1016/j.biopsych.2006.05.038
http://dx.doi.org/nn.2205 [pii] 10.1038/nn.2205
http://dx.doi.org/1150541 [pii] 10.1126/science.1150541
http://dx.doi.org/S1074-7427(08)00031-2 [pii] 10.1016/j.nlm.2008.02.004


Lee, J. L., Everitt, B. J., & Thomas, K. L. (2004). Independent cellular processes for hippocampal

memory consolidation and reconsolidation. Science, 304(5672), 839–843. doi:10.1126/

science.1095760 1095760 [pii].

Lee, J. L., Milton, A. L., & Everitt, B. J. (2006). Reconsolidation and extinction of conditioned

fear: Inhibition and potentiation. The Journal of Neuroscience, 26(39), 10051–10056. doi:26/
39/10051 [pii] 10.1523/JNEUROSCI.2466-06.2006.

Liao, E. H., Hung, W., Abrams, B., & Zhen, M. (2004). An SCF-like ubiquitin ligase complex that

controls presynaptic differentiation. Nature, 430(6997), 345–350. doi:10.1038/nature02647
nature02647 [pii].

Merlo, E., & Romano, A. (2007). Long-term memory consolidation depends on proteasome

activity in the crab Chasmagnathus. Neuroscience, 147(1), 46–52. doi:S0306-4522(07)

00520-9 [pii] 10.1016/j.neuroscience.2007.04.022.

Milton, A. L., Lee, J. L., Butler, V. J., Gardner, R., & Everitt, B. J. (2008). Intra-amygdala and

systemic antagonism of NMDA receptors prevents the reconsolidation of drug-associated

memory and impairs subsequently both novel and previously acquired drug-seeking behaviors.

The Journal of Neuroscience, 28(33), 8230–8237. doi:28/33/8230 [pii] 10.1523/

JNEUROSCI.1723-08.2008.

Morris, R. G., Inglis, J., Ainge, J. A., Olverman, H. J., Tulloch, J., Dudai, Y., & Kelly, P. A. (2006).

Memory reconsolidation: Sensitivity of spatial memory to inhibition of protein synthesis in

dorsal hippocampus during encoding and retrieval. Neuron, 50(3), 479–489. doi:S0896-6273
(06)00280-7 [pii] 10.1016/j.neuron.2006.04.012.

Nader, K., & Hardt, O. (2009). A single standard for memory: The case for reconsolidation. Nature
Reviews Neuroscience, 10(3), 224–234. doi:nrn2590 [pii] 10.1038/nrn2590.

Nader, K., Schafe, G. E., & Le Doux, J. E. (2000). Fear memories require protein synthesis in the

amygdala for reconsolidation after retrieval. Nature, 406(6797), 722–726. doi:10.1038/

35021052.

Ostroff, L. E., Fiala, J. C., Allwardt, B., & Harris, K. M. (2002). Polyribosomes redistribute from

dendritic shafts into spines with enlarged synapses during LTP in developing rat hippocampal

slices. Neuron, 35(3), 535–545. doi:S0896627302007857 [pii].

Pak, D. T., & Sheng, M. (2003). Targeted protein degradation and synapse remodeling by an

inducible protein kinase. Science, 302(5649), 1368–1373. doi:10.1126/science.1082475

1082475 [pii].

Patrick, G. N., Bingol, B., Weld, H. A., & Schuman, E. M. (2003). Ubiquitin-mediated proteasome

activity is required for agonist-induced endocytosis of GluRs. Current Biology, 13(23),
2073–2081. doi:S0960982203007826 [pii].

Pfeiffer, B. E., & Huber, K. M. (2006). Current advances in local protein synthesis and synaptic

plasticity. The Journal of Neuroscience, 26(27), 7147–7150. doi:26/27/7147 [pii] 10.1523/

JNEUROSCI.1797-06.2006.

Quirk, G. J., & Mueller, D. (2008). Neural mechanisms of extinction learning and retrieval.

Neuropsychopharmacology, 33(1), 56–72. doi:1301555 [pii] 10.1038/sj.npp. 1301555.

Rodriguez-Ortiz, C. J., De la Cruz, V., Gutierrez, R., & Bermudez-Rattoni, F. (2005). Protein

synthesis underlies post-retrieval memory consolidation to a restricted degree only when

updated information is obtained. Learning and Memory, 12(5), 533–537. doi:lm.94505 [pii]

10.1101/lm.94505.

Rodriguez-Ortiz, C. J., Garcia-DeLaTorre, P., Benavidez, E., Ballesteros, M. A., & Bermudez-

Rattoni, F. (2008). Intrahippocampal anisomycin infusions disrupt previously consolidated

spatial memory only when memory is updated. Neurobiology of Learning and Memory, 89(3),
352–359. doi:S1074-7427(07)00168-2 [pii] 10.1016/j.nlm.2007.10.004.

Rossato, J. I., Bevilaqua, L. R., Myskiw, J. C., Medina, J. H., Izquierdo, I., & Cammarota, M.

(2007). On the role of hippocampal protein synthesis in the consolidation and reconsolidation

of object recognition memory. Learning and Memory, 14(1), 36–46. doi:14/1/36 [pii] 10.1101/
lm.422607.

10 Synaptic Protein Degradation in Memory Reorganization 239

http://dx.doi.org/10.1126/science.1095760 1095760 [pii]
http://dx.doi.org/10.1126/science.1095760 1095760 [pii]
http://dx.doi.org/26/39/10051 [pii] 10.1523/JNEUROSCI.2466-06.2006
http://dx.doi.org/26/39/10051 [pii] 10.1523/JNEUROSCI.2466-06.2006
http://dx.doi.org/10.1038/nature02647 nature02647 [pii]
http://dx.doi.org/10.1038/nature02647 nature02647 [pii]
http://dx.doi.org/S0306-4522(07)00520-9 [pii] 10.1016/j.neuroscience.2007.04.022
http://dx.doi.org/S0306-4522(07)00520-9 [pii] 10.1016/j.neuroscience.2007.04.022
http://dx.doi.org/28/33/8230 [pii] 10.1523/JNEUROSCI.1723-08.2008
http://dx.doi.org/28/33/8230 [pii] 10.1523/JNEUROSCI.1723-08.2008
http://dx.doi.org/S0896-6273(06)00280-7 [pii] 10.1016/j.neuron.2006.04.012
http://dx.doi.org/S0896-6273(06)00280-7 [pii] 10.1016/j.neuron.2006.04.012
http://dx.doi.org/nrn2590 [pii] 10.1038/nrn2590
http://dx.doi.org/10.1038/35021052
http://dx.doi.org/10.1038/35021052
http://dx.doi.org/S0896627302007857 [pii]
http://dx.doi.org/10.1126/science.1082475 1082475 [pii]
http://dx.doi.org/10.1126/science.1082475 1082475 [pii]
http://dx.doi.org/S0960982203007826 [pii]
http://dx.doi.org/26/27/7147 [pii] 10.1523/JNEUROSCI.1797-06.2006
http://dx.doi.org/26/27/7147 [pii] 10.1523/JNEUROSCI.1797-06.2006
http://dx.doi.org/1301555 [pii] 10.1038/sj.npp. 1301555
http://dx.doi.org/lm.94505 [pii] 10.1101/lm.94505
http://dx.doi.org/lm.94505 [pii] 10.1101/lm.94505
http://dx.doi.org/S1074-7427(07)00168-2 [pii] 10.1016/j.nlm.2007.10.004
http://dx.doi.org/14/1/36 [pii] 10.1101/lm.422607
http://dx.doi.org/14/1/36 [pii] 10.1101/lm.422607


Schaefer, A. M., Hadwiger, G. D., & Nonet, M. L. (2000). rpm-1, a conserved neuronal gene that

regulates targeting and synaptogenesis in C. elegans. Neuron, 26(2), 345–356. doi:doi:S0896-
6273(00)81168-X [pii].

Shen, H., Korutla, L., Champtiaux, N., Toda, S., LaLumiere, R., Vallone, J., Klugmann, M.,

Blendy, J. A., Mackler, S. A., & Kalivas, P. W. (2007). NAC1 regulates the recruitment of the

proteasome complex into dendritic spines. The Journal of Neuroscience, 27(33), 8903–8913.
doi:27/33/8903 [pii] 10.1523/JNEUROSCI.1571-07.2007.

Speese, S. D., Trotta, N., Rodesch, C. K., Aravamudan, B., & Broadie, K. (2003). The ubiquitin

proteasome system acutely regulates presynaptic protein turnover and synaptic efficacy.

Current Biology, 13(11), 899–910. doi:S0960982203003385 [pii].

Suzuki, A., Josselyn, S. A., Frankland, P. W., Masushige, S., Silva, A. J., & Kida, S. (2004).

Memory reconsolidation and extinction have distinct temporal and biochemical signatures. The
Journal of Neuroscience, 24(20), 4787–4795. doi:10.1523/JNEUROSCI.5491-03.2004 24/20/

4787 [pii].

Suzuki, A., Mukawa, T., Tsukagoshi, A., Frankland, P. W., & Kida, S. (2008). Activation of

LVGCCs and CB1 receptors required for destabilization of reactivated contextual fear

memories. Learning and Memory, 15(6), 426–433. doi:15/6/426 [pii] 10.1101/lm.888808.

Tada, H., Okano, H. J., Takagi, H., Shibata, S., Yao, I., Matsumoto, M., Saiga, T., Nakayama, K. I.,

Kashima, H., Takahashi, T., Setou, M., & Okano, H. (2010). Fbxo45, a novel ubiquitin ligase,

regulates synaptic activity. The Journal of Biological Chemistry, 285(6), 3840–3849. doi:
M109.046284 [pii] 10.1074/jbc.M109.046284.

Tronson, N. C., & Taylor, J. R. (2007). Molecular mechanisms of memory reconsolidation. Nature
Reviews Neuroscience, 8(4), 262–275. doi:nrn2090 [pii] 10.1038/nrn2090.

Tronson, N. C., Wiseman, S. L., Olausson, P., & Taylor, J. R. (2006). Bidirectional behavioral

plasticity of memory reconsolidation depends on amygdalar protein kinase A. Nature Neuro-
science, 9(2), 167–169. doi:nn1628 [pii] 10.1038/nn1628.

van Roessel, P., Elliott, D. A., Robinson, I. M., Prokop, A., & Brand, A. H. (2004). Independent

regulation of synaptic size and activity by the anaphase-promoting complex. Cell, 119(5),
707–718. doi:S0092867404010967 [pii] 10.1016/j.cell.2004.11.028.

Wan, H. I., DiAntonio, A., Fetter, R. D., Bergstrom, K., Strauss, R., & Goodman, C. S. (2000).

Highwire regulates synaptic growth in Drosophila. Neuron, 26(2), 313–329. doi:S0896-6273
(00)81166-6 [pii].

Wang, S. H., de Oliveira, A. L., & Nader, K. (2009). Cellular and systems mechanisms of memory

strength as a constraint on auditory fear reconsolidation. Nature Neuroscience, 12(7), 905–912.
doi:nn.2350 [pii] 10.1038/nn.2350.

Willeumier, K., Pulst, S. M., & Schweizer, F. E. (2006). Proteasome inhibition triggers activity-

dependent increase in the size of the recycling vesicle pool in cultured hippocampal neurons. The
Journal of Neuroscience, 26(44), 11333–11341. doi:26/44/11333 [pii] 10.1523/JNEUROSCI.1684-
06.2006.

Winters, B. D., Tucci, M. C., & DaCosta-Furtado, M. (2009). Older and stronger object memories

are selectively destabilized by reactivation in the presence of new information. Learning and
Memory, 16(9), 545–553. doi:16/9/545 [pii] 10.1101/lm.1509909.

Wood, M. A., Kaplan, M. P., Brensinger, C. M., Guo, W., & Abel, T. (2005). Ubiquitin C-terminal

hydrolase L3 (Uchl3) is involved in working memory. Hippocampus, 15(5), 610–621.

doi:10.1002/hipo.20082.

Yao, I., Takagi, H., Ageta, H., Kahyo, T., Sato, S., Hatanaka, K., Fukuda, Y., Chiba, T.,Morone, N.,

Yuasa, S., Inokuchi, K., Ohtsuka, T., Macgregor, G. R., Tanaka, K., & Setou, M. (2007).

SCRAPPER-dependent ubiquitination of active zone protein RIM1 regulates synaptic vesicle

release. Cell, 130(5), 943–957. doi:S0092-8674(07)00902-6 [pii] 10.1016/j.cell.2007.06.052.

240 B.-K. Kaang and J.-H. Choi

http://dx.doi.org/doi:S0896-6273(00)81168-X [pii]
http://dx.doi.org/doi:S0896-6273(00)81168-X [pii]
http://dx.doi.org/27/33/8903 [pii] 10.1523/JNEUROSCI.1571-07.2007
http://dx.doi.org/S0960982203003385 [pii]
http://dx.doi.org/10.1523/JNEUROSCI.5491-03.2004 24/20/4787 [pii]
http://dx.doi.org/10.1523/JNEUROSCI.5491-03.2004 24/20/4787 [pii]
http://dx.doi.org/15/6/426 [pii] 10.1101/lm.888808
http://dx.doi.org/M109.046284 [pii] 10.1074/jbc.M109.046284
http://dx.doi.org/nrn2090 [pii] 10.1038/nrn2090
http://dx.doi.org/nn1628 [pii] 10.1038/nn1628
http://dx.doi.org/S0092867404010967 [pii] 10.1016/j.cell.2004.11.028
http://dx.doi.org/S0896-6273(00)81166-6 [pii]
http://dx.doi.org/S0896-6273(00)81166-6 [pii]
http://dx.doi.org/nn.2350 [pii] 10.1038/nn.2350
http://dx.doi.org/26/44/11333 [pii] 10.1523/JNEUROSCI.1684-06.2006
http://dx.doi.org/26/44/11333 [pii] 10.1523/JNEUROSCI.1684-06.2006
http://dx.doi.org/16/9/545 [pii] 10.1101/lm.1509909
http://dx.doi.org/10.1002/hipo.20082
http://dx.doi.org/S0092-8674(07)00902-6 [pii] 10.1016/j.cell.2007.06.052


Chapter 11

AMPA Receptor Assembly: Atomic

Determinants and Built-In Modulators

Madhav Sukumaran, Andrew C. Penn, and Ingo H. Greger

Abstract Glutamate-gated ion channels (iGluRs) predominantly operate as

heterotetramers to mediate excitatory neurotransmission at glutamatergic synapses.

The subunit composition of the receptors determines their targeting to synaptic sites

and signalling properties and is therefore a fundamental parameter for neuronal com-

putations. iGluRs assemble as obligatory or preferential heteromers; the mechanisms

underlying this selective assembly are only starting to emerge. Here we review recent

work in the field and provide an in-depth update on atomic determinants in the

assembly domains, which have been facilitated by recent advances in iGluR structural

biology. We also discuss the role of alternative RNA processing in the ligand-binding

domain, which modulates a central subunit interface and has the capacity to modulate

receptor formation in response to external cues. Finally, we review the emerging

physiological significance of signalling via distinct iGluR heterotetramers and provide

examples of how recruitment of functionally diverse receptors modulates excitatory

neurotransmission under physiological and pathological conditions.
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11.1 From Polysome to Receptor Oligomer

Cell surface receptors, such as ion channels and G-protein-coupled receptors,

prominently operate as hetero-oligomers. Assembly from a pool of different subunits

increases the versatility and plasticity of signal transmission and is under complex

cellular control. Ionotropic glutamate receptors (iGluRs) provide a dramatic example

of how functionally diverse receptor stoichiometries shape an essential cellular

process. iGluRs mediate excitatory neurotransmission in vertebrate nervous systems.

This process involves three distinct iGluR subfamilies (AMPA-, NMDA- and kainate

types), differentially expressed and regulated subunits within each subfamily, and

a multitude of accessory subunits (Hollmann and Heinemann 1994; Traynelis et al.

2010). The result of this rich variety of assembly substituents is a combinatorial

diversity of receptor expression, which impact such receptor properties as gating

kinetics (which can operate on time scales spanning four orders of magnitude),

ion conductance, pharmacology and synaptic trafficking; all of these properties are

dependent upon the receptor’s subunit stoichiometry, in both vertebrates (Cull-Candy

et al. 2006; Greger et al. 2007; Traynelis et al. 2010) and invertebrates (Abuin et al.

2011; Rasse et al. 2005; Qin et al. 2005). The resulting diversity of possible receptor

properties will ultimately shape synaptic transmission and in turn the operation of

neuronal networks.

Like a multitude of other post-synaptic signalling components, iGluRs are

embedded in the post-synaptic density (PSD), a sub-synaptic anchoring platform

which concentrates and positions receptors directly opposite presynaptic release

sites (discussed in Chap. 3) (Sheng and Hoogenraad 2007). In addition to synaptic

trafficking, positioning and anchorage in the PSD can be determined by the subunit

composition of the receptor. In the case of NMDA-type iGluRs, receptors

containing the NR2B subunit locate to the edge of the PSD (i.e. extrasynaptically)

whereas receptors harbouring NR2A are concentrated more centrally (Tovar

and Westbrook 1999; Rumbaugh and Vicini 1999). This location dependence arises

from sequence determinants within cytosolic carboxy-termini and will ultimately

impact signal transmission (Steigerwald et al. 2000).

In the three main iGluR subfamilies, assembly into heteromers is either obligatory

(NMDA-type and GluK4 and GluK5-containing kainate iGluRs) or preferential

(AMPA-type and GluK1–3 kainate receptors). Due to the less stringent assembly

rules, AMPA- and low-affinity kainate receptors (GluK1–3) can also exist as

homotetramers. Signalling through AMPA receptor (AMPAR) homomers, which in

the absence of the GluA2 subunit are Ca2+ permeable (CP) (Jia et al. 1996; Isaac et al.

2007), modulates synaptic physiology; recruitment of CP-AMPARs appears to be

dynamically regulated in a number of neurons, rendering these synapses more plastic
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(see below) (Cull-Candy et al. 2006; Kauer and Malenka 2007). Determinants under-

lying these different assembly routes are starting to emerge.

Assembly into heteromers unlikely occurs by default. As a result of translation

from polyribosomes, identical subunits, synthesized from an individual mRNAmole-

cule, will be spatially and temporally concentrated on a patch of endoplasmic reticu-

lum (ER) membrane (Fig. 11.1a). For example, GRIA2 mRNA, encoding the GluA2

AMPA receptor subunit, with a length of ~3,000 base pairs could be translated by up

to 30 ribosomes (Staehlin et al. 1964), resulting in ~30 nascent GluA2 polypeptides in

close proximity; this local concentration is expected to promote assembly into

homomers, which are not commonly observed. Parameters such as (1) diffusion in

the plane of theERmembrane, (2) relative affinities of inter-subunit contacts aswell as

(3) the concentration of assembly partners in the ER are expected to determine the rate

and extent of heteromeric assembly (summarized in Fig. 11.1a). We shall discuss the

latter two parameters and how they are expected to affect different stages of iGluR

biogenesis. We will focus on AMPA-type receptors; however, emerging principles

will be generally applicable to the other iGluR subfamilies.

11.2 Dimer Formation

AMPARs form in two steps – subunits first dimerize, followed by assembly of

dimers into tetramers. The dimer-of-dimers assembly has been observed at various

levels. The crystal structure of the isolated L-glutamate ligand-binding domain

(LBD) of GluA2 revealed a twofold symmetrical homodimeric complex (Armstrong

and Gouaux 2000). Similarly, the second extracellular portion, the N-terminal

domain (NTD), crystallized as a dimer, in both AMPA and kainate receptors

(Fig. 11.1b) (Clayton et al. 2009; Jin et al. 2009; Kumar et al. 2009; Karakas et al.

2009; Kumar and Mayer 2010; Sukumaran et al. 2011). This overall twofold

symmetry of the extracellular portion is also observed at the level of the intact

receptor, whereas the ion channel adopts fourfold symmetry (Sobolevsky et al.

2009). Secondly, dimers (together with monomers and tetramers but not trimers)

were also apparent on native gels (Penn et al. 2008; Greger et al. 2003). Dimers form

first and are readily isolated from GluA2-expressing HEK293 cells for subsequent

structural analysis (Shanks et al. 2010). Monomers are barely detected, thus dimers

are the first stable assembly intermediate (Greger et al. 2003; Shanks et al. 2010).

Dimer formation will be driven by the NTD (see below). This domain at the extreme

N-terminus encompasses ~50% of primary sequence and is expected to fold first

once threaded through the translocon into the ER lumen (Netzer andHartl 1997). It is

conceivable that subunit contacts via the NTD take place co-translationally, i.e. prior

to folding of the remaining nascent chain (Fig. 11.1a), which would explain the

paucity of monomers in biochemical experiments (see above). Accordingly, the

NTDwill initiate receptor formation. Recent crystal structures have provided atomic

resolution of this critical assembly interface.
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Fig. 11.1 AMPA receptors assemble into tetramers in the endoplasmic reticulum, with selective

assembly modulated by domain-specific and subunit-specific determinants. (a) Inset: topology of an
individual GluA2 AMPA receptor subunit. The extracellular N-terminal domain (NTD) and ligand-

binding domain (LBD) are shown as green and black lines, respectively. Transmembrane helices that

constitute the ion-channel pore are denoted as grey cylinders. Amino acid changes corresponding to

RNA-editing sites are also denoted; the R/G site is conserved between GluA2, GluA3 and

GluA4, whereas the Q/R site on a re-entrant pore loop is unique to GluA2. Note that the NTD is

continuous in primary sequence, while the LBD is interrupted by multiple transmembrane segments.
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11.2.1 The N-Terminal Domain Assembly Surface

The NTD is a hallmark of metazoan iGluRs but is absent in the prokaryotic GluR0-

type channels (Chen et al. 1999) and in vertebrate kainate-binding proteins (Henley

1994). The function of this domain in non-NMDARs (AMPA and kainate

receptors) has not been fully resolved. In NMDARs, powerful allosteric modulation

of the channel via the NTD is well established, where channel open probability is

reduced in response to binding of Zn2+ and other ligands (Mony et al. 2009). An

allosteric role in the non-NMDAR NTD has not been described to date but cannot

be ruled out (Sukumaran et al. 2011; Jensen et al. 2011). In all iGluRs, the NTD is

implicated in subunit assembly (Hansen et al. 2010). Multiple iGluR genes are

found in higher eukaryotes, which is not generally the case in prokaryotic genomes.

Therefore, the need for a more sophisticated assembly determinant, orchestrating a

fine balance of associations between homo- and heterotetramers within subfamilies

in addition to preventing co-assembly between subfamilies, may explain the

appearance of the NTD later in evolution concomitant with the radiation of iGluR

paralogs by gene duplication and subsequent mutation. This distal segment appears

to also play a role in synapse formation (Passafaro et al. 2003) and provides a

binding site, both for presynaptic elements and for soluble factors released upon

�

Fig. 11.1 (continued) Main figure: A schematic of assembly in the endoplasmic reticulum (ER),

highlighting different steps of AMPA receptor assembly. Nascent GluA2 (red) and GluA1 (green)
polypeptides are shown emerging from polyribosomes (grey), translating into the ER lumen. NTD

dimerization likely occurs co-translationally, due to its location at the extreme N-terminus.

Because of the high local concentration of identical subunits, due to nearby ribosomes translating

polypeptide in close proximity, homodimerization likely dominates at this stage. After folding is

complete, dimeric subunits then subsequently assemble into tetramers. Due to its subunit-specific

set of assembly determinants, native GluA2 assembles poorly into tetramers and inefficiently exits

the ER; therefore, GluA2 likely forms a stable, ER-resident pool of dimers (solid arrow). This
relatively higher concentration of dimers, concomitant with GluA2’s favourable heteromerization

capability, allows heterodimers to be formed efficiently upon translation of GluA1 subunits.

Heterodimers assemble into heterotetramers and exit the ER efficiently; GluA1 is also capable

of efficient homotetramerization and ER exit. (b) Sites of assembly determinants within a GluA2

subunit. A GluA2 dimer is depicted, with individual protomers coloured dark and light red,

respectively. Homodimeric crystal structures of the isolated GluA2 domains are also shown

(pdb codes 3hsy and 2uxa), with subunit dimer-interfaces depicted as ovals. Sites of assembly -

specifying determinants are shown on the schematic: (1) hotspots in the NTD mediate homo- and

heterodimerization, (2) the R/G site in GluA2–4 and (3) alternative splicing in GluA1-4 modulate

overall heteromerization and ER-exit competence, and (4) the Q/R site in the GluA2 transmem-

brane domain renders GluA2 homotetramerization unfavourable versus heterotetramerization,

leading to the stable ER-resident pool of dimers mentioned above. (c) The transmembrane domain

of GluA2 is similar to potassium channels. A superposition of the transmembrane domains of the

crystallized full-length GluA2 construct, GluAcryst (red; pdb code 3kg2), and the KcsA potassium

channel (blue; pdb code 1r3j) shows that both are highly similar, albeit in opposite topological

orientations. The assembly-critical Q/R site of GluA2 is shown, located on top of the selectivity

filter. Transmembrane domains that make contacts in the tetrameric structure (M1, M3 and M4)
and the re-entrant pore loop (M2) are denoted
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intense synaptic activity (O’Brien et al. 1999; Hansen et al. 2010). The latter

functions will only be relevant in species with nervous systems, whereas in

prokaryotes ion homeostasis is likely to be the main function of the NTD-lacking,

homomeric GluR0 channel types.

Recent structural data on the intact GluA2 homomer together with high-resolution

structures of isolated domains provide an overview of inter-subunit interactions along

the major axis of the receptor (Sobolevsky et al. 2009). Dimeric contacts are prominent

at the level of the NTD, whereas tetrameric packing is mediated by the transmembrane

helices of the ion channel. A similar principle has been inferred for kainate receptors

(Das et al. 2010). NTDs form extensive twofold symmetrical dimeric assemblies

(Fig. 11.2) which, when isolated from the receptor, can also be measured in solution

(Clayton et al. 2009; Jin et al. 2009; Kumar et al. 2009; Rossmann et al. 2011), in

contrast to the LBDs, which are largely monomeric (in the case of RNA-edited GluA2-

flop; Sun et al. 2002). Interestingly, in receptors assembling as obligatory heteromers,

homodimeric NTD contacts are either absent (NR2B; Karakas et al. 2009) or severely

reduced (GluK5; Kumar and Mayer 2010). A similar observation holds for the GluA3

subunit, which exhibits ‘obligatory’ heteromeric assembly behaviour within the

AMPAR family (see below) (Rossmann et al. 2011). These observations underline

the key role of the NTD in driving distinct assembly routes.

The NTD protomer adopts a fold analogous to prokaryotic type I periplasmic-

binding proteins (PBPs; Quiocho and Ledvina 1996), where two globular lobes

(the upper and lower lobes; Fig. 11.1b) are connected by three short hinges. Each

lobe contributes to the bipartite NTD dimer interface (Fig. 11.2a). Contacts between

the upper lobes are tight and evolutionarily conserved, thus bearing the hallmarks of

a functionally relevant interface, whereas packing across the lower lobes is looser.

This functional division is apparent in GluA2 and GluA3 (Sukumaran et al. 2011),

with GluA3 providing the most striking example: in the most commonly observed

dimeric form (Sukumaran et al. 2011) an unfavourable electrostatic potential

between the lower lobes results in lobe separation (PDB 3O21; chains CD), to a

degree seen in the analogous metabotropic GluR (mGluR) ligand-binding cores

(Kunishima et al. 2000). In GluK2, the upper and lower lobes form similar interfaces

that are both less compact than the upper lobe interface of the AMPAR subfamily.

Analytical ultracentrifugation with fluorescence detection (AU-FDS) provided a

sensitive tool facilitating measurements of NTD associations at high resolution, in the

sub-nanomolar range (MacGregor et al. 2004) and, more importantly, permits mea-

surement of heteromeric assemblies (Rossmann et al. 2011). A surprising range of

affinities among AMPAR NTDs, covering almost three orders of magnitude, could be

discerned: GluA2 and GluA3 lie at the functional extremes with dimer dissociation

constants (Kds) of 1.8 and 1,200 nM, respectively; values for GluA1 and GluA4 NTD

dimers were intermediate (Fig. 11.3a) (Rossmann et al. 2011). The relatively unstable

homodimeric GluA3 contacts are most certainly a result of the ‘unzipped’ lower

lobe interface (Fig. 11.2a), which underlies the ‘obligatory’ assembly behaviour of

GluA3. First measurements of heteromeric assemblies revealed that AMPAR NTDs

preferentially heterodimerize (Rossmann et al. 2011). Contrasting with the relatively

poor homodimeric affinity, GluA3 produced tight heterodimers (Kd ~ 1.3 nM).
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Fig. 11.2 Critical assembly determinants in the extracellular domains are located at subunit

interfaces. (a) Assembly surfaces of the AMPAR extracellular domains. Atoms that make contacts

across the dimer interfaces are shown as blue spheres, with specific assembly ‘hotspots’ and

determinants highlighted in red. The GluA2 NTD (pdb code 3hsy) shows extensive dimerization

contacts across both upper and lower lobe interfaces; however, GluA3 (pdb code 3o21) shows

markedly less interface contacts in the lower lobe, suggesting differential, subunit-specific assembly

behaviour for the NTD (Reproduced from (Sukumaran et al. 2011) with permission from Nature

Publishing Group). In the case of the LBD (flop-G: pdb code 1ftj; flop-R: unpublished), interface
contacts are largely uniform across subunits, but the interfaces are modulated at the level of RNA

editing and alternative splicing; different interfaces for the edited G and unedited R forms are shown,

with the Arg shown in red. Note a minor increase in subunit contacts with the unedited Arg, perhaps

due to the favourable symmetrical arginine-arginine contacts across the homomer interface; therefore,

editing to glycine reduces the homomeric LBD affinity and favours heteromerization. (b) The

assembly steps from Fig. 11.1a, shown in detail. Dimerization (black arrows) is mediated co-

translationally by the NTDs, whereas tetramerization (blue arrows) is mediated by determinants in

the transmembrane domains. LBD ‘dimerization’ observed crystallographically for isolated LBDs

only occurs upon tetramerization in the context of the full receptor
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Accordingly, GluA3 homomers are only expected to form under conditions of sub-

stoichiometric expression of other assembly partners (Fig. 11.3a, b).

A number of concepts emerged from these results (Rossmann et al. 2011). First,

AMPARs preferentially heteromerize at the level of the dimer. Preferential heterodi-

merization will bear upon subunit stoichiometry, spatial arrangement of subunits

within tetramers, and will allow for formation of tri-heteromeric AMPARs. Secondly,

GluA2, which restricts Ca2+ flux through AMPARs, is dominantly incorporated into

heterodimers. This property of the GluA2 NTD together with assembly determinants

in the LBD interface and the channel pore (see below) (Greger et al. 2007) likely

explain the dominant expression of GluA2-containing heteromers throughout the

brain (Isaac et al. 2007). Third, GluA1 and GluA4 exhibit a more ‘balanced’ assembly

between homo- and heteromericmodes. This property likely underlies the existence of

Ca2+-permeable GluA1 homomers, which are detected in selected neurons under

certain conditions (Cull-Candy et al. 2006; Carlezon and Nestler 2002). In sum, the

Fig. 11.3 Differential AMPA receptor assembly will be a balance between subunit affinities and

subunit expression levels. (a) Measured association affinities between GluA1–3 NTDs define

specific assembly regimes. Measured Kds of homodimer and heterodimer dissociation by AU-

FDS are shown for GluA1, GluA2 and GluA3 homomers and heteromers. These Kds span three

orders of magnitude, from very tight (<2 nM, bottom), for assembly driven by GluA2, to relatively

loose, as in the case of GluA3 homomers (>1,000 nM, top right). The relationship between these

homomeric and heteromeric affinities defines different ‘regimes’ dependent on cellular expression

profile; example regimes are given for GluA2-expressing hippocampal neurons (red outline),
which will efficiently incorporate GluA2 into receptors, versus GluA2-lacking hippocampal

interneurons (blue outline), which will express GluA1/3 heteromers and GluA1 homomers but

no GluA3 homomers. Due to its poor homomerization capability, GluA3 will ‘obligatorily’ form

heteromers in the presence of the other subunits (Reproduced from (Rossmann et al. 2011 with

permission from Nature Publishing Group). (b) Titration of subunit expression allows neurons to

modulate channel properties. Despite GluA2’s dominant assembly and functional phenotypes,

neurons may be able to express functionally different receptors by modulating the ratio of

expressed GluA2 versus GluA1. The example expression regimes outlined in panel A (hippocam-

pal pyramidal neurons vs. interneurons) are denoted. (c) Heteromerization requires at least two

steps: homomer dissociation and subsequent association of heteromers. For the second step,

heteromerization will have to compete with re-association of homomers
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data imply the existence of two assembly routes for AMPAR heteromers, termed

‘preferential’ and ‘obligatory’ (Fig. 11.3a) (Rossmann et al. 2011). The affinity

network shown in Fig. 11.3a together with relative expression levels of assembly

partners in the ER (Fig. 11.3b) will ultimately determine the nature of receptor

oligomer subpopulations in a given neuronal type.

These data support the previously recognized role of the NTD in assembly (Ayalon

and Stern-Bach 2001; Leuschner and Hoch 1999) but reveal a dominant organizing

function, which turns out to be more sophisticated. In fact, individual assembly

determinants or ‘hotspots’ encoded in the highly conserved upper lobe dimer interface

have been detected in GluA2 (Rossmann et al. 2011). These evolutionarily variable

residues help explain how the tight GluA2 homodimeric contacts, which presumably

will form co-translationally (Fig. 11.1a), allow formation of heteromers. A biophysi-

cal dissection of these ‘hotspots’ alluded to a principle whereby assembly is driven by

two parameters: dissociation of homodimers prior to associations of heterodimers. If

re-association is energetically favoured, the equilibrium will be shifted towards the

newly formed heterodimer (Fig. 11.3c).

11.2.2 The Modulatory LBD Dimer Interface

The ligand-binding domain (LBD) overall resembles the bilobate fold of the NTD;

however, its role in signal transmission and assembly is vastly different. Relatively

loose dimer associations, mediated by the LBD upper lobes (Fig. 11.2), facilitate inter-

subunit flexibility, a likely requirement for gating transitions (Mayer and Armstrong

2004). Like the NTD, the LBD has been crystallized as a twofold symmetrical dimer,

which is evident for the isolated domain (for all iGluRs) and in the complete GluA2

AMPAR (Sobolevsky et al. 2009). LBD dimers are not detected in solution, except

when stabilized by mutation or by allosteric modulators (Sun et al. 2002; Jin et al.

2005). Surprisingly, in the full-length receptor structure, LBDs swap to form ‘trans-
dimers’, i.e. the twofold symmetrical dimer observed for the isolated LBD is formed

only upon tetramerization. Moreover, characterization of GluA2 dimers by single-

particle electron microscopy revealed that the two LBDs are separated, and are ‘held

together’ by the NTD contacts at the top and the transmembrane sector at the bottom

(Shanks et al. 2010; Nakagawa 2010). These findings suggest that the LBD forms the

crystallographically described twofold symmetrical dimer interface only in the tetra-

meric context, with LBDs associating between (rather than within) subunit dimers

(Fig. 11.2b). Whether this represents the only accessible conformation remains to be

seen. For example, heteromeric AMPARs or the AMPAR-TARP complex may give

rise to ‘cis-dimers’, featuring a closed LBD dimer interface within a subunit dimer

analogous to the L483Ymutant dimer (Shanks et al. 2010). Thesemay be energetically

less favourable in the absence of a heteromeric or TARP partner and were, thus, not

seen under the conditions used for crystallization and single-particle electron micros-

copy. Furthermore, a recent study has suggested that the LBD dimer interface is only

formed upon ligand binding and channel opening, with individual LBDs decoupled
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from each other in the resting (unliganded, closed channel) and desensitized (liganded,

closed channel) states (Gonzalez et al. 2010). However, as this study was conducted in

GluA4 constructs lacking the entire NTD,morework is required to fully understand the

exact oligomeric conformation(s) of LBDs in the physiological context.

In stark contrast to theNTD, the LBD sequence is well conserved betweenAMPAR

paralogs. Versatility is introduced post-transcriptionally by adenosine-to-inosine RNA

editing and by alternative splicing (Seeburg 1996). All AMPAR subunits harbour the

alternative flip/flop exons (Sommer et al. 1990), whereas RNA editing only targets

GluA2–4 (Figs. 11.1a and 11.2a), resulting in a switch from a genomically encoded

arginine (R) to a glycine (G) at theR/G site (Lomeli et al. 1994). These alternativeRNA

processing sites line the dimer interface (Fig. 11.2a) and alter assembly and secretory

traffic (Greger et al. 2006; Greger et al. 2007; Coleman et al. 2006, 2010). This adds

another facet to the assembly process: in addition to preferential heteromerization

between subunit paralogs, different alternatively processed homologs (e.g. GluA1-

flip + GluA1-flop) preferably co-assemble (Brorson et al. 2004). Whether these

switches are affinity determinants or purely operate by altering the dwell time of

assembly intermediates is not fully resolved. Clearly, the fact that editing at both the

R/G and the Q/R site reduces secretory traffic of GluA2 will increase availability (i.e.

the concentration) of this critical subunit in the ER (Greger et al. 2002, 2006), which

will facilitate its uptake into heterodimers (Fig. 11.1a). The interplay between tight

NTD- and looser LBD interactions in co-ordinating assembly are currently unclear.

Alternative splicing can be regulated by external cues resulting, for example, in

changes of intracellular Ca2+ (Xie 2008; Stamm 2002). Similarly, editing by the

editases ADAR1 and 2 can be reprogrammed (Schmauss 2005). Due to their

strategic location at subunit interfaces (Fig. 11.2a), these ‘built-in’ modulators are

primed to remodel assembly and secretory traffic of AMPARs, providing a homeo-

static control hub for adjusting receptor type and number in response to altered

neuronal activity (Penn et al. in review; Penn and Greger 2009).

11.3 Tetramer Formation

As discussed above, recent studies have indicated that AMPARs preferentially

assemble as heterodimers (Rossmann et al. 2011), but whether there are similar

mechanisms of preferential assembly at the tetramerization step is currently unclear.

Earlier data indicate that tetramerization also follows specific pathways when bring-

ing together different populations of homo- and heterodimers (Mansour et al. 2001).

In the ion-channel sector, two major determinants will drive assembly: (1) packing

between three transmembrane helices M1, M2 and M4 (Fig. 11.4a) and (2) the pore

loop (M2), which forms a fourfold symmetrical contact point (Figs. 11.1c and 11.4a).

Helical packing in the transmembrane domain (TMD) of the AMPA receptor

largely mirrors an inverted K+ channel (Fig. 11.1c), which contains extensive

contacts between transmembrane helices and provides the largest packing interface

in the tetrameric context (Long et al. 2005), suggesting that the TMDs contribute
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Fig. 11.4 Assembly determinants in the transmembrane domain. (a) Overview of the packing of

the transmembrane domains (TMDs) of individual subunits against each other in the GluA2cryst
homotetramer (pdb code 3kg2). In the interface overview, the tetrameric ion-channel domains of

all four chains (A–D) are shown, with chain B (grey) shown as a molecular surface and chains A

(magenta), C (blue) and D (white) shown in ribbon. Both chain A and chain C pack against chain

B, forming two distinct assembly interfaces; the interface formed with chain A is shown in cyan on

chain B, with the interface formed with chain C shown in green. Roughly, the M4 helix from each

chain packs against a ‘groove’ formed by helices M1 and M3 from a partner chain; chain B forms

the ‘groove’ for M4 from chain C, whereas the M4 from chain B packs against the M1/M3 groove

from chain A. Views onto the individual A–B and B–C interfaces are also shown. (b) A key

assembly determinant in the transmembrane domain is the Q/R site in GluA2. Q/R editing in
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the major tetramerization drive. In further analogy, K+ channels also exhibit a

dimer-of-dimers assembly pattern (Tu and Deutsch 1999; Deutsch 2002).

In GluA2, the TMD contains an extensive packing interface (Sobolevsky et al.

2009). As outlined in Fig. 11.4, each protomer contributes three distinct contact

points: the first interface is largely external to the aqueous ion-channel pore and

consists of M4 packing against a ‘groove’ formed by M1 and M3 of the

neighbouring subunit. The second, larger interface is the ‘groove’ provided by

M1 and M3 of the other subunit in the dimer. As M4 is a novel insertion in

eukaryotic iGluRs versus prokaryotic GluR0-type receptors and kainate-binding

proteins, these two interfaces are expected to contribute additional assembly

determinants in metazoa.

The third ‘interface’ contact is internal to the ion channel and is provided by

residues in the re-entrant pore loop (M2) packing against copies of itself in the other

protomers, as well as near a narrow constriction, where the fourM3 helices from each

subunit align with one another, putatively forming the channel gate (Fig. 11.1c). As

the re-entrant pore loop is built incompletely in the currently available crystal structure

(PDB: 3KG2), the packing of the pore loops is unknown at this point. As contacts in

this region shape the aqueous vestibules of the pore upon channel assembly, regions

around these interfaces will transition from lipid-exposed to solvent-exposed, and

these transfer reactions could also contribute thermodynamically to channel assembly.

Sequence conservation among AMPAR paralogs in the transmembrane region is

high; however, variability is introduced by RNA editing in the apex of the pore loop

of GluA2 and GluK1 and GluK2 (Seeburg 1996). Recoding at the GluA2 Q/R site

plays a critical role in the dimer-to-tetramer transition by destabilizing edited

tetramers, thereby providing a strategically positioned assembly determinant

(Greger et al. 2003) (Figs. 11.1c and 11.4b). An analogous case has been described

recently for GluK2 (Ball et al. 2010) and most likely results from unfavourable

electrostatics from the approximation of four arginines during pore formation

(Fig. 11.4b). It is worth pointing out that Q/R-edited GluA2-R channels can form

(Swanson et al. 1997), in particular when expressed with auxiliary factors

(Yamazaki et al. 2004), albeit far less efficiently than unedited GluA2-Q (Greger

et al. 2003). Therefore, in the presence of other subunit partners in the ER, the

energetically preferred Q/R heteromers are likely to prevail over R-pore homomers.

To draw another parallel between iGluRs and K+ channels, an analogous position in

the pore loop of the KCNQ3 potassium channel also slows channel transit from the

ER relative to KCNQ2 (Gomez-Posada et al. 2010), suggesting that this site is

critical to the general tetrameric channel fold.

Fig. 11.4 (continued) GluA2 results in a switch from Q607 (green), which allows efficient

homomeric and heteromeric assembly, to R607 (magenta), which, due to charge repulsion of the

arginines, allows heteromic assembly with Q but disfavours homomeric assembly and in turn ER

export, giving rise to a stable pool of ER-resident GluA2 (Fig. 11.1a). Note that GluA1, GluA3 and

GluA4 express Q at the analogous position, resulting in a favoured heteromeric Q/R pore

stoichiometry in native AMPA receptors. Q607 and R607 TMD structures are homology models

of the full-length pore modelled against the KcsA pore (Greger et al. 2003)
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In addition to the pore sector, the extracellular domains also come into contact in

the context of the crystallizedGluA2cryst tetramer. The lower lobes of the NTD pack in

the region of V209, and the LBDs form a small packing interface between two

symmetrical helices (Sobolevsky et al. 2009). However, both of these inter-dimer

contacts are only seen in one subunit pair. Also, different three-dimensional structures

of the overexpressed GluA2 homotetramer and purified native AMPAR complexes

reconstructed by electron microscopy show different inter-dimer arrangements and

also show that the extracellular domains adopt different quaternary arrangements

dependent on subunit inclusion and gating status (Midgett and Madden 2008;

Nakagawa et al. 2005). Therefore, the inter-dimer interfaces in the extracellular

domains might be transient and are unlikely the primary drivers of tetrameric assem-

bly. Moreover, as discussed above, the LBD ‘dimer’ interface is putatively formed

only upon channel tetramerization (Fig. 11.2b) (Nakagawa 2010). This suggests that

variability in the LBD interface (flip/flop splicing and R/G editing) may also contrib-

ute to differential channel assembly at the level of tetramerization; as yet this question

has not been explored experimentally and LBD dimer variability affecting tetrameric

assembly is still speculative at this point.

AMPARs co-assemble with a variety of different auxiliary and modulatory

subunits. At what stage these auxiliary factors, including TARPs (transmembrane

AMPA receptor regulatory proteins), cornichons and CKAMP-44 (reviewed in

Guzman and Jonas 2010; Jackson et al. 2011), complex with the core receptor is

not fully resolved. TARPs, the best-studied auxiliary factors, do not co-purify

stably with dimeric assembly intermediates, suggesting that they bind to already-

assembled, tetrameric AMPARs (Shanks et al. 2010). Moreover, TARPs appear to

associate in varying stoichiometries, depending on expression levels (Kim et al.

2010; Shi et al. 2009; Kato et al. 2010). Since TARP expression is not homogenous

across neuronal populations, cell-type-specific receptor modulation by these

cofactors can be expected (see below).

11.4 Why Heteromers?

The ability for receptors to assemble as heteromers imparts significant diversity

and flexibility in the regulation of nervous system function. Much of what is

inferred about the oligomeric state of native receptors comes from single-cell

profiling of subunit mRNA expression, in situ localization of subunit mRNA or

protein, and subunit-specific pharmacology or genetic manipulations. Overall, the

findings reveal a predominance of heteromeric receptors, which vary in abundance

during development and in a tissue- and neuron-specific manner. As discussed

above, in the principal neurons of the vertebrate CNS, GluA2-containing

AMPAR heteromers prevail, whereas interneurons often express a large population

of GluA2-lacking receptors.
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11.4.1 The Functional Dominance of Q/R-Edited GluA2

Heteromerization can have important consequences on AMPAR functional

properties, trafficking and subcellular localization. Of particular significance, the

incorporation of the Q/R-edited GluA2 subunit renders the channel pore imperme-

able to divalent cations, thus disarming them as an activator of calcium-dependent

signalling cascades (Cull-Candy et al. 2006; Isaac et al. 2007). In addition, GluA2

inhibits the voltage-dependent block of the pore by intracellular polyamines, which

can have consequences for short-term synaptic plasticity (Rozov and Burnashev

1999; Rozov et al. 1998) and redefine the rules for long-term changes in synaptic

strength (Kullmann and Lamsa 2008). Furthermore, the attenuation of single-

channel conductance and desensitization by GluA2 provides a means to regulate

synaptic strength (Liu and Cull-Candy 2000) and shape synaptic transmission (Zhu

2009; Gardner et al. 2001a). Recently, it has also been suggested that incorporation

of GluA2 can alter the capacity for regulation of receptor function by type II TARPs

(Kato et al. 2008; Soto et al. 2009). These various means by which Q/R-edited

GluA2 can have potent effects on receptor properties have prompted it to be

referred to as the ‘functionally dominant’ subunit.

11.4.2 Subunit-Specific Accessory Factors

The formation of heteromeric receptors provides a means to expand the repertoire of

interactionswith scaffolding proteins and thus regulate AMPAR trafficking (Shepherd

and Huganir 2007). GluA1 and GluA3 have long and short cytoplasmic carboxy-

terminal domains (CTDs) respectively, whereas GluA2 and GluA4 can undergo

alternative splicing to include either long or short CTDs (Bredt and Nicoll 2003).

These AMPAR CTDs can participate in a variety of different protein interactions to

regulate receptor trafficking. LongCTD subunit variants ofGluA1 andGluA4 interact

with band 4.1 protein, to could stabilize AMPAR surface expression via the spectrin-

actin cytoskeleton (Coleman et al. 2003; Shen et al. 2000; Lin et al. 2009). In addition,

GluA1 has a unique motif conforming to the general consensus for type I PDZ

interactions to enable SAP97-mediated secretory trafficking (Sans et al. 2001).

Short CTD subunits, on the other hand, have a clathrin-adaptor AP2 interaction site

critical for clathrin-mediated endocytosis and central to the recycling of synaptic

AMPARs (Sheng and Hoogenraad 2007). This site overlaps with the NSF-binding

site in GluA2, which plays a critical role in the membrane fusion and synaptic

expression of AMPA receptors (Steinberg et al. 2004; Luthi et al. 1999; Huang et al.

2005). In addition, the short CTD terminus has a type II PDZ ligand with phosphory-

lation-modulated PDZ interactions that are central to sorting of synaptic AMPA

receptors and for synaptic plasticity in the cerebellum (Cull-Candy et al. 2006;

Chung et al. 2000; Xia et al. 2000). Also of interest, it has recently been demonstrated

that incorporation of subunits with short CTDs into heteromeric receptors blocks the
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effects of a type II TARP auxiliary subunit (Soto et al. 2009). In general, factors

controlling the subunit specificity or stoichiometry of auxiliary subunits to AMPARs

could tune channel gating and potentially modify interactions with scaffolding

proteins (Kim et al. 2010; Shi et al. 2009; Milstein and Nicoll 2008). Finally, multiple

subunit-specific sites for post-translational modifications such as phosphorylation and

palmitoylation further expand the repertoire of mechanisms regulating AMPA recep-

tor function and trafficking (Bredt and Nicoll 2003; Shepherd and Huganir 2007).

Therefore, combinatorial protein interactions resulting from the formation of

heteromeric receptors is likely fundamental in tuning the regulation of AMPA

receptors and the plasticity of synaptic transmission.

The same concepts for combinatorial CTD protein interactions likely also apply

to the extracellular domain of the receptor. For example, the NTD of GluA2 (but not

GluA1) directly interacts with the synaptic adhesion molecule N-cadherin to

stimulate presynaptic development (Saglietti et al. 2007). In addition, AMPA

receptor clustering and excitatory synaptogenesis is facilitated by trans-synaptic

interactions of the secreted pentraxin NARP with the NTDs of GluA1–3 (but not

GluA4) (O’Brien et al. 2002). In contrast, synaptic recruitment of GluA4 receptors

is mediated by another pentraxin, NP1 (Sia et al. 2007). Together, combinatorial

subunit-protein interactions might shed light on input-specific recruitment of

AMPA receptors differing in oligomeric state (Zhu 2009; Good and Lupica 2010;

Kielland et al. 2009; Soler-Llavina and Sabatini 2006; Harms et al. 2005; Gardner

et al. 2001b; Toth and McBain 1998).

11.4.3 Differential Activity Patterns Result in Synapse-Specific
Heteromer Recruitment

The recruitment of different AMPA receptor oligomers to synapses by activity or

external cues has been demonstrated at various synapses in the nervous system. In the

cerebellar cortex, stimulation of parallel fibre-derived stellate synapses induced a

switch to GluA2-containing receptors and a concomitant decrease in the size of the

synaptic current (Liu and Cull-Candy 2000), an effect more recently shown to be

synapse specific (Soler-Llavina and Sabatini 2006). In a related in vivo study, nor-

adrenaline release caused by fear-inducing stimulus was also shown to trigger a switch

inAMPA receptor composition at these synapses by boosting expression of theGluA2

subunit (Liu et al. 2010). Plasticity at stellate cell synapses may provide a means to

regulate this inhibitory network and optimize cerebellar learning (Jorntell et al. 2010).

Strong emotional cues have also been shown to trigger changes in the AMPA receptor

composition at synapses in the lateral amygdala. Here, fear conditioning has been

shown to trigger both potentiation at thalamic inputs and a slow but transient

incorporation of GluA2-lacking receptors, which impart the capacity for fear memory

erasure by long-term depression (Clem and Huganir 2010).

Plasticity of the oligomeric state of AMPA receptors onto cortical pyramidal

neurons has also been demonstrated. Whisker experience induced pathway-specific
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strengthening of spared excitatory inputs onto layer 2/3 pyramidal cells of barrel

cortex by recruitment of GluA2-lacking receptors (Clem and Barth 2006). In

addition, dark-rearing rodents resulted in reversible incorporation of GluA2-lacking

receptors and an increase in the size of synaptic currents of analogous connections

in the visual cortex (Goel et al. 2006), a finding that is consistent with in vitro
models of activity deprivation (Thiagarajan et al. 2005). Transient incorporation

of GluA2-lacking receptors has also been detected by some groups at CA1 Schaffer

collateral inputs in hippocampus, and that their calcium-permeability may be

required for consolidating LTP of synaptic strength (Plant et al. 2006; but see

Gray et al. 2007; Adesnik and Nicoll 2007).

In addition to these examples, a developmental switch from GluA2-lacking

receptors to heteromers containing this subunit has been demonstrated throughout

the nervous system including the retina (Osswald et al. 2007), neocortex (Kumar

et al. 2002) and hippocampus (Ho et al. 2007; Stubblefield and Benke 2010),

where the calcium-signalling capacity may play a role in juvenile forms of synaptic

plasticity (Jensen et al. 2003). In summary, these are a few examples where

heteromerization provides an important physiological means to regulate calcium

signalling through AMPA receptors and synaptic transmission.

11.4.4 Failure to Heteromerize Is Associated
with Neuropathology

There are also a number of conditions associated with insufficient heteromerization

resulting in pathological synaptic expression of calcium-permeable AMPA receptors.

Prolonged withdrawal from cocaine leads to the incorporation of GluA2-lacking

receptors at excitatory inputs onto neurons of the nucleus accumbens (Conrad et al.

2008). In contrast, single cocaine administration caused a redistribution of GluA2-

lacking receptors to synapses on dopaminergic cells of the ventral tegmental area

(VTA); this effect was reversed by stimulating LTDwith mGluR1 enhancers (Bellone

and Luscher 2006). Interestingly, disruption of mGluR1 function reduced the level of

cocaine exposure required to induce the switch in synaptic AMPA receptors in the

nucleus accumbens (Mameli et al. 2009).

In the hippocampus, repeated morphine administration has been shown to

increase synaptic expression of GluA2-lacking receptors and reduce the magnitude

of LTD (Billa et al. 2010). Interestingly, recent findings show that the introduction

of GluA2-lacking receptors at CA1 synaptic inputs adds the capacity for anti-

Hebbian LTP and attenuation of NMDAR-dependent learning (Wiltgen et al.

2010). Finally, toxic expression of calcium-permeable AMPA receptors has been

reported in a number of disease states including at CA1 neurons following ischemia

and in motor neurons of patients with sporadic amyotrophic lateral sclerosis, where

calcium-permeable AMPA receptor blockers or expression of the edited GluA2

subunit is neuroprotective (Liu and Zukin 2007; Peng et al. 2006; Hideyama et al.
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2010; Noh et al. 2005). In summary, the plasticity of AMPA receptor expression

and oligomerization is a key mediator in the pathology of various diseases.

Given the significance of forming AMPA receptor heteromers containing the

GluA2 subunit in protecting certain neuronal types from pathological demise,

modulation of AMPA receptor assembly may prove an appropriate therapeutic

approach. Recently, it has become apparent that dimerization properties of the

NTD impact the competence of subunits to heteromerize (Rossmann et al. 2011).

Furthermore, clamshell movements of some NTDs may alter dimer affinities, thus

making the putative capacity of these periplasmic binding protein homologs to bind

ligand an attractive drug target (Sukumaran et al. 2011). The emerging structures of

AMPA receptor NTDs and methods described to purify the soluble domain and

quantify their dimer affinities provide a potential platform for drug discovery.
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Chapter 12

Developmental Plasticity of the Dendritic

Compartment: Focus on the Cytoskeleton

Malgorzata Urbanska, Lukasz Swiech, and Jacek Jaworski

Abstract Plasticity, the ability to undergo lasting changes in response to a stimu-

lus, is an important attribute of neurons. It allows proper development and underlies

learning, memory, and the recovery of the nervous system after severe injuries.

Often, an outcome of neuronal plasticity is a structural plasticity manifested as a

change of neuronal morphology. In this chapter, we focus on the structural plastic-

ity of dendritic arbors and spines during development. Dendrites receive and

compute synaptic inputs from other neurons. The number of dendrites and their

branching pattern are strictly correlated with the function of a particular neuron and

the geometry of the connections it receives. The development of proper dendritic

tree morphology depends on the interplay between genetic programming and

extracellular signals. Spines are tiny actin-rich dendritic protrusions that harbor

excitatory synapses. No consensus has been reached regarding how dendritic spines

form, and several models of spine morphogenesis exist. Nevertheless, most

researchers agree that spinogenesis is an important target for structural plasticity.

In this chapter, we discuss examples of such plasticity and describe the principles

and molecular mechanisms underlying this process, focusing mostly on the regula-

tion of the cytoskeleton during dendrito- and spinogenesis.
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12.1 Introduction

Plasticity, the ability to undergo lasting changes in response to a stimulus, is an

important attribute of neurons. It allows proper development and underlies learning,

memory, and the recovery of the nervous system after severe injuries. Improper

neuronal plasticity accompanies several central nervous system disorders, including

mental retardation, autism spectrum disorders, schizophrenia, epilepsy, and neuro-

degenerative disorders. Long-lasting adjustments of neuronal functions have been

postulated and subsequently proven to require changes in cell morphology (Kasai

et al. 2010a; Stuart et al. 2007; Yuste 2010). Such changes are referred to as

structural plasticity. During development, neurons rapidly change their morphol-

ogy, but structural plasticity subsequently becomes greatly reduced, and only

specialized dendritic protrusions, referred to as spines, remain plastic throughout

life. In this chapter, we focus on the structural plasticity of dendritic arbors and

spines during development. We discuss examples of such plasticity and describe the

principles and molecular mechanisms underlying this process, focusing mostly on

the regulation of the cytoskeleton.

12.2 Structural Plasticity of Dendrites and Dendritic

Spines During Development

Dendrites receive and compute synaptic inputs from other neurons (Stuart et al.

2007). The number of dendrites and their branching pattern are strictly correlated

with the function of a particular neuron and the geometry of the connections it

receives (Stuart et al. 2007). Imaging neurons cultured in vitro or in vivo in the

brain (Dotti et al. 1988; Mizrahi 2007; Stuart et al. 2007; Wu et al. 1999) revealed

that dendritic arbor development is a multistage process (Fig. 12.1) that begins

shortly after axon specification. Initially, dendrites undergo extensive elongation

without new branch formation. Dendrites then start to branch to effectively cover

appropriate dendritic fields, a process which is correlated with the formation of

synaptic contacts. How dendrites branch mechanistically is still unclear. Dendrite

elongation is driven by dendritic growth cones, and some observations suggest that

dendritic branching occurs by dendritic growth cone splitting (Acebes and Ferrus

2000; Portera-Cailliau et al. 2003). Dendritic growth cones of Purkinje and pyra-

midal neurons form filopodia that search the extracellular environment for attrac-

tive axonal partners (Acebes and Ferrus 2000; Bradley and Berry 1976; Laxson and

King 1983; Portera-Cailliau et al. 2003). Growth cone filopodia that succeed and

become stabilized form dendritic branches. The final shape of a dendritic arbor,

however, is not achieved exclusively by the robust addition of new branches. It is

rather reached through repetitive rounds of branch additions and retractions that

occur in response to a variety of extracellular signals (Stuart et al. 2007), which

makes this stage of development the most plastic. Both in vitro and in vivo imaging
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of neurons confirm that after this period, the dendritic tree becomes stable, and

structural plasticity occurs quite rarely under basal conditions (Mizrahi 2007;

Mizrahi and Katz 2003; Wu et al. 1999).

Spines are tiny actin-rich dendritic protrusions that harbor excitatory synapses.

Not all neurons have dendritic spines, and not all functions of spines have been fully

established (Harris 1999; Yuste 2010). Nevertheless, the spine has been generally

Fig. 12.1 Dendritic arbor development is a multistage process. Dendritogenesis starts shortly

after axon specification. Dendrites first elongate. Next, they start to branch dynamically. The final

shape of a dendritic arbor is achieved through repetitive rounds of branch additions and retractions

that occur in response to a variety of extracellular signals. Once the final shape is reached, the

dendritic tree becomes stable, and structural plasticity occurs quite rarely under basal conditions
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accepted to constitute a small, separate, biochemical compartment that allows clear

synaptic input separation and computation (Harris 1999; Hayashi and Majewska

2005; Yuste 2010). Therefore, both the number of spines and their shape are

hypothesized to be important for information processing (Harris 1999; Kasai

et al. 2010a, b). Indeed, both parameters are changed in several brain diseases

that are characterized by cognitive deficits (Fiala et al. 2002; van Spronsen and

Hoogenraad 2010). Spines can have multiple shapes (Arellano et al. 2007), and

although these shapes represent a continuum rather than separate classes, spines are

usually categorized as thin, stubby, mushroom, or multishaped (Harris 1999;

Hering and Sheng 2001; Yuste 2010) (Fig. 12.2). A prototypical spine has a

relatively thin neck and bulbous head. Spines have been repeatedly demonstrated

to change neck and head dimensions (i.e., switch categories) (Bourne and Harris

2007; Kasai et al. 2010a; Yasumatsu et al. 2008). A current view purports that the

shape of a particular spine mirrors its history or plastic potential. Thin spines with

long, thin necks and small-volume heads are considered relatively immature and

plastic (Kasai et al. 2010a). In contrast, mushroom spines have shorter, wider necks

and bigger heads, pass more current, and are considered mature and less prone to

change, however, have been shown to shrink under certain conditions (Kasai et al.

2010a; Okamoto et al. 2004). In addition to dendritic spines, filopodia growing

directly from a dendritic shaft have been observed (Portera-Cailliau et al. 2003;

Yuste 2010) (Fig. 12.2). These protrusions, although called the same, are different

from ones grown by growth cones and described above. They also differ, as we will

discuss later, from identically named cytoplasmic projections of nonneuronal cells.

Thus, in this chapter, we will refer to filopodia growing directly from dendritic shaft

as to dendritic filopodia while those formed by growth cones or by nonneuronal

cells will be called growth cone or conventional filopodia, respectively. The

dendritic filopodia differ from spines because of the lack of the head, longer length,

and higher motility. Dendritic filopodia often lack a presynaptic contact and are

therefore not functional sites of neurotransmission.

Fig. 12.2 Dendritic spines can have different morphology. Spines are tiny actin-rich dendritic

protrusions that harbor excitatory synapses. Number of spines and their shape are hypothesized to

be important for information processing. Shapes represent a continuum rather than separate

classes, but spines are usually categorized as thin, stubby, or mushroom. As depicted, dendritic

filopodia are considered precursors of dendritic spines. Arrows indicate direction of spine shape

changes upon spine maturation
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Observations that the number and shape of spines change during development

lead to several models of spinogenesis (Harris 1999; Portera-Cailliau et al. 2003;

Yuste 2010; Yuste and Bonhoeffer 2004). The most popular one assumes that

dendritic filopodia are precursors of spines, which, because of their length and

motility, sample the neuron’s environment for a contact with an axon. Once a

connection is formed and stabilized by synaptic contact, the dendritic filopodium

turns into a spine. This conversion involves growing the spine head and shortening

the neck. The further progression of such changes results in a mushroom spine.

Indeed, conversion of some dendritic filopodia into spines has been observed with

two-photon microscopy (Marrs et al. 2001).

Spinogenesis is an important target for structural plasticity, and below, we

discuss several extracellular signals that affect it. However, one must remember

that developmental pruning of excessive spines is equally important for the refine-

ment of neuronal networks (Yuste and Bonhoeffer 2004). Finally, long-term

imaging of spines in vivo revealed that spine motility decreases with neuronal

maturation, most likely because of the stabilization of successful synaptic contacts

(Knott and Holtmaat 2008; Majewska and Sur 2003; Yuste 2010).

12.3 Molecular Mechanisms of Structural Plasticity

of Dendrites and Dendritic Spines

The development of proper dendritic tree morphology depends on the interplay

between genetic programming and extracellular signals (Jan and Jan 2010; Parrish

et al. 2007; Urbanska et al. 2008). Inside the cell, these two instructions must be

combined and properly executed by effector mechanisms (Jan and Jan 2010; Parrish

et al. 2007; Urbanska et al. 2008). Genetic regulation of dendritic growth has been

studied mostly in Drosophila and was reviewed extensively (Gao and Bogert 2003;

Jan and Jan 2010; Parrish et al. 2007). Therefore, wewill not discuss this topic in depth

and focus instead on external signals that induce dendritic growth plasticity. Prior to

the arrival of axons and formation of synaptic connections, dendritic arbor develop-

ment is regulated by diffusible cues. Several of them have been identified, including

brain-derived neurotrophic factor (BDNF), bone morphogenetic protein (BMP) fam-

ily members, semaphorins, and Slits (Jan and Jan 2010; Urbanska et al. 2008).

Diffusible cues have also been reported to be important for the number, distribution,

and shape of dendritic spines. For example, a lack of proper semaphorin 3F signaling

leads to the formation of supernumerary enlarged spines, suggesting the importance of

this trophic factor for spine pruning (Tran et al. 2009). BDNF application, in contrast,

leads to very diverse effects, depending on the mode of application. Acute, short-term

administration of a high dose increases spine head volume, whereas a gradually

increasing dose induces spine elongation (Ji et al. 2010).

Once dendrites and axons begin to contact each other, synaptic activity and physical

interactions of surface proteins begin to play an important role in dendrito- and
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spinogenesis. Neuronal transmission can either increase or decrease dendritic arbori-

zation (McAllister 2000). A very clear demonstration of the positive effect of neuronal

activity on dendrite growth comes from in vivo time-lapse imaging of developing

neurons in the optic tectumofXenopus laevis. In thismodel, visual stimulation resulted

in substantial increases in dendrite growth dynamics and total dendritic length

(Sin et al. 2002), which required a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor-mediated glutamatergic

transmission. NMDA receptors (NMDA-R) are also important for proper dendritic

field coverage. NR2B knockout stellate neurons of the barrel cortex could not restrict

dendrite expansion to a single barrel (Espinosa et al. 2009).

In addition to excitatory transmission, depolarization of hippocampal, cortical,

and cerebellar neurons cultured in vitro in the presence of high KCl leads to

increased dendritic growth (Chen et al. 2005; Gaudilliere et al. 2004; Redmond

et al. 2002; Wayman et al. 2006; Wu et al. 2007; Yu and Malenka 2003).

Depolarization-induced growth was inhibited by nimodipine, an L-type voltage-

gated calcium channel blocker, and the effects of neuronal activity on dendritic

arborization are widely accepted to be attributable to elevated cellular calcium

concentrations (Konur and Ghosh 2005; Redmond and Ghosh 2005). Indeed,

Lohman et al. (2002) directly confirmed the importance of calcium ions for

dendritic development, showing that Ca2+-induced Ca2+ release (CICR) locally in

dendrites prevented the retraction of dendrites of chick retinal ganglion neurons.

Neuronal activity is postulated to be a crucial factor for spinogenesis and

morphological spine changes in adult neurons (Holtmaat et al. 2006; Knott and

Holtmaat 2008; Matsuzaki et al. 2004; Okamoto et al. 2004). However, several

researchers disagree with the absolute requirement of neuronal activity for devel-

opmental spinogenesis (Segal 2001; Yuste 2010). The leading example is one in

which Purkinje neuron spines make synaptic contacts with parallel fibers, and these

particular spines can develop without synaptic input (Yuste and Bonhoeffer 2004).

If neuronal transmission is important for spinogenesis, then knockout of neuro-

transmitter receptors should have dramatic impacts on synaptogenesis. In contrast

to this assumption mice with conditional NR1-receptor knockout in cortical and

hippocampal pyramidal neurons, although lacking NMDAR transmission, still

developed spines, and clear differences in spine number were only evident after

postnatal day 10 (Ultanir et al. 2007). Removal of the NR2B subunit from forebrain

neurons also decreased dendritic spine density but did not prevent dendritic spine

formation (Brigman et al. 2010). However, in both cases, the shape of the spines

differed between mutant and control animals, suggesting that neuronal activity is

needed more for maturation than for the formation of dendritic spines. The role of

neuronal activity was also demonstrated for developmental spine pruning and

inhibition of spine motility (Knott and Holtmaat 2008; Segal 2001; Yuste 2010).

The interaction between proteins at the cell surface is another force that shapes

the dendritic arbor and drives spinogenesis. Several examples are derived from

different types of neurons and species. Molecules such as Delta, Notch, ephrinB,

EphB, and cadherins can either accelerate or inhibit dendrite growth, branching,

and stability (Jan and Jan 2010; Urbanska et al. 2008). The contacts of dendrites and
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axons via cell surface proteins also play a crucial role in dendritic spine develop-

ment and plasticity (Calabrese et al. 2006; Yoshihara et al. 2009). Interactions via

surface proteins, such as cadherins, neurexins, ephrin receptors, syndecan-2,

nectins, and SALMs, have rather permissive effects on the dendritic filopodia-

spine transition and spine maturation (Calabrese et al. 2006; Yoshihara et al.

2009). Additionally, most surface proteins that induce dendritic filopodia support

their transition to spines. But some of them, for example, telencephalin (TLCN), a

cell adhesion molecule abundantly present in dendritic filopodia, induce their

formation but prevent their conversion to spines (Furutani et al. 2007).

Extracellular factors require intracellular messengers (signal transduction

proteins, e.g. kinases, phosphatases, small GTPases and transcription factors) and

executors to affect the dendritic arbor and spine development (Jan and Jan 2010;

Tada and Sheng 2006; Urbanska et al. 2008). The effectors identified to date

are involved in cytoskeleton dynamics, membrane trafficking, macromolecule

synthesis and degradation (Jan and Jan 2010; Tada and Sheng 2006; Urbanska

et al. 2008). In the case of spine morphogenesis, scaffold proteins of

the postsynaptic density also need to be considered (Sala et al. 2008). In the

following sections, we will focus on the role of the cytoskeleton in dendrito-

and spinogenesis.

12.4 The Cytoskeleton of the Synaptodendritic Compartment

Three components of the cytoskeleton are present in neurons: microfilaments,

intermediate filaments, and microtubules. Although each of these play particular

roles in the cell, they cooperate to ensure proper cell shape, efficient intracellular

transport, and resistance to mechanical stress. Moreover, the ability of actin and

microtubules to undergo very fast dynamic changes allows the movements and

morphological adaptation of the dendritic compartment, which are crucial for

structural neuronal plasticity. Microtubules, but not microfilaments, constitute the

major cytoskeletal component of a dendrite. Their leading role in shaping the

dendritic arbor was long assumed. Quite the opposite, however, dendritic spines

are rich in actin, and microtubules were reported absent in this compartment.

Consequently, most work focused on actin dynamics, thus overlooking the potential

role of microtubules in the structural plasticity of spines. However, over the past

decade, actin was proven to be crucial for dendritic growth, and dynamic

microtubules were shown to invade spines (Hoogenraad and Bradke 2009;

Urbanska et al. 2008) (Fig. 12.3). Thus, both microfilaments and microtubules are

clearly important for the structural plasticity of the synaptodendritic compartment,

regardless of which cytoskeletal element predominates as a major component.

Microtubules are composed of a- and b-tubulin heterodimers connected in a head-

to-tail fashion. Microtubules are polarized structures, meaning that their ends are not

equal and have different characteristics. In vivo,microtubules growand shrink on their

plus end, whereas the minus end remains relatively stable because of the protection
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Fig. 12.3 Spatial distribution and dynamics of dendritic compartment cytoskeleton.
(a) Microfilaments and microtubules constitute major cytoskeletal components of dendritic cyto-
skeleton. Stable microtubules dominate in dendritic shaft as shown by staining for MAP2 (red), a
protein bound exclusively to microtubules (left panel), but are not present in dendritic spines.
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provided by bound proteins (Fig. 12.3). Whether the microtubule grows, pauses, or

undergoes rapid shrinkage strongly depends on the structure of the microtubule itself

and activity of microtubule-binding proteins (MAPs). Several classes of MAPs have

been described, and members of classical MAPs, microtubule plus-end tracking

proteins (+TIPs), microtubule polymerizing and severing proteins, and tubulin

regulating proteins are present in dendrites (Poulain and Sobel 2010). The presence

of microtubules in spines has been controversial, but transient excursions of dynamic

microtubules into spines, often reflected by the presence of +TIP protein EB3, have

been recently described (Hu et al. 2008; Jaworski et al. 2009).

Microfilaments consist of polymerized actin (F-actin). Actin filaments are also

polarized, indicating that they grow faster on one end (barbed end) than on the

opposite end (pointed end) and resulting in the treadmilling of actin subunits from

the barbed end to pointed end (Fig. 12.3). Unlike the microtubules, microfilaments, in

addition to bundles, can also form branched networks. Growth dynamics and the

spatial arrangement of microfilaments depend on the availability of monomeric actin

and activity of a variety of actin-binding proteins. Several of these proteins have been

detected in dendrites, similar to actin enriched in growth cones, filopodia, and

dendritic spines (Hotulainen and Hoogenraad 2010; Schubert and Dotti 2007; Sekino

et al. 2007; Zhang and Benson 2000). This includes actin-nucleating, depolymerizing,

capping, and cross-linking proteins and their regulators, includingmembers of theRho

GTPase family—RhoA, Rac1, and Cdc42 (Hotulainen and Hoogenraad 2010;

Schubert and Dotti 2007; Sekino et al. 2007; Zhang and Benson 2000).

12.5 Role of the Cytoskeleton in Dendritic Arbor

Morphogenesis

In different organisms, proper dendritic arbor morphology depends on MAPs (for

review, see Conde and Caceres 2009; Georges et al. 2008; Poulain and Sobel 2010;

Urbanska et al. 2008). Recently, +TIPs have begun to attract attention because they

have been shown to control the regulation of intracellular transport and cross-talk

between microtubules and the actin cytoskeleton, in addition to microtubule

dynamics (Lansbergen and Akhmanova 2006; Siegrist and Doe 2007). Numerous

reports describe the contribution of +TIPs to neuronal polarization and axonal

growth (Grabham et al. 2007; Jimenez-Mateos et al. 2005; Lee et al. 2004;

�

Fig. 12.3 (continued) On the other hand, F-actin (red) is enriched in dendritic protrusions

(filopodia and spines) (right panel). (b) Microfilament dynamics. Microfilaments consist of

polymerized actin and are polarized, indicating that they grow faster on one end (barbed end)

than on the opposite end (pointed end) and resulting in the treadmilling of actin subunits from the

barbed end to pointed end. Treadmilling is an important mechanism responsible for microfilament

dynamics in vivo. (c) Dynamic instability of microtubules. This dynamic instability is regulated by

availability and posttranslational modifications of tubulin and is major cause of microtubule

dynamics

12 Developmental Plasticity of the Dendritic Compartment 273



Zhou et al. 2004), but very little is known about +TIP function in developing

dendrites. The primary evidence of their importance derives from studies inDrosoph-
ila. At least three proteins, DLIS-1, Dhc64, and shortstop (also known as kakapo),

which are respective homologs of Lis1, dynein heavy chain, andACF7, were shown to

regulate dendritic arborization in fruit flies (Gao et al. 1999; Liu et al. 2000; Prokop

et al. 1998; Satoh et al. 2008). Recently, Kapitein et al. (2010) confirmed the

importance of dynein for the dendrite morphology of mammalian cells. Over-

expression of p50, which is known to block dynein function, resulted in simplification

of the dendritic tree. Still unclear, however, is how +TIPs contribute to dendritic

growth. Satoh et al. (2008) postulated that the dynein-dependent transport of

“branching machinery” from the cell soma to distal dendrite regions is crucial for

the proper patterning of Drosophila dendritic arborization (da) neurons. +TIPs can

also contribute to dendrite growth in other ways. All three +TIPs—Lis1, dynein, and

ACF7—can directly or indirectly linkmicrotubules to the actin cytoskeleton (Kodama

et al. 2003; Lansbergen and Akhmanova 2006), which is another important factor for

dendritic patterning.

How do extracellular signals engage MAPs in plastic changes that occur during

dendritic growth?MAP2, amicrotubule cross-bridging protein, is likely the best-studied

example. MAP2 is a substrate for different kinases, and its phosphorylation has

pronounced effects on dendritic arborization (Bjorkblom et al. 2005; Podkowa et al.

2010; Terabayashi et al. 2007). For example, MAP2 phosphorylation by c-jun
N-terminal kinase 1 (JNK1) contributes positively to dendrite elongation

(Bjorkblom et al. 2005). The lack of JNK1 in cerebellar granular neurons results

in MAP2 dephosphorylation, dendrite shortening, and increased dendritic

branching. JNK1 activity can be induced by factors known to control dendritic

branching (e.g., BMP7) (Podkowa et al. 2010).

Recent work in our laboratory also indicated that phosphorylation is an impor-

tant regulator of microtubule dynamics during dendritic growth. mTOR is a known

regulator of protein synthesis needed for BDNF-PI3K-Akt-induced dendritic devel-

opment (Jaworski et al. 2005; Kumar et al. 2005). mTOR, however, is also

known as CLIP-170 kinase in nonneuronal cells (Choi et al. 2002). CLIP-170 is

a +TIP involved in the regulation of microtubule dynamics and microtubule

minus-end-directed transport. We have shown that this protein is necessary for

PI3K-induced dendritic arborization (Swiech et al. 2011). Whether the phosphory-

lation of other +TIPs might be important for dendritic growth needs to be

established, but studies focusing on axonal growth cone navigation support this

hypothesis (Jaworski et al. 2008).

In addition to activity regulation, increasing evidence suggests that the control of

MAPs expression levels is important for dendritic development. For example, Chen

and Firestein (2007) provided evidence that RhoA decreases the translation of cypin,

a guanine deaminase that promotes microtubule assembly and increases dendrite

number (Akum et al. 2004; Firestein et al. 1999). Furthermore, experiments by Wu

et al. (2007) suggest that the transcription of neuronal navigator 3 (NAV3), another

+TIP familymember, depends on the presence of a chromatin remodeling complex that

contains BAF35b, which is crucial for depolarization-induced dendritic growth (Wu
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et al. 2007). Although the function of NAV proteins has not been studied yet in the

context of dendritic arborization, the importance of NAV2 transcription was

demonstrated for neurite outgrowth in SH-SY5Y cells treated with retinoic acid

(Muley et al. 2008).

Our understanding of how microfilaments are influenced by extracellular stimuli

during dendritogenesis comes mostly from studies on RhoA, Rac1, and Cdc42.

These proteins can act on actin dynamics and spatial microfilament arrangement via

several pathways (Etienne-Manneville and Hall 2002; Jaffe and Hall 2005). The

activation of Rac1 induces PAK1 and Arp2/3. The activation of PAK leads to

increased actomyosin contractility and the inhibition of cofilin-dependent actin

depolymerization. Arp2/3 activated by Rac1 induces the polymerization of

branched F-actin networks. Active RhoA affects the cytoskeleton mostly via

ROCK activation. The increased activity of RhoA and inhibition of Rac1 or

Cdc42 result in significant simplification of dendritic trees in many types of neurons

(Hayashi et al. 2002; Nakayama et al. 2000; Threadgill et al. 1997). In contrast, the

activation of Rac1 or Cdc42 increased the number of dendritic branches (Hayashi

et al. 2002; Nakayama et al. 2000; Threadgill et al. 1997). The same is true for

downstream effectors of Rac1 and RhoA (Hayashi et al. 2002; Jacobs et al. 2007;

Nakayama et al. 2000; Sin et al. 2002). Various extracellular signals regulate the

activity of Rho GTPases during dendritic growth. Using a model of developing

Xenopus tectal neurons, Cline and coworkers demonstrated that dendritic growth,

which depends on neuronal activity, requires parallel Rac1 activation and RhoA

inactivation (Li et al. 2000, 2002; Sin et al. 2002). Evidence derived from additional

models clearly shows that other extracellular signals, such as BDNF, Wnt-7, and

ephrinB–EphB interaction, control dendritic growth by recruiting Rho GTPases as

mediators (Penzes et al. 2003; Rosso et al. 2005; Takemoto-Kimura et al. 2007).

How can such diverse stimuli converge on Rho family members? A diversity of

proteins that regulate the activity of Rho GTPases provides an answer to this

question. Small GTPases are molecular switches that cycle between active (GTP-

bound) and inactive (GDP-bound) states (Etienne-Manneville and Hall 2002).

Thus, the degree of their activation is an outcome of the balance between guanine

nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). GEFs

and GAPs of Rho GTPases are recruited to act downstream of inducers of

dendritogenesis in different ways. For example, the Rac 1 GEF Tiam1 interacts

directly with the NR1 NMDA receptor subunit (Tolias et al. 2005), and this

interaction is needed for NMDA-dependent activation of Rac1. At the same time,

Tiam1 knockdown results in decreased dendritic complexity. Moreover, BDNF-

induced dendritic growth requires the activity of a Rac1 GEF that is closely related

to Tiam1, named SIF, and Tiam1-like exchange factor (STEF) (Takemoto-Kimura

et al. 2007). However, extracellular stimuli not only regulate the activity of GEFs

and GAPs of Rho GTPases but also control their expression levels. For example,

Wu et al. (2007) reported that the expression of the putative Rac GEF ephexin1

decreased and RacGAP increased in neurons lacking BAF53b. Furthermore, KCl-

induced dendritic growth was restored in BAF53b–/– neurons that overexpress
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ephexin1. Interestingly, local translation of Rac1 in dendrites was also shown to

contribute to dendritic arborization in Drosophila (Lee et al. 2003).

While the role of Rho GTPases and their direct downstream effectors in

dendritogenesis was the subject of very intensive studies, other actin binding

proteins were not investigated so extensively in this context. Recently, however,

proteins involved in actin nucleation have been studied more carefully. Wiskott-

Aldrich syndrome (WASP) family protein N-WASP and its interacting protein

complex Arp2/3, the activity of which is responsible for the formation of a branched

filament network (Burridge and Wennerberg 2004; Etienne-Manneville and Hall

2002; Jaffe and Hall 2005), can serve as a first example. Overexpression of N-

WASP increased the number of neurites and branch points in developing hippo-

campal neurons in vitro (Pinyol et al. 2007). Rocca et al. (2008) showed that Arp2/3

actin nucleation activity is important for proper dendritic branching patterns in

developing hippocampal neurons. Factors involved in polymerization of

unbranched actin filaments also appear to be important for proper dendritic arbori-

zation. Cordon-bleu (Cobl) is an actin nucleation factor enriched in the brain, and

its activity is needed for dendritic growth and branching (Ahuja et al. 2007). In

addition to the above examples, profilin 2a, a protein that enhances the actin

treadmilling rate, has been shown to act downstream of pan-neurotrophin receptor

p75 (NTR) to regulate dendritic arbor morphology (Michaelsen et al. 2010).

12.6 Actin and Microtubule Contribution to Dendritic

Spine Structural Plasticity

Microfilaments are the most prominent components of dendritic filopodia and the

dendritic spine cytoskeleton, and their dynamics play a role in the morphological

changes of dendritic spines in developing and adult neurons. Pharmacological

manipulations of the dynamics of polymerization and stability of microfilaments

change the ratio of spines to filopodia in mature neurons and interfere with

structural plasticity induced by synaptic transmission (Honkura et al. 2008;

Jaworski et al. 2009; Okamoto et al. 2004). Pharmacological evidence to support

the role of microfilament dynamics for the developmental transition of dendritic

filopodia to spines is missing, but some supporting evidence exists. First, the

inhibition of actin polymerization with cytochalasin D in acute slices from the

developing cortex led to a substantial decrease in the number and motility and

significant increase in the life of dendritic filopodia (Portera-Cailliau et al. 2003).

The strongest proof, however, comes from numerous studies of the role of proteins

that regulate F-actin in the morphological changes of dendritic filopodia and spines

(Hotulainen and Hoogenraad 2010; Pontrello and Ethell 2009; Schubert and Dotti

2007; Sekino et al. 2007; Tada and Sheng 2006). One must remember, however,

that our interpretation of such studies is deeply biased by our assumptions regarding

the organization and dynamics of actin in filopodia and spines.
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For many years, microfilament organization of dendritic filopodia and the spine

neck was believed to resemble stiff, long bundles described for conventional

filopodia of nonneuronal cells and axonal growth cones. Just recently, however,

the detailed spatial arrangement and dynamics of actin filaments in dendritic

filopodia and dendritic spines has been resolved, which proved that our assumptions

were incorrect (Honkura et al. 2008; Hotulainen et al. 2009; Korobova and Svitkina

2010). Snapshots of the cytoskeleton of dendritic filopodia obtained by platinum

replica electron microscopy clearly show striking differences between the microfil-

ament arrangements in conventional and dendritic filopodia (Korobova and

Svitkina 2010). In conventional filopodia, microfilaments are organized as unipolar

bundles of parallel filaments. Dendritic filopodia contain stretched networks of

branched and linear filaments of mixed polarization (Korobova and Svitkina

2010). The molecular organization also appears to be quite different. For example,

Korobova and Svitkina (2010) and Hotulainen et al. (2009) reported the presence of

the Arp2/3 complex in dendritic protrusion, which is not present in conventional

filopodia. Finally, unlike in conventional filopodia in dendritic ones, actin polymer-

ization occurs at their tips and bases (Hotulainen et al. 2009).

The described “stretched” network organization of the actin cytoskeleton has also

been observed in the neck of dendritic spines of different shapes (Korobova and

Svitkina 2010). The Arp2/3 complex and capping protein were also present in the

spine neck, similar to dendritic spine filopodia (Korobova and Svitkina 2010).

Microfilaments in the spine head form a meshwork of branched filaments, similar to

those observed for lamellipodia (Korobova and Svitkina 2010). The major difference

between F-actin organization in a spine head and the “classical” lamellipodium is the

length of the individual microfilaments (Korobova and Svitkina 2010). Electron

microscopy and single actin molecule tracking using photo-activation localization

microscopy (PALM) suggest that filaments in spine heads are rarely longer than

200 nm (Frost et al. 2010b; Korobova and Svitkina 2010; Tatavarty et al. 2009).

Based on these observations and the tight regulation of spine head actin dynamics by

neuronal activity (Okamoto et al. 2004), Frost and colleagues (Frost et al. 2010a, b)

proposed that a network of short, tightly controlled filaments is advantageous because

it ensures the optimal spatial and temporal response of the actin cytoskeleton.

Recently, several studies addressed the issue of actin dynamics within spines. Several

groups revealed within spine heads the existence of separate pools of actin with

different stability, most likely contributing to either spine volume stabilization or

expansion (Frost et al. 2010a, b; Honkura et al. 2008).

Several molecular mechanisms have been proposed to explain spine shape

changes, but most of them lacked complete information about the structure and

dynamics of actin in filopodia and spines. However, Hotulainen and Hoogenraad

(2010) recently proposed a new model, the most intriguing step of which is the

initiation of dendritic filopodia. Hotulainen andHoogenraad (2010) listed six potential

scenarios for this event. For example, formin-dependent actin polymerization could

initiate the growth of dendritic filopodia. This scenario is supported by a decrease in

the number of dendritic filopodia caused by knockdown ofmDia2, which is one of the

formins. The next steps (i.e., the transformation of dendritic filopodia into immature
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dendritic spines and subsequent formation ofmushroom spines) require the expansion

of a spine head and its neck shrinkage. Several studies showed that Arp2/3 complex-

dependent expansion of the branched microfilament network is needed for spine head

enlargement (Grove et al. 2004; Hotulainen et al. 2009; Soderling et al. 2007;Wegner

et al. 2008). One recent study suggested a surprising scenario for Arp2/3 activation

during spine head expansion that involves dynamic microtubule entrance into spine

(Hoogenraad and Bradke 2009; Jaworski et al. 2009, see also Chap. 9). As mentioned

above, actin dynamics in dendritic spines is under very tight control. Therefore, the

model of spine maturation proposed by Hotulainen and Hoogenraad (2010) also

includes the activity of capping and severing proteins, such Eps8 and cofilin 1,

respectively. Indeed, cofilin 1 is required for the proper formation of dendritic spines

(Hotulainen et al. 2009). Several other actin-regulating proteins are required for proper

spine morphology (Hotulainen and Hoogenraad 2010; Schubert and Dotti 2007;

Sekino et al. 2007), andmost of them fit nicely into the model proposed byHotulainen

and Hoogenraad (2010). But how exactly the inducers of developmental structural

plasticity link to actin ormicrotubule binding proteins responsible for changes in spine

morphology is unclear.

Like in dendritogenesis, also during spine morphogenesis, extracellular stimuli

influence actin cytoskeleton dynamics via diverse signal transduction pathways,

among which small GTPases play a prominent role (Saneyoshi et al. 2010, see also

Chap. 5). In principle, the activation of Rac1 induces spine maturation, whereas RhoA

activation leads to opposite effects (Tashiro et al. 2000; Yuste 2010). However,

several examples show that growth factors, neurotransmitters, and cell adhesion

molecules utilize also Rho GTPases-independent pathways to signal to the actin

cytoskeleton and regulate spine morphology (Ethell and Pasquale 2005; Saneyoshi

et al. 2010; Schubert and Dotti 2007). Good examples are NMDA receptor activation-

dependent recruitment of profilin to and disappearance of cortactin and drebrin from

dendritic spines (Ackermann and Matus 2003; Hering and Sheng 2003; Sekino et al.

2006). Activation of Trk-B by BDNF results inMAPK-dependent phosphorylation of

cortactin and its recruitment to synapses (Iki et al. 2005). Finally, calcium ions

can regulate actin dynamics either directly through calcium- and actin-binding

proteins (e.g., gelsolin) or via CamK (Saneyoshi et al. 2010; Schubert andDotti 2007).

12.7 Future Directions

We are aware that we have not described in this chapter all of the possibilities of

cytoskeleton regulation by extracellular modulators during developmental struc-

tural plasticity, but we hope that we have covered the major topics. The research on

this topic has been conducted for at least the past two decades, but several questions

still remain unanswered. Some new, exciting directions are currently emerging,

including the role of dynamic microtubules and cross-talk between microtubules

and microfilaments. The contribution of cytoskeleton dynamics to other cellular

process that may greatly affect structural plasticity, such as membrane trafficking
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(Frost et al. 2010a) or local protein translation (Bramham 2008), requires more

research. Understanding these mechanisms is greatly important because proper

dendritic arborization and spine morphology are involved in brain plasticity and

severely impaired in several neurodevelopmental disorders (Fiala et al. 2002; Kasai

et al. 2010a; Kaufmann and Moser 2000; van Spronsen and Hoogenraad 2010).
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Chapter 13

Dendritic mRNA Targeting and Translation

Stefan Kindler and Hans-J€urgen Kreienkamp

Abstract Selective targeting of specific mRNAs into neuronal dendrites and their

locally regulated translation at particular cell contact sites contribute to input-

specific synaptic plasticity. Thus, individual synapses become decision-making

units, which control gene expression in a spatially restricted and nucleus-independent

manner. Dendritic targeting of mRNAs is achieved by active, microtubule-dependent

transport. For this purpose, mRNAs are packaged into large ribonucleoprotein (RNP)

particles containing an array of trans-acting RNA-binding proteins. These are

attached to molecular motors, which move their RNP cargo into dendrites. A variety

of proteins may be synthesized in dendrites, including signalling and scaffold proteins

of the synapse and neurotransmitter receptors. In some cases, such as the alpha subunit

of the calcium/calmodulin-dependent protein kinase II (aCaMKII) and the activity-

regulated gene of 3.1 kb (Arg3.1, also referred to as activity-regulated cDNA,

Arc), their local synthesis at synapses can modulate long-term changes in synaptic

efficiency. Local dendritic translation is regulated by several signalling cascades

including Akt/mTOR and Erk/MAP kinase pathways, which are triggered by synaptic

activity.More recent findings show thatmiRNAs also play an important role in protein

synthesis at synapses. Disruption of local translation control at synapses, as observed

in the fragile X syndrome (FXS) and its mouse models and possibly also in autism

spectrum disorders, interferes with cognitive abilities in mice and men.
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13.1 Introduction

The role of protein synthesis in memory formation was appreciated as early as

1963, when Flexner et al. reported that injection of the protein synthesis inhibitor

puromycin into the temporal lobe of mice impairs the acquisition of memory

(Flexner et al. 1963). Later it became evident that long-term modification of

synapses requires the synthesis of new proteins. In electrophysiological paradigms

of synaptic plasticity, the late phase of both long-term potentiation (LTP) and long-

term depression (LTD) depends on a supply of newly synthesized proteins (Pfeiffer

and Huber 2006). However, the input specificity of synaptic plasticity presents a

considerable cell biological problem, as out of potentially thousands of synapses

only a few need to be modified. How can proteins produced in neuronal cell bodies

be addressed only to those postsynaptic sites, which have experienced an appropri-

ate stimulus and are about to be modified? In this respect, the discovery of

polysomes in dendrites (Steward and Levy 1982) was welcome news as it became

obvious that some proteins might be produced locally in the vicinity of a synapse.

More recently, Ostroff et al. (2010) observed an accumulation of polysomes and

multivesicular bodies in dendritic shafts during fear conditioning training,

indicating increased local protein synthesis and degradation during learning. By

in situ hybridization in the rodent hippocampus, several mRNAs were identified,

which were present not only in neuronal cell bodies but also in dendritic fields,

including messages coding for microtubule-associated protein 2 (MAP2),

aCaMKII, Arg3.1/Arc, the SH3 domain and ankyrin repeat protein (Shank1–3),

the SAP and PSD-95-associated protein 3 (SAPAP3), dendrin and Jacob (B€ockers
et al. 2004; Burgin et al. 1990; Garner et al. 1988; Herb et al. 1997; Kindler et al.

2004, 2009; Link et al. 1995; Lyford et al. 1995; Welch et al. 2004). Based on these

findings, stimulus-dependent local translation of mRNAs in dendrites was firmly

established as a cellular mechanism contributing to long-lasting modifications of

synapses. The relevance of this phenomenon for cognition in humans is underlined

by cognitive deficits observed in patients suffering from fragile X syndrome (FXS).

This disease is characterized by the functional loss of the fragile X mental retarda-

tion protein (FMRP), an RNA-binding protein (RBP) acting as a translational

repressor in dendrites (Bassell and Warren 2008). Also, deficits in dendritic trans-

lational control have been implicated in other neuronal diseases, in particular

autism (Kelleher and Bear 2008).

Here, we will address the following questions concerning dendritic transport and

synaptic translation of mRNAs:

• How are specific mRNAs selected for dendritic transport, and how is this

transport achieved by neuronal motor proteins?

• Which are the main dendritic mRNAs that may substantially contribute to

alterations of the molecular composition and signalling capacity of individual

postsynaptic sites?

• Which signalling pathways trigger dendritic translation?

• How do these phenomena relate to human disease?
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13.2 Factors Involved in Dendritic mRNA Trafficking

It is understood that specific sequences in dendritically localized mRNAs should be

responsible for trafficking into dendrites (Bramham and Wells 2007; Kindler et al.

2005). These dendritic targeting elements (DTEs) have been identified in cultured

neurons using recombinant reporter RNAs. DTEs, identified so far, vary widely in

size (from about 10 bases to 1.2 kb) and sequence, and it has not been possible to

determine a commonly used consensus motif. Unfortunately, some results are also

quite conflicting. Thus, five different studies identified four distinct, non-

overlapping sequence elements, which promote dendritic targeting of aCaMKII

mRNAs (Blichenberg et al. 2001; Gao et al. 2008; Huang et al. 2003; Mori et al.

2000; T€ubing et al. 2010). Similarly, two different non-overlapping DTEs are

described in Arg3.1/Arc mRNAs (Gao et al. 2008; Kobayashi et al. 2005). At

present, we can only assume that some or all of the experimental approaches used

are not close enough to the in vivo situation. As is true for most mRNAs, dendritic

messages derive from precursors, which are spliced and processed in the nucleus,

packaged into messenger RNPs and exported through nuclear pores, possibly

followed by restructuring of the RNP complexes in the cytosol. Recombinant

RNAs do not go through most of these processing steps. This may be highly

relevant for transport efficiency, as it is likely that RNA sorting begins already in

the nucleus. The large discrepancy between the size of most DTEs and the size of

individual motifs recognized by RBPs suggests that a complement of several RBPs

assembles on any functional DTE to enable dendritic trafficking.

Several RBPs specifically recognize individual DTEs and are therefore considered

as potential trans-acting factors involved in mRNA targeting. Thus, MARTA1

associates with the MAP2-DTE (Rehbein et al. 2002), while the related zipcode

binding protein 1 binds to the DTE (or zipcode) of b-actin mRNAs (Tiruchinapalli

et al. 2003). Similar to hnRNPA2 that has been implicated in dendritic targeting of

aCaMKII, Arg3.1/Arc and neurogranin C mRNAs (Gao et al. 2008), the cytoplasmic

polyadenylation element (CPE) binding protein (CPEB) appears to play a role in

dendritic targeting of several distinct transcripts (Huang et al. 2003). Also, the

hematopoietic zinc finger (Hzf) binds to the inositol trisphosphate (IP3) receptor

mRNA and is involved in its dendritic targeting in cerebellar Purkinje cells (Iijima

et al. 2005). Finally, the two mammalian homologs of the Drosophila RBP Staufen

interact with mRNAs in a sequence-independent manner and have been shown to be

required for dendritic mRNA trafficking (Falley et al. 2009; Kanai et al. 2004;

Monshausen et al. 2001; Tang et al. 2001).

Dendritic localization of RNAs requires motor proteins, which translocate RNP

particles along cytoskeletal filaments. Kanai et al. (2004) identified one such motor

showing that the cargo-binding domains of KIF5 family kinesins associate with large

RNP complexes containing dendritic transcripts such as aCaMKII and Arg3.1/Arc

mRNAs. Proteomic analysis of these granules revealed more than 30 distinct proteins,

which associate with KIF5 in an RNA-dependent manner. The finding that an RNAi-

mediated knockdownof someof these components interferedwith dendritic localization
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of reporter transcripts suggests that KIF5-associated RNP complexes are bona fide

mRNA transport granules, which are propelled into dendrites by KIF5. The fact that

several predominantly nuclear RBPs are present in these RNP complexes further

supports the idea that the assembly of dendritic RNP particles starts in the nucleus.

13.3 Contribution of Individual Dendritically Localized

mRNAs to Synaptic Plasticity: Which mRNAs,

and Why?

The question, which mRNAs are present in dendrites, and which of these are used to

produce protein relevant for changes in synaptic function, is central for appreciating

the functional relevance of dendritic mRNA transport. This issue has also been

somewhat controversial, because the number of distinct dendritic mRNAs, and the

extent to which each of these transcripts is transported into dendrites, remains unclear.

Two extreme views of this issue have been published. Thus, the gold standard for

dendritic localization of an mRNA is a corresponding strong in situ hybridization

signal over molecular layers in the hippocampus or cerebellum. In this type of

experiment, only few mRNAs have been unequivocally identified in dendrites,

including MAP2, aCaMKII, Arg3.1/Arc, Shank, SAPAP3, dendrin and Jacob

transcripts. In contrast, PCR-based techniques used to determine the full complement

of dendritic mRNAs identified more than 400 putative dendritic mRNAs (Eberwine

and Crino 2001). As both techniques differ in detection sensitivity, it appears likely

that mRNAs identified by PCR techniques only are present in dendrites at very low

levels as compared to the concentration in neuronal somata. Here, we will discuss the

possible relevance of some major dendritic mRNAs for synaptic plasticity.

13.3.1 aCaMKII: A Chief Postsynaptic Signalling Molecule

aCaMKII is a key molecule involved in postsynaptic signal transduction. It is highly

abundant in postsynaptic densities (PSDs) of excitatory synapses. Ouyang et al. (1999)

provided evidence for a local synthesis of aCaMKII in hippocampal dendrites after

tetanic stimulation. By replacing the DTE containing 30-untranslated region (UTR) of
endogenous aCaMKII mRNAs with a corresponding region of somatically restricted

transcripts, Miller et al. (2002) were the first to analyse the physiological relevance of

dendritic mRNA targeting in vivo. This manipulation results in a complete loss of

dendritic aCaMKII mRNA targeting, accompanied with a 50% reduction in overall

aCaMKII levels. Importantly, the protein is almost completely lost fromPSDs, clearly

indicating that its dendritic synthesis strongly contributes to postsynaptic targeting of

aCaMKII.Whereas the early phase of LTP is unchanged in thesemice, the late protein

synthesis–dependent phase is reduced. These changes are accompanied by profound
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behavioural deficits in learning paradigms. As pointed out by Steward (2002), these

results allow two interpretations: First, aCaMKII mRNAs need to be translated in

dendrites for efficient postsynaptic targeting of the protein, and all changes observed

with respect to LTP and behaviour result from the lack of postsynaptic aCaMKII.

Second, local synthesis of aCaMKII at synapses is in itself a key element of synaptic

plasticity, in particular the late phase of LTP.

13.3.2 AMPA Receptor Subunits

Most forms of synaptic plasticity are associatedwith local variations in the abundance

of functional a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate

receptors (AMPA-Rs). Thus, local synthesis of any of the AMPA-R subunits (GluR)

seems at first glance a direct and efficient way of changing the strength of particular

synapses. However, in situ hybridization shows that in the rodent brain, dendritic

layers of the hippocampus are rather devoid of GluR mRNAs (see, e.g. http://www.

alleninstitute.org/science/public_resources/atlases/mouse_atlas.html). Yet, using

sophisticated micromanipulation and imaging techniques, it was shown that GluR

transcripts reside in dendrites of primary neurons, where the respective proteins are

locally synthesized upon synaptic stimulation and are inserted into the synaptic plasma

membrane as functional receptors (Grooms et al. 2006; Ju et al. 2004; Kacharmina

et al. 2000).

13.3.3 Arg3.1/Arc: An Immediate Early Gene Product Involved
in Glutamate Receptor Internalization

Immediately after strong stimulation, expression of the Arg3.1/Arc gene is induced,

and the mRNA is rapidly transported into dendrites (Link et al. 1995; Lyford et al.

1995), where it appears to be locally translated under control of stimulating axons

(Steward and Worley 2001). Arg3.1/Arc then interacts with proteins of the endocyto-

sis machinery, in particular endophilin 2/3 and dynamin-2, and thus facilitates endo-

cytosis of AMPA-Rs (Chowdhury et al. 2006). This is particularly relevant for

metabotropic glutamate receptor (mGluR)-dependent LTD. Here, basal levels of

Arg3.1/Arc are required for the reduction of synaptic AMPA-Rs by rapid endocytosis

during the early phase of LTD. For the maintenance of LTD, however, new Arg3.1/

Arc needs to be synthesized locally to maintain a higher rate of AMPA-R endocytosis

(Waung et al. 2008). The physiological significance of this mechanism becomes

obvious in gene knockout studies where the loss of Arg3.1/Arc leads to impaired

memory formation in mice (Plath et al. 2006). Translation of Arg3.1/Arc

mRNAs is controlled by FMRP, and loss of this regulation in FMRP-deficient

mice leads to excessive LTD, which is independent of new protein synthesis.
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Thus, excess Arg3.1/Arc synthesis may be one major factor contributing to

deficits in synaptic plasticity associated with the FXS (Huber et al. 2002;

Park et al. 2008; Waung et al. 2008).

13.3.4 Shank and SAPAP3, Main Scaffold Proteins of the PSD

Members of the Shank (Shank1–3) and SAPAP (SAPAP1–4) families are

multidomain proteins with a strong and almost exclusive localization to PSDs of

excitatory synapses (Kim et al. 1997; Naisbitt et al. 1999; Takeuchi et al. 1997; Zitzer

et al. 1999). SAPAP1–4 reside in an intermediate layer of the PSD, linking PSD-95

family members (that are directly associated with synaptic glutamate receptors) with

Shank1–3, which are more remote from the synaptic plasmamembrane (Valtschanoff

and Weinberg 2001). Genetic studies clearly link these proteins to mental diseases

such as mental retardation, autism or obsessive-compulsive disorder (Berkel et al.

2010; Bonaglia et al. 2001; Durand et al. 2007; Welch et al. 2007).

mRNAs encoding SAPAP3 reside in dendritic layers of the hippocampus, whereas

other SAPAP transcripts remain restricted to neuronal cell bodies (Kindler et al. 2004;

Welch et al. 2004). SAPAP3 mRNAs are translationally repressed by FMRP, and

translation may be induced by stimulation of mGluRs or dopamine D1 receptors

(Narayanan et al. 2008; Wang et al. 2010). Shank1–3 mRNAs exhibit extensive

dendritic localization, as both Shank1 and Shank3 transcripts are present in hippocam-

pal dendrites, while Shank1 and Shank2 mRNAs are found in dendrites of cerebellar

Purkinje cells (B€ockers et al. 2004; Falley et al. 2009). Similar to SAPAP3 transcripts,

Shank1 mRNAs are translationally repressed by FMRP, and translation is induced

through mGluR signalling pathways (Sch€utt et al. 2009; Wang et al. 2010).

So far, the physiological relevance of a local dendritic synthesis of both SAPAP3

and Shank1–3 is unknown. Shank1–3 contribute to the functional and morphologi-

cal maturation of postsynaptic specializations, as they help to recruit components of

dendritic spines and PSDs to nascent synaptic sites (Sala et al. 2001). Thus, local

synaptic synthesis of Shank1–3 may contribute to morphological changes observed

in dendritic spines during and after LTP. Interestingly, Shank1–3 exhibit a strong

ability to self-associate and form polymers, which have been suggested to provide a

nucleus for the formation of PSDs (Baron et al. 2006; Gundelfinger et al. 2006). In

this respect, it might be necessary that Shank1–3 are produced only in the vicinity

of newly forming synaptic sites, as, for example in the cell body, these proteins

might lead to the formation of aggregates (as observed by Romorini et al. (2004)

upon Shank1 overexpression). This also points to the need for a tight regulation of

synaptic Shank1 synthesis. Our observation that postsynaptic levels of Shank1 are

significantly increased in FMRP-deficient mice may therefore provide an explana-

tion for the aberrant spine formation in these animals. Overproduction of Shank1

without appropriate spatial and temporal control by FMRP is likely to lead to the

stabilization of immature spines in the absence of an appropriate presynaptic input

(Sch€utt et al. 2009).
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13.3.5 Jacob: A New Kid on the Block

mRNAs encoding the plasticity-related protein Jacob are a relatively new addition

to the list of dendritic mRNAs. Jacob associates with the postsynaptic Ca2+-binding

protein caldendrin. Activation of extrasynaptic N-methyl-D-aspartate receptors

(NMDA-Rs), coupled with Ca2+-influx, leads to cleavage of the N-terminal

myristoyl membrane anchor of Jacob by the Ca2+-dependent protease calpain

(Kindler et al. 2009). This allows for association of Jacob with the nuclear import

factor importin-a, followed by translocation of Jacob from dendrites to the nucleus.

Here, Jacob affects transcription events, which eventually lead to a reduction of

synaptic contacts, suggesting that Jacob plays a role in homeostatic synaptic

plasticity (Dieterich et al. 2008). The suggested local translation of Jacob at

synapses may be necessary for two obvious reasons: (1) Jacob levels decrease in

the vicinity of activated NMDA-Rs due to calpain activity. Locally controlled

protein synthesis would allow for an effective way to replenish local stores of

Jacob without altering Jacob levels in other dendritic areas, where the protein has

not been subject to activity-dependent degradation. (2) The nuclear localization

signal of Jacob is occluded by the dendritic Ca2+-binding protein caldendrin

(Dieterich et al. 2008). If Jacob would be synthesized in neuronal cell bodies,

insufficient amounts of caldendrin would allow for the nuclear translocation of

Jacob, thus altering transcriptional events in the absence of an appropriate stimulus.

Therefore, dendritic synthesis of Jacob appears to be required for the complex

cellular trafficking pattern of the mature protein.

13.4 Regulation of Translation

In order to contribute to the regulation of input-specific synaptic plasticity, the

translation of dendritically localized mRNAsmust be tightly controlled. In particular,

while en route dendritic transcripts must be translationally repressed. However,

specific local stimuli at synapses should be capable to trigger de novo protein

synthesis.

13.4.1 General Mechanisms of Translational Control

Translation of an mRNA advances in three sequential steps, namely, initiation,

elongation and termination (Costa-Mattioli et al. 2009b; Gkogkas et al. 2010).

While each step can be regulated, initiation is usually the rate-limiting event and

therefore represents the primary target for control (Sonenberg and Hinnebusch

2009). There are two major possibilities for initiation: (1) 50cap-independent
initiation that requires an internal ribosomal entry site (IRES). While several

13 Dendritic mRNA Targeting and Translation 291



dendritically localized mRNAs seem to contain functional IRES elements

(Pinkstaff et al. 2001), the relevance of this regulatory mechanism remains

completely unclear. (2) 50cap-dependent initiation is controlled by elements in

both 50- and 30-UTRs. 30-UTRs frequently contain binding sites for trans-acting
factors such as poly-A-binding protein (PABP) or CPEB. Some dendritic mRNAs

contain long and GC-rich 50-UTRs, which mostly seem to act as obstacles for the

scanning of small ribosomal subunits and thereby inhibit initiation. For example, a

strong secondary structure and numerous upstream open reading frames inhibit

translation initiation of Shank1 mRNAs, thus potentially providing a silencing

mechanism during mRNA transport (Falley et al. 2009).

During initiation of 50cap-dependent translation, binding of a ternary com-

plex consisting of eukaryotic initiation factor 2, GTP and methionyl-tRNA

(eIF2•GTP•Met-tRNAi) to the 40S ribosomal subunit leads to the formation of

the so-called 43S preinitiation complex (Fig. 13.1). With the help of eIF4F, this

complex associates with the 50-end of an mRNA. eIF4F consists of three different

proteins, namely, eIF4E, eIF4G and eIF4A. eIF4E specifically recognizes the 50cap,
and this interaction is a critical step in the initiation process (Jackson et al. 2010;

Sonenberg and Hinnebusch 2009). Different mechanisms regulate eIF4E activity.

Three binding proteins (4E-BPs) can sequester eIF4E and occupy the eIF4G

Fig. 13.1 Schematic representation of major pathways regulating protein synthesis at synapses.

Activation of various receptor systems (upper part) stimulates distinct signaling pathways

(middle) and thus regulates both 50cap-dependent initiation (lower left) and elongation (lower
right) of mRNA translation. Factors are not drawn to scale. 4A (eIF4A), 4E (eIF4E), 4G (eIF4G);

BDNF receptor (TrkB); eEF2 (EF2); glutamate (Glu); 7-methylguanosine cap structure (m7G); rat

sarcoma (ras). See text for detailed explanations and further abbreviations
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binding site on eIF4E. Thereby, they hinder eIF4F assembly and translation initiation.

Hyperphosphorylation of 4E-BPs disrupts their interaction with eIF4E and leads to

the formation of eIF4F. Moreover, recruitment of eIF4E into the eIF4F complex

stimulates phosphorylation of eIF4E, thereby decreases its affinity for the 50cap and
thus promotes binding of the 43S preinitiation complex to the initiator codon to

form a 48S complex. Subsequently, eIF4 proteins dissociate from the complex,

while joining of the 60S ribosomal subunit leads to the formation of an 80S

ribosomal complex and the start of elongation (Jackson et al. 2010). During this

phase, eukaryotic elongation factor 1A (eEF1A) recruits aminoacyl-tRNAs to the

ribosomal A site. After peptide bond formation, elongation factor eEF2 catalyzes

the downstream movement of the ribosome along the mRNA by one codon. Finally,

various release factors mediate the termination of translation at the stop codon.

13.4.2 Local Control of Protein Synthesis at Synapses

Local translation at particular synapses can be triggered by activation of different

transmembrane proteins, including receptors for neurotransmitters, hormones,

neurotrophins and extracellular matrix molecules (Bramham andWells 2007; Cajigas

et al. 2010; Kindler et al. 2005; Sutton and Schuman 2006). For example, activation of

NMDA-Rs and mGluRs, but not AMPA-Rs, stimulates translation of a dendritic

reporter mRNA (Gong et al. 2006). Also, application of dihydroxyphenylglycine

(DHPG), an agonist of group I mGluRs, induces LTD (DHPG-LTD), a process that

depends on dendritic protein synthesis (Bramham and Wells 2007). Although appli-

cation of brain-derived neurotrophic factor (BDNF) induces the opposite effect,

namely, LTP (BDNF-LTP), it also requires translation of dendritic mRNAs (Kang

and Schuman 1996). Consistent with the finding that b-adrenergic receptors (b-ARs)
can influence the formation of long-lasting memories, their activation stimulates

protein synthesis during long-term synaptic potentiation (Gelinas et al. 2007). In

addition, a spatially restricted translation along dendrites appears to be established

by the physical interaction of transmembrane receptors with components of the

protein synthesis machinery. DCC, a receptor for the extracellular factor netrin, is

found along dendrites where it assembles into complexes containing components of

the translational machinery (Tcherkezian et al. 2010). Upon netrin binding, translation

components are released from the complex, and local protein synthesis is stimulated.

During initiation, eIF4E is the main target of control by these transmembrane

receptors (Bramham and Wells 2007). Two receptor-coupled kinase pathways are

involved, the mammalian target of rapamycin (mTOR) and the mitogen-activated

protein kinase (MAPK)/extracellular signal–regulated kinase (ERK) signalling

cascade. Binding of growth factors such as BDNF to their respective receptors

activates phosphatidylinositol 3-kinase (PI3K) and enhances production of

phosphatidylinositol-3,4,5-triphosphate (PIP3). The latter serves as a secondmessenger

that induces membrane recruitment and activation of kinases, including protein kinase

B/Akt. Akt phosphorylates the tuberous sclerosis complex (TSC) and thereby abolishes
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its inhibitory effect on the kinase mTOR. The finding that rapamycin, a potent inhibitor

of mTOR activity, disrupts the protein synthesis–dependent late phase of LTP induced

by either high-frequency stimulation or BDNF treatment provided a first clue that the

mTOR pathway plays a crucial role in controlling dendritic translation (Tang et al.

2002). Interestingly, despite an opposing change in synaptic efficacy, DHPG-LTD also

involves activation of the mTOR signalling cascade (Bramham and Wells 2007).

Finally, NMDA-R activity can also trigger mTOR-mediated dendritic protein synthesis

(Gong et al. 2006). In dendrites, activated mTOR phosphorylates 4E-BPs resulting in

the dissociation of eIF4E and 4E-BPs, an enhanced formation of eIF4F and an increased

translation rate. In agreement with this finding, key components of themTOR signalling

cascade, includingmTOR, eIF4E and 4E-BPs, are present at postsynaptic sites. Also, in

primary neurons and isolated dendrites, BDNF induces phosphorylation of mTOR and

4E-BPs and stimulates the local dendritic translation of reporter mRNAs (Aakalu et al.

2001; Takei et al. 2001, 2004; Tang et al. 2002). A number of dendritic transcripts are

targets of the mTOR pathway, including aCaMKII, MAP2 and GluR1 mRNAs (Gong

et al. 2006; Schratt et al. 2004; Slipczuk et al. 2009). The BDNF-dependent translation

of GluR1 mRNAs appears to be required for particular forms of memory consolidation

(Slipczuk et al. 2009). Interestingly, suppression of mTOR pathway activity may also

stimulate dendritic protein synthesis (Raab-Graham et al. 2006). Thus, in mammalian

dendrites, the mTOR signalling cascade appears to serve as a cellular switch that

differentially regulates local translation of distinct sets of mRNAs.

The MAPK/ERK signalling pathway also stimulates dendritic protein synthesis

(Kelleher et al. 2004). Activated MAPK/ERK phosphorylates and thereby activates

MAP kinase-interacting kinase 1 (Mnk1) (Fukunaga and Hunter 1997; Waskiewicz

et al. 1999). Mnk1 subsequently phosphorylates eIF4E residing in eIF4F complexes,

thus reducing eIF4E affinity for the 50cap, promoting binding of the 43S complex to

the initiator codon and increasing the translation initiation rate (Pyronnet et al. 1999;

Waskiewicz et al. 1999). For example, in hippocampal slices, activation of

NMDA-Rs induces ERK- and PKA-dependent Mnk1 activation and increased

eIF4E phosphorylation (Banko et al. 2004). In addition, BDNF-LTP involves MEK-

MAPK/ERK-dependent phosphorylation of eIF4E and triggers aCaMKII synthesis

(Kanhema et al. 2006).

Taken together, these data indicate that both MAPK/ERK and mTOR signalling

pathways co-regulate 50cap-dependent translation in dendrites by targeting eIF4E

activity. In rats, both the formation and retention of long-term fear conditioning

memory require activation of mTOR pathways (Parsons et al. 2006). Also, MAPK/

ERK and mTOR pathways interact in LTP formation (Tsokas et al. 2007). In

particular, coincident activity of phosphatidylinositide 3-kinase and MAPK/ERK

pathways are required for mTOR-mediated dendritic translation of mRNAs

containing a 50 terminal oligopyrimidine tract (TOP). As 50 TOP transcripts encode

distinct components of the protein synthesis machinery, this process appears to

increase the general translation capacity of dendrites. Moreover, co-activation of

both MAPK/ERK and mTOR pathways is required for both mGluR-mediated LTD

and b-AR-induced LTP (Banko et al. 2006; Gelinas et al. 2007).
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Together with the scaffolding protein eIF4G and the ATP-dependent RNA

helicase eIF4A, eIF4E constitutes heterotrimeric eIF4F, which mediates the recruit-

ment of the 43S complex to the 50cap (Sonenberg and Hinnebusch 2009). eIF4F

activity is enhanced by its interaction with PABP associated with the poly(A) tails

of mRNAs. This interaction is controlled by the dendritically localized, untranslated

BC1 RNA. It represses translation initiation by preventing the assembly of the 48S

preinitiation complex (Wang et al. 2002, 2005). In particular, BC1 blocks the RNA

duplex unwinding activity of eIF4A while stimulating its ATPase activity (Lin et al.

2008). Uncoupling of both processes prevents the recruitment of the small ribosomal

subunit to complex 50-UTR structures. BC1 loss results in an mGluR-stimulated and

translation-dependent hyperexcitability of neurons (Zhong et al. 2009).

Another mechanism controlling translation initiation involves CPEs in 30-UTRs.
Several dendritic mRNAs appear to remain translationally dormant until their short

poly(A) tails are extended (Bramham and Wells 2007; Costa-Mattioli et al. 2009a;

Wells 2006). Upon phosphorylation of the trans-acting CPEB by CaMKII or

aurora, a deadenylase (PARN) is released from the 30-UTR, while the poly(A)

polymerase GLD2 polyadenylates the mRNA. This results in the dissociation of the

4E-BP maskin from eIF4E and the activation of translation (Atkins et al. 2004;

Barnard et al. 2004; Costa-Mattioli et al. 2009b). aCaMKII transcripts contain two

CPE-like sequences (Wu et al. 1998). In neurons, NMDA-R and mGluR activations

stimulate the CPE/CPEB pathway and trigger dendritic polyadenylation and trans-

lation of mRNAs encoding aCaMKII (Huang et al. 2002; Wells et al. 2001) and

plasminogen activator, respectively (Shin et al. 2004).

Elongation appears to represent another rather rare target for local dendritic

translation control. This mechanism often involves modulation of eEF2 activity.

While phosphorylation of eEF2 by eEF2 kinase (eEF2K) slows elongation of transla-

tion, thus reducing overall protein synthesis rate (Nairn et al. 2001), it enhances

translation of select mRNAs in neurons (Scheetz et al. 2000). For example, during

mGluR-activated LTD, eEF2 phosphorylation by eEF2K inhibits general protein

synthesis while simultaneously increasing Arg3.1/Arc mRNA translation (Park et al.

2008) andAMPA-R endocytosis rates (Waung et al. 2008). As translational regulation

of Arg3.1/Arc mRNAs is disrupted in FMRP-deficient mice, both eEF2K-eEF2 and

FMRP appear to co-ordinately regulate local Arg3.1/Arc synthesis in dendrites (Park

et al. 2008). Similarly, mGluR-mediated phosphorylation of eEF2 stimulates dendritic

synthesis of BDNF, which stabilizes dendritic spines (Verpelli et al. 2010).

13.4.3 FMRP and miRNAs: A Role in Cognitive Functions
in Mice and Men

Although FMRP has since long been implicated in dendritic translation control, its

exact mode of action is still unclear (Bassell and Warren 2008). It has been

proposed that FMRP associates with BC1 to repress translation of particular
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dendritic transcripts, which base pair with BC1 (Zalfa et al. 2003). However,

whether FMRP can indeed specifically associate with BC1 remains a matter of

debate (Iacoangeli et al. 2008a, b). Also, the finding that FMRP primarily associates

with polysomes (see review by Kindler et al. 2005 and publications cited therein),

whereas BC1 resides in lighter RNP fractions (Krichevsky and Kosik 2001),

supports an independent action of both molecules. In addition, it is not yet clear

which phase of translation is targeted by FMRP. While the preferential association

of FMRP with polysomes implicates a function after initiation, sequestration of

eIF4E by the cytoplasmic FMRP interacting protein 1 (CYFIP1) may control

initiation by inhibiting eIF4E function (Napoli et al. 2008).

Which signalling events act on FMRP? Upon activation of BDNF receptors or

mGluRs, CYFIP1 dissociates from eIF4E, thereby stimulating synaptic protein

synthesis (Napoli et al. 2008). Activation of mGluRs on primary neurons abolishes

the FMRP-mediated translation block of reporter mRNAs carrying the Shank1-

DTE and of endogenous transcripts encoding the catalytic subunit of phosphoi-

nositide 3-kinase (PI3K) (Gross et al. 2010; Sch€utt et al. 2009). Consistently,
neuronal loss of FMRP leads to increased postsynaptic levels of Shank1 and an

enlarged PI3K activity. S6 kinase 1 (S6K1) phosphorylates FMRP at Ser499. Non-

phosphorylated FMRP primarily associates with actively translating polysomes,

while phospho-FMRP tends to associate with apparently stalled polysomes (Ceman

et al. 2003). Therefore, the phosphorylated form of FMRP inhibits translation

(Ceman et al. 2003; Narayanan et al. 2008). mGluR activity induces a brief

dephosphorylation of phospho-FMRP by PP2A. This abolishes the translational

block by FMRP (as shown for dendritic SAPAP3 mRNAs). Shortly thereafter,

mGluR activity induces the re-phosphorylation of FMRP by S6K1. Thus, loss of

this kinase activity results in the absence of phospho-FMRP and increased levels

of postsynaptic SAPAP3 (as observed in S6K1- and FMRP-deficient mice)

(Narayanan et al. 2008; Sch€utt et al. 2009). These data suggest that the mGluR/

FMRP pathway allows for a brief phase of synthesis from otherwise translationally

repressed messages, with the capacity to shut down translation after an appropriate

period of time.

Another proposed mechanism links FMRP with microRNAs (miRNAs)

(Cheever and Ceman 2009; Jin et al. 2004). miRNAs are small RNAs of 21–24

nucleotides in length that serve as translation repressors through partial base pairing

with their target mRNAs (Slezak-Prochazka et al. 2010). FMRP associates with

distinct miRNAs, including miR-125b and miR-132 (Edbauer et al. 2010). miR-

125b-associated FMRP suppresses translation of NMDA-R mRNAs. Several recent

findings support the significance of miRNAs for translation control at synapses

(Schratt 2009). For example, miR-134 inhibits dendritic translation of mRNAs

encoding the protein kinase Limk1 (Schratt et al. 2006). BDNF treatment abolishes

this translational block and thus contributes to dendritic spine maturation and

synaptic plasticity. Moreover, an interaction of the DExD-box RNA helicase

MOV10 with the respective 30-UTRs appears to suppress translation of mRNAs

encoding aCaMKII, Limk1 and the depalmitoylating enzyme lysophospholipase1

(Lypla1) at synapses (Banerjee et al. 2009). Translational repression of Limk1
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transcripts seems to involve miR-138. In addition, activity-dependent degradation

of MOV10 by the proteasome removes the translational block on aCaMKII and

Lypla1 mRNAs.

13.5 Perspectives

Dendritic mRNA targeting and local translation have now been firmly established

as cellular mechanisms to provide proteins to specific dendritic domains under local

translational control. The relevance of this phenomenon for synaptic plasticity and

human cognition is underlined by several mouse models and human genetic

diseases. Most importantly, deficits in translational control as observed in FXS

and possibly also autism are associated with aberrant neuronal morphology and

synaptic plasticity in mice and men. Nevertheless, numerous open questions

remain, which will require further research. Further quantitative work is needed

to determine which mRNAs are present in dendrites in physiologically significant

amounts. Possible approaches here should include microarray hybridization

approaches (Zhong et al. 2006) and quantitative real-time RT-PCR on biochemi-

cally isolated tissue fractions such as synaptosomes (compared to total brain

homogenates).

Similarly, cellular mechanisms of dendritic mRNA targeting require further

clarification. Though the molecular machinery of dendritic mRNA transport is now

being approached from at least two sides (motor proteins and identified DTEs), it is

still unclear how dendritic RNPs are attached to cargo-binding domains of motor

proteins, which interactions of DTEs with RBPs are relevant to select individual

RNAs for transport and which processing events in the nucleus determine

extrasomatic RNA trafficking. Importantly, the field suffers from an almost complete

lack of in vivo studies. Although different RBP genes have been deleted in mice, in

most cases, these animals have apparently not been analysed with respect to dendritic

targeting of some major dendritic mRNAs such as aCaMKII, Arg3.1/Arc or MAP2

messages. One notable exception is the Hzf knockout mouse, in which loss of the

RBP leads to reduced dendritic localization of IP3 receptor mRNAs in Purkinje cells

(Iijima et al. 2005). Also, RBP knockdown studies in primary neurons have been

limited to the analysis of overexpressed dendritic reporter mRNAs.

Finally, it is unknown in most cases why a given protein needs to be synthesized

in dendrites. This uncertainty may be best illustrated in the case of AMPA-Rs, or

membrane proteins in general. Local translation of, for example, GluR1 and

GluR2 mRNAs (Grooms et al. 2006; Ju et al. 2004; Kacharmina et al. 2000)

produces membrane proteins, which need to be processed by the Golgi apparatus.

However, most dendrites do not contain Golgi cisternae, and usually, only one

dendrite per neuron harbours a limited number of isolated Golgi stacks (termed

Golgi outposts by Hanus and Ehlers (2008)). Thus, for AMPA-R subunits as for

most membrane proteins, the advantage of being synthesized close to a postsynaptic

site might be taken away by the need for retrograde transport to the Golgi apparatus,
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followed again by anterograde transport into dendrites and eventual insertion into

the postsynaptic membrane. It is difficult to envision how this process contributes to

the rapid and synapse-specific turnover of AMPA-Rs, which is observed in LTP and

LTD. In these and other cases, it will be helpful to genetically interfere with

dendritic mRNA targeting in vivo, for example by deleting DTEs or by knockout/

knockdown of proteins involved in mRNA transport. In this respect, deletion of the

DTE in aCaMKII mRNAs in mice (Miller et al. 2002) represents a lone example

where deficits in dendritic mRNA targeting have been linked to significant changes

in synaptic protein content and function in vivo. More experiments like this will be

required to fully understand how synaptic activity may be modified by local protein

synthesis.
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Chapter 14

Gliotransmission and the Tripartite Synapse

Mirko Santello, Corrado Calı̀, and Paola Bezzi

Abstract In the last years, the classical view of glial cells (in particular of

astrocytes) as a simple supportive cell for neurons has been replaced by a new

vision in which glial cells are active elements of the brain. Such a new vision is

based on the existence of a bidirectional communication between astrocytes and

neurons at synaptic level. Indeed, perisynaptic processes of astrocytes express

active G-protein-coupled receptors that are able (1) to sense neurotransmitters

released from the synapse during synaptic activity, (2) to increase cytosolic levels

of calcium, and (3) to stimulate the release of gliotransmitters that in turn can

interact with the synaptic elements. The mechanism(s) by which astrocytes can

release gliotransmitter has been extensively studied during the last years. Many

evidences have suggested that a fraction of astrocytes in situ release neuroactive

substances both with calcium-dependent and calcium-independent mechanism(s);

whether these mechanisms coexist and under what physiological or pathological

conditions they occur, it remains unclear. However, the calcium-dependent exocy-

totic vesicular release has received considerable attention due to its potential to

occur under physiological conditions via a finely regulated way. By releasing

gliotransmitters in millisecond time scale with a specific vesicular apparatus,

astrocytes can integrate and process synaptic information and control or modulate

synaptic transmission and plasticity.
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14.1 Introduction

At the beginning of the twentieth century, Camillo Golgi (1843–1926) and Santiago

Ramón J Cajal (1852–1934), using various ingenious staining and microscopic

techniques, discovered a huge diversity of glial cells in the brain and found the

contacts formed between glial cells and blood vessels (Ramon and Cajal 1899).

Further enhancements in morphological characterization of astrocytes, thanks to the

improvements in cellular labeling and imaging technologies, showed that astrocytic

morphology is far more complicated than previously thought (Fig. 14.1). Ultrastruc-

tural examination of the nervous system, for instance, revealed that astrocytes can be

intimately associated with synapses, literally enwrapping many pre- and postsynap-

tic terminals (Ventura and Harris 1999). Nonetheless, for the following decades,

glial cells were still considered passive elements in the central nervous system

(CNS), bearing mostly supportive and nutritional roles. The fundamental difference

between neurons and astrocytes lies in their electrical excitability – neurons are

electrically excitable cells whereas astrocytes (as other glial cells) are nonexcitable

neural cells. Neurons are able to respond to external stimuli by generation of a

plasmalemmal “all-or-none” action potential, capable of propagating through the

neuronal network, although not all neurons generate action potentials. Glial cells are

Fig. 14.1 The structural complexity of a protoplasmic astrocyte. A single astrocyte labeled with

enhanced green fluorescent protein (eGFP) contacting a large blood vessel. Insert shows astrocytic

processes at higher magnification (Adapted from Nedergaard et al. (2010))
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unable to generate action potential in their plasmamembrane (although they are able

to express some voltage-gated channels). The advent of modern physiological

techniques, most notably the patch-clamp and fluorescent calcium dyes, has dramat-

ically changed this image of glia as “silent” brain cells.

Recently, by filling single astrocytes with fluorescent dyes, it has been found that

astrocytes occupy nonoverlapping spatial territories in which a single astrocyte

contacts hundreds of neuronal processes and multiple neuronal cell bodies (Volterra

and Meldolesi 2005; Halassa et al. 2007; Bushong et al. 2005; Fig. 14.2). The

processes of one astrocyte contact tens of thousands of synapses, with more than

50% of hippocampal excitatory synapses being closely opposed to an astrocytic

process (Ventura and Harris 1999) at a structure called the “tripartite synapse” to

recognize the structural and functional relationship between the astrocytes and the

pre- and postsynaptic elements (Perea et al. 2009).

At perisynaptic sites, astrocytes exchange information with the synaptic neuro-

nal elements, both responding to the neuron and regulating synaptic transmission.

The concept of “tripartite synapse” began with a series of evidences obtained by

many laboratories during the 1990s that revealed the existence of bidirectional

communication between neurons and astrocytes (Bezzi and Volterra 2001; Perea

et al. 2009). The signaling pathway between neurons and astrocytes at the “tripartite

synapse” is reciprocal; astrocytes sense neuronal activity by increasing intracellular

levels of calcium (Ca2+) and respond by releasing a variety of different molecules

(the so-called gliotransmitters; Bezzi and Volterra 2001). However, tripartite syn-

apse has been debated because not all astrocytic calcium increases cause

gliotransmitter release (Fiacco et al. 2007; Petravicz et al. 2008). The possibility

Fig. 14.2 (Left) Astrocytes of the hippocampal CA1 region filled with different florescent dyes by

microinjection. Yellow represents limited overlapping regions between adjacent astrocytes. (Right)
Top-view reconstruction showing a biocytin-filled layer 2/3 cortical neuron in a slice from

GFAP–EGFP animals. Note that a single astrocyte enwraps different dendrites of the same neuron.

Left image, courtesy of E. Bushong and M. Ellisman, The National Center for Microscopy and

Imaging Research, University of California, San Diego, USA; right image (Adapted from Halassa

et al. (2007))
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for perisynaptic astrocytic processes to communicate with neurons is indeed a new

concept in synaptic physiology wherein, in addition to the information flow

between the pre- and postsynaptic neurons, astrocytes exchange information with

synaptic elements by responding to synaptic activity and possibly by modulating

synaptic transmission.

14.2 Astrocytes Exhibit Ca2+ Excitability

The morphology and the location of astrocytes place them in a unique position to be

able to listen and respond to neuronal activity. Although nonexcitable cells and thus

not equipped with the cellular machinery necessary for generating action potentials,

astrocytes express a wide variety of functional neurotransmitter receptors essential for

sensing neuronal activity. Many of these receptors are G-protein-coupled receptors

(GPCRs) that, upon activation, stimulate phospholipase C and formation of inositol

(1,4,5)-triphosphate (IP3) which increases the intracellular Ca2+ concentration

through the release of Ca2+ from intracellular Ca2+ stores. In the mid-1990s, the

discovery of new fluorescent tools for studying intracellular ions in living cells

(in particular the Ca2+ sensors), together with the advancements of microscopy

imaging technologies, provided the technical background to make breakthroughs in

our understanding of astrocytes functions. Indeed, theCa2+-imaging technique allowed

many laboratories to demonstrate that in vitro and in situ astrocytes can respond to

neurotransmitters released from synaptic terminals during neuronal activity with

GPCR-mediated intracellular Ca2+ increases (Pasti et al. 1997; Porter and McCarthy

1996; Kang et al. 1998; Araque et al. 2002; Perea and Araque 2005; Navarrete and

Araque 2008; Honsek et al. 2010). More recently, activation of this signaling pathway

(s) has been demonstrated to occur in vivo in response to sensory stimulation (Wang

et al. 2006; Winship et al. 2007; Petzold et al. 2008; Schummers et al. 2008;

Nimmerjahn et al. 2009), suggesting that astrocytes are indeed activated during

physiological running of the brain circuitry. These findings are of particular relevance

because they demonstrate the existence of neuron-to-astrocyte communication and

that the GPCRs appear to be the first link between neuronal activity and perisynaptic

astrocytes. Thus, stimulation of GPCRs and the subsequent intracellular Ca2+ rises is

now widely considered a form of glial excitability, the so-called Ca2+ excitability.

Astrocytic Ca2+ signaling in vivo (both in anesthetized and in freely moving

animals) is mediated by activation of glutamate or purinergic metabotropic receptors.

However, depending on the brain areas and layers, and similarly to neurons, astrocytes

display considerable heterogeneity, including a markedly different pattern of Ca2+

excitation (Fiacco and McCarthy 2006; Takata and Hirase 2008). For instance, in the

cerebellum, an area implicated in locomotor coordination, particular astrocytes called

Bergmann glia cells exhibit three forms of Ca2+ transients in awake mice (Nimmerjahn

et al. 2009). One of these subtypes (named “Ca2+ flares”) was triggered during locomo-

tion and extended over a large network of astrocytes (at least 100 microns extension).

The other two forms of Ca2+ excitation (called “sparkles” and “bursts”) appear to be
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restricted to individual fibers or to a maximum of 40 cells, respectively. Interestingly,

the dependence of flares on locomotion and the absence of flares and near abolition of

sparkles under anesthesia emphasize that studies in awake animals are essential to

understand the real physiological role of intracellular Ca2+ rises in astrocytes.

Intracellular Ca2+ rises in astrocytes are not stereotyped signals; there are actually

multiple and varied spatiotemporal patterns of Ca2+ elevations, which probably

underlie different types of function, including generation of diverse output signals.

The significance of the different features of intracellular Ca2+ events generated in

astrocytes by neuronal activity, e.g., amplitude, frequency, and extent of propagation,

remains, however, largely unknown. The spatiotemporal characteristics ofCa2+ events

in astrocytes might be heterogeneous and dependent on the location of astrocytes. For

instance, in the hippocampal CA1 region, the amplitude of astrocytic Ca2+ elevations

is correlated with the number of simultaneously activated synapses (Honsek et al.

2010); in the cerebellum, instead, the extent of intracellular Ca2+ propagation, rather

than the amplitude, depends on the characteristics of the neuronal input. Indeed, axonal

firing at low frequency generates in Bergmann glial cells’ intracellular Ca2+ rises that

are spatially restricted to the cell periphery andmight represent functional independent

localized microdomains (Grosche et al. 1999). The existence of localized functional

domain of calcium in restricted regions of astrocytes is an intriguing observation. In

fact, while most of the present literature supports the general view that intracellular

Ca2+ events in astrocytes are slow and long lasting (therefore, well distinct from the

neuronal ones), recent evidences reports in vitro (Marchaland et al. 2008), in situ

(Santello et al. 2011; Di Castro et al. 2011), and in vivo (Winship et al. 2007) the

existence of astrocyticCa2+ responses that are as fast as in neurons (time to peakwithin

500 ms from stimulation). The localized and fast Ca2+ events in astrocytes are evoked

by endogenous synaptic activity (Chuquet et al. 2010) or by activation ofmetabotropic

receptors (Santello et al. 2011; Marchaland et al. 2008), occur in millisecond time

scale and are therefore compatible with a physiological role in fast, activity-dependent

synaptic modulation (Santello and Volterra 2009; Henneberger and Rusakov 2010).

The localized variations of Ca2+ may represent a sophisticated signaling mecha-

nism controlling a large variety of cellular process, including the release of

gliotransmitters. Our group has established that such localized Ca2+ rises are

implicated in the regulated exocytosis processes of glutamatergic vesicles in vitro

(Marchaland et al. 2008). By mean of total internal reflection fluorescence (TIRF)

microscopy, Marchaland and colleagues observed that endoplasmic reticulum (ER)

tubules come in tight apposition with the plasma membrane, forming a complex

structural microdomain of submicrometer volume that most likely limits diffusion

of signaling molecules, including Ca2+. In this microdomain, glutamatergic vesicles

lie in the in tight spatial proximity with ER structures. Moreover, like at glutamatergic

synapses, the cytoskeleton could provide a structural organization of the astrocytic

microdomain. Indeed, scaffold proteins like Homer(s) could provide a molecular link

between IP3 receptors located at the tip of the ER tubules and the metabotropic

glutamate receptors (mGluRs) on the plasma membrane (Sala et al. 2005). The

activation glutamatergic GPCRs generates, in cultured astrocytes, store-dependent

submicrometer Ca2+ events characterized by fast kinetics and spatial segregation.
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Interestingly, most of the Ca2+ events occurred at or near sites in which glutamatergic

vesicles underwent exocytosis and were in strict temporal and spatial correlation with

fusion events. How the subplasma membrane Ca2+ events regulate exocytosis of

glutamatergic vesicles and whether this is similar to synaptic release is not clear yet.

These first findings can be relevant to understand the functional role of transmitter

release from astrocytes in the brain function; indeed, the fact that fast astrocytic Ca2+

events occur in intact tissue (Winship et al. 2007; Santello et al. 2011) suggests that

such Ca2+ events are not peculiarity of astrocytes in cell culture but may correspond to

events taking place in astrocytes of the living brain.

14.3 Astrocytes Release Chemical Transmitters

(Gliotransmitters)

The intracellular cascade resulting in Ca2+ rise in astrocytes is the main mechanism

these cells use to transduce synaptic activity. What is the functional meaning of the

intracellular Ca2+ rises in astrocytes? It is now well established that GPCR-mediated

Ca2+ variations in astrocytes can trigger the release of chemical substances (the

so-called gliotransmitters; Bezzi and Volterra 2001; Volterra and Meldolesi 2005).

The existence of communication systems based on the release of chemical transmitters

from astrocytes to other brain cells was first hypothesized at the end of the 1980s based

on the observation that glial cells contain, synthesize, and release a variety of

compounds (Martin 1992). At that time, however, the common view of astrocytes as

passive elementswas dogmatic, thus thewhole concept remained largely hypothetical.

Nevertheless, over the last 15 years, a number of evidences have shown that astrocytes

are indeed highly secretive cells, able to release different chemical transmitters in

response to an active stimulus (such as the activation of GPCRs). The term

“gliotransmitters” is broad and includes a huge number of neuroactive molecules,

such as (1) excitatory and inhibitory amino acids (D-serine, glutamate, aspartate,

GABA, glycine, and taurine), (2) ATP and related nucleotides and nucleosides (purine

nucleotides ATP), (3) eicosanoids and other lipid mediators (prostaglandins),

(4) neuropeptides (proenkephalin, angiotensinogen, endothelins), (5) neurotrophins

(nerve growth factor, neurotrophin-3, brain-derived neurotrophic factor), (6) cytokines

(interleukins (IL), interferons (IFN), tumor necrosis factors alpha (TNFa)), (7) struc-
turally associated chemokines, and (8) growth factors (Bergami et al. 2008; Bezzi and

Volterra 2001; Blum et al. 2008; Fields and Stevens 2000; Fujita et al. 2009; Hussy

et al. 2000; Kang et al. 2008; Liu et al. 2008; Medhora 2000; Sanzgiri et al. 1999;

Snyder andKim2000).Among them, compelling evidence supportingCa2+-dependent

gliotransmission has been provided for glutamate, D-serine, and ATP.

During the last 15 years, numbers of laboratories focused their studies on

mechanisms of amino acid release from astrocytes (Malarkey and Parpura 2008);

several different mechanisms of release from cultured astroglia have been documented,

including (1) volume-sensitive organic anion channels (Haskew-Layton et al. 2008;
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Kimelberg et al. 1990; Mongin and Kimelberg 2002), (2) hemichannels (Cotrina et al.

1998; Stout et al. 2002; Ye et al. 2003), (3) P2X7 receptor channels (Duan et al. 2003;

Kukley et al. 2001), (4) reversed operation of reuptake carriers (Attwell et al. 1993;

Longuemare and Swanson 1997; Re et al. 2006; Rossi et al. 2000; Szatkowski et al.

1990; Volterra et al. 1996), or (5) exchange via the cystine–glutamate antiporter (Allen

et al. 2001; Baker et al. 2002; Bender et al. 2000; Moran et al. 2003, 2005; Shanker and

Aschner 2001; Tang and Kalivas 2003), occurring via Ca2+-independent processes and

pimarily under pathological conditions. Recent data, however, have suggested that a

fraction of astrocytes in situ release neuroactive substances with Ca2+-dependent

mechanism(s) (Bezzi et al. 1998; Fiacco and McCarthy 2004; Kang et al. 1998; Lee

et al. 2007; Mothet et al. 2005; Navarrete and Araque 2008; Pascual et al. 2005; Pasti

et al. 1997; Serrano et al. 2006; Jourdain et al. 2007; Yang et al. 2003; Santello et al.

2011). Whether Ca2+-dependent and independent mechanisms coexist and under what

physiological or pathological conditions they occur remains unclear. However, the Ca2

+-dependent exocytotic vesicular release has received considerable attention due to its

potential to occur under physiological conditions via a finely regulated way.

The regulated exocytosis is a process by which secretory vesicles, via formation

of the soluble N-ethylmaleimide-sensitive fusion protein attachment protein recep-

tor (SNARE) complex, fuse with the plasma membrane and release their content

into the extracellular space. Until few years ago, the most direct evidence that Ca2+-

dependent release of chemical transmitters (most specifically glutamate) occurs via

exocytosis in astrocytes came from pharmacological experiments using clostridial

neurotoxins and other agents that selectively interfere with neuronal exocytosis

(Bezzi et al. 1998; Pascual et al. 2001; Pasti et al. 2001). If clostridial toxins blocked

release of glutamate, then astrocytes must express proteins that are substrate for

these toxins. Indeed, astrocytes express the core machinery proteins involved in

forming the SNARE complex, such as synaptobrevin II and its homologue

cellubrevin (Bezzi et al. 2004; Jourdain et al. 2007) and SNAP-23 (Hamilton and

Attwell 2010). Similar to clostridial toxins, astrocytic glutamate release is inhibited

by bafilomycin A1 (Baf A1). This suggests that these cells must possess organelles

expressing proton-dependent vesicular glutamate transporter (VGLUT). Baf A1, in

fact, interferes with H+-ATPase, leading to alkalinization of vesicular lumen and

collapsing the proton gradient necessary for VGLUT to transport glutamate into

glutamatergic vesicles. This hypothesis was confirmed by studies on cultured

astrocytes, where SNARE proteins colocalize with a number of vesicular

organelles, including small vesicles positive for VGLUT1–3 (Bezzi et al. 2004;

Kreft et al. 2004; Montana et al. 2004; Zhang et al. 2004), ATP-storing vesicles

(Coco et al. 2003), neuropeptide-storing granules (Ramamoorthy and Whim 2008;

Prada et al. 2011), and D-serine-containing vesicles (Martineau et al. 2008),

suggesting the involvement of vesicular mechanisms in the release of these

gliotransmitters. Despite these indications, a conclusive demonstration of the exis-

tence of a secretory compartment in astrocytes was unresolved until few years ago

when our laboratory, in collaboration with Vidar Gundersen (University of Oslo),

identified in hippocampal dentate gyrus a glutamate-storing vesicular compartment

with properties similar to those of synaptic vesicles in glutamatergic terminals
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(Bezzi et al. 2004; Jourdain et al. 2007). In intact tissue, vesicles containing

glutamate in astrocytes (1) are grouped very close to plasma membrane (about

100 nm), (2) have a clear appearance (they are not electrondense), and (3) have a

small diameter (about 30–50 nm of diameter).

14.4 Astrocytes Possess Different Exocytotic Organelles

and Contain Different Gliotransmitters

Astrocytes, like specialized professional secretory cells (exocrine, endocrine, and

neurons), contain at least the three major classes of secretory organelles: the small

synaptic-like microvesicles (SLMV; Bezzi et al. 2004; Jourdain et al. 2007;

Bergersen and Gundersen 2009); the large dense-core granules (LDCGs ; Coco

et al. 2003; Ramamoorthy and Whim 2008; Prada et al. 2011), which store and

release distinct cargo; and lysosomes (Jaiswal et al. 2007; Li et al. 2008; Zhang

et al. 2007). In neurons and specialized secretory cells, classical neurotransmitters

and peptides are located in small SLMVs and LDCGs, respectively (Kupfermann

1991). These organelles have specialized physiological functions and are typically

found in different regions of the cell. For instance, in neurons, synaptic vesicles

responsible for the fast release of neurotransmitters during synaptic activity are

clustered at the active zones, while peptide-containing LDCGs, typical exocytic

organelles involved in maintaining the tonic level of hormones and neuropeptides

in endocrine cells and neurons, are diffusively distributed in axons or dendrites

(Meldolesi et al. 2004; Pickel et al. 1995). In contrast to other secretory cells,

morphological, molecular, and physiological properties of the two secretory pro-

cesses in astrocytes are still largely unknown. SLMVs represent the best

characterized secretory organelles in astrocytes. Morphologically, they strongly

resemble of synaptic vesicles of nerve terminals (Bergersen and Gundersen 2009;

Bezzi et al. 2004; Crippa et al. 2006; Jourdain et al. 2007), are equipped with

transport proteins for uptake of transmitters (VGLUTs), and contain glutamate and

possibly D-serine (Calı̀ et al. 2009; Marchaland et al. 2008; Mothet et al. 2006). D-

Serine is a small amino acid synthesized by the enzyme serine racemase that in

many brain areas represents an endogenous ligand for NMDA glutamate receptor.

Fusion of D-serine-containing vesicles in astrocytes is a Ca2+-dependent process

mechanically similar to those of glutamatergic SLMVs. Whether glutamate and D-

serine are coreleased in the same brain areas and by the same pool of vesicles is still

largely unknown. SLMVs-containing glutamate have been extensively studied

during the last years; in a recent work from our laboratory, we took advantage of

chimerical protein VGLUT1-pHluorin (Voglmaier et al. 2006) to study in detail the

characteristics of exoendocytosis and recycling processes at the single-vesicle level

with TIRF illumination (Marchaland et al. 2008). The fast imaging protocol (40 Hz)

applied in these sets of experiments provided some important information on both

the kinetics and modalities of exocytosis and recycling. Upon GPCR stimulation,
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glutamatergic SLMVs undergo Ca2+-dependent-regulated exocytosis in a burst that

displays a bimodal distribution (Marchaland et al. 2008): a rapid phase sustained

almost exclusively by “resident” vesicles (vesicles already docked to the plasma

membrane before the stimulus) mostly undergoing kiss-and-run fusion, and a

relatively slower phase sustained mainly by “newcomers” vesicles (vesicles that

approach the plasma membrane after the stimulus), mostly undergoing full-collapse

fusion. This duality of fusion events is reminiscent of observation in neurons where

only readily releasable vesicles are rapidly recycled and reused (Harata et al. 2006).

Indeed, recent observations show that this bimodal fusion is essential for activation

of neuronal receptors by astrocytic glutamate (Santello et al. 2011).

There is significantly less information concerning LDCGs in astrocytes. Proteins

belonging to the family of granins (such as chromogranins and secretogranins) are

known to be stored in LDCGs of neuroendocrine cells together with neuropeptides

and hormones (Malosio et al. 2004; Meldolesi et al. 2004; Rosa and Gerdes 1994).

Therefore, granins are the most useful markers to investigate the presence of

LDCGs in neurons in different areas of the mammalian brain (Meldolesi et al.

2004). In 1999, Calegari and colleagues showed for the first time that secretogranin

II (SgII) is also expressed in cultured hippocampal astrocytes (Calegari et al. 1999).

At the ultrastructural level, SgII appeared to be packaged in LDCGs (diameter

> 100 nm) located in the Golgi apparatus and near the tubular structure of the trans-

Golgi networks, where biogenesis of secretory granules is known to take place.

Release of intracellularly stored SgII was evoked by treatment with various

secretagogues (e.g., ionomycin, dibutyryl-cAMP, and bradykinin) in a Ca2+-depen-

dent manner. Later on, it was found that LDCGs contain ATP and does not

colocalize with the SNARE synaptobrevin/VAMP2, thus representing another,

distinct population of organelles (Coco et al. 2003). Recently, Prada and colleagues

(2011), moreover, found that the expression LDCVs and their regulated discharge

are governed by REST (otherwise called NRSF), the transcription repressor

encoded by the master gene that orchestrates differentiation of nerve cells (Ballas

and Mandel 2005; D’Alessandro et al. 2008). These findings suggested the possible

existence of two distinct classes of secretory vesicles in astrocytes: SLMVs and

LDCGs. Therefore, astrocytes, like neurons, might have a regulated secretory

pathway that is responsible for the release of multiple classes of chemical

transmitters. Both of these processes may be involved in the regulation of synaptic

transmission by astrocyte-released molecules (see below).

Lysosomes have been considered to be a major storage site of immune-signaling

substances, such as proinflammatory cytokines (Andrei et al. 2004) and adenosine

(Lukashev et al. 2004; Pisoni andThoene 1989), and have been shown to be implicated

in intercellular communication at the immunological synapse (McNeil and

Kirchhausen 2005). Secretory lysosomes are also enriched in certain types of glial

cells like oligodendrocytes, where they are employed formyelin proteins secretion and

therefore likely play a critical role inmyelination (Trajkovic et al. 2006). Additionally,

recent studies have revealed that elevated calcium in astrocytes does induce a special

kind of regulated secretion from secretory lysosomes (Jaiswal et al. 2007; Li et al.

2008; Zhang et al. 2007). Indeed, in astrocytes, secretory lysosomes release ATP, and
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blockade of this release prevents the propagation of calciumwaves between neighbor-

ing astrocytes (Bowser and Khakh 2007). Although these studies have been so far

focused on astrocytes in culture, a similar mechanism of release is likely to occur

in vivo, as acutely isolated astrocytes express some mRNAs of proteins involved in

lysosome secretion (Cahoy et al. 2008). However, activated at physiological cytosolic

Ca2+ concentrations, the observed Ca2+-dependent release of astrocytic secretory

lysosomes operates on timescale orders of magnitude slower than neurotransmission.

14.5 Gliotransmitters Modulate Synaptic Transmission

(Focus on Glutamate)

For a long time, intercellular signaling underlying information transfer and

processing in the brain was considered to occur exclusively between neurons.

Numerous studies performed during the past few years have instead established

the existence of bidirectional signaling between neurons and astrocytes. Indeed,

gliotransmitters released upon synaptic stimulation such as glutamate, ATP, and D-

serine are able to regulate neuronal excitability (Sasaki et al. 2011) and synaptic

transmission (Araque et al. 2001; Bezzi et al. 2001a; Perea et al. 2009). These

findings led to the establishment of a new concept in synaptic physiology, “the

tripartite synapse,” in which astrocytes exchange information with the neuronal

synaptic elements (Araque et al. 1999). Consequently, astrocytes can be considered

an integral part of the synapses, being involved not only in maintaining passively

the homeostatic conditions for proper synaptic transmission but also participating

actively in synaptic function (Santello and Volterra 2010).

Glutamate is probably the best characterized gliotransmitter, able to modulate

synaptic transmission. In the hippocampal CA1 region, astrocytes of the stratum

radiatum sense the activity of Schaffer collateral afferents and respond to it with

Ca2+i elevations and release of glutamate. The astrocytic glutamate acts on

extrasynaptic NR2B-containing NMDA receptors located on the dendrites of

CA1 pyramidal cells. Activation of such receptors results in large, slow inward

currents (SICs) in the pyramidal cells able to significantly depolarize the cells and

even to trigger their firing (Angulo et al. 2004; Fellin et al. 2004; Perea and Araque

2005; Navarrete and Araque 2008). Astrocyte-evoked SICs have been found to

occur in two or more neighboring pyramidal cells in strict temporal correlation,

which has been proposed to induce their synchronous firing. In addition, astrocytic

glutamate might also activate receptors localized at presynaptic level at the same

synapses. Through activation of group I metabotropic glutamate receptors

(mGluRs) (Perea and Araque 2007; Navarrete and Araque 2010), astrocytes

enhance the frequency of spontaneous and evoked excitatory synaptic currents.

Alternatively, astrocytes induce the potentiation or depression of inhibitory synap-

tic transmission by activation of presynaptic kainate or II/III mGlu receptors,

respectively (Liu et al. 2004a, b). In addition, it has been recently shown that

glutamate release from cortical astrocytes is also able to broaden action potentials
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and therefore to facilitate ensuing synaptic transmission (Sasaki et al. 2011).

Therefore, a single gliotransmitter can exert multiple effects depending on the

sites of action and the activated receptor subtypes, which provides a high degree

of complexity to astrocyte–neuron communication. This complexity becomes even

higher when considering that other gliotransmitters, such as GABA, ATP, adeno-

sine (a metabolic product of ATP), or D-serine, could have converging actions on

the same neuron or, on the contrary, divergently act on several cells (both neurons

and glia), thus evoking distinctive responses (Perea et al. 2009).

In our lab, we demonstrated that, at perforant path–granule cell (PP–GC) synapses

in the hippocampal dentate gyrus, astrocytes of the outer molecular layer sense

synaptic activity, elevate their intracellular Ca2+ elevations, and release glutamate

via exocytosis of SLMVs. Indeed, by using dual patch-clamp experiments on pairs of

dentate GC and molecular layer astrocytes, we have shown that direct electrical

stimulation of astrocytes induces strengthening of synaptic transmission. The same

effect was observed when applying an agonist of the astrocytic purinergic P2Y1

receptors (P2Y1Rs). Astrocytic glutamate is released at presynaptic level in close

proximity of NR2B-containing NMDA receptors: activation of these receptors results

in an increased synaptic transmitter release and in the strengthening of synaptic

transmission (Jourdain et al. 2007).

This is the only neuromodulatory action of astrocytes for which a precise ultra-

structural correlate has been established. Thus, we found that excitatory nerve

terminals in the dentate outer molecular layer express NR2B subunits and that the

distribution of such NR2B subunits is particularly abundant in the extrasynaptic

terminal membrane opposed to astrocytic processes containing SLMVs (Fig. 14.3).

Moreover, the astrocyte input to the synapse is blocked by introducing the tetanus

Fig. 14.3 Electron micrographs showing NR2B (gold particles) in extrasynaptic membranes

(arrows) of nerve terminals, (Ter) making asymmetric synapses with dendritic spines (Sp) in the

hippocampal dentate molecular layer. NR2B particles face astrocytic processes (Ast) containing
SLMVs. There is a close proximity of NR2B to astrocytic SLMVs. Insets: higher magnification

showing NR2B gold particles and astrocytic SLMVs (arrowheads). Scale bars, 100 nm (Adapted

from Jourdain et al. (2007), courtesy of Nature Neuroscience)
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toxin light chain (a specific exocytosis inhibitor) through the patch pipette into the

stimulated astrocyte, indicative of an obligatory role of exocytosis for the synaptic

modulation. The distance separating NR2B subunits in nerve terminals from SLMVs

in surrounding astrocytic processes was found to be in themajority of the cases similar

to the one separating postsynaptic receptors from “readily releasable” synaptic

vesicles at the active zone of nerve terminals (Gitler et al. 2004).

In contrast, SICs are not observed in response to the activity of PP–GC synapses.

What is the reason for this discrepancy? A possible explanation could reside in

the existence of structural–functional differences between excitatory synapses in

the CA1 region and in the dentate gyrus. For instance, at PP–GC synapses, activa-

tion of presynaptic ifenprodil-sensitive NMDARs seems to predominate with

respect to activation of extrasynaptic (dendritic) ifenprodil-sensitive NMDARs

(Dalby and Mody 2003; Jourdain et al. 2007).

Independent from the structural–functional differences, it is interesting to note

that at both CA1 and dentate synapses astrocytic glutamate is able to directly

activate NMDARs. This is probably because NMDARs have much higher affinity

for glutamate than all other glutamate receptors; therefore, they could be particu-

larly suited for nonsynaptic communication that implies wider diffusion and

lower local accumulation of glutamate (in the synapse, glutamate reaches mM

concentrations once being released).

NMDARs should open only upon membrane depolarization: this raise an appar-

ent paradox on how astrocyte glutamate might activate these receptors. One possi-

ble explanation might be that NMDARs targeted by astrocyte-released glutamate

could have a peculiar subunit composition conferring them low sensitivity to Mg2+

block, like those present on oligodendrocytes (Burzomato et al. 2010) and in

presynaptic terminals in the cortex (Larsen et al. 2011), or such receptors could

be located in small volume structures that might be relatively depolarized or have

high input resistance: in this case, no or very small inward currents would be

sufficient to induce significant depolarization and relieve the Mg2+ block. Alterna-

tively, other reasons might explain why NMDA receptors are often particular

targets for astrocyte glutamate. For instance, together with glutamate, astrocytes

might corelease depolarizing agents and/or facilitatory factors with specificity for

NMDARs, notably D-serine (Mothet et al. 2005; Bergersen and Gundersen 2009;

Henneberger et al. 2010). D-Serine interacts with the so-called glycine-binding site

of the NMDAR, allowing its transmembrane channel to open when glutamate

binds. Henneberger and colleagues (2010) showed that high frequency stimulation

of Schaffer collaterals in the hippocampus gives rise to astrocyte intracellular Ca2+

increase that controls the induction of long-term potentiation by releasing D-serine.

D-Serine binds to NMDA receptors to promote LTP establishment when glutamate

is released from the presynaptic terminal. It is therefore theoretically possible that

also opening of extrasynaptic NMDARs is facilitated by D-serine release from

astrocytes, although it has been reported that glycine-binding site on presynaptic

NMDARs, contrarily to the synaptic one, might be already saturated (Li and Han

2007; Li et al. 2009).
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14.6 Gliotransmission Is Controversial

Albeit multiple experimental evidences have been accumulating during the last 15

years in favor of an active role of astrocytes in some forms of synaptic plasticity,

some recent studies challenged these findings. Concerns are mainly focused on

actual possibility that astrocytes may not contain the machinery to exocytose

glutamate and/or that glutamate in the astrocyte cytoplasm could not be sufficient

for efficient vesicular loading of the transmitter (Hamilton and Attwell 2010).

Moreover, regardless of the release machinery, activation of exogenous GPCRs

or knock-out of IP3R in astrocytes failed to modify synaptic transmission at

hippocampal CA1 pyramidal cells (Fiacco et al. 2007; Agulhon et al. 2010).

14.6.1 Astrocyte Glutamate Cytosolic Levels
and Vesicular Filling

Glutamate that is taken up by astrocytes is converted to glutamine by the enzyme

glutamine synthetase (GS), before being passed back to synaptic terminals, in which it

is converted back to glutamate. Because of the high activity of GS in astrocytes, the

cytoplasmic level of glutamate is substantially lower than in neurons. This raises the

question of whether a sufficiently high concentration of glutamate could be

accumulated in astrocytic vesicles to activate neuronal receptors when released

(Barres 2008). Nevertheless, it has to be noted that the Km of vesicular glutamate

transporter is lower than that of GS, proving the opportunity for glutamate transport

into vesicles (Halassa and Haydon 2010). Moreover, even assuming a partial filling of

the vesicles, theoretical calculations show that the organelles would contain enough

glutamate to activate extrasynaptic NMDARs (Hamilton and Attwell 2010).

Studies performed in cell culture, brain slices, acutely isolated astrocytes, and

tissue sections provide compelling support for the presence of vesicular machinery for

glutamatergic gliotransmission (Halassa and Haydon 2010). However, in contrast,

two studies, using microarrays, have not detected the message for vesicular glutamate

transporters in the astrocyte transcriptome (Lovatt et al. 2007; Cahoy et al. 2008).

Further work is required to determine the reasons of such discrepancy, but there is lack

of consensus in data acquired by commercially available microarray platforms given

the high variability in gene expression profiles obtained from different laboratories

performing seemingly identical experiments (Shi et al. 2008).

14.6.2 Astrocyte Involvement in Synaptic Plasticity

Molecular genetic techniques have been used to express novel GPCRs in astrocytes to

ask whether their selective activation triggers glutamatergic gliotransmission (Fiacco
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et al. 2007; Agulhon et al. 2010). One of these receptors, MrgA1, is normally

expressed by dorsal root ganglion neurons but not in the central nervous system

(CNS). Expression of this receptor in astrocytes results in Ca2+ transients in astrocytes

in response to the peptide ligand FLRFa. However, despite a robust volume-averaged

Ca2+ signal, no SIC,modulation of basal synaptic transmission or LTP gating has been

detected. Moreover, knock-out of IP3R2, believed to be astrocyte specific, does not

enhance or lower baseline of CA1 pyramidal neuron synaptic activity or affects LTP

(Petravicz et al. 2008; Agulhon et al. 2010). Opposite results have been instead

reported at the same synapses (Fellin et al. 2004; Perea andAraque 2007;Henneberger

et al. 2010) (Fig. 14.4), but some of them have been criticized as obtained with

nonphysiological astrocyte manipulations (such as IP3 or Ca2+ uncaging). Indeed,

achieving conditions compatible with brain physiology is an issue of fundamental

importance in experimental studies in vitro (Agulhon et al. 2008). Ideally, one would

aim to identify and activate selectively the molecular trigger(s) of Ca2+-dependent

release in astrocytes.

One conceptual difficulty is that the current experimental techniques employed

to evoke intra-astrocytic Ca2+ elevations do not reproduce the spatiotemporal

Fig. 14.4 Schematic showing the current understanding of astrocytic Ca2+-signaling involvement

at the synapse. (Left panel) Both in situ and in vivo studies strongly support the conclusion that

synaptic release of neurotransmitters, under basal and heightened levels of stimulation, elicits Ca2+

increases in astrocytes mostly via the activation of Gq GPCRs. These astrocytic Ca2+ elevations

can remain localized within small territories (microdomains) within the cell or propagate as

intracellular waves into more distant compartments, depending on the level of neuronal activity.

(Right panel) Whether or not astrocytic Ca2+ increases evoke the release of gliotransmitters to

modulate pre- or postsynaptic metabotropic or ionotropic neuronal receptors is still under debate.

To date, there are no in vivo data available, and data in situ argue both for and against the concept

of gliotransmission. The potential significance of gliotransmission in neurophysiology and

neuropathophysiology remains an open issue (Adapted from Agulhon et al. (2008))
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aspects of physiological Ca2+ signaling. Anyway, Ca2+-dependent glutamate

release from astrocytes has been associated with an action of endogenous

endocannabinoids or ATP released by neurons able to modify synaptic transmission

(Jourdain et al. 2007; Navarrete and Araque 2008, 2010). This disparity suggests

that the origin and propagation of a physiological Ca2+ signal could depend

critically on GPCR localization or, more generally, on the spatial relationships

among the intracellular players involved in Ca2+ signaling in astrocytes: GPCRs,

IP3Rs, Ca2+ stores, and the Ca2+-sensing molecular targets such as the trigger of

transmitter release. Little is known about the intracellular distribution of such

players, either on the scale of the entire astrocytic arbor or within the fine astrocyte

processes that approach synaptic structures. Therefore, as a large number of infor-

mation on the way astrocytes might influence neuronal functions is still not

available, no definitive conclusion can be made on negative results.

14.7 Glutamatergic Gliotransmission and TNFa

One of the common effects of immune activation is the production of cytokines. In

the CNS, cytokines are primarily produced by activated microglia, but are also

generated by astrocytes and infiltrating immune cells upon brain injury (Bailey

et al. 2006). They are the secreted molecules that mediate communication between

immune cells and between immune system and host. Cytokines encompass a broad

class of signaling molecules that have the potential to influence an immense variety

of signals that regulate CNS function, including growth factor production, electrical

activity, synaptic function, and axonal path finding (Carpentier and Palmer 2009).

Among the cytokine family, TNFa is well known for its proinflammatory functions

in the immune system, where it is produced by a variety of cells including T cells and

macrophages. In the brain, TNFa has the paradoxical ability to both protect and

destroy neurons depending on a number of factors (McCoy and Tansey 2008).

TNFa signals through two distinct receptors: TNF receptor 1 (TNFR1 or p55TNFR),

the major mediator of proinflammatory and proapoptotic functions of TNFa, and
TNFR2 (or p75TNFR), which activates more progrowth and survival pathways.

TNFa and its receptors, TNFR1 and TNFR2, are constitutively expressed in

healthy brain, both in neurons and glial cells; this means that cells in the brain must

be able to respond to a signaling mediated by TNFa and its receptors. For example,

blocking IL-1b or TNFa by several independent means alters regulation of sleep

(Imeri and Opp 2009). Other possible roles in synaptic physiology have been

investigated by the labs of Malenka and Turrigiano, showing a major involvement

of TNFa in synaptic plasticity and synaptic scaling (Beattie et al. 2002; Stellwagen

and Malenka 2006; Kaneko et al. 2008; Steinmetz and Turrigiano 2010).

In astrocytes, recent papers reported that TNFa and its cognate receptorTNFR1play
an important role in the modulation of the regulated secretion of glutamate (Bezzi et al.

2001b; Rossi et al. 2005; Domercq et al. 2006). TNFa could directly influence glial

cells potentially resulting in complex changes in the brain network. Thus, when a local
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inflammatory reaction is triggered in the brain, microglial cells that rapidly migrate to

the injury site (Davalos et al. 2005; Nimmerjahn et al. 2005) become activated and start

releasing a number of mediators such as TNFa, deeply altering the properties of glial

networks (Bezzi and Volterra 2001). Indeed, TNFa at pathological concentrations

appears to exert a potent control on Ca2+-dependent glutamate release from astrocytes.

The first evidence for this was reported in 2001 when Bezzi and colleagues

reported two seminal observations: (1) glutamate release from astrocytes induced by

the CXCR4 receptor agonist SDF1a was hampered in TNFa�/� preparations and (2)

microglial TNFa release induces a massive glutamate release from astrocytes (three-

fold more than the one induced by other agonists) via prostaglandin PGE2 production,

amplifying CXCR4-induced glutamate release (Bezzi et al. 2001b). This massive

glutamate release can cause neuronal excitotoxicity both in culture and in vivo.

However, TNFa is expressed also in the normal brain, albeit at much lower

levels than during inflammatory reactions and participates in homeostatic brain

functions (Boulanger 2009; Vitkovic et al. 2000). In particular, constitutive TNFa
has recently been implicated in control of the stability of neuronal networks in

response to prolonged changes in activity via the phenomenon of synaptic scaling

(Stellwagen and Malenka 2006; Turrigiano 2008) and plays a specific role in ocular

dominance plasticity upon monocular visual deprivation (Kaneko et al. 2008). The

TNFa released from astrocytes was able to strengthen excitatory synaptic transmis-

sion by promoting insertion of AMPA receptor subunits at the surface (Bains and

Oliet 2007; Beattie et al. 2002; Stellwagen et al. 2005). The involvement of TNFa
in regulating glutamate release from astrocytes during physiological conditions

have been found recently by Domercq et al.; the authors showed that activation

of another GPCR, the purinergic P2Y1 receptor (P2Y1R), evoked glutamate release

from astrocytes via exocytosis of SLMVs (Domercq et al. 2006). Interestingly,

glutamate release is impaired in TNFa knock-out and TNFR1 knock-out slices and

cultures, pointing to a permissive role of the cytokine in the exocytosis of glutamate

from astrocytes induced by purinergic GPCR activation (Domercq et al. 2006).

A recent paper sheds light on the way TNFa can modulate glutamate release

from astrocytes and how this impinges on synaptic activity. Indeed, Santello and

colleagues found that the cytokine is an essential factor for functional glutamatergic

gliotransmission (Santello et al. 2011). In the hippocampal dentate gyrus, astrocytes

exert a modulatory action of GC synapses via Ca2+-dependent glutamate release

from astrocytes that is controlled by TNFa. In other words, the constitutive levels of
the cytokine (estimated to be in the low picomolar range) need to be present for the

neuromodulation to occur. Which is the mechanism(s) by which TNFa control

glutamatergic gliotransmission? In astrocytes, the cytokine controls some steps of

the stimulus-secretion coupling downstream of GPCR-evoked intracellular Ca2+

elevations. In particular, by using TIRF illumination, Santello and colleagues

identified in cultured astrocytes obtained from TNF�/�mice, a defect in the func-

tional docking of glutamatergic SLMVs. It appears that a constitutive TNFa level is

necessary for SLMVs docking and thus of the subsequent synchronous fusion upon

stimulation of metabotropic purinergic receptor (P2Y1R). Thus, in absence of the

cytokine, the majority of the vesicles are far from the docking places and thus are
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not ready to fuse; as a consequence, the kinetics of evoked exocytosis dramatically

slow down (vesicles are released over several seconds after stimulus). The asyn-

chronous and slowly release of glutamate from astrocytes then is efficiently scav-

enged by the glutamate transporters (present on the astrocytic membrane) that

therefore prevent presynaptic NMDARs activation and synaptic strengthening.

Interestingly, TNFa absence did not alter localized Ca2+ increases in the astrocyte

process, but specifically dampers vesicular fusion (Santello et al. 2011) (Fig. 14.5).

Which could be the downstream molecule/s responsible for TNFa regulation of

astrocyte exocytosis? A link could potentially exist between Rab proteins and

TNFa through the protein DENN/MADD. Rab proteins, a large family of small

GTPase, are central in ensuring that vesicles are delivered to their correct

destinations and play an important role in the regulation of vesicle traffic and fusion

in eukaryotic cells (Ferro-Novick and Novick 1993; Geppert and S€udhof 1998;
Stenmark 2009). Among Rab proteins, Rab3 proteins are associated with secretory

vesicles of exocrine, endocrine cells (Zerial and McBride 2001), and neuronal cells

(Schl€uter et al. 2002) and are part of the machinery controlling exocytosis (Takai

et al. 1996; Geppert and S€udhof 1998; Lang and Jahn 2008). Rab3 can switch

between two functionally distinct conformational states: GDP (inactive) and GTP

Fig. 14.5 Schematic summary of the TNFa control on gliotransmission at PP–GC synapses in the

hippocampal dentate gyrus. (Left) In the presence of constitutive TNFa (red diamonds), astrocyte
vesicles containing glutamate (Glut, blue dots) are functionally docked at putative active zones on
the plasma membrane of a perisynaptic astrocytic process. When ATP (yellow pentangles) is
released (1) from GC synapses or the astrocytes (Jourdain et al. 2007), it activates P2Y1 receptors

(2) and causes Ca2+ release from the internal stores in the astrocyte microcompartment (3). This in
turn triggers fusion of the astrocyte vesicles in proximity of presynaptic NR2B-containing

NMDARs (4), eventually causing an increase in excitatory synaptic activity (5). (Right) In the

absence of TNFa, astrocytic glutamatergic vesicles are not correctly docked and ready to fuse.

Therefore, when ATP triggers the usual signal transduction in astrocytes, glutamate release occurs

slowly and asynchronously and is scavenged by glutamate transporters before reaching pre-

NMDA receptors to induce synaptic modulation (From Santello et al. (2011))
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bound (active), respectively. Rab3 GDP/GTP exchange protein (Rab3GEP also

known as DENN/MADD) catalyzes the replacement of GDP by GTP and, conse-

quently, favors the activation of Rab3.

Interestingly, it is of recent acquisition that DENN/MADD can also bind the

TNFR1 through a death domain that is located at the C-terminus of the protein

(Miyoshi and Takai 2004). Given that (a) when TNFa is not bound to the receptor,

TNFR1–DENN/MADD interaction is extremely strong; (b) Ca2+-dependent release

of glutamate from astrocytes is impaired when DENN/MADD levels are decreased

(Rossi et al. 2005), an intriguing hypothesis could be that, in the absence of TNFa,
DENN/MADD would be mainly bound to TNFR1 and therefore unable to function

as RabGEP. Conversely, basal levels of TNFa would allow dissociation of DENN/

MADD from the receptor which would promote efficient docking and fusion of

SLMV in astrocytes.
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Chapter 15

Roles of Neuronal Activity-Induced Gene

Products in Hebbian and Homeostatic Synaptic

Plasticity, Tagging, and Capture

Yasunori Hayashi, Ken-ichi Okamoto, Miquel Bosch, and Kensuke Futai

Abstract The efficiency of synaptic transmission undergoes plastic modification

in response to changes in input activity. This phenomenon is most commonly

referred to as synaptic plasticity and can involve different cellular mechanisms

over time. In the short term, typically in the order of minutes to 1 h, synaptic

plasticity is mediated by the actions of locally existing proteins. In the longer term,

the synthesis of new proteins from existing or newly synthesized mRNAs is

required to maintain the changes in synaptic transmission. Many studies have

attempted to identify genes induced by neuronal activity and to elucidate the

functions of the encoded proteins. In this chapter, we describe our current under-

standing of how activity can regulate the synthesis of new proteins, how the

distribution of the newly synthesized protein is regulated in relation to the synapses

undergoing plasticity and the function of these proteins in both Hebbian and

homeostatic synaptic plasticity.
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15.1 Introduction: Memory, Synaptic Plasticity, and New

Protein Synthesis

The synthesis of the right species of protein in the right cells at the right time is

crucial for every aspect of cellular function. Therefore, protein synthesis is tightly

genetically defined depending on cell type and developmental status. In addition,

gene expression is also regulated by external factors. Various cellular environments

can also affect the timing, species, and the amount of synthesized proteins.

Protein synthesis in neurons is not an exception from such regulation (for review, see

Loebrich and Nedivi 2009; Okuno 2011). The first evidence to link gene expression to

the functional modification of neurons comes from the observation that pharmacologi-

cal stimulation of cultured neuronal cells induces expression of a specific set of genes

(Greenberg et al. 1986). Similarly, induction of kindling in animals induces gene

transcription (Dragunow and Robertson 1987; Saffen et al. 1988). These observations

led to a seminal study by Cole et al. (1989) that linked gene expression to synaptic

plasticity for the first time. They induced synaptic plasticity in the hippocampus by

delivering a high-frequency stimulation to the input fibers, which leads to long-term

potentiation (LTP) of synaptic transmission (Bliss and Lømo 1973; Bliss and

Collingridge 1993), and found a correlated increase of specific genes. This induction

of gene expression required activation of N-methyl-D-aspartate type glutamate receptor

(NMDAR), which is also necessary for hippocampal LTP indicating that the electro-

physiologicallymeasured LTP and the induction of new gene transcription share at least

a common part of cellular signaling (Herron et al. 1986). Arguably, LTP is a cellular

counterpart of learning and memory (Bliss and Collingridge 1993), and this work was

the first to demonstrate the expression of specific genes in the context of learning and

memory. Subsequently, many paradigms of learning such as exposure to a novel

environment, fear, and pheromones have been shown to induce expression of genes in

specific neurons (Brennan et al. 1999; Guzowski et al. 2001; Hall et al. 2001). Further-

more, because the induction is so robust and reproducible, the induction of those genes

could be even used to identify neurons that are activated during learning (Frankland

et al. 2004; Reijmers et al. 2007; Kitanishi et al. 2009; Sacco and Sacchetti 2010).

Are gene expression and protein synthesis required for learning and memory?

Earlier studies using pharmacological inhibitors of protein synthesis in animals

resulted in an inhibition of memory formation (Flexner et al. 1963; Barondes and

Cohen 1968). This is followed by multiple studies that tested the effect of protein

synthesis inhibitors in various learning paradigms in different animals (Davis and

Squire 1984, for review). Overall, the results consistently showed that animals

exhibited normal memory performance for a short period of time after the initial

training but when tested several days later, their memory was impaired. These

observations indicate that the initial formation of memory does not require de novo
protein synthesis whereas the retention of the memory over extended periods of

time requires newly synthesized proteins. Interestingly, when protein synthesis

inhibitors were administered at later time points after the initial memory formation,

the memory became resistant to the treatment, indicating that protein synthesis is
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not required for retention or recall once memory becomes consolidated (Davis and

Squire 1984).

Consistent with the effect of protein synthesis inhibitors on memory formation,

these reagents also blocked LTP consolidation. Inhibition of either protein transla-

tion (Krug et al. 1984; Otani et al. 1989) or transcription (Frey et al. 1996) did not

affect the early phase of LTP which occurred within 1 h after stimulation (early

LTP or E-LTP), suggesting that this initial phase is mediated by existing proteins.

However, these treatments did block the maintenance of LTP, especially during the

late phase which typically occurs 2 h after the induction (late LTP or L-LTP), which

indicates that de novo protein synthesis is required for the retention of LTP.

Similarly, if transport of newly synthesized mRNA and protein was prevented by

separating dendrites and cell bodies of hippocampal neurons, L-LTP was blocked

while E-LTP was not affected, indicating a requirement for transport of newly

synthesized molecules from the cell body for maintenance of LTP at the late phase

(Frey et al. 1989).

15.2 Search for Activity-Regulated Genes

These observations triggered many investigations into the involvement of transcrip-

tion and translation in synaptic plasticity and learning. A number of laboratories set

forth to systematically identify genes induced by neuronal activity in an unbiased

way. One of the earlier screening efforts was performed by Nedivi and colleagues

(1993). They carried out differential cDNA screening between mRNAs from

hippocampal dentate gyrus treated with or without an excitatory amino acid analog

kainate. They isolated 52 activity-induced genes, of which 35 were novel at the time

of report and 17 were known genes such as c-fos, c-jun, and zif/268, which were

already reported to be neuronal activity-induced genes, indicating the validity of

their approach.

Similar approaches were also undertaken independently around the same time

by several other laboratories including those of Inokuchi (e.g., Kato et al. 1997;

Matsuo et al. 1998), Worley (Yamagata et al. 1993; Lanahan and Worley 1998),

Bliss (Fazeli et al. 1993), Kuhl (Link et al. 1995), and Kandel (Qian et al. 1993).

Over the last decade, further analyses furnished with new information and

technologies such as entire genome sequence and microarray have led to the

identification of many other neuronal activity-induced genes (French et al. 2001;

Elliott et al. 2003; Newton et al. 2003; Altar et al. 2004; Hong et al. 2004; Park et al.

2006; Kitamura et al. 2007; Xiang et al. 2007). Currently, it is estimated that around

500–1,000 different neuronal activity-induced genes exist (Nedivi et al. 1993;

Loebrich and Nedivi 2009). The identified genes encode proteins ranging from

transcription factors, enzymes involved in metabolism, intracellular and extracellu-

lar signaling molecules, to cytoskeletal proteins (for review, see Loebrich and

Nedivi 2009; Okuno 2011).
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Among the various mRNA species detected in such studies, those which

increased their amount in the presence of protein synthesis inhibitors were named

immediate early genes (Cochran et al. 1983). These mRNA species increase their

content utilizing only the transcription machineries already present under basal

cellular activity and therefore are the primary responder to the external stimulation.

Interestingly, some of them encode proto-oncogene transcription factors such as

c-fos, c-jun, jun-B, c-myc, and zif/268 (also named Egr1, NGFI-A, Krox 24), which
have been identified in multiple studies to isolate activity-induced genes both from

neuronal and nonneuronal cells (Greenberg and Ziff 1984; Greenberg et al. 1986; Franza

et al. 1988; Rauscher et al. 1988; Ryder et al. 1988). Once they are induced, they in turn

induce a second surge of gene expression. For example, c-fos and c-jun gene products

associate with each other to form activator protein 1 (AP-1) transcription factor (Raivich

and Behrens 2006). The AP-1-responsive consensus sequence is found in genes

implicated in the synaptic functions such as a-amino-3-hydroxyl-5-methyl-4-isoxazole-

propionate-type glutamate receptor (AMPAR) subunit GluR2, growth-associated protein

43 (GAP-43), and the cyclin-dependent protein kinase Cdk5 (Rylski and Kaczmarek

2004; Raivich and Behrens 2006).

In addition to regulation at the transcriptional level, neuronal activity can trigger

translation of new proteins from existing mRNAs. Such translation is regulated in

several phases (see Wang et al. 2010 for review). While neurons are at basal activity,

the translation from these mRNA must be repressed. When the activity level goes up

beyond a certain level, this repression must be removed and the translational machin-

ery recruited. Several proteins and noncoding RNAs are involved in the regulation

(Feng et al. 1995; Costa-Mattioli et al. 2009; Wang et al. 2010). Of note, abnormality

in the translational regulation is suspected to be a major cause of a hereditary mental

retardation syndrome, fragile X disease. The disease is caused by a mutation in fragile

X mental retardation protein (FMRP), a mRNA binding protein that represses the

translation of its target (Feng et al. 1995; Kindler and Monshausen 2002; Bassell and

Warren 2008; De Rubeis and Bagni 2010). Autopsy examination of fragile X patients

revealed abnormal dendritic spine morphology (Irwin et al. 2001). This is

recapitulated in mice lacking FMRP, which show impairment in both synaptic

function and morphology, highlighting the importance of the translational regulation

for proper synaptic functions (Comery et al. 1997;Nimchinsky et al. 2001;Huber et al.

2002; Li et al. 2002; Sch€utt et al. 2009). There is also evidence that FMRP can regulate

the translation of NMDA receptor subunit NR2A through a specific micro RNA

(miRNA), miR-125b (Edbauer et al. 2010).

15.3 Synaptic Tagging and Capture Hypothesis

In the aforementioned screening studies, multiple molecules implicated in synaptic

function have been isolated. This includes synaptic scaffolding proteins, e.g.,

Homer1a/vesl-1s (Brakeman et al. 1997; Kato et al. 1998), Arc/Arg3.1 (Link et al.

1995; Lyford et al. 1995), and candidate plasticity gene (CPG) 2 (Cottrell et al. 2004);
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intracellular signaling molecules such as kinases, e.g., SNK/polo-like kinase

2 (Kauselmann et al. 1999), protein kinase Mz (Osten et al. 1996), and GTP-binding

proteins or their associated proteins, e.g., RGS2 (Ingi et al. 1998) andRheb (Yamagata

et al. 1994); extracellular signaling molecules, e.g., brain-derived neurotrophic factor

(BDNF) (Hughes et al. 1993) and CPG15 (Nedivi et al. 1998); and cell surface

adhesion molecules involved in mediating cell–cell communication, e.g., Arcadin

(Yamagata et al. 1999) (for review, see Loebrich and Nedivi 2009; Okuno 2011).

One basic feature of LTP is “input specificity,” where only stimulated synapses

become potentiated and unstimulated synapses are not affected (Bliss and

Collingridge 1993). This feature applies not only to the early phase of LTP, which is

independent of protein synthesis, but also to the protein synthesis–dependent late

phase of LTP. So there may be a mechanism that ensures newly synthesized proteins

to function only at potentiated synapses. The presence of such a mechanism was

experimentally demonstrated by Frey and Morris (1997). In two-pathway hippocam-

pal recordings, when a high-frequency stimulation was given to one pathway in the

presence of a protein synthesis inhibitor, the slice exhibited E-LTP but not L-LTP,

consistent with the requirement of protein synthesis in L-LTP. But if a high-frequency

stimulation was given to the second pathway before the application of a protein

synthesis inhibitor, both pathways could elicit L-LTP. This is interpreted as follows:

when the tetanus is given, it generates a “tag” specifically at the stimulated synapse

independent of protein synthesis. This will serve as a synapse-specific binding site

where newly synthesized proteins required for L-LTP are “captured.” The L-LTP

induced in the second pathway supplied the necessary protein not only for itself but

also for the first pathway stimulated in the presence of protein synthesis inhibitors. The

first pathway by itself could not induce protein synthesis because it received tetanic

stimulation in the presence of the inhibitor but could still form a “tag,” which can

“capture” the newly synthesized protein induced by the second pathway and therefore,

can induce L-LTP if the second pathway is stimulated in the absence of protein

synthesis inhibitor.

This “synapse tag and capture” hypothesis was an attractive model to explain the

input specificity of synaptic plasticity and multiple studies have been conducted ever

since the proposal (Redondo andMorris 2011 for review). In particular, the identity of

the tag has been the source ofmajor research interest. The tag has to fulfill at least four

criteria: (1) The tag is formed specifically at potentiated synapses, (2) it does not

require synthesis of new proteins for formation, (3) it must stay at the synapse for at

least 1–2 h, and (4) it should have a structure that is capable of recruiting newly

synthesized plasticity-related proteins (Okamoto et al. 2009).

Okamoto et al. (2004) found that LTP induction induced a rapid formation of

filamentous actin (F-actin) in dendritic spines (Fig. 15.1a). F-actin is the major

cytoskeletal protein in dendritic spines that serves both as a structural framework of

the synapse and as a binding site for other postsynaptic proteins. Consistent with the

increase in F-actin, LTP induction also caused an enlargement of dendritic spines

that persisted for up to 1 h (Matsuzaki et al. 2004; Okamoto et al. 2004; Honkura

et al. 2008). A pharmacological formation of more F-actin at the dendritic spine was

sufficient to deliver postsynaptic proteins to the synapse (Okamoto et al. 2004)
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(Fig. 15.1b). This increase in F-actin levels along with the resultant increase in

spine volume and the enhanced capacity of binding of the synapse perfectly fulfill

all four criteria listed above. In fact, it has been recently shown that a pharmaco-

logical disruption of F-actin prevented synapse tagging (Ramachandran and Frey

2009). Therefore, formation of new F-actin together with the resulting structural

changes is a prime candidate for the synapse tag.

15.4 Synaptic Capture of Newly Synthesized Protein

Another feature of the synapse tag and capture hypothesis is the selective capture of

newly synthesized proteins at potentiated synapses. There can be several ways to

deliver proteins to the tagged synapses. One is to deliver mRNA to the tagged

synapse and have the proteins locally translated. The dendrite contains hundreds of

mRNA species, ribosomes and intracellular organelles such as endoplasmic reticu-

lum or Golgi apparatus required for protein synthesis (Steward and Levy 1982;

Eberwine et al. 2002; Kindler and Monshausen 2002; Ostroff et al. 2002; Horton

and Ehlers 2003; Moccia et al. 2003; Poon et al. 2006).
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One representative mRNA of a dendritically localized immediate early gene is

Arc/Arg3.1. It was initially identified as an immediate early gene induced after

neuronal activation (Link et al. 1995; Lyford et al. 1995; Hevroni et al. 1998;

Steward et al. 1998; Steward and Worley 2001). In dendrites, the Arc/Arg3.1

mRNA is specifically localized to the activated dendritic region thereby confining

the protein product within the vicinity of the activated synapse (Steward et al. 1998;

Steward and Worley 2001).

The mRNA of Ca2+/calmodulin-dependent protein kinase IIa (CaMKIIa) is

another abundant dendritic mRNA. It has a dendritic localization element in the

30-untranslated region (UTR) (Mayford et al. 1996). LTP induction induced a rapid

increase in local translation of CaMKIIa (Ouyang et al. 1999; Bagni et al. 2000).

Genetic elimination of the 30-UTR in mice not only disrupted the dendritic targeting

of CaMKIIa but also impaired the stabilization of synaptic plasticity and memory

consolidation (Miller et al. 2002).

However, these studies still have not demonstrated whether the newly synthesized

proteins are specifically captured specifically at the potentiated synapse or not. It has

been difficult to address this issue in themammalian central nervous system, primarily

due to the small size of individual synapses, the high density of synapses, and the lack

of appropriate methods to induce synaptic plasticity specifically in the synapse under

observation. To overcome these problems, Wang et al. (2009) used the Aplysia
sensory-motor neuron co-culture system that mimics a simple neuronal circuit

which underlies sensitization and habituation of gill-withdrawal reflex. In this prepa-

ration, focal application of neurotransmitter serotonin can trigger protein synthesis-

dependent synapse-specific plasticity (Martin et al. 1997). By time-lapse imaging of

photoconvertible translational reporters introduced to neurons in this system, they

demonstrated that the translation was spatially restricted to the activated synapse.

Recently, Inokuchi’s group tested whether the somatically synthesized immediate

early gene product, Homer1a, can be trapped at the activated synapse in cultured

hippocampal neurons (Okada et al. 2009). Homer (also called cupidin/Vesl/PSD-

Zip45/Ania3) is a family of synaptic scaffolding protein identified in various studies

as a gene product induced by neuronal activity (Nedivi et al. 1993; Brakeman et al.

1997; Kato et al. 1997; Xiao et al. 2000; Shiraishi-Yamaguchi and Furuichi 2007).

Okada et al. (2009) expressed one of the subtypes, Homer1a fused with green

fluorescent protein (GFP) and monitored its translocation in neurons. When synapses

were locally stimulated with NMDA and glycine, more GFP-tagged Homer1a became

localized at the stimulated synapse. To test if the somatically synthesized Homer1a

could be captured by the stimulated synapse, they used photoactivatable GFP

(PA-GFP)-tagged Homer1a and selectively photoactivated PA-GFP-Homer1a in the

cell body. The authors demonstrated that the soma-derived PA-GFP-tagged Homer1a

protein was captured by activated synapses.

Is the capture of protein to activated synapses a unique property of Homer1a, or

is it a more general property shared by various synaptic proteins (Okabe 2007;

Sheng and Hoogenraad 2007)? To address this question, Bosch et al. (2009)

investigated the time course of translocation of multiple postsynaptic proteins

including receptors, enzymes, and scaffolding components of the postsynaptic
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density (PSD), during the selective induction of LTP onto single dendritic spines

using two-photon glutamate uncaging. They cotransfected the GFP-fused protein of

interest with a red fluorescent protein (RFP) to simultaneously observe the locali-

zation of the protein and spine volume changes upon synaptic stimulation. They

found that most of the proteins were translocated to the synapse following LTP

induction. For the majority of them, including Homer1a, AMPAR GluR1, actin,

and CaMKIIa, the total amount of protein that accumulated at the spine was

comparable to the changes in spine volume, making their concentration before

and after LTP induction equivalent (Okamoto et al. 2004; Kuriu et al. 2006; Bosch

et al. 2009). This supports the idea that the change in the volume of the spines

induced by F-actin polymerization provides an enhanced binding capacity to that

synapse and acts as the tag that can quantitatively capture the new proteins needed

to maintain the potentiated state (Okamoto et al. 2009; Redondo and Morris 2011).

15.5 The Functions of the Neuronal Activity-Induced Gene

Products in Hebbian and Homeostatic Plasticity

As we have seen above, synaptic activity induces the expression of many neuronal

genes. How then do these neuronal activity-induced gene products affect synaptic

transmission in turn? We overexpressed Homer1a in hippocampal pyramidal

neurons and compared the response amplitude of glutamatergic synaptic transmis-

sion between control and overexpressing neurons (Sala et al. 2003) (Fig. 15.2a).

Surprisingly, overexpression of Homer1a reduced the postsynaptic current ampli-

tude instead of increasing it. The reduction in transmission occurred in both

AMPARs and NMDAR-mediated synaptic currents. Sala et al. (2003) carried out

morphological analyses of Homer1a overexpressing neurons and found that the

neurons not only had a reduced surface glutamate receptors but also a decrease in

various postsynaptic proteins as well as the density and size of dendritic spines

(Fig. 15.2b). So the effect of Homer1a is the global suppression of both synaptic

structure and function, which is seemingly counterintuitive considering that

Homer1a is induced by neuronal activity.

To elucidate the molecular mechanisms of this effect, a better understanding of the

role of Homer1b, the long form of Homer is critical (Shiraishi-Yamaguchi and

Furuichi 2007). Homer1b is generated from the same gene as Homer1a but from a

longer transcript (Fig. 15.3a). Homer1a is a short, monomeric form that contains only

an EVH1 domain and is expressed in an activity-dependent manner. In contrast, the

long forms, Homer1b and c, have both the EVH1 and the coiled-coil domains that

form a tetramer and are constitutively expressed (Hayashi et al. 2006, 2009). Through

the EVH1 domain, both short and long Homers can bind to various other scaffolding

and signal transduction molecules, which include group I metabotropic glutamate

receptors (mGluR) (Brakeman et al. 1997), inositol-1,4,5-trisphosphate receptors
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(IP3R) (Tu et al. 1998), Shank (Tu et al. 1999), TRPC family channels (Yuan et al.

2003), and PI3 kinase enhancer (Rong et al. 2003).

Sala et al. (2001) found that when Homer1b is coexpressed with its binding

partner Shank in neurons, an enlargement in the size of dendritic spines together

with the recruitment of multiple postsynaptic proteins was observed. Shank itself can

also form oligomers through homomeric association (Im et al. 2003; Romorini et al.

2004; Baron et al. 2006). Hayashi et al. (2009) found that when Homer1b and Shank

were mixed together, they formed a high-order mesh-like complex (Fig. 15.3b). This

complex can carry postsynaptic adapter protein GKAP, which is further linked to

synaptic surface glutamate receptor proteins. When tetramer formation of Homer1b

or interaction with Shank was prevented by point mutations, Homer and Shank could
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not form the high order complex. When the mutant that abolish tetramer formation

was introduced to a neuron, the number of dendritic spines decreased and the spines

became longer and thinner similarly to those which overexpress Homer1a (Sala et al.

2003; Hayashi et al. 2009). These results indicate that the mesh formation between

Homer1b and Shank is required for the maturation of synapses, likely by forming a

two-dimensional lattice where other postsynaptic proteins rest. Interestingly, addition

of Homer1a prevented the Homer1b-Shank mesh formation in a dose-dependent

fashion. This observation reasonably explains the general suppressive function of

Homer1a on postsynaptic structure and function (Fig. 15.3c).

Hu et al. (2010) also found that Homer1a reduces synaptic AMPAR currents

similarly to Sala et al. (2003). But they considered this effect to be mediated by the

activation of group I mGluR. Binding of Homer1a with the intracellular carboxyl tail

of group I mGluR activates the receptor without glutamate (Ango et al. 2001), which

leads to the reduction of tyrosine phosphorylation of AMPAR subunit GluR2 and then

to the reduction of surface AMPAR (Hayashi et al. 1999; Hayashi and Huganir 2004).
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However, this mechanism does not fully explain the reduction of other postsynaptic

proteins such as NMDA receptor, Homer1b, actin, and Shank or the shrinkage of the

overall structure of dendritic spines (Sala et al. 2003). Therefore, it still remains to be

determined what is the exact role of Homer1a at the synapse.

Overexpression of Arc/Arg3.1 also reduced the level of AMPAR-mediated

synaptic transmission without changing NMDAR-mediated synaptic transmission

unlike Homer1a, indicative of different mechanism of action between these two

proteins (Chowdhury et al. 2006; Rial Verde et al. 2006; Shepherd et al. 2006). Arc/

Arg3.1 interacts with endophilin 2 and 3 and dynamin, which are components of the

clathrin-mediated endocytotic machinery. The interaction stimulates the clathrin-

mediated endocytosis of synaptic AMPAR, thereby leading to a specific reduction

of AMPAR-mediated synaptic transmission. This mechanism works even at a

single synapse level (Béı̈que et al. 2011). Mice with Arc/Arg3.1 gene disruption

exhibited an enhanced E-LTP but diminished L-LTP and impaired memory (Plath

et al. 2006). However, it remains to be determined whether Arc/Arg3.1 protein is

captured by an activated synapse to the same extent as that reported for Homer1a.

Further study is needed to clarify the role of Arc/Arg3.1 at specific synapses during

memory formation.

There is a special isoform of atypical protein kinase C (PKC) called PKMz. Unlike
full-length PKC, which requires diacylglycerol and Ca2+ for activation, PKMz is

independent of Ca2+. Instead, the activity of PKMz is regulated through a unique

translational machanism. Under basal neuronal activity, translation of PKMz is

repressed. But by LTP induction and resultant activation of intracellular signaling

cascade, this repression is unmasked and translation of PKMz protein is initiated

(Hernandez et al. 2003). Once active PKMz is formed, it induces its own translation,

thereby maintaining its own protein levels (Westmark et al. 2010). The activated

PKMz reduces internalization ofAMPAR subunit GluR2 by increasing the interaction

between GluR2 and NSF, thereby increasing the surface amount of AMPAR (Yao

et al. 2008). Interestingly, once PKMz increases the synaptic GluR2, it is kept within
the vicinity of GluR2 through a PDZ containing protein Pick1 and this is proposed to

be a self-perpetuating mechanism to maintain the increased transmission seen in LTP

(Yao et al. 2008). Consistently, a peptide inhibitor of PKMz blocks themaintenance of

LTP as well as retention of memory (Sajikumar et al. 2005; Shema et al. 2007).

However, again, a detailed intracellular distribution of PKMz has not been visualized
at the resolution carried out for Homer1a. Therefore, it is still an open question

whether the proposed mechanism works specifically at the potentiated synapse and,

if it is the case, what is the mechanism for the selective action of the protein. Also, the

fact that L-LTP can be still induced in GluR2 knockout animals contradicts the

proposed self-perpetuating mechanism (Asrar et al. 2009).

CPG2 was isolated and functionally characterized by Nedivi and colleagues

(Nedivi et al. 1993; Hevroni et al. 1998; Cottrell et al. 2004; Loebrich and Nedivi

2009). It encodes a protein with homology to dystrophin and also contains several

structural domains, such as spectrin repeats and coiled-coil domain. Interestingly,

this protein is localized to the postsynaptic endocytotic zone and is also involved in

AMPAR internalization (Cottrell et al. 2004). RNAi-mediated suppression of

15 Roles of Neuronal Activity-Induced Gene Products 345



CPG2 resulted in a decreased internalization of AMPAR and an increase in the size

of dendritic spines. Overexpression of CPG2 reduces the size of dendritic spines.

Another activity-induced gene productwith a known synaptic role is SNK/polo-like

kinase 2, isolated byKuhl’s group (Kauselmann et al. 1999). Seeburg et al. found that it

phosphorylates spine-associated RapGAP (SPAR) and destines it to the degradation

pathway, which ultimately leads to a reduction of synaptic transmission (Seeburg et al.

2008; Seeburg and Sheng 2008). Arcadin is an activity-induced cadherin-like trans-

membrane molecule (Yamagata et al. 1999). Overexpression of this molecule in

hippocampal neuron makes dendritic spines smaller (Yasuda et al. 2007).

From these studies, a feature shared by many, though not all, of the neuronal

activity-induced gene products emerges. They are consistent in reducing excitatory

synaptic transmission, rather than potentiating the transmission. Considering how

most of these genes were isolated, it is actually a logical consequence. Most of the

studies used massive neuronal stimulation typically by pharmacological reagents or

electrical stimulation above the physiological range of neuronal activity, such as

seizure and kindling. This is an understandable experimental choice to obtain

sufficient sample materials for biochemical or molecular biological identification

of the genes. But as a result, most of the identified activity-induced gene products,

instead of potentiating the excitatory synaptic response, downregulate the synaptic

response. These genes are most likely involved in homeostatic plasticity, the

neurons ability to reduce the input activity when their excitability is too high

(Turrigiano et al. 1998; Turrigiano 1999). This indicates that while these studies

show that neuronal activity-induced genes shapes our initial understanding of the

biology of synapse, there is still a lot to be investigated in order to fully comprehend

the roles of neuronal activity-induced gene in regulating synaptic plasticity.

15.6 Concluding Remarks

Experimental efforts from a number of laboratories over the last two decades

have elucidated the roles of various neuronal activity-induced genes. Among the

estimated 500–1,000 neuronal activity-induced genes (Loebrich and Nedivi 2009),

only a handful of them have been characterized in any great detail. Nevertheless,

these studies have already illustrated the diverse mechanisms by which neuronal

activity-induced gene products regulate synaptic transmission. Interestingly, some

of these genes have been found to be negative homeostatic regulators of neuronal

function. Critical information still largely lacking is the precise intracellular distri-

bution of the neuronal activity-induced gene products in relation to the synapse

underwent plasticity. It is not clearly known whether these proteins specifically act

on potentiated synapses or they act globally on all synapses. Proteins in neurons are

diffusible and can even be shared between neighboring synapses (Gray et al. 2006;

Kuriu et al. 2006; Dieterich et al. 2010). For neuronal activity-induced genes to

function at a synapse which has undergone Hebbian-fashion potentiation, it has to

be captured specifically at the activated synapse but not at others. Further
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examination of the precise intracellular dynamics of these activity-induced gene

products using more advanced imaging techniques will be necessary to fully

understand the role of neuronal activity-induced genes.
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Chapter 16

Long-Distance Signaling from Synapse

to Nucleus via Protein Messengers

Anna Karpova, Julia B€ar, and Michael R. Kreutz

Abstract The communication between synapses and the cell nucleus has attracted

considerable interest for many years. This interest is largely fueled by the idea that

synapse-to-nucleus signaling might specifically induce the expression of genes that

make long-term memory “stick.” However, despite many years of research, it is still

essentially unclear how synaptic signals are conveyed to the nucleus, and it remains

to a large degree enigmatic how activity-induced gene expression feeds back to

synaptic function. In this chapter, we will focus on the activity-dependent synapto-

nuclear trafficking of protein messengers and discuss the underlying mechanisms of

their retrograde transport and their supposed functional role in neuronal plasticity.

Keywords Activity-dependent gene expression • Importins • Jacob/Nelf • Micro-

tubule • NMDA-receptors

16.1 Introduction

Synapse-to-nucleus communication is a classical topic in neuroscience since mul-

tiple signaling pathways converge in the nucleus that drive gene expression

associated with long-term structural changes of synapto-dendritic input and the

formation of long-term memories (Greer and Greenberg 2008; Cohen and

Greenberg 2008; Flavell and Greenberg 2008; Alberini 2009). Given that neurons

regulate more genes than any other cell type (Deisseroth et al. 2003; Alberini 2009),

it is unlikely that nuclear Ca2+ rises alone could generate the varied and complex

responses to the diverse array of extracellular stimuli involved in neuronal signal-

ing. It has been proposed that the shuttling of synaptic proteins into the nucleus may
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provide further specificity required for the integration of multiple signaling

pathways to the nucleus (Jordan and Kreutz 2009).

A number of arguments speak in favor of the existence of synapto-nuclear protein

messenger pathways to the nucleus. Synapses contain components of the nuclear

import machinery like importin-a and importin-b (Thompson et al. 2004), and it has

been shown that they translocate to the nucleus in an activity-dependent manner

(Thompson et al. 2004; Dieterich et al. 2008). In addition, synapses also contain

several nuclear localization signal (NLS) containing cargo proteins. Different

proteomic studies aimed to elucidate the protein composition of the postsynaptic

density (PSD) revealed that at least 166 of more than 1,100 proteins contain bona
fideNLSs (Jordan et al. 2004; Jordan and Kreutz 2009).Many of these proteins exhibit

a dual synaptic and nuclear localization with the latter being frequently overlooked.

Together with evidence from proteins like AIDA-1d (Jordan et al. 2007), Jacob

(Dieterich et al. 2008), Abi-1 (Proepper et al. 2007), CREB2/ATF4 (Lai et al. 2008),

and Lapser1 (Schmeisser et al. 2009), this strongly supports that nucleocytoplasmic

shuttling of proteins is an important component of synapse-to-nucleus signaling.

Finally, the signaling-dependent nuclear translocation of proteins from cell-cell

junctions is an established principle in many cell types, and since synaptic junctions

resemble other cell junctions in many aspects, it is as such not a surprise that in recent

yearsmany proteinswere identified that are able to transit fromdendrites to the nucleus

in response to various kinds of neuronal stimuli (Jordan and Kreutz 2009; Table 16.1).

At present, however, neither themechanisms underlying activity-dependent nuclear

signaling nor the forms of synaptic plasticity, which are controlled by it, are well

understood. There are many remaining concerns, including the lack of demonstrative

evidence that nuclear AIDA-1, Jacob, Abi-1, or other nucleocytoplasmic shuttling

proteins have a synaptic origin. Moreover, synapses at distal dendrites can be several

hundred microns away from the nucleus; it is therefore another principal question how

proteins can translocate over long distances. Even though typical textbook illustrations

showvarious signalingmolecules traveling from synapses to the nucleus, long-distance

travel along axons and/or dendrites can result in the rapid decay of signals. This may

result from degradation of signaling molecules or reversal of posttranslational

modifications required for nuclear import. Protein modifications like phosphorylation

during their way along dendrites or other signaling decay would be more pronounced

when transport is based on passive diffusion as it was suggested recently for ERK1/

2 (Wiegert et al. 2007). Given the exponentially decaying strength of diffusible

molecules, it was therefore concluded that successful nuclear signaling is dependent

on the proximity of activated synapses to the nucleus. Accordingly,modeling studies of

mechanisms associated with nuclear import have revealed that simple diffusion is

inefficient when compared to active transport along microtubules (Howe and Mobley

2005). However, these models describe protein mobility in large and relatively uncon-

fined spaces (unlike dendrites or axons) and did not incorporate directional gradient-

dependent motion. Nonetheless, these motions are likely to be low for nuclear

messengers and, therefore, might be negligible. Further questions regarding diffusion

therefore also include the directionality of signals, such as how are signals directed

toward the nucleus as opposed to elsewhere or even into adjacent spines? Active
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Table 16.1 Potential synapto-nuclear messengers

Synaptic proteins which can be found in the nucleus

Name Putative nuclear function

Cytoskeletal and scaffolding proteins

GRIP1 Trafficking (Ataman et al. 2006), regulate transcription (Yu et al. 2001;

Nakata et al. 2004)

SAP97 ?a (Kohu et al. 2002)

CASK Regulate transcription (Tbr-1) (Hsueh et al. 2000)

a-actinin4 Antagonize HDAC7 activity (Chakraborty et al. 2006)

Band 4.1 Splicing (Lallena et al. 1998; Shen et al. 2000)

Ezrin ? (Kaul et al. 1999)

ZO-1 Regulate transcription (ZONAB) (Balda and Matter 2000; Kavanagh et al.

2006)

Catenins

b-catenin Regulate LEF-1 transcription (Behrens et al. 1996; Molenaar et al. 1996;

Huber et al. 1996)

g-catenin
(plakoglobin)

Regulate LEF-1 transcription (Simcha et al. 1998)

d-catenin
(NPRAP)

Transcriptional regulation? (Rodova et al. 2004)

p120 Regulate KAISO-dependent repression (Kelly et al. 2004)

ARVCF Regulate ZONAB transcription (?)

JAB-1 (sub 3) c-Jun, JunD coactivator (Claret et al. 1996)

p0071 Transcriptional regulation?

Proteins that shuttle into the nucleus in response to neuronal activity

CREB2 Transcriptional regulation (Lai et al. 2008)

AIDA-1 Nucleolar assembly (Jordan et al. 2007)

Jacob Transcriptional regulation (CREB, Dieterich et al. 2008)

Abi-1 Transcriptional regulation (c-Myc, Proepper et al. 2007)

NF-kB Transcription factor (Guerrini et al. 1995; Kaltschmidt et al. 1995; Meffert

et al. 2003)

CAMAP Transcriptional coactivator CREB1 (Lee et al. 2007)

NFATc4 Transcription factor (Graef et al. 1999)

HDAC4, HDAC5 Histone deacetylases (Chawla et al. 2003)

LAPSER1 Modulation of gene transcription (Schmeisser et al. 2009)

Transmembrane proteolytic fragments

APP intracellular

domain

Transcriptional regulation (Cao and S€udhof 2001)

N-cadherin Transcriptional regulation (Marambaud et al. 2003)

ErbB4 Transcriptional regulation (STAT5A, N-CoR, Sardi et al. 2006)

Frizzled2-C ? (Mathew et al. 2005; Ataman et al. 2006)

L-type calcium

channel

Transcription factor (Gomez-Ospina et al. 2006)

Protocadherin-g Transcriptional regulation (Haas et al. 2005; Hambsch et al. 2005)

Neuregulin-1 Transcriptional regulation (Eos, Bao et al. 2004)

Notch Transcriptional regulation, CBF1 binding (Lu andLux1996;Alberi et al. 2011)
aDenotes lacking or incomplete evidence
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transport along microtubules is also often discussed in the context of nucleocy-

toplasmic shuttling of nonendosomal proteins, and the retrograde transport via

importins attached to dynein motors along microtubules appears to be a plausible

mechanism (Thompson et al. 2004; Hanz et al. 2003; Perlson et al. 2005, 2006.

However, in a large-scale study to address this issue, Roth et al. (2007) explored the

nuclear import of several proteins in the presence or absence of intact microtubules in

nonneuronal cells. Surprisingly, seven out of ten proteins showed no significant

reduction in nuclear accumulation in the absence of microtubules. Although the

relevance of dynein-dependent transport along microtubules for nucleocytoplasmic

shuttling of synaptic proteins has not been systemically addressed yet, it was reported

that nuclear translocation of AIDA-1d does not require intact microtubules

(Jordan et al. 2007). Therefore, questions remain how nuclear messengers arrive at

the nuclear pore complex (NPC). The microtubule-depolymerizing drug nocodazole

that was used in many studies only depolymerizes tyrosinated a-tubulin. However,
microtubules that are rich in detyrosinated and acetylateda-tubulin are resistant to this
treatment (Conde and Cáceres 2009). Detyrosinatinon is a reversible posttranslational

modification of tubulin subunits. A yet unknown carboxypeptidase removes the C-

terminal tyrosine of a-tubulin, and tubulin tyrosine ligase catalyzes tyrosination

(Hammond et al. 2008). Therefore, nocodazole would prevent the movement of

cargo only along tyrosinated microtubules, and the transport along detyrosinated

microtubules will remain intact. Finally, an aspect that has not been stressed at all is

the triggering of highly diverse events by the nuclear enrichment of synaptic proteins.

Thus, the possible functions for learning and memory that have been attributed to

synapse-to-nucleus communication in recent years with particular emphasis on syn-

aptic proteins have not been addressed yet.

16.2 The Many Different Ways to the Nucleus

16.2.1 The Fast Ca2+ Track

The fast track from synapse to nucleus is initiated by local membrane depolariza-

tion that initiates backpropagating dendritic action potentials (Fig.16.1.I.1), as well

as by regenerative calcium waves (Fig.16.1.I.2) that propagate along the endoplas-

mic reticulum (ER) toward the nucleus. This aspect of synapse-to-nucleus commu-

nication is extensively covered in the chapter of Bengtson and Bading in this book

and is therefore only briefly summarized here.

The so-called rapid electrochemical model (Adams and Dudek 2005; Saha and

Dudek 2008) suggests that synaptic depolarization triggers multiple action potentials

which in turn result in an elevation of somatic Ca2+ concentration from different

sources including influx through voltage-operated calcium channels (VOCC) and

release from ER. Alternatively, the “regenerative calcium waves” model suggests

that the activation of inositol-1,4,5-triphosphate receptors (IP3Rs) and ryanodine
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Fig. 16.1 The many ways from synapse to the nucleus. There are many possible ways for the

signals to get transduced from a subset of activated synapses into the nucleus where they mediate

transcriptional activity and nucleolar (n) assembly and where they might be involved in regulation

of epigenetic DNA modification
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receptors (RYRs) leads to Ca2+- induced Ca2+ release from internal stores, and the

resulting Ca2+ transients can thereafter rapidly propagate along the ER (Simpson et al.

1995; Berridge 1998; Berridge et al. 2003). A possible starting point for such waves

would be the spine apparatus, which represents the specialized ER at the synapse. It

continues along the dendrite and fuses with the outer and inner nuclear membrane.

Ca2+ signals arising from synaptic VOCC and NMDARs can plausibly initiate such

regenerative waves along the ER (Kapur et al. 2001; Nakamura et al. 2002; Ross et al.

2005). In addition, metabotropic glutamate receptors (mGluRs) provide a physical link

to IP3Rs via Homer proteins and might contribute to the neurotransmitter-induced

Ca2+ release from internal Ca2+ stores. In both scenarios, somatic Ca2+ might either

directly enter the nucleus to regulate gene expression or initiate soma-to-nucleus

signaling via the Ca2+-activated nuclear import of messengers like NFAT (Fig. 16.1.I).

16.2.2 Passive and Facilitated Diffusion Across the Nuclear Pore

Transport of macromolecules across the nuclear border is either realized by passive

(energy- and carrier-independent) and facilitating diffusion (Fig. 16.1.II.1) or active

importin-a/importin-b-mediated Ran- and GTP-hydrolysis-dependent transport

(Fig. 16.1.II.2). The limiting factor for passive diffusion through the pore is the

size of the messenger. The diffusion limit for protein passage through the nuclear

pore is in the range between 40 and 60 kDa (Paine et al. 1975), but diffusion becomes

highly inefficient with increasing molecular weight (G€orlich and Kutay 1999).

Facilitated passage (facilitated diffusion) through the nuclear pore is accomplished

by direct binding of the substrate to the NPCs and can be mediated by other carriers,

distinct from importin-b transport receptors, and therefore does neither require Ran nor

its GTP hydrolysis (G€orlich and Kutay 1999; Yokoya et al. 1999). It is widely believed
that theMAPK-ERKpathwaymediates synapse-to-nucleus signaling and is involved in

the regulation of activity-dependent gene expression that is required for neuronal

plasticity and long-term memory (Impey et al. 1998; Hardingham et al. 2001a, b;

Sweatt 2004; Wiegert et al. 2007; Wiegert and Bading 2011). For nonneuronal cells,

it has been shown that the nuclear entry of ERK can be accomplished by different

mechanisms: direct facilitated diffusion via interaction with nucleoporins or an active

importin-7 (importin-b-like transport receptor)-mediated nuclear transport (Chuderland

et al. 2008; Jivan et al. 2010). In hippocampal neurons, ERK translocate into the nucleus

uponNMDAand TrkB receptor activation, and the passage across the nuclear envelope

is largely mediated by passive and facilitated diffusion mechanisms (Wiegert et al.

2007). This, however, is a highly inefficient mechanism for transport from distal

dendrites and would limit the activity-dependent translocation of ERK pools into the

soma and proximal dendrites. However, the possibility remains that active ERK can be

actively transported from distal locations to the nucleus via its interaction with synaptic

and dendritic proteins as it has been shown for long-distance transport in axons (Perlson

et al. 2005). Such a mechanism would only concern a subfraction of synaptic or

dendritic ERK, and the majority of kinase would remain stationary in distal dendrites.
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16.2.3 Signaling Endosomes

A pervasive model of signal transmission from axonal synapses to the cell nucleus

is the retrograde transport of signaling endosomes (Ginty and Segal 2002;

Miaczynska et al. 2004; Howe and Mobley 2005; Cosker et al. 2008; Wu et al.

2009). Especially the transport of activated Trk receptors upon neurotrophin and

here especially NGF binding to TrkA has been investigated. The endocytosis of

these receptor-ligand complexes into early endosomes (Delcroix et al. 2003) has

been shown to be clathrin dependent (Howe et al. 2001). Signaling endosomes are

subsequently actively transported to the soma along microtubules (Watson et al.

1999) associated with dynein motors (Heerssen et al. 2004; Yano et al. 2001).

Interestingly, endosome isolation (Howe et al. 2001) and studies using

compartmentalized chambers with cultured neurons showed that receptor-ligand

complexes are transported together with molecules of downstream signaling

pathways (e.g., p-ERK of MAP/ERK pathway, Howe et al. 2001) and even the

transcription factor CREB is associated with endosomes and can be activated

during transport (Cox et al. 2008). Therefore, these self-regenerating organelles

(Ye et al. 2003) provide a basis of specifically regulated transport of signals, e.g.,

supporting neuronal survival, over long distances without decay of signal integrity.

16.2.4 Active Retrograde Transport of Synapto-Nuclear
Messenger Proteins

Neuronal processes extend several hundreds of micrometers away from the cell

soma. Therefore, signals from activated synapses at distal dendrites and from axonal

terminals have to travel a long route to and, eventually, into the nucleus to modulate

neuronal function. In pyramidal neurons, the closest dendritic spiny synapses are

located at least 40 mm away from the nucleus. This raises a number of important

questions on how proteins can translocate from distal synaptic sites to the nucleus.

One possible mechanism is the active retrograde transport mediated by the importin-

a/importin-b complex. Both importin-a and importin-b are present in synaptic

compartment where they are well positioned to mediate direct synapse-to-nucleus

signaling. Importin-a family members (importin-a1 and importin-a2) directly asso-
ciate with the postsynaptic density (Thompson et al. 2004), and particularly,

importin-a1 might be docked at synaptic sites by interaction with certain splice

isoforms of the NR1 NMDAR subunit (Jeffrey et al. 2009). The fact that importin-a
and importin-b1 undergo an NMDA receptor–dependent nuclear translocation

(Thompson et al. 2004; Dieterich et al. 2008) suggests that this transport mechanism

might be involved in NMDA receptor–activated gene expression. In line with this

notion, a number of potential synapto-nuclear protein messengers have been

identified in recent years (Jordan and Kreutz 2009). Proteins like Abi-1, AIDA-1d,

CREB2/ATF4, Jacob, and p65/RelA (NF-kB) that are localized at postsynaptic sites
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and translocate to the nucleus in response to NMDA receptor activity are of

particular interest. All abovementioned cargo proteins with the exception of Abi-1

possess NLSs that are recognized by certain members of the importin-a nuclear

transport adaptor protein family.

Conventionally, importin-a binds the cargo protein and subsequently forms a

heterotrimeric nuclear pore-targeting complex with importin-b1 (Goldfarb et al.

2004). Previous reports have shown that the murine importin-a/karyopherin-a gene

family of nuclear transport adaptor proteins comprises at least five members (Otis

et al. 2006). Based on sequence homology, importin-a family members are classi-

fied into three subfamilies: a-P (Imp-a2/karyopherin-a2/Gene ID:16647), a-Q
(Imp-a3/Q2/karyopherin-a3/Gene ID:16648 and Imp-a4/Q1/karyopherin-a4/
Gene ID:16649), and a-S (Imp-a1/S1/karyopherin-a1/Gene ID:16646 and Imp-a
6/S2/karyopherin-a6/Gene ID:16650). They exhibit differential expression patterns
in brain and other tissues (Kamei et al. 1999; Yoneda 2000; Jans et al. 2000; Lai

et al. 2008; Hosokawa et al. 2008; Yasuhara et al. 2009). The vast majority of

importin-a family members are highly expressed in hippocampal pyramidal

neurons (Hosokawa et al. 2008). Recently, a novel member of the murine

importin-a/karyopherin-a gene family was identified (Knap7/Gene ID:381686,
Hu et al. 2010). Knap7 has been shown to interact with the importin-b1 transport

receptor, but its expression in brain has not been investigated yet.

The expression of importin-a/karyopherin-a family members is regulated during

neural differentiation of mouse embryonic stem cells, and it has been suggested that

the switching of importin-a subtype expression might be important for neuronal

differentiation (Yasuhara et al. 2007). The multiple family members of importin-a
possess both distinct and overlapping cargo specificities (Jans et al. 2000; Yasuhara

et al. 2007; Shmidt et al. 2007). It has been reported that a compensatory mecha-

nism for importin-a/karyopherin-a family members might exist which indicates the

overlapping cargo specificities. Particularly, importin-a1/karyopherin-a1 (reported

as importin-a5) seems to be involved in neuronal differentiation (Yasuhara et al.

2007, 2009). Surprisingly, the homo- and heterozygous karyopherin-a1 knockout

mice have no obvious defect in brain development (Shmidt et al. 2007). On the

other side, the level of karyopherin-a3 (reported as importin-a4) in brain and other

tissues of these animals is dramatically upregulated (Shmidt et al. 2007) suggesting

a compensatory mechanism for the depletion of karyopherin-a1. Based on this

observation, it has been suggested that some importin-a family members might, at

least to a certain degree, functionally substitute each other. Another example of

overlapping cargo specificities of importin-a family members in brain tissue has

been reported for karyopherin-a1 and karyopherin-a6 regarding CREB2/ATF4

NLS recognition. The primary structure of CREB2/ATF4 harbors defined nuclear

targeting sequences: a bipartite NLS (KKLKK motif, Cibelli et al. 1999) and a

second putative NLS (RYRQKKR motif). Both are potential recognition sites for

transport adaptors. Screening for CREB2/ATF4 interaction with all importin-a
family members revealed that it binds exclusively to the importin-aS subclass

(importin-a1/karyopherin-a1 and -a6, Lai et al. 2008). Conceivably, the transport

of distinct cargos mediated by distinct importins upon particular neuronal stimuli
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might provide signal specificity for the nuclear response. It remains elusive whether

different transport adaptors compete for the same cargo protein and/or vice versa.

Another synapto-nuclear protein messenger, AIDA-1d, harbors a monopartite

NLS. Although its direct interaction with importin-a/karyopherin-a family

members has not been reported, mutagenesis of the NLS prevents the accumulation

of overexpressed protein in the nucleoli (Jordan et al. 2007) indicating that its

translocation is indeed mediated by importins. Abi-1 is transported from synaptic

sites into the nucleus upon NMDA application. This process could be abolished by

the destruction of the microtubules and microfilaments (Proepper et al. 2007).

Since there is no apparent NLS present in Abi-1 and binding to importin family

members has not been reported, it remains unclear how Abi-1 is delivered to the

nucleus.

Various studies have provided substantial evidences that both p50 and p65/

RelA subunits of NF-kB are present at synaptic compartments of hippocampal

pyramidal neurons and associate with PSDs (Kaltschmidt et al. 1993; Meberg

et al. 1996; Meffert et al. 2003; Marcora and Kennedy 2010). Both p65/RelA and

p50 might be targeted to the PSD95 via huntingtin protein (Htt, Takano and

Gusella 2002; Marcora and Kennedy 2010). Importin-a1 (Nadler et al. 1997;

Cunningham et al. 2003) and importin-a2 (Cunningham et al. 2003; Marcora and

Kennedy 2010) recognize the NLS of p65/RelA (KRKR motif) and were pro-

posed to modulate its nuclear transport. In addition, Marcora and Kennedy (2010)

could demonstrate that Htt preferentially associates with activated p65/RelA at

synapses and facilitates its transport from the PSD toward the nucleus by binding

to a dynein/dynactin motor complex. This finding is consistent with previous

observations that retrograde transport of p65/RelA along dendrites to the nucleus

requires microtubules and is mediated by the dynein/dynactin complex

(Mikenberg et al. 2007; Shrum et al. 2009). Jacob’s primary structure harbors a

bipartite NLS (aa 247–266), and the 247–252 amino acid stretch is necessary for

interaction with importin-a1 since the binding was abolished when the RKRRKR

motif was deleted (Dieterich et al. 2008). A colocalization study revealed that

Jacob and importin-a1 interaction might occur at synaptic sites at distal

dendrites. This supports the idea that this transport adaptor protein might interact

with Jacob at synaptic sites and therefore mediates direct synapse-to-nucleus

signaling (Fig. 16.2)

16.2.5 Control of Nuclear Transport by Regulation
of Importin-Cargo Binding

The accessibility of both the NLS on cargo proteins and the NLS recognition site on

importins is a prerequisite for the cellular nuclear import machinery. Convention-

ally, the N-terminal importin-b binding domain of importin-a is autoinhibitory

(Kobe 1999; Goldfarb et al. 2004). In the absence of an NLS-containing cargo,
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the importin-b binding domain can form an intramolecular interaction with the

cargo-NLS-binding pocket (Kobe 1999) and therefore masks the NLS recognition

sequence (Fig. 16.3.1). However, it remains unclear how this is regulated at the

synapse. A mechanism how importin-a might be docked at synapses in an activity-

dependent manner was recently provided by Jeffrey et al. (2009). It is plausible to

assume that synaptic proteins bearing the NLS sequence might target importins to

the synapse. Importin-a1 binds to a bipartite NLS in the NR1-1a subunit of the

NMDAR, and this interaction is regulated by phosphorylation of the NLS by PKC

(Fig. 16.3.2). Upon activation of NMDAR, importin-a1 is released from the

complex and becomes accessible for the interaction with cargo proteins (Jeffrey

et al. 2009). Remarkably, the interaction between NR1-1a and importin-a1 is

disrupted upon stimuli known to induce late long-term potentiation (late LTP) but

not early LTP in CA1 Schaffer collateral synapses.

Synapse-to-nucleus signaling may also be regulated at the level of individual

cargos at the synapse. An example for such a regulation is the Ca2+-dependent

binding of the IQ domain of caldendrin to the a-helical region of Jacob (Dieterich

et al. 2008). Upon synaptic activity, importin-a1 competes with caldendrin

for Jacob binding. Therefore, the amount of Jacob that is accessible for the

interaction with importin-a1 is regulated by the amount of caldendrin at the synapse

Fig. 16.2 Jacob/importin-a1 clusters are present at the distal dendrites and spines (a) and (b) 3D
reconstructions (Imaris 6.2 software, Bitplane AG, Z€urich, Switzerland) of GFP-filled dendrites

(gray transparent isosurface) with spines of hippocampal 17DIV neurons immunolabeled with

Jacob (red) and karyopherin-a1/importin-a1 (green, BD Biosciences) antibodies. Confocal

Z-stacks were acquired using LAS AF (Leica Application Suite Advanced Fluorescence)

imaging software and deconvoluted in three dimensions using AutoQuantX2.2, Media Cyber-

netics. For deconvolution, adaptive PSF (Blind), medium noise suppression, and two iterations

were used. The punctated staining of Jacob/importin-a1 within the dendrites and spines was

determined by masking these channels with an isosurface generated from GFP fluorescence.

Box size is 5 mm. The fact that both proteins are detectable and found partially being colocalized

in distal dendrites and spines strongly supports the idea that the transport adaptor importin-a1
might interact with Jacob at synaptic sites and mediate direct synapse-to-nucleus signaling

pathway in vivo
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(Fig. 16.3.3 see also below). Targeting sequence masking through specific

protein binding is best characterized for p65/RelA and IkBa. Phosphorylation of

IkBa in an activity-dependent manner, which in neurons can be mediated by

CaMKII (Marcora and Kennedy 2010) and subsequent proteolytic degradation,

is required for unmasking the NLS of p65/RelA. Thus, unmasking the NLS on

the cargo protein and the NLS recognition site of importin-a is conceivably

important regulatory mechanisms at synapses to initiate synapto-nuclear trafficking

(Fig. 16.3.4).

Fig. 16.3 Regulation of synapse-to-nucleus signaling by importin-a/karyopherin-a-cargo bind-

ing. 1 – Autoregulation via masking of the NLS recognition sequence in importins; 2 – Anchoring
of importin-a at the synapse; 3 – Regulation via the amount of available individual cargoes;

4 – Masking the signal on the cargo by heterologous molecules
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16.3 The Functional Role of Synapto-Nuclear Protein

Messengers

16.3.1 Jacob

Jacob is a putative synapto-nuclear protein messenger that was originally identified as

a binding partner of the neuronal calcium-binding protein caldendrin in a yeast two-

hybrid screen (Dieterich et al. 2008). It is abundantly expressed in the limbic brain and

cortex and prominently present in synapses and neuronal nuclei. The protein is highly

conserved between mouse, rat, and human (95% identity) and other mammals. Data-

base searches revealed no known invertebrate orthologue. Subcellular fractionation

experiments confirmed that Jacob is enriched in synaptosomes and PSDs of excitatory

synapses. Jacob RNA can undergo extensive alternative splicing. Out of 16 exons, at

least 5 exons can be alternatively spliced, alone and in various combinations (Kindler

et al. 2009). Jacob mRNA is prominently localized in dendrites, as it harbors a cis-

acting dendritic targeting element in its 30-untranslated region (Kindler et al. 2009; see
also the chapter of Kindler andKreienkamp for amore detailed account). The dendritic

mRNA of Jacob might replenish local pools after nuclear translocation of Jacob.

Jacob harbors a classical bipartite NLS that is a prerequisite for its nuclear

localization as well as an N-myristoylation site, which anchors the protein to

membranes and is required for its extranuclear localization. An N-terminal fragment

of Jacob can be cleaved by the NMDA receptor– and Ca2+-activated protease calpain

(Kindler et al. 2009). Importantly, caldendrin binding to Jacob masks the NLS and

competes with importin-a1 binding in a Ca2+-dependent manner. In consequence,

the importin-a1-dependent translocation of Jacob can take place only if (a) the

myristoylation site is cleaved from Jacob’s N-terminus and (b) Jacob is not bound

to caldendrin either due to the lack of the latter at the corresponding subsynaptic site

or calcium levels that do not allow for both proteins to interact.

In the nucleus, Jacob is associated with zones of active gene transcription

(Dieterich et al. 2008). These findings suggest that it can directly or indirectly

influence NMDA receptor–regulated gene transcription. Enhancing neuronal activ-

ity via bath application of glutamate and NMDA leads to increased Jacob levels in

the nucleus (Dieterich et al. 2008). This increase can be blocked by addition of

NMDAR antagonists. NMDARs are present at both synaptic and extrasynaptic

sites. Differential activation of synaptic vs. extrasynaptic NMDARs showed that

the latter is a much more efficient stimulus to drive Jacob into the nucleus.

Moreover, the nuclear accumulation of Jacob can be blocked by the NR2B-specific

NMDAR antagonist ifenprodil. Thus, Jacob translocates to the nucleus strictly after

activation of NR2B containing NMDAR; depolarization alone (e.g., due to KCl) is

not sufficient (Dieterich et al. 2008; R€onicke et al. 2011). This suggests that at least
an indirect association of Jacob with NMDARs might exist.

Many studies have shown that the stimulation of extrasynaptic NMDARs leads to a

long-lasting dephosphorylation of the transcription factor CREB at a serine at position

133,which rendersCREB transcriptionally inactive, a phenomenon calledCREB shut-
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off (Sala et al. 2000; Hardingham et al. 2002; Chandler et al. 2001; Kim et al. 2005;

Hardingham and Bading 2002). It is now well established that extrasynaptic NMDA

receptors as opposed to their synaptic counterparts trigger the CREB shut-off pathway

and cell death. Signaling from extrasynaptic NMDA receptors to the nucleus has been

linked to neurodegeneration in a variety of brain disease states including ischemia (Tu

et al. 2010) and Huntington’s disease (Milnerwood et al. 2010; Hardingham and

Bading 2010). We found that nuclear knockdown of Jacob prevents CREB shut-off

after extrasynaptic NMDA receptor activation while its nuclear overexpression

induces CREB shut-off without NMDA receptor stimulation (Dieterich et al. 2008).

Importantly, nuclear knockdown of Jacob attenuates NMDA-induced loss of synaptic

contacts and neuronal degeneration (Dieterich et al. 2008). This defines a novel

mechanism of synapse-to-nucleus communication via a synaptic Ca2+-sensor protein,

which links the activity of NMDA receptors to nuclear signaling events involved in

modeling synapto-dendritic input andNMDA receptor–induced cellular degeneration.

However, we also observed a less prominent nuclear accumulation of the protein

after triggering the activity of synaptic NMDA receptors (Dieterich et al. 2008). Since

this pathway promotes cell survival and induces the expression of plasticity-related

genes, we wondered whether Jacob might be also a messenger on this synaptic NMDA

receptor pathway to the nucleus in the cellular models of synaptic plasticity. LTP and

LTD are activity-dependent forms of synaptic plasticity that, in the cornu ammonis 1

(CA1) region of the hippocampus, require a calcium influx through NMDARs (Bliss

and Lomo 1973; Morris and Frey 1997). The induction of LTP and LTD at these

synapses correlates with learning processes in vivo and is thought to underlie memory

formation (Nguyen et al. 1994; Reymann and Frey 2007). We recently found that LTP-

inducing stimuli (strong tetanization consisting of three 1 s trains at 100 Hz; intertrain

interval was 10 min) were sufficient to rise the Jacob nuclear level already during

tetanization face. This might be a requirement for gene expression that stabilizes LTP

type of synaptic plasticity and contributes to the LTPmaintenance. Late-LTD-inducing

stimuli (900 bursts at 1 Hz; one burst consists of three stimuli with 50 ms interstimula-

tion interval) had no influence on Jacob nuclear import, suggesting that synapto-nuclear

proteinmessengers might provide the input specificity that required for plasticity events

(Behnisch et al. 2011). Interestingly, it was shown in one previous study that the

transcription factor cyclic AMP-response element-binding protein 2 (CREB2) transits

to the nucleus duringLTDbut not LTP of synaptic transmission in hippocampal primary

neurons. Taken together, these findings suggest that the two major forms of NMDA

receptor–dependent synaptic plasticity, LTP and LTD, elicit the transition of different

synapto-nuclear protein messengers, albeit in both cases importin-mediated retrograde

transport and NMDA receptor activation are required.

16.3.2 NF-kB

The transcription factor NF-kB is a homo- or heterodimer of the subunits RelA

(also called p65), RelB, c-Rel, p50, and p52. The most common active dimer in
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neurons is p65:p50 (Kaltschmidt et al. 1993; Bakalkin et al. 1993; Schmidt-Ullrich

et al. 1996; Meffert et al. 2003). Besides the constitutive NF-kB activity in neurons

(Kaltschmidt et al. 1994), an inducible, IkB-bound pool also exists (Kaltschmidt

and Kaltschmidt 2009). The presence of NF-kB in synaptosomes (Kaltschmidt et al.

1993; Meberg et al. 1996; Meffert et al. 2003; Marcora and Kennedy 2010) and

the fact that it can be activated by glutamate stimulation (Guerrini et al. 1995) gave

rise to the idea that it plays a role in synapse-to-nucleus communication. It

has been shown that p65 translocates to the nucleus upon NMDAR stimulation

in a CaMKII- (Meffert et al. 2003) and NLS-dependent manner (Wellmann et al.

2001). Additionally, NF-kB transcriptional activity is enhanced following neuronal

depolarization via KCl and kainate stimulation in primary neuronal cultures

(Kaltschmidt et al. 1995). Therefore, this transcription factor might directly trans-

mit synapto-nuclear protein messenger.

16.3.3 Abi-1

Abelson interacting protein 1 (Abi-1) is a synaptic and nuclear protein functioning as

a regulator of dendritic growth and synaptic contacts (Proepper et al. 2007; Ito et al.

2010). As a direct binding partner of ProSAP2, it is located at PSDs. Upon NMDAR

stimulation, Abi-1 immunoreactivity is increased in the nucleus, whereas the staining

is diminished in dendritic branches in the presence of protein synthesis inhibitors.

This translocation is reversible and microtubule dependent. Inside the nucleus, Abi-1

associates with c-Myc/Max complex and thereby influences gene expression.

16.3.4 CREB2

The CREB repressor and transcription factor, CREB2, is expressed in synapses and

distal dendrites, as well as in the nucleus of hippocampal pyramidal neurons (Lai

et al. 2008). Its nucleocytoplasmic shuttling upon NMDAR activation is mediated

by importins. While the LTD-inducing protocol of NMDA and glycine application

leads to an intense nuclear accumulation of CREB2, nuclear levels remain unaf-

fected upon LTP induction with glycine application. This association with plasticity

and memory formation has been shown both in rodent models and in aplysia
(Bartsch et al. 1995; Chen et al. 2003; Lai et al. 2008).

16.3.5 AIDA-1d

Amyloid precursor protein intracellular domain–associated protein-1 (AIDA-1d) is

a synaptically localized protein carrying a functional bipartite nuclear localization
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signal (NLS) in its N-terminus (Jordan et al. 2004). Its binding to PSD-95 associates

AIDA-1d to the NMDAR complex (Jordan et al. 2007). Upon NMDAR stimulation,

AIDA-1d is proteolytically cleaved, and the N-terminus translocates to the nucleus

(Jordan et al. 2007). The observed AIDA-1d dependent increase in the number of

nucleoli, its enrichment in especially Cajal bodies (Jacob et al. 2010; Xu and Hebert

2005), and the increased global protein synthesis suggest a structural function of

this synapto-nuclear protein messenger.

16.4 Conclusions and Future Directions

Apart from the lack of demonstrative evidence that synapto-nuclear protein

messengers indeed translocate from synapse to nucleus, a number of other open

questions have to be addressed in the forthcoming years. It is not clear at all whether

synapse-to-nucleus communication via protein messengers is required for long-

term memory formation, and if yes, why. It remains to be established which nuclear

events are crucial in this respect and how regulation of gene expression feeds back

to synaptic integrity and function. In addition, the transport mechanisms have not

been analyzed in any detail yet. The association of the messengers to the direction-

specific dynein/kinesin motors does not explain their translocation to the nucleus

completely, as the microtubules with which these motors in turn associate show a

mixed polarity in dendrites. The same ambiguity exists even for those messengers

associated with importin-a. Another intriguing question concerns the mechanism

how synapto-nuclear protein messengers leave the synapse. In many cases, they are

supposedly tightly anchored to the postsynaptic scaffold, and the processes that lead

to their release from synaptic sites are not understood at all. Binding to importin-a
could be a requisite but does neither explain how the complex leaves the synapse

nor how the cargo was set free for nuclear import.
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Chapter 17

Nuclear Calcium Signaling

C. Peter Bengtson and Hilmar Bading

Abstract Calcium is the major intracellular messenger linking synaptic activity in

neurons to gene expression to control diverse functions including adaptive responses

to synaptic activity aswell as survival and death (Bading et al. 1993;Hardinghamet al.

1997; Chawla and Bading 2001; West et al. 2001; Zhang et al. 2007; Flavell and

Greenberg 2008; Mellstrom et al. 2008; Redmond 2008; Wayman et al. 2008;

Bootman et al. 2009; Zhang et al. 2009; Hardingham and Bading 2010). Calcium

entry at the synapse acts locally to activate signaling cascades which regulate post-

translational modifications essential for synaptic plasticity, such as the insertion of

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)

into the postsynaptic membrane (Soderling 2000; Malinow and Malenka 2002;

Ehrlich and Malinow 2004). Synaptic activity can also evoke calcium signals in the

nucleus which regulate gene pools largely through the phosphorylation of cAMP

response element-binding protein (CREB) and its coactivator, CREB-binding protein

(CBP) (Bading et al. 1993; Hardingham et al. 1997; Hardingham et al. 1999; Hu et al.

1999; Hardingham et al. 2001b; Impey et al. 2002; Zhang et al. 2009). Distinct

mechanisms have been proposed to mediate synaptically generated calcium signals

in subcompartments of pyramidal neurons; N-methyl-D-aspartate receptors

(NMDARs) and ryanodine receptors have been implicated in the spine, inositol

3,4,5 triphosphate (IP3) receptors in the dendrites, and L-type voltage-gated calcium

channels (VGCCs) at the soma and nucleus, although both NMDARs and IP3

receptors can also contribute to somatic and nuclear calcium signals under certain

stimulation conditions (Nakamura et al. 1999; Bardo et al. 2006; Raymond and

Redman 2006; Watanabe et al. 2006; Hong and Ross 2007; Hagenston et al. 2008;

Bengtson et al. 2010). We review here the calcium signaling pathways underlying

synaptically activated gene transcription leading to long-lasting changes in synaptic

C.P. Bengtson (*) • H. Bading

Department of Neurobiology, Interdisciplinary Centre for Neurosciences (IZN), University of

Heidelberg, INF 364, 69120 Heidelberg, Germany

e-mail: Bengtson@nbio.uni-heidelberg.de; Hilmar.Bading@uni-hd.de

M.R. Kreutz and C. Sala (eds.), Synaptic Plasticity,
Advances in Experimental Medicine and Biology 970,

DOI 10.1007/978-3-7091-0932-8_17, # Springer-Verlag/Wien 2012

377

mailto:Bengtson@nbio.uni-heidelberg.de
mailto:Hilmar.Bading@uni-hd.de


efficacy and memory as well as the physiological mechanisms by which synaptic

activity evokes nuclear calcium signals.

Keywords Activity-dependent gene expression • Nuclear calcium transients • Late

phase long term depression • Late phase long term potentiation

17.1 Synaptic Activity Induces Nuclear Calcium Transients

Trains of synaptic stimulation evoke interacting and compartmentally specific

calcium signals in neurons whose regulation of second messenger cascades and

transcriptional responses is determinant for the induction andmaintenance of synaptic

plasticity. The generation of a nuclear calcium signal in response to synaptic activity

determines the transcriptional output critical for late-phase plasticity and survival (see

Sects. 17.4, 17.5). The nature of synaptic stimulation necessary for transcription-

dependent plasticity is best understood in terms of late-phase long-term potentiation

(L-LTP) (Huang 1998); however, the relationship between synaptic input and nuclear

calcium output in the context of L-LTP is less understood.

Synaptic activity even at synapses over 150 mm from the soma can induce a

somatic calcium signal under the right conditions. Presynaptic activity can evoke

postsynaptic calcium signals which reach the soma and nucleus when a train of stimuli

rather than a few stimuli are given (Fig. 17.1). Bursts of excitatory synaptic input

sufficient to induce a burst of action potentials will evoke measurable calcium signals

throughout the neuron including the soma and nucleus largely due to the activation of

VGCCs (Miyakawa et al. 1992; Regehr and Tank 1992; Bengtson et al. 2010).

Repetition of such stimulation trains is needed to induce L-LTP, and such repetition

evokes much larger nuclear calcium signals and more postsynaptic action potentials

(Fig. 17.2) (Johenning and Holthoff 2007; Bengtson et al. 2010). The mechanism of

this parallel increase in spike numbers and nuclear calcium responses likely involves

posttetanic potentiation which persists during the interburst interval (typically 30 s to

10min for L-LTP induction). This makes nuclear calcium signals a reporter for recent

bursts of synaptic input sufficient to activate posttetanic potentiation. The increase in

nuclear calcium signals caused by repetition of stimulation trains may be critical to

boost calcium signals to levels sufficient to activate transcriptional responses neces-

sary for L-LTP (see Sect. 17.4). The physiological mechanisms and calcium sources

which generate nuclear calcium signals are discussed in Sect. 17.3.

Several differences between nuclear and cytoplasmic calcium signals have been

noted in nonneuronal cell types, whereas neurons show qualitatively similar

somatic and nuclear signals apart from a slower rise and decay time of the nuclear

signal (Bootman et al. 2009). Calcium can freely diffuse from the cytoplasm into

the nucleus through the nuclear pore complex (NPC) in several cell types including

neurons (Allbritton et al. 1994; Brini et al. 1994; Eder and Bading 2007). Although

NPCs allow calcium diffusion to the nucleus, their limited number imposes a small

delay on calcium entry responsible for the slower rise time in the nucleus than in the

cytoplasm. The slower decay time of calcium signals in the nucleoplasm than in the
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cytoplasm may be due to the absence of plasma membrane exchangers which act to

extrude calcium from the cytoplasm and a lack of reuptake via sarcoplasmic and

endoplasmic reticulum calcium ATPases (SERCA) pumps which may be absent on

the inner nuclear membrane (Bootman et al. 2009).

Synaptic activity can also affect nuclear geometry in such a way to facilitate

nuclear calcium signals. The nuclear envelope is a bilayer which can form infoldings

which deeply invade some nuclei in dissociated and organotypic hippocampal cultures

(Queisser et al. 2008; Wittmann et al. 2009). Moreover, the degree of infoldings and

the percentage of nuclei showing infoldings increase dramatically over 60 min of

synchronous network bursting activity. Infolded nuclei show a higher surface to

volume ratio andmoreNPCswhich are also present in the infoldings. Thus, infoldings

improve the transfer of cytoplasmic calcium signals to deep nuclear regions, resulting

in faster kinetics and higher amplitudes of nuclear calcium signals. The presence of

infoldings in nuclei correlates with increased histone-3 phosphorylation, a marker of

chromatin remodeling associated with the induction of transcription.

a

b

c

d

e

Fig. 17.1 Recordings from a CA1 hippocampal pyramidal cell filled with bis-fura2 (a) showing

membrane potential (b, d) and changes in calcium concentrations (c, e) at the regions shown in (a).

Responses are shown to five stimuli (b, c) and 50 stimuli (d, e) of high-frequency stimulation

(100 Hz) from a field stimulator (glass theta pipette) placed in the stratum radiatum 130 mm from

the soma (see arrow in a)
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17.2 Measuring Nuclear Calcium Signals

Nuclear calcium signals can be directly visualized in living neurons; however,

progress in this field has been impeded by the technical difficulty of unambiguously

measuring calcium in the nucleus. The nuclear boundaries can be roughly distin-

guished using small molecule calcium indicator dyes such as fura2 or fluo3 which

accumulate within intracellular compartments such as the nucleus. Optical section-

ing (two-photon or confocal microscopy) is necessary to exclude cytoplasmic

calcium signals above and below the nucleus in the z-axis.
Recombinant calcium indicators can be targeted to specific cell types and intracel-

lular compartments using the appropriate promoter and localization sequences.Nuclear-

targeted indicators can unambiguously measure nuclear signals without cytoplasmic

calcium buffering or optical sectioning. A nuclear localization signal (NLS), which

binds to transporter proteins at the NPC, has been used to target small molecule or

recombinant calcium indicators to the nucleus in nonneuronal cell lines (Brini et al.

1993; Allbritton et al. 1994; Miyawaki et al. 1997). We have recently adapted nuclear-

targeted indicators to neurons by expression of anNLS fused to the recombinant calcium

indicator based on calmodulin fused to a circularly permutated green fluorescent protein

(cpGFP), GCaMP2 (Bengtson et al. 2010). We used GCaMP2-NLS to study nuclear

calcium responses to L-LTP induction protocols in brain slices (Fig. 17.2) and are

currently applying similar technology to in vivo measurements of nuclear calcium

signaling during olfactory learning paradigms (Weislogel et al., unpublished work).

a

b

c

d

1

2

3

4

5

6

1 2 3 4 5 6

depol

100 ms

1 min

1 min

1 min5% ΔF/F0

20% ΔF/F0

20 mV

10 mV

45 mM K+

10 mM Ca2+

-75 mV

Fig. 17.2 Recordings from a CA1 hippocampal pyramidal cell showing membrane potential (a, c)

and nuclear calcium signals measured with GCaMP2-NLS (b, d). (a, b) Responses to six

repetitions of high-frequency stimulation (15 mA, 100 Hz, 1 s) of the Schaffer collaterals with a

single-barrel glass pipette placed in the stratum radiatum 125 mm from the soma. Also shown is a

calcium response to current injection through the patch pipette to depolarize (depol) the cell to

approximately 0 mV (see bar). (c, d) Response to depolarization of the whole slice with elevated

K+ and Ca2+
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Despite the existence of tools to visualize nuclear calcium signals, quantitative

measurements of nuclear calcium concentration especially with simultaneous cyto-

plasmic measurements remain controversial. This is largely due to difficulties

calibrating calcium indicators in the nucleus. Calibrations of cytoplasmic calcium

indicators cannot be applied to nuclear indicators due to differences between the

cytoplasm and the nucleoplasm in the capacity and speed of endogenous calcium

buffers or other calcium-binding partners as well as differences in viscosity and

indicator concentration (Bootman et al. 2009). The bleaching characteristics of

recombinant indicators pose further challenges for their calibration such as the

reversible bleaching (photoisomerization) of cpGFPs and distinct bleaching rates of

fluorescent protein pairs used for fluorescent resonance energy transfer (FRET)

(Pologruto et al. 2004; Zal and Gascoigne 2004).

17.3 The Cellular Mechanisms Mediating Nuclear Calcium

Signals in Response to Synaptic Activity

The mechanism by which synaptically activated calcium signals reach the nucleus

is only partly understood. Elevations in cytosolic calcium levels are counteracted

by calcium uptake into mitochondria (mitochondrial uniporter or calcium channel)

and the SERCA as well as extrusion through the plasmalemma by ion exchangers

(Na+/Ca2+ exchanger (NCX); Na+/Ca2+/K+ exchanger (NCKX)) and pumps

(plasma membrane calcium ATPase [PMCA]) which maintain cytosolic calcium

at low concentrations in a homeostatic fashion. Cytosolic calcium signals are

buffered by calcium-binding proteins which rapidly lower the concentration of

free calcium and slow its diffusion. This effectively limits to a few micrometers

the reach of calcium signals traveling from the synapse by diffusion alone (Neher

1986; Allbritton et al. 1992; Faas et al. 2011). However, other mechanisms includ-

ing membrane depolarization and release from internal stores amplify and help

propagate synaptically activated calcium signals along dendrites into the soma. In

hippocampal CA1 pyramidal neurons, these mechanisms involve complex

interactions between dendritic geometry, IP3 receptors, backpropagating action

potentials, NMDA receptors, and VGCCs (see below) (Nakazawa and Murphy

1999; Nakamura et al. 2002; Raymond and Redman 2006; Bengtson et al. 2010).

The prime player responsible for somatic calcium signals is the L-type VGCC.

Blockade of L-type VGCCs blocks somatic and nuclear calcium responses and late-

phase plasticity induced by repeated bursts of presynaptic activity (Raymond and

Redman 2006; Johenning and Holthoff 2007; Bengtson et al. 2010). Excitatory

synaptic input sufficient to induce postsynaptic action potentials at the soma will

activate L-type VGCCs which, being selectively enriched at the base of the apical

dendrite in CA1 pyramidal neurons (Westenbroek et al. 1990), are optimally localized

for inducing a nuclear calcium signal.

Despite their distal location at the synapse, NMDA receptor activation in

response to high-frequency stimulation of presynaptic input contributes to somatic
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depolarization and is necessary for the generation of bursts of somatic action

potentials and nuclear calcium signals (Zhao et al. 2005; Bengtson et al. 2010).

This positive feedback loop between action potential generation and NMDA recep-

tor activation not only triggers local synaptic signaling cascades essential for AMPA

receptor modification and insertion at the synapse but also underlies the nuclear

calcium signal generated by excitatory synaptic input. When the arrival of

backpropagating action potentials at the synapse coincides with the slow decay

component of the EPSC, depolarization is sufficient to relieve the magnesium

block of synaptic NMDA receptors, causing local calcium influx and spike-

timing-dependent plasticity (Koester and Sakmann 1998; Kampa et al. 2004;

Canepari et al. 2007). During burst activity, both NMDA receptors and VGCCs

contribute to membrane depolarization and the generation of calcium spikes in distal

dendrites, known to be important for the early phase of LTP (E-LTP) (Fig. 17.3)

(Koester and Sakmann 1998; Takahashi and Magee 2009; Fuenzalida et al. 2010).

a

b

c

d

e

proximal stimulator
120µm from soma

250 µm
200 µm
120 µm
90 µm
40 µm
10 µm
soma

distal stimulator
205µm from soma

Fig. 17.3 Recordings from a CA1 hippocampal pyramidal cell filled with bis-fura2 (a) showing

membrane potential (b, d) and change in calcium concentrations (c, e) at the regions shown in (a)

in response to proximal (b, c) and distal (d, e) stimulation with a field stimulator (glass theta

pipette, positions indicated by arrows in a) pulsed with high-frequency stimulation (100 Hz, 0.1 s)

followed by current injection to evoke a backpropagating action potential (arrow). A calcium

spike occurs in distal compartments when the stimulating electrode was placed distally
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Bursts of synaptic activity can also activate a regenerative phenomenon involv-

ing IP3 receptor-dependent release of calcium from internal stores. This can lead to

a calcium wave which initiates in the proximal apical dendrite and propagates

toward the soma and presumably the nucleus of pyramidal neurons in the CA1 and

medial prefrontal cortex (Berridge 1998; Nakamura et al. 1999, 2000; Kapur et al.

2001; Power and Sah 2002; Larkum et al. 2003; Watanabe et al. 2006; Hagenston

et al. 2008). While much of this work employs conditions, which pharmaco-

logically enhance or isolate IP3 signaling, synaptically evoked calcium waves can

also occur in the absence of pharmacological manipulation (Nakamura et al. 1999;

Watanabe et al. 2006; Hong and Ross 2007; Hagenston et al. 2008). However, IP3
receptor function and release from internal stores do not contribute to nuclear

calcium signals evoked by L-LTP induction protocols with repeated trains of

TBS or HFS (Raymond and Redman 2006; Johenning and Holthoff 2007; Bengtson

et al. 2010). This discrepancy may be due to differences in stimulation intensity

used in these studies or penetration, stability, or specificity of IP3 receptor

antagonists or the incomplete emptying of intracellular stores with SERCA pump

blockers. More effective techniques in this field may resolve such issues.

Evidence of IP3 receptors mediating calcium release from the inner membrane of

the nuclear envelope directly into the nucleus is mixed being shown with excised

patch clamp recordings from cerebellar Purkinje neurons (Marchenko et al. 2005)

but not with uncaging of IP3 in rat basophilic leukemia cell lines (Allbritton et al.

1994) or immature hamster eggs (Shirakawa and Miyazaki 1996). If functional IP3
receptors do exist on the inner nuclear membrane, it is unlikely that the IP3
necessary to activate them comes from plasmalemmal receptors coupled to phos-

pholipase C production, such as metabotropic glutamate or acetylcholine receptors,

since such receptors are localized at synapses and not at the soma. Despite its

relatively fast diffusion constant (Allbritton et al. 1992), IP3 has a limited spatial

range of action in neurons as it is rapidly inactivated by IP3 phosphatase. Functional

metabotropic glutamate receptors may be present, however, on the inner nuclear

membrane of several neuron types, and the machinery necessary to produce IP3 is

present in the nucleoplasm (O’Malley et al. 2003; Jong et al. 2005, 2007; Visnjic

and Banfic 2007; Kumar et al. 2008; Ye and Ahn 2008). This raises the intriguing

possibility that intranuclear glutamate could activate IP3 production and calcium

release directly within the nucleus.

17.4 Late-Phase Plasticity and Long-Term Memory Require

Transcription

Several lines of evidence indicate that gene expression is a requisite for memory

consolidation and contributes to late-phase plasticity. Inhibitors of RNA synthesis

reduce both L-LTP and late-phase long-term depression (L-LTD) (Nguyen et al.

1994; Frey et al. 1996; Linden 1996; Ahn et al. 1999; Huang et al. 2000). L-LTP is

only moderately reduced, however, after physically separating dendrites from their
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somata, suggesting that ongoing translation alsomakes a major contribution to L-LTP

(Kang and Schuman 1996; Vickers et al. 2005; Villers et al. 2010). Although their use

in vivo has been problematic due to toxicity (reviewed elsewhere: Hernandez and

Abel 2008; Alberini 2009), transcription blockers have also been shown to disrupt

long-term memory (LTM) but not short-term memory (STM) (Agranoff et al. 1967;

Squire and Barondes 1970; Thut and Lindell 1974; Montarolo et al. 1986; Pedreira

et al. 1996; Igaz et al. 2002).

Robust transcription is activated by the induction of LTP in vitro and during

learning in vivo. Indeed, recent studies using gene chip analysis to screen gene

expression have identified hundreds of genes activated or suppressed by synaptic

activity in hippocampal cultures and LTM consolidation in fear conditioning

in vivo (Levenson et al. 2004; Keeley et al. 2006; Zhang et al. 2007, 2009; Burger

et al. 2008; Wieczorek et al. 2010). While the identity and role of the many genes

regulated by learning paradigms represent an enormous challenge to neuroscientists

in the coming years, this chapter restricts itself to the role of calcium, which is the

central signaling molecule activating the second messenger cascades and transcrip-

tion factors mediating transcriptional regulation in response to learning paradigms

and synaptic activity (Fig. 17.4).

Translation is also essential for the expression of late-phase plasticity and LTM

(Linden 1996; Huang 1998; Miller et al. 2002; Villers et al. 2010). Translational

E-LTP/STM L-LTP/LTM vesicle
AMPAR
NMDAR

calcium

L-VGCC
mRNA
Translation machinery

calcium/CaM

CBP

CREB
P

CaMKIV

RSK/MSK

Fig. 17.4 Schematic neuron showing some key players in the switch from posttranslational modifi-

cation and translation-dependent E-LTP/STM to translation- and transcription-dependent L-LTP/

LTM. Postsynaptic potentials traveling toward the axon initial segment and action potentials

backpropagating to the synapse facilitate L-type VGCC and NMDA receptor activation critical for

nuclear calcium signals. A single train of presynaptic activity facilitates AMPA receptor insertion and

phosphorylation. Repeated presynaptic trains activate sufficient nuclear calcium influx to activate

transcription. Localization and density of all cellular components is not intended to accurately reflect

reality but relates instead to their functional relevance to LTP (see text)
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hotspots exist close to dendritic spines where RNA-anchoring proteins are localized

which bind targeting elements within mRNA (Mayford et al. 1996; Mori et al.

2000; Aakalu et al. 2001). The capture of mRNA at such sites is believed to

stabilize or prime synapses which have been tagged by previous activity (Frey

and Morris 1997; Frey and Frey 2008; Redondo and Morris 2011). Thus, one role of

transcription in L-LTP and LTM is the replenishment of dendritic mRNA required

for ongoing translational activity which persists for hours after LTP induction to

stabilize synaptic modifications. It is not surprising then that gene pools modulated

by nuclear calcium and synaptic activity or by L-LTP induction or LTM paradigms

include neurotrophic factors, cytoskeletal proteins, and transcription factors

involved in survival, growth, and synaptogenesis (Thomas et al. 1994; Keeley

et al. 2006; Havik et al. 2007; Zhang et al. 2007, 2009; Ploski et al. 2010).

17.5 Nuclear Calcium Signaling Is Required for Synaptic

Activity–Induced Gene Expression

Experiments with calcium chelators have shown that intracellular calcium signals are

essential for synaptic activity–induced LTP and nuclear calcium signals are necessary

for the induction of cyclic AMP response element (CRE)–mediated transcription in

response to L-type VGCC activation (Lynch et al. 1983; Hardingham et al. 1997).

Evidence for the role of nuclear calcium signaling in synaptic activity–induced

transcription, L-LTP, and LTM has come from experiments using a nuclear-targeted

CaM-binding polypeptide 4 (CaMBP4) to prevent the activation of CaM kinases by

calcium/CaM selectively in the nucleus. CaMBP4 is a nuclear localized protein

composed of four copies of theM13 peptide which selectively binds and thus chelates

calcium/CaM (Wang et al. 1995). CaMBP4 effectively blocks CRE-mediated gene

expression induced by synaptic activity in hippocampal cultures (Papadia et al. 2005;

Zhang et al. 2007, 2009), as well as reducing L-LTP in brain slices and impairing

LTM but not STM in spatial learning, fear conditioning, and taste aversion tasks in

mice (Limback-Stokin et al. 2004) and olfactory avoidance conditioning in adult

Drosophila melanogaster (Weislogel et al., unpublished work).

The role of nuclear calcium as an activator of gene expression was first revealed

by analysis of the promoter regions of the c-fos gene (Hardingham et al. 1997).

Immediate early genes (IEGs) such as c-fos, zif268, arc, bdnf, and homer are

activated to various extents by paradigms to induce neuronal activity such as

depolarization, seizures, or developmental exposure to sensory stimulation as

well as LTP induction protocols and various learning tasks (Flavell and Greenberg

2008; Alberini 2009). In line with the functional role of IEGs in plasticity and

learning, the deletion of the c-fos, zif268, or arc genes in mice has been shown to

cause deficits in hippocampal L-LTP and in consolidation of LTM in spatial and

associative learning tasks (Jones et al. 2001; Fleischmann et al. 2003; Plath et al.

2006). Analysis of the promoter regions of the c-fos gene revealed that the CRE,
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which is also present in the promoter regions of many genes including bdnf, zif268,
somatostatin, and arc/arg3.1, functions as a calcium-response element. The CREB

family of transcription factors, which includes CREB, CREM, and ATF1, was

revealed to bind to the CRE (Montminy et al. 1986; Montminy and Bilezikjian

1987; Gonzalez and Montminy 1989; Sheng and Greenberg 1990; Sheng et al.

1990, 1991). CREB forms homo- or heterodimers with other family members or

splice variants containing the basic leucine zipper (bZIP) domain. This results in a

large number of dimeric combinations of CREB isoforms which may show

differences in their specificity for CREB target genes or differences in their activa-

tor or repressor activity (Mayr and Montminy 2001). One such bZIP-containing

protein is the inducible cAMP early repressor (ICER), a product of the cAMP
response element modulator (CREM) gene which is activity-induced and acts to

repress CRE-mediated transcription by binding to CREB (Borlikova and Endo

2009). Further studies have shown that CRE-mediated gene expression occurs in

L-LTP and L-LTD and that CREB overexpression enhances amygdala-dependent

LTM while a CREB mutant which interferes with CREB binding to CRE impairs

contextual fear conditioning and spatial memory (Impey et al. 1996; Ahn et al.

1999; Josselyn et al. 2001; Kida et al. 2002; Pittenger et al. 2002) as well as long-

term facilitation in Aplysia and LTM in Drosophila (Yin et al. 1994; Bartsch et al.

1998). Conflicting results have come from memory testing in CREBad knockout

mice presumably due to differences in genetic background (C57Bl/6Jx129/SvEv

exhibited deficits, but C57Bl/6xFVB/N mice did not) as well as the compensatory

upregulation of CREBb or CREM (see Olveira and Bading 2011).

The role of nuclear calcium in late-phase synaptic plasticity and LTM is

associated with its ability to induce CRE-mediated transcription, which requires

two events: the phosphorylation of CREB and the activation of CBP (Chawla et al.

1998). To activate transcription, CREB must become phosphorylated on its activator

site Ser133 in the kinase-inducible domain (KID) which triggers recruitment of the

transcriptional coactivator, CBP. In a second step that is required for transcription

activation, CBP becomes activated by a nuclear calcium–/calmodulin-dependent

protein kinase (CaMK) IV–mediated process that involves phosphorylation at

Ser301 (Chawla et al. 1998; Hardingham et al. 1999; Hu et al. 1999; Mayr and

Montminy 2001; Impey et al. 2002). CBP acts both as a platform for recruiting

components of the transcription machinery and as a histone acetyltransferase to alter

chromatin structure. Mutation or inhibition of CBP causes deficits in L-LTP and

LTM consolidation in declarative and spatial memory but not fear conditioning

(Alarcon et al. 2004; Korzus et al. 2004).

In order to initiate transcription in response to synaptic activity, both CREB and

CBP need to be activated. While several calcium activated kinases can phosphory-

late CREB at Ser133, nuclear calcium signaling through CaMKIV (see below) can

activate both CREB and CBP, thus satisfying the requirements for initiating CRE-

mediated transcription (Chrivia et al. 1993; Kwok et al. 1994; Chawla et al. 1998;

Cruzalegui et al. 1999; Hu et al. 1999; Impey et al. 2002). Additional phosphoryla-

tion sites on CREB at Ser142/143 can be activated by other calcium signaling

pathways (see below) and are thought to impair binding to the CREB-binding
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domain (KIX) of CBP and thus repress transcription (Sun et al. 1994; Kornhauser

et al. 2002). The only other signal known to be sufficient to activate both CREB and

CBP is an increase in the cAMP concentration (Montminy et al. 1990). The

activation of the extracellular signal–regulated kinase (ERK)/mitogen-activated

protein kinase (MAPK) pathway, while capable of causing CREB phosphorylation

on Ser133, is not sufficient to stimulate CREB/CBP-mediated gene transcription,

because this pathway does not activate CBP (Chawla et al. 1998) though can

prolong CREB phosphorylation (see below).

17.6 Calcium Activates Multiple Interacting Signaling

Pathways Mediating Transcription-Dependent

Synaptic Plasticity

Synaptic activity can trigger calcium responses in neurons which signal both

directly and indirectly to the nucleus to affect gene expression via multiple signal-

ing pathways. Calcium enters the cytoplasm from several sources, but its reach is

largely restricted to local microdomains due to the rapid buffering capacity of high-

affinity calcium-binding proteins, the most ubiquitous of which in neurons is

calmodulin (Burgoyne 2007). Calmodulin is also anchored to several plasma

membrane proteins including the NR1 subunit of the NMDA receptor and the

alpha subunit of L-type VGCCs, placing it in the immediate path of these calcium

entry points (Ehlers et al. 1996; Dolmetsch et al. 2001; Kobayashi et al. 2007).

Calmodulin when bound to calcium either facilitates or is a requisite for the

activation of CaMKs, MAPKs, protein phosphatases, and adenylyl cyclase (AC)

generation of cAMP and activation of protein kinase A (PKA). Many of these

signaling molecules are anchored in the vicinity of specific calcium entry points,

thereby linking specific calcium channels (i.e., VGCCs, NMDARs, ryanodine, IP3
receptors, etc.) to distinct signaling pathways (Bading et al. 1993; Ghosh and

Greenberg 1995; West et al. 2002; Krapivinsky et al. 2004). While CaMKs and

MAPKs can induce CREB phosphorylation and may act to prolong CRE-mediated

transcription, nuclear calcium signals can induce CBP phosphorylation necessary to

initiate CRE-mediated transcription (Chawla et al. 1998; Hardingham et al. 2001a;

Wu et al. 2001; Impey et al. 2002). Activators of AC or cAMP analogs are also

sufficient to activate CRE-mediated transcription and L-LTP and inhibition of PKA

blocks L-LTP, its associated CRE-mediated transcription, and LTM (Frey et al. 1993;

Impey et al. 1996; Abel et al. 1997). However, tetanic stimulation of hippocampal

slices induces only very moderate (less than twofold) increases in cAMP levels;

moreover, in cultured hippocampal neurons, neuronal activity failed to measurably

increase cAMP levels (Chetkovich et al. 1991; Frey et al. 1993; Pokorska et al. 2003).

In light of the known inhibitory effect of PKA blockers on L-LTP and LTM

formation, it remains possible that basal levels of PKA and cAMP may be required
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for synaptic activity–induced, nuclear calcium–mediated transcription, and thus gate

late-phase plasticity and LTM.

Calcium signals activate the MAPK cascade leading to ERK 1 and 2 (ERK1/2)

activation which has been shown to be important for LTP induction and mainte-

nance, as well as LTM and survival (Rosen et al. 1994; English and Sweatt 1997;

Orban et al. 1999; Sweatt 2004; Thomas and Huganir 2004). The MAPK pathway

involves guanine nucleotide exchange factors (GEFs) which convert the small

guanine nucleotide–binding protein, Ras, from a GDP-bound state into its GTP-

bound state. Ras-GTP then leads to recruitment of Raf to the plasma membrane

where it phosphorylates MAP and ERK 1 and 2 kinase (MEK1/2), which in turn

phosphorylate ERK1/2. ERK1/2 then can dissociate fromMEK1/2 which otherwise

excludes ERK1/2 from the nucleus due to their nuclear export signal (NES). CREB

can be phosphorylated at Ser133 by both downstream targets of pERK, mitogen-

and stress-activated kinase 1/2 (MSK1/2) which is localized exclusively in the

nucleoplasm, and the p90 ribosomal S6 kinase 2 (RSK2) which either translocates

to the nucleus after its phosphorylation by pERK1/2 in the cytoplasm or is activated

by ERK1/2 in the nucleus (Chen et al. 1992; Xing et al. 1996; Wiegert et al. 2007).

ERK1-/2-mediated CREB phosphorylation seems to play an important role in

prolonging the phosphorylation of CREB at Ser133 after the transient short-lived

phosphorylation by CaMKIV has decayed (Impey et al. 1998; Hardingham et al.

2001a; Wu et al. 2001). The MAPK signaling pathway can be activated through a

signaling cascade downstream of receptor tyrosine kinase (Trk) activation by

neurotrophins such as brain-derived neurotrophic factor (BDNF). BDNF can act

locally at the synapse to increase neurotransmitter release presynaptically and pro-

mote local translation from postsynaptic ribosomes, leading to synaptic potentiation

(Kang and Schuman 1995, 1996). Several components of the MAPK pathway are

coupled to NMDARs and the postsynaptic density (PSD) and can be positively

modulated, independent of Trk activation, by calcium or calcium/CaM signals,

resulting from either NMDAR or VGCC activation (Bading and Greenberg 1991;

Rosen et al. 1994; Finkbeiner et al. 1997; Agell et al. 2002; Sweatt 2004; Thomas and

Huganir 2004; Kim et al. 2005). Experiments using depolarizing stimuli suggest a

strong link between L-type VGCCs and prolonged MAPK activity which may be

critical for the expression of genes such as bdnf and for L-LTP (Impey et al. 1998;

Tao et al. 1998; Dolmetsch et al. 2001). Both NMDA receptors, L-type VGCCs, and

postsynaptic action potentials are required for ERK phosphorylation and somatic/

nuclear calcium signals generated in response to high-frequency synaptic or

antidromic stimulation in hippocampal slices (Dudek and Fields 2002; Zhao et al.

2005; Bengtson et al. 2010). CaMKI, CaMK kinase (CaMKK), Ras guanyl-nucleo-

tide releasing factors (Ras-GRFs), synGAP, PKA, and PKC have all been proposed to

activate or modulate the activation of Ras or ERK1/2 in response to calcium increases

(Waltereit and Weller 2003; Sweatt 2004; Thomas and Huganir 2004; Wiegert and

Bading 2011). Although the details of some of these signaling pathways are not fully

resolved, cytoplasmic calcium signals induced by synaptic activity trigger MAPK-

dependent dendritic protein synthesis as well as gene expression important for LTP

and LTM.
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The most extensively studied signaling mechanism of synaptic plasticity is the

activation of CaMKIIa whose function is critical for LTP and memory (Giese et al.

1998; Lisman et al. 2002). CaMKII encodes four genes (a, b, g, and d) processed into a
large family of 28 splice variants which form homo- and heteromultimers. CaMKIIa is

the predominant neuronal form almost exclusively restricted to excitatory principal

neurons where it is found tightly associated with the PSD and the GluN2B (also known

as NR2B, product of the human GRIN2B gene) subunit of the NMDAR (Hudmon and

Schulman 2002; Colbran 2004). CaMKIIaB contains an NLS and shows nuclear

localization; however, its expression may be limited to the midbrain and diencephalon

(Brocke et al. 1995). Calcium entry through synaptic NMDARs forms calcium/CaM

which binds Thr305/306 of CaMKII inducing autophosphorylation at Thr286/287

resulting in CaM independent activity, thus prolonging CaMKII activity beyond the

duration of the calcium signal. CaMKII phosphorylation of the GluR1 subunit of

AMPA receptors is required for hippocampal LTP and spatial learning (Barria et al.

1997; Lisman et al. 2002; Lee et al. 2003). GluR1 phosphorylation by CaMKII, as well

as a likely involvement of transmembrane AMPA receptor regulatory proteins

(TARPs) and cornichon proteins (CNIH-2/-3), increases the charge transfer of

AMPA receptors and drives them into the synapse during LTP (Takahashi et al.

2003; Schwenk et al. 2009; Shi et al. 2010). Synaptic activity triggers the dendritic

translation of CaMKIIa mRNA, and a mutation of the cis-acting dendritic targeting

region impairs L-LTP and LTM but not E-LTP (Mayford et al. 1996; Wu et al. 1998;

Mori et al. 2000;Miller et al. 2002). CaMKII protein constitutes a significant proportion

of the PSD, and its presence correlates with synaptic strength of individual spines

(Kennedy et al. 1983;Goldenring et al. 1984;Kelly et al. 1984;Asrican et al. 2007). The

need for ongoing delivery of CaMKIImRNA to the spine to replenish andmodulate the

quantity of this major component of the PSD identifies one requirement of transcription

during late-phase plasticity and learning (Havik et al. 2003; Murray et al. 2003).

A CaMK cascade has been described involving CaMKK, CaMKI, and CaMKIV

which engage in sequential activation and interactive regulation (Colomer and

Means 2007; Means 2008; Wayman et al. 2008). CaMKK is encoded by two

independent genes, a and b, and is activated by calcium/CaM at concentrations

of calcium close to basal levels in neurons (Edelman et al. 1996; Tokumitsu and

Soderling 1996). In contrast to CaMKII, CaMKI (encoded by CaMKIa, g, and d)
and CaMKIV (encoded by a single gene) are monomeric and require phosphoryla-

tion by CaMKK at a Thr residue within their activation loop (Corcoran and Means

2001; Means 2008). Following phosphorylation by CaMKK, CaMKIV but not

CaMKI becomes independent of calcium/CaM and thus autonomously active

(Haribabu et al. 1995; Chow et al. 2005).

Given that CaMKI, II, and IV are all activated by calcium/CaM and can all

phosphorylate CREB (Sun et al. 1996), the localization of these kinases is determi-

nant in their role in transcription-dependent plasticity. CaMKKa and b have wide

and overlapping expression across many brain regions, and both show cytoplasmic

localization (Sakagami et al. 2000). CaMKIb2 is found in both cytoplasm and

nucleus (Ueda et al. 1999; Rina et al. 2001). CaMKIa, g, and d are predominantly

localized in the cytoplasm and have a nuclear export sequence (NES). However,
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CaMKIa translocates to the nucleus in response to depolarization-induced calcium

signals, and CaMKId contains an NLS but does not translocate with depolarization

(Picciotto et al. 1995; Stedman et al. 2004; Sakagami et al. 2005). CaMKIV

undergoes import into the nucleus and thus is mostly localized in the nucleus in

its activated state (Jensen et al. 1991; Bito et al. 1996; Kasahara et al. 2001;

Lemrow et al. 2004; Kotera et al. 2005). Several splice variants of CaMKII contain

an NLS; however, this is inactive once phosphorylated by CaMKI or CaMKIV

(Heist et al. 1998).

The CaMK cascade is crucially involved in synaptic plasticity and learning.

Pharmacological inhibition of CaMKK or expression of a dominant-negative

CaMKK or siRNA has shown that CaMKK activation is necessary for activity-

induced increases in dendritic length as well as ERK-mediated L-LTP in hippo-

campal slices (Schmitt et al. 2005; Redmond 2008). CaMKKa-deficient mice show

reduced fear conditioning along with reduced fear conditioning–induced CaMKIV

and CREB activation but normal spatial learning and LTM, whereas CaMKKb-
deficient male mice show impaired spatial LTM and L-LTP but normal E-LTP

(Peters et al. 2003; Blaeser et al. 2006; Mizuno et al. 2007). CaMKI activation is

required for spinogenesis during development as well as activity-induced spine

enlargement and the incorporation of calcium-permeable AMPA receptors into the

PSD following glycine-induced LTP (Guire et al. 2008; Saneyoshi et al. 2008;

Fortin et al. 2010). CaMKIV is phosphorylated by LTP-inducing synaptic stimula-

tion in hippocampal slices (Kasahara et al. 2001). In the nucleus, CaMKIV is

important for CBP recruitment by CREB in response to nuclear calcium/CaM

signals (Chawla et al. 1998; Impey et al. 2002). Disruption of the CaMKIV gene

or a dominant-negative form of CaMKIV impairs E-LTP, L-LTP, L-LTD (but not

early phase-LTD), and LTM in spatial memory and fear conditioning (Ho et al.

2000; Ribar et al. 2000; Kang et al. 2001; Wei et al. 2002). Activated forms of

CaMKIV induce dendritic growth; CaMKIV overexpression potentiates while

kinase-dead or dominant-negative forms block activity-induced dendritic growth

and/or complexity, although conflicting evidence comes from studies using

nuclear-targeted variant of these constructs (Redmond 2008). Such results reveal

limits to the interpretation of studies using recombinant variants of CaMKs where

their localization is distinct from the endogenous protein, due to overexpression or

the lack of the NLS, or where overexpression or constitutively active variants

simply overpower the endogenous phosphatases (Wayman et al. 2008).

Extensive cross talk exists between MAPKs, CaMKs, PKA, and protein

phosphatases, which is relevant to synaptic plasticity. For example, CaMKK

activation of ERK through CaMKI partly mediates NMDAR-dependent hippocam-

pal LTP (Schmitt et al. 2005). Also, CaMKIV forms complexes with protein

phosphatase 2A which is likely to be responsible for its short-lived (approx.

10 min) activation by calcium/CaM (Anderson et al. 2004). While CaMKII can

also phosphorylate CREB at Ser133, it also phosphorylates CREB at Ser142 which

appears to block its transcriptional activity (Sun et al. 1994). CaMKI and CaMKIV

minimize the phosphorylation of CREB Ser142 by phosphorylating CaMKII to

inactivate its NLS, promoting its nuclear export.
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The calcium-stimulated ACs, AC1 and AC8, are also components of long-term

memory processing. Knockout of both isoforms impairs L-LTP and consolidation

of LTM in fear conditioning and the Morris water maze (Wu et al. 1995; Wong

et al. 1999; Wieczorek et al. 2010). Defects in the Drosophila AC gene in the

mutants known as rutabaga and dunce cause defects in STM but not LTM induced

by olfactory avoidance conditioning (Duerr and Quinn 1982; Tully and Quinn

1985; Davis 2005). A similar role for cAMP has also been revealed for LTM in

the sea snail Aplysia californica (Kandel 2001) and the honey bee Apis mellifera
(Menzel and Muller 1996). PKA activation downstream of AC activation is not

necessary, however, for CREB phosphorylation following synaptic activity induc-

ing either LTP or LTD in hippocampal cultures (Deisseroth et al. 1996) but is

necessary for L-LTP in the hippocampus (Huang and Kandel 1994).

17.7 Other Calcium-Binding Proteins and Transcriptional

Regulators

Several other transcription factors or regulators of CREB-mediated transcription may

play a role in transcription-dependent synaptic plasticity in the adult brain. These

include nuclear factor of activated T cells (NFAT), nuclear factor k-light-chain
enhancer of activated B cells (NF-kB), myocyte enhancer factor 2 (MEF2) family

of transcription factors, Jacob, and calcineurin (Zhu and McKeon 2000; Lewis 2001;

Meffert and Baltimore 2005; Flavell et al. 2006; Shalizi et al. 2006; Dieterich et al.

2008; Schwartz et al. 2009; Li et al. 2011). Here we review two nuclear

calcium–regulated transcriptional repressors whose signalingmechanisms and impor-

tance for transcription-dependent plasticity are currently emerging.

Downstream regulatory element antagonist modulator (DREAM) is a member of

the EF-hand superfamily of calcium-binding proteins which binds to the down-

stream regulatory element (DRE) of c-fos and dynorphin and blocks CRE-mediated

transcription at basal calcium concentrations (Carrion et al. 1999; Osawa et al.

2001; Ledo et al. 2002). DREAM knockout mice have recently been shown to have

enhanced LTP, STM, and LTM as well as increased levels of c-fos, bdnf, and c-jun

mRNA (Alexander et al. 2009; Fontan-Lozano et al. 2009). Mice with a calcium-

insensitive mutant of DREAM show impaired LTD (but not LTP) and contextual

fear conditioning (Wu et al. 2010). Several cytoplasmic roles of DREAM may,

however, mediate these phenotypes. DREAM in the cytoplasm has been found to

modulate neuronal excitability by interacting with A-type potassium channels and

was thus also named the potassium channel interacting protein-3 (KChIP3) (An

et al. 2000). DREAM/KChIP3 has also been named calsenilin because it interacts

with presenilin1 and 2 which has been suggested to regulate the calcium content of

the endoplasmic reticulum (Fedrizzi et al. 2008). DREAM/KChIP3/calsenilin also

colocalizes with NMDA receptors and affects their function (Wu et al. 2010; Zhang

et al. 2010). Although DREAM/KChIP3/calsenilin functions as a calcium-regulated
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transcriptional repressor, its role in synaptic plasticity and LTM needs to be more

clearly distinguished from its many cytoplasmic actions.

Methyl-CpG-binding protein 2 (MeCP2) is a nuclear localized transcriptional

regulator involved in the stable repression of chromatin by recruiting a complex of

chromatin remodeling enzymes including histone deacetylase (HDAC) 1 and

histone methyltransferases that cause chromatin compaction and nucleosome clus-

tering, thus silencing the DNA (Chahrour and Zoghbi 2007). Activity-dependent

changes in chromatin structure are regulated by acetylation/deacetylation and

phosphorylation of histone H3 and high-mobility group (HMG) protein 17 which

is thought to increase acetylation and suppress methylation, thus stabilizing an open

conformation of the DNA (Whitlock et al. 1983). MeCP2 is expressed in

postmigrational neurons, and its mutation in Rett syndrome in humans leads to

severe neurological symptoms after 1 year of age. Knockout of the MeCP2 gene

results in synapse loss and overexpression of MeCP2 increases synapse number,

although synaptic function in these mice mutants is otherwise generally unaffected

(Nelson et al. 2006; Chao et al. 2007). MeCP2 mutant mice show selective loss of

excitatory synapses, impaired spatial memory and contextual fear conditioning, and

reduced hippocampal but not cortical LTP (Dani et al. 2005; Moretti et al. 2006; Dani

and Nelson 2009). Synaptic activity promotes phosphorylation ofMeCP2 at Ser421, a

requisite for depolarization-induced transcription of genes including bdnf (Chen et al.
2003; Martinowich et al. 2003; Zhou et al. 2006). MeCP2 phosphorylation in the

nucleus requires nuclear calcium signaling as well as CaMKII but not CaMKIV

function (unpublished results from our lab, Zhou et al. 2006). This suggests the

involvement of nuclear calcium and possibly a nuclear isoform of CaMKII in remov-

ing transcriptional repression byMeCP2 to permit gene expression following synaptic

activity. AlthoughMeCP2 function impacts largely on the development of the nervous

system, these studies have illuminated the underlying importance of calcium in the

regulation of DNA methylation for plasticity and memory also in the mature brain

(Gupta et al. 2010).
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Chapter 18

Integrating Neurotransmission in Striatal

Medium Spiny Neurons

Jean-Antoine Girault

Abstract The striatum is a major entry structure of the basal ganglia. Its role in

information processing in close interaction with the cerebral cortex and thalamus

has various behavioral consequences depending on the regions concerned, includ-

ing control of body movements and motivation. A general feature of striatal

information processing is the control by reward-related dopamine signals of

glutamatergic striatal inputs and of their plasticity. This relies on specific sets of

receptors and signaling proteins in medium-sized spiny neurons which belong to

two groups, striatonigral and striatopallidal neurons. Some signaling pathways are

activated only by dopamine or glutamate, but many provide multiple levels of

interactions. For example, the cAMP pathway is mostly regulated by dopamine D1

receptors in striatonigral neurons, whereas the ERK pathway detects a combination

of glutamate and dopamine signals and is essential for long-lasting modifications.

These adaptations require changes in gene expression, and the signaling pathways

linking synaptic activity to nuclear function and epigenetic changes are beginning

to be deciphered. Their alteration underlies many aspects of striatal dysfunction in

pathological conditions which include a decrease or an increase in dopamine

transmission, as encountered in Parkinson’s disease or exposure to addictive

drugs, respectively.
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18.1 Introduction: An Overview of Striatal Functions

and Dysfunctions

The striatum is the largest component of the basal ganglia, a set of interconnected

gray matter nuclei located deep in the forebrain, to which it provides a major site of

entry. Its name comes from the striate aspect provided by radial crossing of white

matter bundles. Although the whole striatum has some common principles of

anatomical organization, it is in reality a heterogeneous structure with several

types of divisions. A first major division corresponds to its dorsal and ventral

parts. In many mammalian species, including carnivores and primates, the dorsal

striatum is further separated by the internal capsule into two components, the

putamen and the caudate nucleus. In mice or rats, this separation does not exist,

and the dorsal striatum is often referred to as the caudate-putamen (CP). The ventral

part of the striatum is known as the nucleus accumbens septi (the “nucleus of the

septum which is lying down,” although it is not directly connected to the septum) or

nucleus accumbens (NAc). The NAc is comprised of a central core, similar to the

CP, and a shell thought to be related to a set of scattered nuclei at the inferior part of

the forebrain, the extended amygdala (Alheid and Heimer 1988; Voorn et al. 2004).

There are no sharp anatomical borders between these striatal regions, and they have

a similar histological appearance. However, important functional differences arise

from the diversity of the brain regions to which they are connected.

The striatum receives excitatory glutamatergic inputs from the cerebral cortex

and the thalamus. It is also the major target of the dopamine (DA) neurons whose

cell bodies are located in the upper part of the brain stem, the mesencephalon. The

substantia nigra (so called because of the black neuromelanin pigment accumulated

in DA neurons in some species including primates) provides a dense innervation to

the CP, whereas the ventral tegmental area mostly innervates the NAc

(Fig. 18.1a–c). Globally, although they have relatively widespread terminals, the

glutamatergic and dopaminergic fibers arriving to the striatum are topographically

organized, providing the basis for its dorsoventral and lateromedial functional

organization. As a unifying lead to understand the function of the striatum, it has

been proposed that it is mostly involved in the selection of action (Mink 1996;

Redgrave et al. 1999). The motor resources available to the brain are limited, and to

drive efficient behavior, it must devote them to a single aim at a time. The striatum

and basal ganglia are thought to be essential to the processing of this complex

computing problem. The dorsal striatum in close association with the motor cortex

is involved in selection of elaborated motor patterns and automated sets of

behaviors (so-called extrapyramidal control of motor function), whereas the ventral

striatum is implicated in the choice of behavioral orientation, interpreted in psy-

chological terms as desire or motivation. The dopamine innervation is essential for

both the efficient acute function of the striatum and its plasticity (Wickens et al.

2007), hence for acquiring elaborate motor abilities (a component of procedural

memory) or motivated responses. Importantly, DA neurons firing is increased in

relation with rewards. However, DA neurons do not code a simple reward, but
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rather a reward error prediction signal, which has a great interest for the computing

properties of the basal ganglia and the control of their plasticity (Schultz 2010). DA

neurons are also augmented by alerting signals involved in rapid detection of

potentially important sensory cues (Bromberg-Martin et al. 2010). This simple

view allows understanding the two major pathological disturbances of the striatum

and of its DA innervation (detailed in two other chapters of this book). In

Parkinson’s disease, the degeneration of DA neurons innervating the CP results in

a decrease or absence of spontaneous movements (akinesia) and rigidity. Con-

versely, addictive drugs share the property to increase extracellular dopamine in the

NAc, artificially mimicking a reward-related learning signal. This results in abnor-

mal, chemically driven “learning” of drug consumption, which can escape any

control however deleterious the consequences may be, thus corresponding to the

definition of addiction. Hence, elucidating the cellular and molecular basis of

neurotransmission and signaling in the striatum is of great interest to understand

basic aspects of brain functions and major human diseases including Parkinson’s

and addiction.

Fig. 18.1 Anatomical organization of the striatum. (a) Sagittal mouse brain section showing the

striatal glutamate inputs from the cerebral cortex and the dopamine innervation from the mesen-

cephalon. The thalamic input is not shown. (b) Coronal section at the level indicated by the dashed
line, showing the dorsal region or caudate-putament (CP) and the ventral region, or nucleus

accumbens (NAc) with its core and shell subdivisions. (c) Coronal section of the ventral mesen-

cephalon at the level indicated by the dashed line, showing the localization of the substantia nigra
reticulata (SNr) the main output structure of the basal ganglia, of the substantia nigra compacta
(SNc) and the ventral tegmental area (VTA) which both contain dopamine neurons projecting to

the striatum. The areas of projection of VTA (green) and SNc (blue) are shown in (b).

(d) Schematic wiring diagram of the basal ganglia showing the opposite role of the two striatal

efferent neurons. The medium-sized spiny neurons (MSN) of the direct pathway inhibit the

substantia nigra reticulata neurons. The MSNs of the indirect pathway have an opposite effect

because of the inhibitory link formed by the neuron of the lateral globus pallidus. SNr neurons are

GABA neurons with a high basal firing rate. Activation of the direct striatonigral pathway

disinhibits thalamocortical neurons. The indirect pathway has the opposite effect. DA reinforces

the direct pathway and inhibits the indirect pathway, allowing a harmonious function of the basal

ganglia circuits. In the absence of DA, the inhibitory effect of the SNr is unchecked and results in a

lack of movement and rigidity
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18.2 The Striatal Medium-Sized Spiny Neurons

In rodents, the striatal neurons aremade up of about 95%medium-sized spiny neurons

(MSNs) and 5% interneurons (Kreitzer 2009; Tepper et al. 2010). The dendrites of

MSNs are covered with spines which receive corticostriatal or thalamostriatal

terminals forming asymmetric synapses (Doig et al. 2010). Although each MSN

receives 5–10,000 excitatory inputs, usually, only a few come from the same cortical

neurons, and simultaneous firing of several inputs is necessary for their activation.

Therefore,MSNs are wired to integrate many convergent excitatory inputs, while they

are highly sensitive to inhibition by interneurons. DA boutons are found on the neck of

some spines, and glutamatergic synapses are never far from DA synapses, within

range of a “spillover” concentration of synaptically released dopamine sufficient to

stimulate receptors (Moss andBolam 2008).MSNs also receive inhibitory inputs from

striatal GABAergic interneurons, strategically located on their perikarya, and from

cholinergic interneurons (Tepper et al. 2010). MSNs are GABAergic efferent neurons

which project to the globus pallidus (GP) and substantia nigra pars reticulata (SNR)
and, in the case ofNAcMSNs, to the ventral pallidum.MSNs are inhibitory neurons, a

rather unusual feature for long projection neurons in the nervous system. Their target

neurons in the SNR or GP are also GABAergic neurons with a high basal firing rate.

Thus, the functional result of MSNs firing is to “disinhibit” the targets of SNR or GP

neurons (Chevalier and Deniau 1990). In fact, MSNs have fundamentally different

functional properties depending on their targets (Fig. 18.1d). About half of them are

part of the direct pathway which projects “directly” to the SNR or internal GP, which

are output stations of the basal ganglia (Gerfen 1992). Direct pathway neurons, thus,

disinhibit circuits negatively controlled by the basal ganglia. Conversely,MSNs in the

“indirect” pathway project to the external GP that projects to the subthalamic nucleus,

which, in turn, sends excitatory projections to the SNR and GPi. The net result of the

action of MSNs in the indirect pathway is exactly the opposite of those in the direct

pathway, namely, they reinforce the inhibition exerted by the basal ganglia on their

targets, by increasing the activity of the SNRandGPi output neurons (Fig. 18.1d). This

organization is essential to understand the function of the basal ganglia; the two striatal

efferent pathways have opposite functional effects: the direct pathway disinhibits the

targets (e.g., thalamocortical or superior colliculus neurons), whereas the indirect

pathway reinforces this inhibition. The balance between these two pathways is central

for the action selection function of the basal ganglia: a specific set of neurons involved

in a complex motor behavior would be disinhibited through selective activation of a

limited number of striatonigral MSNs, while the rest of the relevant circuits would be

inhibited through striatopallidal MSNs. Recent studies using gene targeting

technologies, in which either the striatopallidal or the striatonigral MSNs were

selectively impaired (Hikida et al. 2010) or destroyed (Durieux et al. 2009), or

stimulated through channelrhodopsin (Kravitz et al. 2010), have elegantly confirmed

the opposite actions of the direct and indirect pathways. Importantly, DA receptors are

unevenly distributed among these two populations of neurons (Gerfen 2000).

D1 receptors are enriched on MSNs of the direct pathway, whereas D2 receptors are
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mostly located on indirect pathway MSNs. Since D1 receptors have an overall

excitatory effect and the D2 receptors an inhibitory effect, DA regulates the balance

between the two efferent pathways. In the absence of DA, the predominant inhibition

of basal ganglia targets accounts for the akinesia and rigidity of parkinsonian patients.

Striatopallidal neurons selectively express enkephalin and A2a adenosine receptors,

whereas striatonigral neurons express substance P, dynorphin, and muscarinic m4

acetylcholine receptors. Recently, the two populations of striatal MSNs have been

labeled in transgenic mouse using bacterial artificial chromosomes driving the expres-

sion of a variety of marker proteins (EGFP, tomato, fusion proteins, Cre recombinase,

and others. . .) under the control of D1, D2, m4 acetylcholine, or A2a adenosine

receptors (see Valjent et al. 2009). These studies have further supported the

differences between striatonigral and striatopallidal MSNs in terms of gene expres-

sion, signaling pathways, morphology, and electrophysiological properties.

Another level of heterogeneity of striatal neurons corresponds to the striosomes

(or patch) and matrix compartments (Graybiel and Hickey 1982; Gerfen 1984). In

most adult mammals, acetylcholinesterase activity and somatostatin-immunoreactive

fibers are primarily localized to the matrix, as are GABAergic neurons that

coexpress calbindin. In contrast, m-opioid receptors, cholinergic muscarinic

receptors, and substance P fibers are concentrated in the striosomes. The afferences

and targets of MSNs in the striosomes and in the matrix are in part different, and

they have been proposed to be organized as two imbedded loop systems, with the

striosome-DA neurons controlling the matrix effector system (Gerfen 1992).

18.3 Major Neurotransmitters Regulating MSNs

and Their Signaling Pathways

MSNs receive a massive glutamate excitatory input which stimulates ionotropic

and metabotropic receptors. They are also innervated by GABA interneurons and

collaterals from other MSNs which can act on GABA-A and GABA-B receptors, as

well as by cholinergic interneurons stimulating muscarinic and cholinergic acetyl-

choline receptors. MSNs abundantly express DA receptors, which all belong to the

G-protein-coupled receptors (GPCRs) family, in contrast to receptors of glutamate,

GABA, and acetylcholine, which include both ionotropic and metabotropic

receptors. The D1 class of DA receptors includes the D1 and D5 (also called D1a

and D1b) receptors, and the D2 class includes D2, D3, and D4 receptors. The D1

and D5 receptors are able to activate adenylyl cyclase, whereas D2-type receptors

have the opposite effect (Fig. 18.2). MSNs predominantly express D1 and D2

receptors, which are located in neurons of the direct and indirect pathway, respec-

tively (Gerfen 2000; Valjent et al. 2009). In the ventral striatum, MSNs also express

D3 receptors (Sokoloff et al. 1990). The MSNs express a large variety of other

GPCRs for serotonin, neuropeptides, and orphan receptors. GPCRs abundant in

MSNs include adenosine A2a receptors restricted to striatopallidal neurons
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(Schiffmann and Vanderhaeghen 1993) and CB1 cannabinoid receptors which are

highly enriched in both MSNs populations and are mostly located at their terminals

(van der Stelt and Di Marzo 2003). Interestingly, GPCRs can form homo- and

heterodimers, with possibly distinct coupling properties, whose physiological rele-

vance is the topic of ongoing studies (Ferre et al. 2007). Finally, direct associations

between DA and ionotropic receptors, with functional consequences on both types

of receptors, have been identified, including D1 receptor binding to the intracellular

loops of NR1 and NR2A subunits of the glutamate NMDA (N-methyl-D-aspartate)

receptors (Lee et al. 2002a). In addition, DA and glutamate receptors cross regulate

their expression, membrane localization, and function (Scott and Aperia 2009).

Beyond the receptor level, striatal neurons are endowed with a particular set of

signaling proteins that distinguish them from other neurons. Adult MSNs contain

very little, if any, Gas subunit, and positive coupling of GPCRs to adenylyl cyclase
is mediated by the Gaolf subunit, initially identified in the olfactory epithelium

(Herve et al. 1993; Zhuang et al. 2000; Corvol et al. 2001). The associated gamma

subunit is mostly g7 (Schwindinger et al. 2003, 2010). The functional consequences
of the expression of these particular isoforms are not known, as their biochemical

properties appear similar to the others. It is quite possible that an important aspect

of the use of these specific genes is to allow high levels of expression. Indeed, Gaolf
appears to be a limiting factor for D1 signaling since decreased levels of Gaolf subunit
but not of D1 receptor profoundly alter cAMP signaling (Corvol et al. 2007).

Fig. 18.2 Coupling of striatal dopamine (DA) receptors. For the most part, D1 and D2 receptors

are located in striatonigral and striatopallidal neurons, respectively. D1 receptors are coupled to a

heterotrimeric G protein comprising a Gaolf, a b, and a g7 subunit. When bound to GTP and

dissociated from the complex, Gaolf activates adenylyl cyclase, mostly AC5. D2 receptors inhibit

AC5 through a Gi/o protein. In striatopallidal neurons, AC5 is activated by A2a adenosine

receptors through the Gaolf-b-g7 complex. D1 receptors are recruited by a phasic increase in DA

release, while D2 receptors, which have a higher affinity for DA, are tonically activated by ambient

levels of extracellular DA. Blockade of D2 receptors unmasks the action of A2a receptors
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The main adenylyl cyclase isoform in MSNs is the Ca2+-insensitive AC5 isoform

(Lee et al. 2002b). This is a major difference as compared to cortical and hippo-

campal neurons, for example, in which the presence of Ca2+-activated cyclase

provides a direct coupling between Ca2+ influx and cAMP production. In contrast,

in MSNs cAMP production requires a second signal, such as DA in striatonigral or

adenosine in striatopallidal neurons. cAMP is degraded by several phosphodiester-

ase (PDE) families expressed in striatal neurons (Menniti et al. 2006), including

PDE1B (Polli and Kincaid 1994; Reed et al. 2002), PDE4B (Siuciak et al. 2008),

and PDE10A (Fujishige et al. 1999; Siuciak et al. 2006).

The major target of cAMP is the cAMP-dependent protein kinase (PKA). The

phosphorylation pathways activated by PKA have been extensively studied in the

MSNs, in which it regulates a number of voltage-gated and ligand-gated ion channels

(Surmeier et al. 2007). In addition, several protein substrates specifically enriched in

the striatum have been identified, which are regulatory signaling proteins themselves

regulated by phosphorylation. The best studied is dopamine- and cAMP-regulated

phosphoprotein, Mr ~ 32,000 (DARPP-32), which is an inhibitor of protein phospha-

tase 1 (Walaas et al. 1983; Hemmings et al. 1984). Others include cAMP-regulated

phosphoprotein, Mr ~ 21,000 (ARPP-21) (Hemmings and Greengard 1989; Ouimet

et al. 1989), also termed regulator of calcium signaling (RCS), which is an inhibitor of

Ca2+/calmodulin targets when phosphorylated by PKA (Rakhilin et al. 2004), and

cAMP-regulated phosphoprotein, Mr ~ 16,000 (ARPP-16) (Girault et al. 1990),

recently shown to be an inhibitor of PP2A-55d when phosphorylated by a Greatwall

family kinase (Gharbi-Ayachi et al. 2010; Mochida et al. 2010). DARPP-32 inhibits

PP1 when it is phosphorylated on Thr-34 by PKA (Hemmings et al. 1984). Phosphor-

ylation on Thr-34 is enhanced by protein kinases CK2 and CK1, which increases its

phosphorylation by PKA and prevents its dephosphorylation by calcineurin, respec-

tively (Girault et al. 1989; Desdouits et al. 1995). Thus, DARPP-32 is a signaling hub

that plays a critical role in striatal neurons and is involved in numerous physiological

and pharmacological responses (Svenningsson et al. 2004; Le Novere et al. 2008). In

the absence of DARPP-32, some responses are blunted while others are absent

(Fienberg et al. 1998). For example, it is important for plasticity at corticostriatal

synapses (Calabresi et al. 2000). In striatonigral neurons,DARPP-32 is phosphorylated

on Thr-34 in response to stimulation of D1 receptors, whereas in striatopallidal

neurons, the same response is triggered by blocking D2 receptors (Bateup et al.

2008). The effect of D2 antagonists unmasks a tonic D2 inhibition of adenylyl cyclase,

which is also continuously activated by A2a (Svenningsson et al. 2000) and possibly

other receptors stimulating adenylyl cyclase. The loss of DARPP-32 in striatonigral

neurons decreases basal and cocaine-induced locomotion and abolishes dyskinetic

behaviors in response to the Parkinson’s disease drug L-dopa (Bateup et al. 2010).

Conversely, the loss of DARPP-32 in striatopallidal neurons increases locomotor

activity and strongly reduces the cataleptic response to an antipsychotic D2 antagonist

(Bateup et al. 2010). Remarkably, when DARPP-32 is phosphorylated on Thr-75 by

Cdk5, it becomes a potent inhibitor of PKA (Bibb et al. 1999). Regulation of Thr-75

phosphorylation appears to be to some extent a mirror image of regulation of Thr-34

phosphorylation (Bateup et al. 2008). Thus, DARPP-32 is a switch that can act as a
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feed-forward amplifier of PKA effects when phosphorylated on Thr-34 and

dephosphorylated on Thr-75, or, in dramatic contrast, as a PKA inhibitor when

phosphorylated on Thr-75 by Cdk5. Perhaps, this critical role in DA signaling and

exquisite regulation accounts for the apparent correlation ofDARPP-32with cognitive

abilities in humans (Meyer-Lindenberg et al. 2007) and mice (Kolata et al. 2010).

18.4 Cytonuclear Signaling in Striatal Neurons

Plasticity of corticostriatal synapses, and presumably also of the much less studied

thalamostriatal synapses, is thought to play a central role in long-lasting behavioral

adaptations that depend on striatal function. These behavioral modifications include

habit learning (Barnes et al. 2005) and incentive learning (Dayan and Balleine

2002; Belin et al. 2009), as well as pathological modifications of striatal functions

as exemplified by drug conditioning (Hyman et al. 2006) or L-dopa-induced dyski-

nesia in Parkinson’s disease or its animal models (Santini et al. 2008). Dopamine

plays a critical role in the control of corticostriatal plasticity, but the regulation of

synaptic plasticity in the striatum is complex, and results are highly dependent on

experimental conditions (Wickens 2009). Importantly, long-lasting behavioral

adaptations such as locomotor sensitization induced by psychostimulants or opiates

in rodents, as well as conditioned place preference (CPP), require gene transcription

and protein synthesis. Therefore, much attention has been devoted to the regulation

of gene expression in striatal neurons.

Early studies showed that the administration of nonspecific dopamine agonists

such as cocaine, which prevents dopamine and other monoamine reuptake, or

amphetamine, which promotes the release of dopamine and other monoamines,

induced expression of immediate-early genes (IEG) in the striatum, including cFos,

Zif268, ARC, and others (Gerfen 2000). Similar results were obtained with selec-

tive dopamine D1 agonists, but not D2 agonists. In contrast, D2 antagonists, not

agonists, were able to induce IEG expression. Repeated administration of cocaine

induced different patterns of gene expression, such as the slow-building levels of

DFos-B, which was therefore proposed to play a selective role in the effects of drugs
of abuse (Hope et al. 1994). The targets for such long-term regulations are not yet

fully characterized but include negative feedback loops (Bibb et al. 2001). Recent

work has started to identify the changes in gene expression involved in the regula-

tion of spine density. For example, the downregulation of myocyte enhancer factor

2 (MEF2) is involved in cocaine-induced spine increase (Pulipparacharuvil et al.

2008), whereas its activation mediates the depolarization-induced spine pruning in

a model of Parkinson’s disease (Tian et al. 2010).

How are messages carried from the plasma membrane receptors to the nucleus?

Although as in other cells, many pathways are probably used in MSNs, relatively

few of them have been characterized, and this characterization revealed interesting

specificities.
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18.4.1 Extracellular Signal-Regulated Kinase (ERK) Pathway

Initial observations showed that neurotransmitters activating cAMP production,

especially DA, induced transcriptional effects in striatal neurons. It was generally

assumed that these effects were directly mediated by PKA since in other systems

free PKA catalytic subunit is known to translocate to the nucleus and to phosphor-

ylate nuclear proteins including the cAMP-response element-binding (CREB)

protein (Montminy 1997). However, little evidence supported a direct role of

PKA in the nucleus of MSNs. Recent work suggests that although this role remains

likely, other pathways are very important in striatal neurons. The first line of

evidence came from the demonstration that the ERK pathway is activated in striatal

neurons following electrical stimulation of the cerebral cortex and that it mediates

the phosphorylation of two transcription factors, CREB and Elk-1, and the induc-

tion of IEGs (cFos, Zif268, and MKP1) (Sgambato et al. 1998). ERK1 and ERK2

are two closely related mitogen-activated protein kinases (MAP-kinases) which are

activated by phosphorylation of their activation loop by MAP-kinase and ERK-

kinase (MEK 1 and 2). Glutamate was found capable to increase Elk-1 and CREB

phosphorylation through activation of ERK1/2 and MEK1/2 in striatal slices

(Vanhoutte et al. 1999). The same group then showed that injection of cocaine to

mice induces the nuclear accumulation of active di-phospho ERK1/2 and that the

activation of ERK is necessary for cocaine-induced IEG expression and CPP

(Valjent et al. 2000). Further work showed that phosphorylation of ERK1/2 in the

ventral striatum is a common effect of all drugs of abuse including cocaine,

amphetamine, morphine, nicotine, D9-tetrahydrocannabinol, methamphetamine,

3,4-methylenedioxy-methamphetamine (MDMA, also known as ecstasy), and eth-

anol (Valjent et al. 2001; 2004; Salzmann et al. 2003; Ibba et al. 2009). This

activation appeared to be functionally important since pharmacological blockade

of MEK, usually with SL327, an inhibitor of MEK that crosses the blood-brain

barrier, prevented the long-term behavioral effects of these drugs. ERK activation

was also involved in the reconsolidation of drug-associated memories since it was

reactivated by exposure to the drug-associated context and because MEK inhibition

was able to erase previously acquired CPP (Miller and Marshall 2005; Valjent et al.

2006a). In animals, in which the DA neurons have been destroyed by a 6-OH-DA

lesion, the DA precursor L-dopa, which is the standard treatment of Parkinson’s

disease, induces a strong activation of ERK in striatal neurons (Santini et al. 2007).

L-dopa has no effect in the absence of lesion. Interestingly, pharmacological

inhibition of MEK prevents the appearance of L-dopa-induced dyskinesia, which

is thought to result at least in part from abnormal plasticity in the DA-depleted

striatum subjected to strong intermittent DA stimulation (Santini et al. 2007).

The mechanism of activation of ERK involves both D1 DA receptors and

NMDA glutamate receptors (Valjent et al. 2000, 2005) (Fig. 18.3). ERK activation

is observed only in a subset of D1-expressing striatonigral neurons and is prevented

by a D1 antagonist or in D1 knockout mice, or by an NMDA antagonist, indicating

that it requires the concomitant stimulation of both D1 and NMDA receptors.
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Thus, the ERK pathway behaves as a coincidence detector or logical AND gate

which detects the simultaneous activation of the contextual information coded by

corticostriatal and thalamostriatal glutamate inputs, and the reward prediction error

coded by DA neurons (Girault et al. 2007). This important property distinguishes

the ERK pathway from the stimulation of the PKA pathway which results solely

from the stimulation of D1 receptors and is more widespread in D1-expressing

neurons (Valjent et al. 2005). The mechanism of activation of ERK upstream from

MEK involves the Ca2+-activated guanine nucleotide exchange factor Ras-GRF1

(Fasano et al. 2010). Other pathways must exist since ERK activation was

decreased but not completely blocked in Ras-GRF1 null mice. They may include

Fig. 18.3 The extracellular signal-regulated kinase (ERK) pathway in striatal MSNs. The ERK

pathway is triggered by the coincident activation of dopamine D1 and glutamate NMDA receptors.

D1 receptors potentiate the effects of glutamate through serine phosphorylation of NR1 subunit by

PKA and tyrosine phosphorylation of NR2 subunits by a Src-family kinase (SFK). This may

increase the conductance and membrane expression of the receptor. D1 also potentiates ERK

activation through PKA phosphorylation of DARPP-32 which inhibits PP1. PP1 normally

activates the striatal-enriched tyrosine phosphatase STEP which dephosphorylates the Tyr

residues on ERK activation loop and NMDA receptors NR2 subunits. PP1 also dephosphorylates

NMDANR1 subunit on Ser. Activation of ERK is carried out in part by Ca2+-activated Ras-GRF1.

The Ras, Raf, MEK1/2 pathway activates ERK1/2 which has cytoplasmic and nuclear substrates.

Among the latter, the transcription factor Elk-1 is a component of the ternary complex factor which

binds to serum response elements (SRE). ERK1/2 also phosphorylates the nuclear kinase MSK1

which appears to play a prominent role in phosphorylation of histone H3 and cAMP-response

element-binding (CREB) protein. This leads to the expression of immediate-early genes which are

particularly sensitive to CREB (e.g., cFos) or ternary complex factor (e.g., Zif268 a.k.a. Egr-1).

These two nuclear pathways downstream from ERK have distinct roles in long-term behavioral

adaptations (see text). Arrows with round ends indicate inhibitory effects
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CalDAG-GEF-1/2, two guanine nucleotide exchange factors activated by Ca2+ and

diacylglycerol, present in striatal neurons, respectively enriched in the matrix and

the striosomes (Toki et al. 2001; Crittenden et al. 2009). Interestingly, Ras-GRF1

and possibly CalDAG-GEF-1/2 dysregulation appears to be involved in the occur-

rence of L-dopa-induced dyskinesia in animal models of Parkinson’s disease

(Crittenden et al. 2009; Fasano et al. 2010). The cross talk between D1 and

NMDA receptors takes place at multiple levels. Recent work showed that stimula-

tion of D1 receptors increases responsiveness of NMDA receptors to glutamate

through a cAMP-independent pathway which involves phosphorylation of NMDA

receptor NR2B subunit by a Src-family tyrosine kinase (Pascoli et al. 2011). This

cross talk increases Ca2+ influx through NMDA receptors and, consequently, ERK

phosphorylation. In addition, PKA-mediated phosphorylation of DARPP-32 plays a

critical role at several levels (Valjent et al. 2005). Phospho-Thr-34-DARPP-32

inhibits the PP1-induced activation of the striatal-enriched tyrosine phosphatase

STEP, which plays a critical role in the dephosphorylation of ERK (Paul et al.

2003). DARPP-32 also acts upstream from MEK (Valjent et al. 2005), possibly by

enhancing the phosphorylation of NMDA receptors on serine residues via PP1

inhibition (Snyder et al. 1998) and/or on tyrosine residues via STEP inhibition

(Paul et al. 2003).

A critical question concerns the relevant targets of ERK1/2. Cytoplasmic

substrates regulated by ERK may play an important role in its functional effects.

For example, in hippocampal neurons, ERK phosphorylates and inhibits Kv4.2, a

K+ channel which controls the retropropagation of action potentials in the dendritic

tree and the degree of depolarization sensed by NMDA receptors, a regulation

critical for spike-timing-dependent plasticity (Sweatt 2004). However, this aspect

has not been studied in striatal neurons. A recent publication has shown that ERK

activation is necessary for corticostriatal LTP induced by electrical stimulation in

slices or by cocaine injection in vivo (Pascoli et al. 2012). This work provided direct

evidence for a role of this synaptic plasticity in cocaine-induced locomotor sensiti-

zation. On the other hand, phosphorylated active ERK accumulates rapidly in the

nucleus, and its nuclear effects have been extensively studied. ERK can activate a

family of related kinases, ribosomal S6 kinases 1 and 2 (RSK1/2), and mitogen- and

stress-activated kinases 1 and 2 (MSK1/2) (Pearce et al. 2010). MSK1 is a nuclear

kinase that is particularly enriched in striatal neurons, where it is slightly more

abundant in striatonigral neurons (Bertran-Gonzalez et al. 2009). In MSK1 knock-

out mice, a number of responses to cocaine are blocked or blunted, including

phosphorylation of CREB Ser-133 and histone H3 Ser-10 (H3S10), and expression

of several IEGs including cFos and prodynorphin (Brami-Cherrier et al. 2005). In

contrast, other IEGs such as Zif-268 are normally induced. Interestingly, locomotor

sensitization to cocaine is diminished in MSK1 KO mice, whereas CPP is not

altered (ibid.). This suggested that genes essential for CPP are MSK1 independent.

Interestingly, CPP is blocked in Zif-268 KO mice (Valjent et al. 2006b), suggesting

that this IEG, which is itself a transcription factor, specifically controls genes

essential for the long-term behavioral consequences of the “rewarding” effects of

cocaine.
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Interestingly, although the core of the ERK pathway activation is controlled by

D1 and NMDA receptors, other pathways and modulators play an important role.

For example, stimulation of mGluR1/5 receptors is involved in amphetamine-

induced ERK activation (Choe et al. 2002) and is necessary for drug-induced

behavioral plasticity (Chiamulera et al. 2001). mGluR5 receptors can activate

ERK through Ca2+ release from intracellular stores in synergy with D1 receptors

and through interaction with Homer1b/c (Mao et al. 2005; Voulalas et al. 2005).

In addition, the CB1 cannabinoid receptors in MSNs are necessary for cocaine-

induced activation of ERK (Corbille et al. 2007). However, their precise level of

action on the ERK pathway in this system is not known. Stimulation of CB1

receptors can directly activate the ERK pathway in hippocampus (Derkinderen

et al. 2003), but in the striatum, the activation of ERK by D9-tetrahydrocannabi-
nol (the main active compound in cannabis) is mediated by dopamine release and

stimulation of D1 receptors (Valjent et al. 2001). Interestingly, stimulation of D2

receptors increases anandamide production in the striatum providing a mecha-

nism by which these receptors may contribute to ERK regulation (Giuffrida et al.

1999). Thus, it appears that a cannabinoid-mediated cross talk between D2- and

D1-expressing neurons may also contribute to the fine tuning of ERK activation.

Studies in BAC transgenic mice in which the striatonigral or striatopallidal

neurons are labeled with EGFP expressed under the control of drd1a or drd2
promoters, respectively, have shown that cocaine-induced phosphorylation of

ERK, MSK1, and histone H3 occurs selectively in D1-positive neurons (Bertran-

Gonzalez et al. 2008). The same was true for 6-OH-DA-lesioned mice treated with

L-dopa (Santini et al. 2009). Surprisingly, these phosphoproteins were not detected

in D2-positive neurons, even though a subset of neurons expresses the two markers

(Bertran-Gonzalez et al. 2008). This raised questions about the ERK pathway in

striatopallidal MSNs and the effects of D2 receptors. It turns out that blockade of D2

receptors activates selectively the phosphorylation of ERK in some striatopallidal

neurons (Bertran-Gonzalez et al. 2008, 2009). The same pharmacological treatment

increases MSK1 and H3 phosphorylation, as well as IEG expression in the same

neurons (ibid.). These latter responses seem to be decoupled from ERK since they

were insensitive to the MEK antagonist SL327. In contrast, they were shown to

depend on the cAMP pathway since they were decreased by an A2a antagonist or in

DARPP-32 Thr-34-Ala knockin mice (Bertran-Gonzalez et al. 2009). The strong

effects of D2 antagonists on signaling responses show that the D2 receptors, which

have a high affinity for DA, are activated in basal conditions by ambient DA in the

striatum, as it was proposed for many years due to the spillover of DA from

synapses. Basal activation of these D2 receptors prevents responses mediated

by A2a receptors, and possibly others, which have the capacity to turn on the

PKA pathway and to some extent the ERK pathway. Interestingly, the A2a

receptor effect on ERK activation is strongly potentiated by its interaction with

fibroblast growth factor (FGF) receptor, a receptor tyrosine kinase (Flajolet

et al. 2008). The combined stimulation of FGF and A2a receptors increased

an ERK-dependent corticostriatal LTP, selectively in striatopallidal neuron,

an effect blocked by a D2 agonist. Thus, the blockade of D2 receptors
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by antipsychotic agents unleashes powerful signaling responses which alter

synaptic plasticity and result in IEG expression. The functional consequences

of these responses are unclear but may contribute to the acute and tardive

side effects of antipsychotics attributed to their effects in the dorsal striatum,

such as Parkinson-like symptoms and dyskinesia. It remains to explore whether

these pathways can also be activated in physiological conditions, for example,

following transient decreases in DA release linked to a negative reward predic-

tion error. In addition, their contribution to the still mysterious delayed

therapeutic effects of antipsychotics will be an interesting question for future

work.

18.4.2 Nuclear Function of DARPP-32

Although it was apparent that some MSNs express nuclear DARPP-32 immunore-

activity (Ouimet and Greengard 1990), the significance of this observation was not

known, and as mentioned above, DARPP-32 has been extensively characterized as

a cytoplasmic signaling hub in both D1 and D2 neurons (Svenningsson et al. 2004).

Recent work revealed a novel aspect of its functions, in the nucleus of MSNs,

showing that treatment of mice with cocaine, amphetamine, or morphine, or a

simple food-conditioned operant learning protocol, increased nuclear DARPP-32

and P-Thr-34-DARPP-32 immunoreactivity (Stipanovich et al. 2008). This

response was absent in D1 knockout mice. Studies in non-neuronal cells and striatal

neurons in culture showed that DARPP-32 undergoes a continuous cytonuclear

shuttling and that its nuclear export depends on an incomplete nuclear export sequence

(residues 103-111 in mouse), which is active when Ser-97 is phosphorylated by CK2

(Stipanovich et al. 2008) (Fig. 18.4). Dephosphorylation of Ser-97 induces the nuclear

accumulation of DARPP-32. This dephosphorylation can be carried out by PP2A, and

interestingly, several PP2A regulatory B subunits are enriched in MSNs. The B56d
subunit provides regulation by the cAMP pathway since it is phosphorylated by PKA

phosphorylation (Ahn et al. 2007a), while PR72 has a Ca2+ binding motif (Ahn et al.

2007a). PP2A containing either of these two isoforms can dephosphorylate Thr-75 in

response to cAMP and Ca2+ signals, respectively (Ahn et al. 2007a, b). Dephosphory-

lation of Ser-97 by B56d is likely to contribute to the DA-induced nuclear accumula-

tion of DARPP-32 (Stipanovich et al. 2008), although other factors are certainly

involved. All PP1 catalytic subunit isoforms are found in cell nuclei, as well as their

specific nuclear inhibitors, and PP1 is thought to play an important role, including in

the cell cycle (Moorhead et al. 2007). In neurons, which do not divide, the potential

functions of phosphatases in the nucleus are just starting to be explored. Nuclear

DARPP-32 enhances phosphorylation of histone H3 on Ser-10 in response to D1

stimulation, and phosphorylation of both Thr-34 and Ser-97 is necessary for H3

phosphorylation in vivo (Stipanovich et al. 2008). Other effects of PP1 inhibition

are likely to occur since expression in forebrain neurons of an inhibitor of PP1 targeted

to the nucleus increasedmultiple posttranslationalmodifications of histones, including
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not only phosphorylation of H3S10, but also acetylation of H2B, H3K14, and H4K5,

as well as trimethylation of H3K36 (Koshibu et al. 2009). Additional potential

substrates include the splicing machinery, with which not only PP1 but also

DARPP-32 can be associated through its binding to tra2-beta1 (Benderska et al.

2010). Thus, neurotransmitters can trigger long-lasting changes in MSNs through a

complex network of protein kinases and phosphatases converging on the nucleus and

contributing to epigenetic regulations.

18.5 Epigenetics of MSNs

Epigenetic modifications are heritable traits that do not involve changes in DNA

sequence. Strictly speaking, this would refer only to transgenerational stable

changes, which may occur in some instances (Franklin et al. 2010). In a wider

sense, epigenetic modifications are now emerging as fundamental mechanisms

by which neurons adapt their transcriptional response to developmental and envi-

ronmental cues (Riccio 2010; Zhang and Meaney 2010). Epigenetic alterations

include covalent modifications of DNA, such as methylation of cytidine, but also

hydroxylation (Kriaucionis and Heintz 2009), as well as modifications of histones,

Fig. 18.4 Nuclear role of DARPP-32. DARPP-32 cycles continuously between cytoplasm and

nucleus. Its nuclear export requires phosphorylation of Ser-97 by CK2. Following activation of D1

receptors, DARPP-32 is phosphorylated by PKA on Thr-34 and dephosphorylated by PP2A on

Ser-97. Activation of PP2A results in part from the phosphorylation of its B56d by PKA. DARPP-
32 phosphorylated on Thr-34 can accumulate in the nucleus where it inhibits PP1. This potentiates

the phosphorylation of H3 Ser-10 by MSK1 by preventing its dephosphorylation. Phosphorylation

of H3 contributes to put the chromatin in an open conformation
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including changes in histone isoforms and covalent chemical modifications of

their tails. It is important to emphasize that the apparent stability of epigenetic

changes is not contradictory with the existence of active turnover mechanisms,

as long as their net result is the maintenance of a steady-state level of the

alteration. Additional mechanisms such as organization of nuclear chromatin

territories are likely to play important roles (Schneider and Grosschedl 2007). In

general, neurons have highly distinctive chromatin organization with character-

istic patterns of euchromatin and heterochromatin. MSNs, for example, can be

distinguished from other striatal cells only on the basis of their chromatin

organization (Matamales et al. 2009). However, the functional meaning of

nuclear architecture is only starting to be explored (Wittmann et al. 2009).

Differentiation is to a large extent synonymous to specific patterns of gene

expression, which depend on both the dynamic interplay of multiple transcription

factors and other DNA binding proteins, and on epigenetic alterations. Dramatic

differences in gene expression between D1-expresssing striatonigral and D2-

expressing striatopallidal MSNs (Heiman et al. 2008) suggest that they carry distinct

epigenetic modifications, although such modifications have still to be identified.

Alterations in histone modifications in response to acute challenges by drugs of

abuse or antipsychotics have been well documented in MSNs. As mentioned above,

cocaine increases the global levels of H3S10 phosphorylation and H4K5 acetylation

(Brami-Cherrier et al. 2005; Bertran-Gonzalez et al. 2008), whereas D2 antagonists

increase H3S10 phosphorylation (Bertran-Gonzalez et al. 2008, 2009). These effects

take place in D1 and D2 neurons, respectively. Study of specific genes has shown

more precise patterns of histone modifications including H4 hyperacetylation of the

cFos promoter within 30 min of a single cocaine and H3 hyperacetylation at the

BDNF and Cdk5 promoters, two genes that are induced by chronic, but not acute,

cocaine (Kumar et al. 2005). Histone H3K9 dimethylation through transcriptional

regulation of the lysine dimethyltransferase G9a is involved in cocaine-induced

structural and behavioral plasticity (Maze et al. 2010). DNA methylation is also

modified by drugs in the striatum, through regulation of DNA methyltransferases

(Dnmts) and possibly demethylases. For example, Dnmt3a expression is

regulated in mouse nucleus accumbens (NAc) by chronic cocaine use and

chronic social defeat stress (LaPlant et al. 2010). Methylation of CpG islands

on the DNA provides patterns for recognition for a variety of protein with

specific binding domains. Although methylation was initially thought to exert

only a repressive effect on gene transcription, it appears that the situation is

more complex and that the consequences depend on the pattern and location of

methylation. Among the proteins, whose binding is increased by DNA methyl-

ation, MeCP2 has received particular attention since its mutation is responsible

for the Rett syndrome which associates autistic behavior and mental retardation

with some alterations of motricity. Recent work suggests that MeCP2 regulates

the behavioral responses to cocaine through regulation of microRNA and BDNF

expression (Deng et al. 2010; Im et al. 2010). Regulation of microRNAs and

other small regulatory RNAs is another aspect of signaling that is likely to play

an important role in striatal neurons as in other cells and that is only starting to

be explored.
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18.6 Conclusions and Perspectives

The striatum is a brain region that plays a specific and central role in information

processing, which may be directed at action selection. Depending on the cortical

regions to which it is applied, it may have various but always critical functional

consequences. This processing depends on the existence of intermingled

populations of efferent neurons with different properties and connections. These

neurons have highly specialized signaling pathways that distinguishes them from

other populations of brain principal neurons. We are only beginning to discover the

specific properties of these signaling pathways and the functional consequences

of their alterations using a wide variety of models. Most of this work is descriptive,

and improvement of the modeling approaches may allow better understanding

how the characteristics of these signaling pathways contribute to the striatal-

information-processing capacities. One aspect that has seen much progress is the

interplay between synaptic activity and nuclear functions. Changes in inputs acti-

vate multiple signaling pathways that alter gene transcription through posttransla-

tional modifications of transcription factors, histones, and other proteins, as well as

DNA methylation. As in other brain neurons, the stability of synaptic changes

requires these changes in gene expression. They contribute to long-lasting neuronal

alterations through induction of morphological changes, such as dendritic spines

formation, but also through changes in DNA or histone-modifying enzymes which

maintain epigenetic modifications. Thus, there is a constant dialogue between the

pattern of synaptic inputs and weights and the pattern of gene expression which

underlie the long-lasting alterations of striatal information processing and behav-

ioral responses. It should be emphasized that there is an apparent contradiction

between the existence of global alteration in gene expression and the idea of

procedural learning and memory being borne by selective changes in synaptic

weights. Solving this issue will be a major challenge for the future, important for

understanding the mechanism of the basal ganglia function at the systems level.
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Chapter 19

Synaptic Dysfunction and Intellectual Disability

Pamela Valnegri, Carlo Sala, and Maria Passafaro

Abstract Intellectual disability (ID) is a common and highly heterogeneous

paediatric disorder with a very severe social impact. Intellectual disability can be

caused by environmental and/or genetic factors. Although in the last two decades a

number of genes have been discovered whose mutations cause mental retardation, we

are still far from identifying the impact of these mutations on brain functions.Many of

the genes mutated in ID code for several proteins with a variety of functions:

chromatin remodelling, pre-/post-synaptic activity, and intracellular trafficking. The

prevailing hypothesis suggests that the ID phenotype could emerge from abnormal

cellular processing leading to pre- and/or post-synaptic dysfunction. In this chapter,

we focus on the role of small GTPases and adhesion molecules, and we discuss the

mechanisms through which they lead to synaptic network dysfunction.

Keywords Dendritic spines • Intellectual disability • Mental retardation • Small

GTPases • Synaptic cell adhesion molecules • Synaptopathies

19.1 Classification of ID

The central nervous system consists of more than 100 billion neurons, which

process and transmit information in the form of electrical signals through

specialised junctions called synapses. Precise control of synaptic development is

critical for accurate neuronal network activity and normal brain function. It is clear

that inappropriate loss of synaptic stability may lead to neurological diseases and

the disruption of neuronal circuits.

P. Valnegri • C. Sala • M. Passafaro (*)

CNR Institute of Neuroscience, Department of Pharmacology, University of Milan, Via Vanvitelli

32, 20129 Milan, Italy

e-mail: m.passafaro@cnr.it

M.R. Kreutz and C. Sala (eds.), Synaptic Plasticity,
Advances in Experimental Medicine and Biology 970,

DOI 10.1007/978-3-7091-0932-8_19, # Springer-Verlag/Wien 2012

433

mailto:m.passafaro@cnr.it


Many neuropsychiatric diseases are characterised by an alteration in themorphology

of dendritic spines and aberrant synaptic signalling and plasticity (Blanpied and

Ehlers 2004). One of the most common neurodevelopmental disorders is mental

retardation or intellectual disability (ID), characterised by an intelligence quotient

(IQ) of 70 or below and deficits in at least two behaviours related to adaptive

functioning diagnosed by the age of 18 years. Intellectual disability is a term used

when a person, usually a child, has certain limitations in mental functioning and

skills, such as communicating and caring for himself or herself.

The prevalence of ID is between 1% and 3% (Roeleveld et al. 1997; Leonard and

Wen 2002), and it is the leading socioeconomic health-care problem.Moreover, approx-

imately 30% more males are diagnosed with ID than females (McLaren and Bryson

1987); however, severe ID is more prevalent among females (Bradley et al. 2002).

ID is divided into five categories based on IQ tests: mild, moderate, severe,

profound, and unable to classify. Epidemiological studies use a simplified classifi-

cation, grouping subjects into mild ID (IQ ¼ 50–70) and severe ID (IQ < 50)

(Ropers 2010). While the prevalence of severe ID is relatively stable, the preva-

lence of mild ID is variable and often depends heavily on external environmental

factors, such as level of maternal education and access to education and access to

health care (Drews et al. 1995; Roeleveld et al. 1997; Leonard and Wen 2002). In

addition to categorisation based on severity/IQ level, ID can also be grouped into

syndromic intellectual disability (S-ID) and non-syndromic intellectual disability

(NS-ID). In S-ID, patients present with one or more clinical features or co-

morbidities in addition to ID. While S-ID has a clear definition, there is debate

over the classification of NS-ID. NS-ID has been defined by the presence of

intellectual disability as the sole clinical feature. The distinction between S-ID

and NS-ID is not clear because it is has been difficult to exclude the presence of

more subtle neurological anomalies and psychiatric disorders in these patients, as

they may be less apparent or difficult to diagnose due to the cognitive impairment.

Moreover, the symptoms of some syndromes may be subtle and difficult to diag-

nose unless they are specifically evaluated in the context of a known genetic defect

associated with these features (Kaufman et al. 2010; Ropers 2010).

19.2 Causes of Intellectual Disability

Intellectual disability can be caused by environmental and/or genetic factors; how-

ever, in up to 60% of cases, there is no identifiable cause (Rauch et al. 2006). It is

notable that the prevalence of ID is inversely correlated with socioeconomic

standards, both within and between countries (Ropers 2010). In poor regions of the

world, the prevalence of ID is two- to threefold higher than in western countries, and

this is ascribed to low birth weight as well as pre- and perinatal complications, such as

malnutrition, cultural deprivation, poor health care, and parental consanguinity

(Seidman et al. 2000; Boulet et al. 2009). Other specific risk factors are exposure to

certain genes, viruses or radiation, and severe head trauma or brain injury. In the

western world, the most common preventable cause of ID is foetal alcohol syndrome

(FAS) (May and Gossage 2001; Niccols 2007). In patients with FAS, average IQ
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scores range between 40 and 80 with a mean of 60–65, and they remain constant from

infancy to adulthood (Spohr et al. 2007). However, only a minority of the children

born to women classified as heavy drinkers have FAS, which highlights differences in

foetal susceptibility to the neurotoxic effects of alcohol (Ropers 2010). Similarly,

although it is notable that a very low birth weight is a major risk factor for ID, most

individuals with very low weights function well as adults (G€addlin et al. 2009).
Genetic causes of ID are thought to be responsible for 25–50% of cases, although

this number has been identified (Rauch et al. 2006). Additionally, pathogenic copy

number variants (CNV) have been associated with ID in a large number of studies

and have contributed to the discovery of many genes that cause ID (Pinto et al.

2010). Over the past 15 years, many single-gene causes of NS-ID have been

identified. Many of these NS-ID genes may also cause S-ID, autism, or other

neurodevelopmental phenotypes, suggesting that other genetic modifiers or envi-

ronmental factors may be involved in disease aetiology.

Among the genetic conditions associated with ID, the most frequent are

X-linked intellectual disability (XLID) forms caused by single gene mutations on

chromosome X, while autosomal gene mutations are mostly caused by subtle

chromosomal rearrangements. The apparent excess of X-linked genes involved in

ID disorders led to the hypothesis that a disproportionately high density of genes

influencing cognitive abilities may reside on the human X chromosome.

Interestingly, with the exception of transcription and chromatin-remodelling

factors, it is worth noting that more than 50% of ID-related proteins are enriched

in the pre- and/or post-synaptic compartments and are probably involved in actin

cytoskeleton rearrangement, synaptic plasticity, and synapse formation (Ropers and

Hamel 2005). Because learning deficits are a constant feature of patients with ID, it

is tempting to attribute some traits of ID to alterations in synaptic functions

(Humeau et al. 2009). This hypothesis is supported by histological data. Post-

mortem morphological analyses of neurons in patients with various forms of ID

often show dendritic spines with altered shapes and densities (Purpura 1974;

Kaufmann and Moser 2000; Fiala et al. 2002). The degree of these defects is

correlated with the severity of ID. The multiplicity of genes and proteins involved

also implicates specific signalling pathways, among which small GTPases and

adhesion molecules appear to play a central role. The signalling pathways and

mechanisms through which alteration of these proteins could contribute to dysfunc-

tion are analysed in this chapter.

19.3 RhoGTPase Proteins

As mentioned above, small GTPase signalling appears to play a predominant role in

ID through the regulation of actin dynamics and receptor trafficking. A significant

percentage of the genes implicated in ID code for synaptic proteins associated with

GTPase signalling and function either as regulators or effectors of GTPases.
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GTPases form a large family constituting almost 200 proteins characterised by

their ability to bind and hydrolyse GTP. These proteins act as molecular switches,

cycling between inactive GDP-bound and active GTP-bound states, and they are

tightly regulated by a variety of modulators; guanine nucleotide exchange factors

(GEFs) activate the switch by catalysing the exchange of GDP for GTP, whereas

GTPase-activating proteins (GAPs) increase the intrinsic GTPase activity to inacti-

vate the RhoGTPases switch and guanine nucleotide dissociation inhibitors (GDI)

(Jaffe and Hall 2005). There are three primary interrelated functional systems

regulated by GTPases at neuronal synapses: the actin cytoskeleton, local translation

machinery, and receptor trafficking (Boda et al. 2010).

One group of proteins, the Rho subfamily of small GTP-binding proteins, and in

particular Rac1, Cdc42, and RhoAGTPases, plays important roles in synaptic functions

and various aspects of neuronal development (Moon and Zheng 2003), including

dendritic branching (Threadgill et al. 1997), dendritic spine formation andmaintenance

(Govek et al. 2004), and neurite outgrowth and differentiation (Nasu-Nishimura et al.

2006) (Fig. 19.1). Rho proteins have been implicated in different aspects of neuronal

morphogenesis, including dendritic arbor development and spine morphogenesis
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Fig. 19.1 Schematic diagram illustrating the gene products implicated in ID and associated at

synapses. Signalling pathways associated with small GTPases are written in yellow
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(Govek et al. 2005). In addition, a number of regulators and effectors that mediate the

effects of Rho GTPases on the actin cytoskeleton and spine morphogenesis have been

identified (Govek et al. 2005;Newey et al. 2005). The importance of proper RhoGTPase

signalling in neuronal development and function has been highlighted by the identifica-

tion of ID genes that encode regulators and effectors of RhoGTPases such as OPHN1,

MAGI2, ARHGEF6, srGAP3, FGDI, PAK3, LIMK, and FMR1 (Fig. 19.1).

19.4 RhoA Signalling

The main evidence implicating RhoA signalling in ID was obtained in studies of the

synaptic function of oligophrenin-1, a Rho-GAP for which several mutations or

deletions have been identified in patients suffering from ID (Nadif Kasri and Van

Aelst 2008). Oligophrenin-1was found to negatively regulate RhoA (Ras homologous

member A) and interact with the post-synaptic adaptor protein Homer (Govek et al.

2004). Importantly, Govek et al. (2004) showed that knock-down of oligophrenin-1

expression in CA1 pyramidal neurons resulted in a significant decrease in dendritic

spine length. This effect could be mimicked by a constitutively active form of RhoA

and could rescue an inhibitor of the RhoA effector Rho-kinase or ROCK, suggesting a

regulation by RhoA of the spine actin cytoskeleton through action on LIM kinase

(LIMK), myosin light chain (MLC), and/or MLC phosphatase (Govek et al. 2004;

Nadif Kasri and Van Aelst 2008). Further studies of oligophrenin-1-deficient mice

also revealed behavioural deficits in spatial memory, social recognition, and presyn-

aptic facilitation (Khelfaoui et al. 2007). Moreover, it has been demonstrated that

synaptic activity through NMDA receptor activation localises oligophrenin-1 to

dendritic spines, where it forms a complex with AMPA receptors and selectively

enhances AMPA-receptor-mediated synaptic transmission and spine size by

stabilising synaptic AMPA receptors (Nakano-Kobayashi et al. 2009) (Fig. 19.1). In

support of this idea, the authors showed that interference with AMPA receptor

endocytosis could prevent the decrease in synaptic transmission and synapse density

induced by oligophrenin-1 knock-down, possibly linking oligophrenin-1/RhoA sig-

nalling to AMPA receptor endocytosis. Additional evidence has shown that

oligophrenin-1 is concentrated at endocytic sites and regulates AMPA receptor

endocytosis at excitatory synapses by RhoA/ROCK signalling (Khelfaoui et al. 2009).

Another mechanism could involve the ID gene MAGI2, which codes for a

scaffolding protein (S-SCAM) that has multiple functions at the synapse. One

scaffolding protein could activate RhoA in response to NMDA receptor stimulation

(Iida et al. 2007) (Fig. 19.1).

19.5 Rac1/Cdc42/PAKs Pathway

There are several proteins linked to ID implicated in Rac1/Cdc42/PAK signalling.

These include upstreamRac/Cdc42 regulators such asARHGEF6, a Rac/Cdc42GEF;

srGAP3 (MEGAP) for Slit Robo Rho GTPase-activating protein 3; and FGDI, a
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Cdc42 GEF. These molecules are involved in regulating the active/inactive state of

Rho proteins (Rac/Cdc42). There are also downstream effectors such as PAK3 and

LIMK that regulate the actin cytoskeleton through phosphorylation of cofilin, one of

the central functional regulators of actin dynamics (Bernstein and Bamburg 2010).

Cofilin can be phosphorylated through twoGTPase cascadesmediated byLIMK:Rac/

Cdc42/PAK or RhoA/ROCK (Bernstein and Bamburg 2010; Rex et al. 2009).

Three of these genes (ARHGEF6, PAK3, and LIMK) seem to be involved in the

same signalling pathway; all have been shown to be expressed at the synapse and

result in alterations of spine morphology or function upon knock-down or

overexpression (Meng et al. 2002; Boda et al. 2004; Nodé-Langlois et al. 2006)

(Fig. 19.1). ARHGEF6 (a Rho guanine nucleotide exchange factor 6) codes for a

Cdc42/Rac exchange factor and is involved in integrin-mediated signalling leading to

activation of the GTPases Rac1 (Ras-related C3 botulinum toxin substrate 1) and/or

Cdc42 (cell division cycle 42) (Rosenberger et al. 2003). Mutations in ARHGEF6

have been demonstrated in patients with X-linked ID (Kutsche et al. 2000). Knock-

down of ARHGEF6 using siRNA resulted in alterations of spine morphology,

characterised by a decrease of large-mushroom-type spines and an increase of elon-

gated spines and filopodia-like protrusions (Nodé-Langlois et al. 2006). This pheno-

type closely resembles the phenotype reported for neurons with knock-down PAK3

levels or expressing dominant-negative mutant forms of PAK3.Moreover, the defects

observed in cells expressingmutant ARHGEF6 could be rescued by PAK3 activation,

confirming that the twomolecules are involved in the same signalling pathway (Nodé-

Langlois et al. 2006).

PAK3 encodes a member of the large family of p21-activating kinases (PAK) and

acts as a molecular effector on Rac1/Cdc42, mediating their effects on the cytoskele-

ton through LIMK activation and influencing downstream gene expression (Jaffer and

Chernoff 2002; Bokoch 2003). Several mutations in PAK3 have been associated with

X-linked ID (Allen et al. 1998; Bienvenu et al. 2000); these mutations have been

associated with either loss of PAK3 protein or loss of its kinase activity. Several lines

of evidence have demonstrated a role of PAK3 in regulating spine morphogenesis,

synapse formation, and synaptic plasticity. Studies have shown that downregulation of

PAK3 in rat hippocampal cultures results in the formation of abnormally elongated

dendritic spines and filopodia-like protrusions and a decrease inmature spine synapses

(Boda et al. 2004, 2008). The researchers noticed that these defects were associated

with reduced expression of AMPARs at the synapse and LTP. Moreover, mice

deficient in PAK3expression exhibit deficits in hippocampal late-phase LTP, a distinct

form of long-term synaptic plasticity involving de novo gene expression, and some

deficiencies in learning and memory (Meng et al. 2005). PAK3 knockout mice exhibit

no alterations in neuronal structure; however, a dramatic decrease was observed in the

levels of the phosphorylated/active form of cAMP-responsive element-binding protein

(CREB) in the hippocampus, a protein important for synaptic plasticity and memory

formation in mice (Kandel 2001; Lonze and Ginty 2002). Therefore, reduced CREB

function may be responsible for the impairment in late-phase hippocampal LTP in

these mice. Thesemorphologies and/or functions are a result of altered actin dynamics

and/or transcriptional regulation (Nadif Kasri and Van Aelst 2008).
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As mentioned previously, PAK and Rho-kinases both stimulate LIMK, a serine-

only protein kinase that phosphorylates the actin depolymerisation factor cofilin,

which is then unable to bind and depolymerise F-actin. LIMK1 is therefore a key

component of the signal transduction network connecting extracellular stimuli to

changes in cytoskeletal structures (Stanyon and Bernard 1999). The LIM-kinase 1

(LIMK1) gene is located on chromosome 7q11 and was found to be one of the genes

heterozygously deleted in Williams syndrome (Tassabehji et al. 1996), a rare (1 in

25,000) mental disorder with profound deficits in visuospatial cognition. LIMK1

knockout mice show abnormal spine morphology, abnormal synaptic plasticity

(including enhanced hippocampal LTP), and impaired spatial learning (Meng

et al. 2002).

Regulation of the Rac/Cdc42/PAK signalling cascade is likely to be quite

complex and involves several potential partners. For example, Rho GAP srGAP3,

a gene located on chromosome 3p25, was found to be disrupted and functionally

inactivated by a translocation breakpoint in a patient displaying severe ID (Endris

et al. 2002). SrGAP3 associates with the scaffolding protein WAVE1 and inhibits

Rac function (Soderling et al. 2007). However, no data are yet available to deter-

mine whether loss of srGAP3 impacts spine morphology.

The Rac/Cdc42/PAK signalling cascade integrates activity and trans-synaptic

signals to fine-tune the spine actin cytoskeleton, controlling the growth, size, and

morphology of spines and possibly also exocytosis and receptor trafficking. For

example, Cdc42 has been directly implicated in the control of exocytosis and

trafficking membrane proteins in other systems (Wu et al. 2008) and synaptic

terminals (Doussau et al. 2000).

19.6 Regulation of Protein Synthesis

Recent studies have provided evidence that Rho GTPase signalling also plays a role

in fragile X syndrome (FRAXA). Fragile X syndrome is caused by mutations in the

Fmr1 gene that result in transcriptional silencing of the protein FMRP. The function

of FMRP is still not completely understood, but it seems to act as an RNA-binding

protein (Nimchinsky et al. 2002). Thus, it is thought that FMRP plays a key role in

synaptic plasticity through the regulation of mRNA transport and translational

inhibition of local protein synthesis at the synapse (D’Hulst and Kooy 2009).

Among the target proteins that have exhibited an increased synthesis rate in Fmr1

knockout mice are notably PSD-95, Arc, and GluR1 (Muddashetty et al. 2007;

Zalfa et al. 2007). Fmr1 knockout mice exhibit important defects affecting various

aspects of synapse morphology, function, and plasticity (Pfeiffer and Huber 2009).

Additionally, two pieces of evidence link FMRP to GTPase signalling. First, work

in drosophila has provided evidence that the FMRP homologue in drosophila

affects dendritic development by regulating the actin cytoskeleton through a trans-

lational suppression of Rac1 and profilin (Reeve et al. 2005). Second, Fmr1

knockout mice also have shown general impairment in LTP that can be rescued
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by BDNF or activation of the Ras/PI3K cascade, thereby suggesting a possible role

of Ras signalling in this process (Hu et al. 2008) (Fig. 19.1). Therefore, signalling

alterations involving GTPases might occur in Fmr1 knockout mice (see Chap. 25).

19.7 Ras/RAP Proteins

The Ras family of small GTPases (Ras, Rap1, and Rap2) and their downstream

mitogen-activated protein kinases (ERK, JNK, and p38MAPK) and PIK3 signalling

cascades control various physiological processes. In neuronal cells, Ras, Rap1, and

Rap2 are differentially stimulated by different forms of synaptic activity via the

activation of NMDA-Rs and calcium influx to independently control activity-dependent

AMPAR trafficking events (Tada andSheng 2006;Gu andStornetta 2007; Thomas et al.

2008) (Fig. 19.1). Particularly, Ras promotes long-term potentiation (LTP) and the

surface delivery of AMPA receptors (AMPARs), whereas Rap mediates long-term

depression (LTD) or depotentiation and AMPAR internalisation (Zhu et al. 2002,

2005). Ras also stimulates the overproduction of dendritic protrusion or spines (Wu

et al. 2001; Arendt et al. 2004), while Rap promotes spine loss (Pak et al. 2001; Fu et al.

2007;Ryu et al. 2008). Recentwork, particularly in genetic screening, has linked genetic

defects of various molecules causing aberrant Ras and Rap signalling with a number of

mental disorders involving deficits in cognitive functioning and adaptive behaviours

(Eng 2003; Zhu et al. 2004; Roberts et al. 2006; Schubbert et al. 2007; Ehninger et al.

2008; Orloff and Eng 2008; Levitt and Campbell 2009). These findings underscore the

essential role of Ras and Rap signalling in controlling synaptic AMPAR trafficking

during synaptic plasticity (Thomas and Huganir 2004; Gu and Stornetta 2007), a basic

cellular mechanism of learning and memory (Kessels and Malinow 2009).

Their implication in intellectual disability has also been linked to one regulatory

protein: SYNGAP, a Ras/Rap GTPase-activating protein recently found to be

mutated in patients with mental retardation (Hamdan et al. 2009). The autosomal

gene SYNGAP1 encodes a Ras GTPase-activating protein critical for cognition and

synapse function, and mutations in this gene were found in 94 patients with non-

syndromic intellectual disability (Hamdan et al. 2009). SYNGAP1 is selectively

expressed in the brain and is a component of the NMDA-receptor complex, acting

downstream of the receptor and blocking the insertion of the AMPA receptor at the

post-synaptic membrane (Kim et al. 1998; Krapivinsky et al. 2004; Kim et al. 2005;

Rumbaugh et al. 2006) by inhibiting the Ras-ERK pathway (Kim et al. 2005).

A role for defective Ras signalling was recently proposed in the analyses of Fmr1

knockout mice: a selective deficit in the synaptic delivery of GluR1-containing

AMPARs results in a loss of GluR1-dependent LTP (Hu et al. 2008). This effect

was associated with a defect in the signalling between Ras, phosphoinositide 3-kinase

(PI3K), and protein kinase B (PKB) consistent with inefficient signalling. More

interestingly, enhancing Ras/PI3K/PKB signalling rescued synaptic delivery

of GluR1-containing receptors and LTP, strengthening the important link existing

between Ras signalling and AMPAR trafficking in Fmr1 knockout mice. This study
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makes a strong case for the hypothesis that Ras has an effect on the regulation of

AMPAR delivery to synapses and that this mechanism could represent a primary

cause for the alterations of spine morphology, function, and plasticity associated with

alteration in this pathway (Boda et al. 2010).

19.8 Synaptic Adhesion Molecules Gene Mutations

It has been well defined that the correct development of synaptic specialisations and

establishment of appropriate connectivity patterns are crucial for the assembly of

functional neuronal circuits. Neuroligin proteins were first identified as neurexin

binding partners; however, the neuroligin-neurexin protein complex was shown to be

relevant for synapse formation when two proteins were found to associate in synapses

and that the complex plays a major role in synapse formation and function (Fig. 19.1)

(reviewed in Dean and Dresbach 2006; Dalva et al. 2007; S€udhof 2008) (see Chap. 6).
This was further supported by the finding that deletions or mutations in

neuroligins and neurexins in humans were associated with several cognitive

disorders, including autism spectrum disorders (ASD), mental retardation, and

schizophrenia. However, the exact correlation between the genetic and biochemical

mechanisms by which these mutations contribute to these diseases remains

unknown.

A deep DNA analysis in patients affected by autism revealed a strong associa-

tion with mutations in the genes encoding Nrxn1, Nlgn1, Nlgn3, and Nlgn4. In

autistic patients, seven point mutations, two distinct translocations, and four differ-

ent large-scale deletions in the Nrxn1 gene have been identified (Feng et al. 2006;

Szatmari et al. 2007; Kim et al. 2008; Marshall et al. 2008; Yan et al. 2008b; Zahir

et al. 2008). For the Nlgn4 gene, at least ten different mutations have been observed

(two frameshifts, five missense mutations, and three internal deletions), while for

Nlgn3, a single point mutation has been identified (the R451C substitution) (Jamain

et al. 2003; Laumonnier et al. 2004; Yan et al. 2005; Talebizadeh et al. 2006; Yan

et al. 2008a). In addition to these mutations, deletions of X-chromosomal DNA

including the Nlgn4 locus have been detected in autism patients (Chocholska et al.

2006; Macarov et al. 2007; Lawson-Yuen et al. 2008; Marshall et al. 2008).

These genetic findings appear to provide strong evidence for a role of the Nrxn/

Nlgn complex in the pathogenesis of ASDs. However, it is important to note that the

clinical manifestations in patients do not always correlate with the genetic

mutations. For example, identical mutations are found in symptomatic patients

and non-symptomatic relatives. The same mutations can also cause a completely

different phenotype in different individuals. Lawson-Yuen et al. described a family

where in which a microdeletion in Nlgn4 caused severe autism in one patient and

Tourette’s syndrome in the patient’s brother (Lawson-Yuen et al. 2008). Mutations

in Nrxn1a gene have also been found in individuals affected by schizophrenia

(Kirov et al. 2008; Walsh et al. 2008), suggesting that dysfunctions in synaptic cell

adhesion are characterised by the manifestation of a continuum of intellectual
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disabilities that includes autism and mental retardation. This is not surprising

considering that completely different gene mutations can cause similar clinical

manifestations, such as the ASDs (Morrow et al. 2008).

Although stronger genetic findings will better define the role of Nrxn/Nlgn

mutations in humans, it seems clear that the mutations associated with ASD are

not simply polymorphisms but always mutations that strongly affect the expression,

structures, or functions of proteins. Some autism-like phenotypes have also been

observed in Nlgn1, Nlgn3, and Nlgn4 mutant mice (Comoletti et al. 2004; Tabuchi

et al. 2007; Jamain et al. 2008; Blundell et al. 2010).

However, there is not a linear relationship between the genetic alteration and

phenotype manifestation in most human cases. It is still unclear why some non-

symptomatic individuals have the same mutations as affected people. This suggests

the existence of compensatory mechanisms or the concomitance of other unknown

genetic or non-genetic co-factors.

Interestingly, Nrxn1a mutations have been linked to schizophrenia (Kirov et al.

2008; Walsh et al. 2008), while Nrxn3 alterations have been connected to different

types of addiction (Hishimoto et al. 2007; Lachman et al. 2007). These data suggest

that mutations in genes encoding Nrxns and Nlgns definitively alter a number of

cognitive properties in humans.

The best method for ascertaining whether Nrxns and Nlgns mutations found in

humans are directly correlated with ADS manifestation is to develop animal models

for the same mutations. This has recently been done for three Nlgn mutations, the

Nlgn3 R451C substitution and the Nlgn1 and Nlgn4 loss-of-function mutations

(Tabuchi et al. 2007; Jamain et al. 2008; Blundell et al. 2010). Tabuchi et al.

reported the characterisation of R451C knockin mice. They showed that the mice

present normal motor and anxiety behaviours, but the social interaction was par-

tially impaired, and the spatial learning capability was largely increased.

However, this behavioural phenotype does not completely recapitulate the human

phenotype because the R415C substitution did not impair cognitive function in the

mice but causes severe intellectual disability in humans (Jamain et al. 2003). Consis-

tent with the idea that autism might be due to the alteration between the excitatory/

inhibitory balance, R451C mutant mice displayed an increase in inhibitory synaptic

transmission in the somatosensory cortex. However, another study reported that the

humanised R451Cmutation in mice did not result in apparent autism-like phenotypes

but produced detectable functional consequences that may be interpreted in terms of

physical development and/or reduced sensitivity to stimuli (Chadman et al. 2008).

Further research should aim to clarify the discrepancy between these two studies.

Nlgn3 knockout mice have shown a different phenotype compared with R451C

mutant mice, suggesting that the point mutation confers a gain function (Jamain

et al. 2003). The R451C mutation caused a local folding defect of the protein, which

is partially retained in the ER and degraded (De Jaco et al. 2010). Thus, these data

support the proposal that the R451C protein might sequester from synapse intracel-

lular partners like PSD-95, supporting the hypothesis that behavioural changes can

be linked to a subtle perturbation of synaptic functions.
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Finally, both Nlgn4 and Nlgn1 deletions caused an autism-like phenotype in

animal models (Jamain et al. 2008; Blundell et al. 2010). It is interesting to note that

in general single mutation or the deletion of Nlgns or Nrxns does not perturb the

overall synapse structure and formation, suggesting that these proteins are not

implicated simply in building the synapses, because small changes in their

functions can induce important changes in the neural network, causing cognitive

impairments. Thus, it would not be surprising if other members of the synaptic

adhesion molecules family are found to be mutated in ADS and intellectually

disabled patients or if other proteins mutated in ASD are synaptogenic proteins.

This could be the case of Interleukin-1 receptor accessory protein-like 1
(IL1RAPL1), in which mutations have been associated with cognitive impairment

ranging from non-syndromic X-linked (the gene is on the X chromosome) mental

retardation to autism (Carrie et al. 1999). IL1RAPL1 belongs to a novel family of Toll/

IL-1 receptors and shares 52% homology with the IL-1 receptor accessory protein

(IL-1RacP). As with the other members of IL-1 receptor family, it is characterised by

three extracellular Ig-like domains, a transmembrane domain, and an intracellular

Toll/IL-1R homology domain (TIR domain). Additionally, unlike other members in

the IL-1 receptor family, 150 additional amino acids (aa) occur at the C-terminal end.

It has been previously shown that IL1RAPL1 interacts with NCS-1 through this

intracellular region (Bahi et al. 2003) and that this interaction mediates the regulatory

effect of IL1RAPL1 overexpression on N-type voltage-gated calcium channel

(VGCC) activity in PC12 cells (Gambino et al. 2007).

More recently, we have shown that IL1RAPL1 can bind to PSD-95 and regulate

its phosphorylation and synaptic association by activating c-Jun terminal kinase

(JNK) (Pavlowsky et al. 2010) (Fig. 19.1). Interestingly, we also found that the

extracellular domains of IL1RAPL1 and IL1RAPL2 (the paralogue) are able to

induce presynaptic differentiation by binding to PTPd (unpublished results). Thus,

our data suggest that the IL1RAPL family of proteins have the function of a

classical synaptic adhesion molecule.

In conclusion, all the genetic and functional data suggest that mutations in one of

the multiple adhesion synaptic proteins were always associated with intellectual

disabilities, suggesting that all of these molecules play an essential role in

regulating synapses functions.
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Chapter 20

Synaptic Pathology of Down Syndrome

Craig C. Garner and Daniel Z. Wetmore

Abstract Down syndrome is characterized by mild to moderate cognitive

impairments that are caused by trisomy of chromosome 21. Several anatomical,

behavioral, electrophysiological, and developmental abnormalities have been

associated with Down syndrome. In this review, the current knowledge about the

neurobiology of this disease and future perspectives of pharmacological treatments

for this condition will be discussed.

Keywords Developement • Pharmacotherapy • Spinogenesis • Trisomie 21 •

Ts65Dn mice

20.1 Introduction

Down syndrome (DS) is caused by the triplication of chromosome 21 (Hsa21) and

occurs in about 1/700 live birth, with approximately 5% arising from the partial

triplication of Hsa21 genes (Egan et al. 2004; Morris and Alberman 2009).

Individuals with DS experience mild to severe intellectual disability with IQs

generally between 20 and 80 (Nadel 2003). Approximately 30% of individuals

with DS have congenital heart disease that can be treated surgically in the first year

of life (Roizen and Patterson 2003). Individuals with DS also exhibit craniofacial

abnormalities, muscle hypotonia, hypothyroidism, and leukemia as well as the

histopathology of Alzheimer’s disease (plaques and tangles) beginning as early as

the fourth decade of life (Wisniewski et al. 1985; Antonarakis et al. 2004). Infantile

seizures occur more commonly in DS than the typically developing population, and

seizure risk is also elevated for individuals over 40 concomitant with the emergence
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of Alzheimer’s disease (Roizen and Patterson 2003). Children with DS exhibit

developmental delays beginning in the first year of life including specific deficits in

speech, language (Roizen and Patterson 2003), and cognitive tasks that depend on

cerebellar, prefrontal, and hippocampal function (Nadel 2003; Pennington et al.

2003). Explicit long-term memory and verbal short-term memory are more

impaired in DS individuals, while associative learning and implicit long-term

memory are less affected (Lott and Dierssen 2010). Prior to 1960, the standard of

care for individuals with DS was on average very poor with mean life expectancy of

about 25 years. With improved medical care, individuals with DS are living longer

and are able to integrate more fully within their families, social networks, and

educational environments (Yang et al. 2002).

Since the seminal work by Lejeune demonstrating that the genetic cause of DS is

the triplication of chromosome 21 (Lejeune et al. 1959), physicians and scientists

have sought to understand how this trisomy gives rise to the varied phenotypes that

define DS (Patterson 2009). Based on the human genome project and careful

annotation of each genetic element, we now know that there are ~400 genes present

on Hsa21 as well as several microRNAs (Antonarakis et al. 2004; Nikolaienko et al.

2005; Patterson 2009). Most, but not all, genes are expressed at 1.5-fold normal

levels leading to the “gene-dosage hypothesis” that phenotypes associated with DS

are caused by the increased expression of at least a subset of these genes (Rachidi

and Lopes 2007). However, given the number of genes triplicated on Hsa21 as well

as variability in expression of both Hsa21 and non-Hsa21 genes in individuals with

DS, unraveling the genetics of individual phenotypes is a daunting task (Gardiner

2004). Particular insights have come from the analysis of human patients with

partial Hsa21 trisomy (Korenberg 1990; Korenberg et al. 1994) as well as mouse

models created since 1990 that contain a third copy of different sets of genes

homologous to those on Hsa21 (Davisson et al. 1990; Reeves et al. 1995; Olson

et al. 2004; Korbel et al. 2009). These studies have allowed investigators to identify

genes linked to reduced cellularity in the brain, leukemia, and heart defects

(Korenberg et al. 1992; Baek et al. 2009; Roper et al. 2009).

Insight concerning which genes are causally linked to cognitive impairment

remains incomplete. Early studies of partial trisomy of Hsa21 proposed that a small

chromosomal region, called the “Down syndrome critical region” (DSCR), accounted

for hallmark features ofDS (Delabar et al. 1993), but subsequent research disputes this

finding (Korenberg et al. 1994).Mousemodels ofDSwith trisomy for various portions

of regions syntenic to Hsa21 have also reached contradictory and difficult to interpret

conclusions about the DSCR (Patterson 2009). Olson and colleagues found that

triplicating only the DSCR is necessary but not sufficient to cause brain phenotypes

in mice (Olson et al. 2007), while another study found the DSCR to be sufficient for

behavioral and physiological phenotypes in mouse models of DS (Belichenko et al.

2009a). Recent studies point to cognitive impairment being the consequence of

complex alterations in the expression of both Hsa21 and non-Hsa21 genes (Gardiner

2004), suggesting that the assignment of specific genes to specific cognitive or

behavioral phenotypes in DS may not be possible.
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Classical translational strategies develop therapies based on knowledge of spe-

cific target genes (Wetmore and Garner 2010). In DS, this approach appears to be

untenable due to the complexity of genetic interactions, leading many to conclude

that DS is too complex to understand on a genetic basis much less to develop

rational pharmacotherapies. However, in the last decade, neurobiological studies in

mouse models of DS have described anatomical, behavioral, electrophysiological,

and developmental abnormalities associated with DS. These studies, examining the

output properties of synapses and neuronal circuits within a systems neurobiology

framework, have ushered in an era of optimism for pharmacotherapies based on

manipulating synaptic, neuronal, and circuit function. In mouse models of DS, a

number of groups have used drugs to restore neural circuits and behavior to wild-

type levels. Based on this research framework, several potential pharmacotherapies

have or will soon begin testing in clinical trials, providing new hope for parents and

individuals with DS. To better understand the mechanistic basis for these

pharmacotherapeutic strategies, we present a brief review of basic research insight

concerning brain function in DS.

20.2 Synaptic and Anatomical Abnormalities in DS

There is increasing evidence that disrupted cognitive function in DS is a conse-

quence of altered synaptic function and a reduced capacity of neuronal circuits to

acquire, store, and share information. Initial evidence that synaptopathies underlie

cognitive dysfunction in DS came from anatomical studies by Marin-Padilla and

Becker. These studies revealed dendritic dysgenesis, including reduced dendritic

ramification and diminished synapse formation in infants with DS (Becker et al.

1991; Becker 1991). Abnormal spinogenesis within the first 2 years of life is also

present in DS. Dendritic spines fail to achieve a normal mature morphology and/or

exhibit enlarged atrophic spine head structures (Marin-Padilla 1976). Given the

relationship between synaptogenesis and dendritic growth (Meyer and Smith 2006),

these observations imply either direct synaptic dysfunction or shifts in the func-

tional connectivity of neuronal populations within these circuits.

Magnetic resonance imaging of individuals with DS has shown that some brain

regions are more severely affected in DS, including the hippocampus, cortex, and

cerebellum (Kesslak et al. 1994). These anatomical findings are consistent with

neuropsychological assessments demonstrating that learning and memory dysfunc-

tion in DS is not equally affected across all brain areas but disproportionately

affects the hippocampus and prefrontal cortex (Nadel 2003; Pennington et al.

2003). As discussed further below, the reduced size of these brain regions is caused

by reductions in the ramification of dendritic arbors, synaptogenesis, and neuronal

cell numbers (Ross 1994; Weitzdoerfer et al. 2001). For example, there are specific

reductions in the number of interneuron pools in the developed neocortex, granule

cells in the cerebellum, and principle neurons in the hippocampus (Schmidt-Sidor

et al. 1990; Golden and Hyman 1994; Weitzdoerfer et al. 2001).
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20.3 Mouse Models of DS

Further insights into the contribution of synaptic dysfunction to intellectual disabil-

ity in DS have come from the analysis of a growing number of mouse models that

recapitulate many of the phenotypes observed in individuals with DS. Predictably,

creating DS mouse models involves the triplication of mouse genes that are

syntenic with Hsa21 genes (Moore and Roper 2007; Gardiner et al. 2010). In the

mouse, Hsa21 genes are segregated into three large sections of the mouse genome,

with mouse chromosomes 10 (Mmu10) and 17 (Mmu17) containing ~50 genes each

and the distal end of Mmu16 an additional ~150 genes (Pletcher et al. 2001;

Gardiner 2009; Patterson 2009). Two of the most well-studied mouse models of

DS—the Ts65Dn and Ts1Cje lines—were created by Robertsonian translocations

of the distal end of Mmu16 onto other chromosomes (Davisson et al. 1990; Villar

et al. 2005). More recently, chromosomal engineering, which allows the duplication

or deletion of large chromosomal segments, has permitted the creation of a set of

partially trisomic mouse models that include subsets of genes from Mmu10, 16,

and/or 17 (Olson et al. 2004; Patterson 2009; Pereira et al. 2009; Yu et al. 2010).

Another mouse model of DS, though a mosaic, was generated by introducing nearly

all of Hsa21 into the mouse genome (O’Doherty et al. 2005). As reviewed else-

where, nearly all of these models exhibit reduced hippocampal learning and mem-

ory function, though the expression of other DS-related phenotypes are more

restricted, allowing investigators to identify specific set of genes that appear to be

causal for leukemias, decreased cellularity in the cerebellum, and heart disease

(Liu et al. 2011; Patterson 2009; Gardiner et al. 2010; Das and Reeves 2011).

20.4 Neurobiological Studies in Mouse Models of DS

To date, the Ts65Dn mouse has been most thoroughly studied. Similar to

individuals with DS, Ts65Dn mice exhibit craniofacial abnormalities, decreased

brain size and cell counts, and reduced hippocampal-dependent long-term memory

(Reeves et al. 1995; Fernandez et al. 2007; Fernandez and Garner 2008; Gardiner

et al. 2010). Ts65Dn mice exhibit deficits navigating the Morris water maze

(Reeves et al. 1995; Holtzman et al. 1996), reduced performance in the radial arm

maze task (Demas et al. 1996, 1998), a lower percentage of alternation in a T-maze

(Fernandez et al. 2007), and learning deficits during contextual fear conditioning

(Hyde et al. 2001). In the novel object recognition (NOR) task, Ts65Dn mice fail to

discriminate between familiar and novel items with a 24-hour delay between

training and testing (Fernandez et al. 2007). Taken together, these observations

suggest that Ts65Dn mice effectively recapitulate key features of DS despite not

being trisomic for all Hsa21 genes. Neurobiological findings in Ts65Dn mice form

the foundation for potential pharmacotherapies in DS.
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Investigators have carefully examined the anatomical and physiological

characteristics of neuronal circuits in Ts65Dn mice and identified abnormalities

that parallel observations from individuals with DS (Aldridge et al. 2007). Ts65Dn

mice exhibit hypocellularity and reduced synaptogenesis in neocortex (Aldridge

et al. 2007; Chakrabarti et al. 2007), including less-complex dendritic arbors of

layer 3 neurons in the frontal cortex (Kurt et al. 2000; Dierssen et al. 2003).

Similarly, reductions in neuronal and excitatory synapse density have been

observed in different subregions of the hippocampus, including CA1, CA3, and

the dentate gyrus (DG) (Kurt et al. 2004). Conceptually, the lower number of

excitatory synapses implies that trisomy may alter the rates of formation, stability,

or plasticity of these synapses. Alternatively, disuse caused by increased inhibitory

tone or altered neuromodulatory function (cholinergic, noradrenergic, or serotoner-

gic) could account for these changes in dendritic complexity and excitatory synapse

number. Initial electrophysiological analysis of synaptic plasticity in the CA1 region

of the hippocampus of Ts65Dn mice revealed reduced NMDA receptor–dependent

long-term potentiation (LTP) of excitatory synaptic transmission and enhanced

long-term depression (LTD) (Siarey et al. 1999; Kleschevnikov et al. 2004; Siarey

et al. 2006; Fernandez et al. 2007; Belichenko et al. 2009b). These findings suggest

that excitatory synapses maintain the capacity for plasticity but have an altered set

point biased toward long-term depression.

The net effect on neural circuit function of these various anatomical and

electrophysiological findings requires further study to determine their combined

effect on cognitive function. One recent study investigated synaptic connectivity

and function into and within the CA3 region of hippocampus in Ts65Dn mice.

Hanson and colleagues found decreased excitatory and inhibitory input to CA3 but

excess connectivity and normal LTP among associational connections between

CA3 pyramidal neurons (Hanson et al. 2007). But what is the cause of dysfunction

in hippocampal circuits? One hypothesis posits that increased inhibition in the

hippocampus in DS impairs synaptic plasticity. A number of anatomical, physio-

logical, and genetic studies support this hypothesis (see below).

20.5 Genetic Causes of Synaptic Dysfunction that Lead

to Over-Inhibition in Ts65Dn Mice

Functional, anatomical, and behavioral studies clearly suggest that one cause for

impaired cognitive function in DS is excessive inhibitory tone in at least some

neuronal circuits. What are the physiological, developmental, and genetic causes of

this enhanced inhibitory drive in Ts65Dn mice? Mechanistically, changes in inhib-

itory tone and cognitive function could arise as a homeostatic response to periods of

hyperexcitability as is thought to occur in Alzheimer’s disease (Palop et al. 2007;

Palop and Mucke 2009). Alternatively, over-inhibition could be a direct conse-

quence of the triplication of Hsa21 genes that control inhibitory interneuron number
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or function. The analysis of partial trisomies in mouse models have failed to

identify specific genes linked to reduced cognition. This suggests that imbalances

in neuronal circuit function involve incremental contributions from many genes.

Consistent with this concept, the analysis of genes triplicated on Hsa21 revealed

that many encoded proteins regulate the transcription, translation, and activity of

synaptic proteins, neuronal cell number, or the electrophysiological properties of

neurons (see Gardiner and Costa 2006; Patterson 2009; Gardiner et al. 2010). As

there are several excellent reviews on this topic, we will only touch on a few such

genes present on Hsa21 with known links to synaptic function.

Two Hsa21 genes (ITSN1 and SYNJ1) encode proteins (intersectin and

synaptojanin, respectively) involved in vesicle endocytosis at synapses. Intersectin

is a multi-domain adaptor protein that functions in concert with dynamin and

synaptojanin, among others, to orchestrate the retrieval of synaptic vesicle proteins

in a clathrin-dependent manner (De Camilli 2004; Dittman and Ryan 2009).

Synaptojanin 1, a phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] phospha-

tase, dephosphorylates phospholipids at the site of synaptic vesicle endocytosis

(Voronov et al. 2008). Altering the expression level of these proteins has been

shown to impair the efficient retrieval of synaptic proteins at low stimulus fre-

quency and cause deficits in spatial learning of mice in the Morris water maze

(Voronov et al. 2008).

Intriguingly, the activity of synaptojanin 1, and other endocytic proteins, is

regulated by a pair of Hsa21 genes, DYRK1a and DSCR1. DYRK1a encodes a

protein kinase that phosphorylates synaptojanin 1, dynamin 1, and amphiphysin,

regulating their interaction and synaptic vesicle endocytosis (Adayev et al. 2006;

Murakami et al. 2006). Conversely, the Down syndrome critical region gene 1

(DSCR1) encodes a protein that regulates calcineurin, a calcium-sensitive protein

phosphatase that dephosphorylates synaptojanin1 during nerve terminal depolari-

zation (Rothermel et al. 2003; Lee et al. 2004) and genetically interacts with Dyrk1a

(Arron et al. 2006). Functionally, the activity of Dscr1, also known as regulator of

calcineurin (RCAN1), controls both synaptic vesicle fusion pore kinetics and

endocytosis (Keating et al. 2008; Kim et al. 2010).

A simple interpretation of these data is that this collection of proteins alters

presynaptic function in DS by changing synaptic vesicle release probability and/or

the size of the vesicle pool during periods of neuronal excitability. How this might

affect synaptic transmission and the properties of neuronal circuits is as yet unclear.

Several issues contribute to this confusion. First, most published data on these

molecules are from transgenic and knockoutmice, and researchers have not examined

how modulating the expression levels of these genes within trisomic neurons affects

synaptic function. Second, studies have not explored whether these molecules have

specific effects on inhibitory, excitatory, or neuromodulatory neurons—or more

restricted subsets of cells. Finally, none of these molecules function solely within

presynaptic boutons; each also participates in vesicle recycling and transport in other

compartments. For example, Dyrk1a and calcineurin regulate the activity of NMDA

receptors. Accordingly, these genes affect NMDA-dependentmechanisms of synaptic

plasticity (Altafaj et al. 2008; Sanderson and Dell’acqua 2010). Moreover, they
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regulate neurogenesis (Dierssen et al. 2006), dopaminergic dysfunction in motor

disorders (Martinez de Lagran et al. 2007), and the phosphorylation of themicrotubule

associated protein tau (Woods et al. 2001a).

20.6 Support for the Over-Inhibition Hypothesis

for Cognitive Dysfunction in DS

The over-inhibition hypothesis of cognitive dysfunction in DS is based on studies

investigating anatomy, development, and physiology in mouse models of DS. LTP

is reduced in the DG (Kleschevnikov et al. 2004; Fernandez et al. 2007), but

incubating slices from Ts65Dn mice with the noncompetitive GABAA receptor

antagonist picrotoxin restored LTP in both the DG and CA1 (Kleschevnikov et al.

2004; Costa and Grybko 2005). Consistent with this finding, Belichenko and

colleagues found that there were more GAD65 immunoreactive GABAergic

synapses in the hippocampus and a shift in the location of inhibitory synapses

onto dendritic spines, a connectivity pattern that occurs infrequently in wild-type

mice (Belichenko et al. 2004). Intriguingly, these changes are associated with

altered spine morphology in these circuits as seen in DS individuals. These inhibi-

tory synapses have slightly larger apposition length, implying that these synapses

may be stronger (Belichenko et al. 2004, 2009b). Functionally, inhibitory synapses

onto DG cells exhibit higher synaptic vesicle release probability as well as

increased mini-IPSC frequency with no change in amplitude (Kleschevnikov

et al. 2004; Chakrabarti et al. 2010). Consistent with increased inhibitory drive

suppressing otherwise normal plasticity at excitatory synapses, the reduced NMDA/

AMPA ratio at excitatory Ts65Dn synapses is normalized by reducing extracellular

Mg2+ to unblock NMDA receptors or by the addition of picrotoxin to block GABAA

receptors (Kleschevnikov et al. 2004).

These studies raise a number of fundamental questions: Is there enhanced

inhibitory tone within these circuits in vivo? Can increased inhibitory drive account

for impaired hippocampal-based learning in Ts65Dn mice? What genes underlie

enhanced inhibitory drive within these hippocampal circuits? Are changes in

GABAergic synaptic function the sole cause of impaired learning and memory in

Ts65Dnmice and individuals with DS? And is reduced learning in other neurodeve-

lopmental or neurodegenerative mouse models caused by enhanced inhibitory tone?

Three Hsa21 genes—GIRK2, Olig1, and Olig2—have recently emerged as poten-

tial modulators of excessive inhibitory tone within neuronal circuits in mouse models

ofDS (Gardiner andCosta 2006; Patterson 2009; Chakrabarti et al. 2010; Cramer et al.

2010). GIRK2 is a subunit of a G protein coupled inwardly rectifying potassium

channel whose gene, Kcnj6, is present on Hsa21 (Hattori et al. 2000). These channels

localize within dendrites of CA1 pyramidal cells and other neurons (Drake et al. 1997;

Koyrakh et al. 2005). GIRK2-containing channels reduce membrane potential and

increase shunting, thus reducing neuronal excitability (Ehrengruber et al. 1997).
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Lower excitability is thought to impede NMDA-dependent plasticity and lead to

learning and memory dysfunction. This motivated Galdzicki and colleagues to exam-

ine its potential role in excessive inhibitory tone and impaired synaptic learning

mechanisms in Ts65Dn mice (Best et al. 2007; Cramer et al. 2010). Baclofen, a

GABAB agonist, caused a dramatic activation of GIRK channels in Ts65Dn compared

towild-typemice (Harashima et al. 2006; Best et al. 2007). This suggests that coupling

betweenGABAB receptors andGIRK2 channels is enhanced inCA1 neurons andmay

potentially account for the impaired expression of LTP in the hippocampus (Siarey

et al. 1999, 2006; Kleschevnikov et al. 2008).

An alternative/complementary mechanism of increased inhibitory tone within

the DS hippocampus is due to increased output of inhibitory neurons. Several

electrophysiological studies suggest that inhibitory GABAergic drive onto princi-

ple neurons in the cortex and hippocampus is elevated as measured by an increase in

mini-IPSC frequency (Kleschevnikov et al. 2004; Chakrabarti et al. 2010).

Kleschevnikov and colleagues observed paired pulse depression at inhibitory

synapses in the hippocampus, suggesting that higher synaptic vesicle release

probability may be one cause of over-inhibition (Kleschevnikov et al. 2004).

A recent study by Chakrabarti et al. proposes an alternative or complementary

mechanism of increased inhibition mediated by an increased number of

parvalbumin, somatostatin, and calbindin interneurons in the neocortex and

parvalbumin interneurons in the hippocampus (Chakrabarti et al. 2010). Specifically,

these authors considered whether two basic helix-loop-helix (bHLH) transcription

factors, Olig1 and Olig2, implicated in interneuron neurogenesis (Ma 2006;

Miyoshi et al. 2007) and triplicated in DS, regulate interneuron number and

enhance mini-IPSC frequency in Ts65Dn mice. Intriguingly, they found that genet-

ically expressing Olig1 and Olig2 in two copies in Ts65Dn mice restored interneu-

ron number and normalized spontaneous IPSCs onto CA1 pyramidal cells

(Chakrabarti et al. 2010).

To examine the question of the effect of inhibition in vivo, Fabian Fernandez in

my laboratory investigated whether low doses of one of three different noncompet-

itive GABAA receptor antagonists—picrotoxin, bilobalide, and pentylenetetrazol—

administered once daily for ~2 weeks to young adult Ts65Dn mice (2–4 months of

age) improved long-term memory (Fernandez et al. 2007). Intriguingly, all three

drugs led to a long-lasting normalization of cognitive function (1 week to 2 months

posttreatment), leading to improved performance in hippocampal-dependent tasks

such as novel object recognition and T-maze alteration to levels identical to their

wild-type littermates (Fernandez et al. 2007). The long-lasting nature of the

improvement implies that stable neuroadaptive changes occur within these circuits

due to drug therapy, a concept consistent with the capacity of these circuits to

undergo LTP in slice studies without the addition of picrotoxin after GABAA

antagonist therapy (Fernandez et al. 2007).

Together these datamake a strong case that enhanced inhibitory tone is at least one

cause of reduced cognitive function in Ts65Dnmice and possibly individualswithDS.

Importantly, these studies provide the first clues that the triplication of Hsa21 genes

does not permanently impair brain function, providing a potential path for developing
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effective therapies for treating cognitive impairment in DS (see below). Moreover,

studies in mouse models of Alzheimer’s disease or neurofibromatosis type 1 reveal

that over-inhibition of neuronal circuits is a common cause of reduced cognitive

function (Fernandez and Garner 2007; Cui et al. 2008; Yoshiike et al. 2008).

20.7 Emerging Pharmacotherapies in Down Syndrome

With an increased understanding of the cellular and molecular mechanisms under-

lying synaptic and circuit dysfunction in DS, it has become possible to consider

potential drug therapies to normalize function. Although our discussion has focused

primarily on synaptic dysfunction in DS, restoring cognitive function across brain

areas can be achieved with therapies that normalize synaptic plasticity and/or

address neuronal cell loss. As discussed above, there is reduced cellularity in the

cerebellum, neocortex, hippocampus as well as neuronal atrophy in several brain

nuclei. Studies by Roger Reeves and colleagues have recently shown that reduced

cellularity in the cerebellum is caused by deficiencies in sonic hedge hog (Shh)

signaling (Roper et al. 2006, 2009). Remarkably, administering a single dose of Shh

pathway agonist SAG1.1 at postnatal day 1 returned cerebellar granule cell num-

bers to wild-type levels (Roper et al. 2006). However, developing such a treatment

for DS could be quite challenging, as it would likely require an in utero intervention

during human embryogenesis.

In the hippocampus, reduced cellularity in the adult has been linked to a slowing

of cell progression through the cell cycle in neuronal stem cell populations

(Chakrabarti et al. 2007; Contestabile et al. 2007). In wild-type mice, enriched

environment, exercise, and approved selective serotonin reuptake inhibitor

fluoxetine (Prozac™, Eli Lilly, Indianapolis, IN) have been found to increase

hippocampal neurogenesis. In Ts65Dn mice, enriched environment and increased

exercise have no effect on learning hippocampal neurogenesis in Ts65Dn mice

(Martinez-Cue et al. 2002, 2005; Llorens-Martin et al. 2010). Intriguingly, several

groups have observed that prolonged administration (~2 weeks) of low doses

of fluoxetine normalized neurogenesis and cognition in adult Ts65Dn mice (Clark

et al. 2006; Bianchi et al. 2010). These results indicate that restoring this neuronal

population, thought to be critical for learning and memory, is feasible via an

FDA-approved drug in individuals with DS.

Studies by Bill Mobley and colleagues have examined the cause of neuronal

atrophy of basal forebrain cholinergic neurons (BFCN) as well as norepine-

phrinergic neurons in the locus coeruleus (LC) (Holtzman et al. 1996; Salehi

et al. 2009). The health of both of these neuronal populations was found to be

compromised by reduced nerve growth factor (NGF) signaling (Cooper et al. 2001).

Importantly, this phenotype can be rescued by delivering exogenous NGF to BFCN

and LC (Cooper et al. 2001; Salehi et al. 2009). Mechanistically, three copies of

APP, a gene associated with Alzheimer’s disease (Wisniewski et al. 1985;

Kamenetz et al. 2003), were shown to be responsible for impaired NGF signaling
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by disrupting the retrograde transport of NGF signaling endosomes from axon

terminals to the cell soma (Salehi et al. 2006). Conceptually, the administration

of small molecule orthologs of NGF (Longo et al. 2007) could restore the health of

these cells and ultimately the synaptic release of acetylcholine or norepinephrine,

respectively.

Alternatively, one could imagine a therapy based on the exogenous delivery of

drugs that enhance neurotransmitter function as currently used to treat Parkinson’s

disease (e.g., L-dopa) (Merims and Giladi 2008) and Alzheimer’s disease (e.g.,

donepezil) (Prasher 2004; Birks and Harvey 2006). Due to the high prevalence of

early onset Alzheimer’s disease in DS, pharmacotherapies for DS based on drugs

approved for Alzheimer’s disease have been proposed and tested in both mice and

humans. Strategies to boost acetylcholine levels include administering acetylcho-

linesterase inhibitors such as donepezil (Aricept™, Pfizer, New York, NY). Unfor-

tunately, donepezil is not efficacious in Ts65Dn mice (Rueda et al. 2008), and

efficacy in individuals with DS is inconclusive (Kishnani et al. 2009). Initial studies

by Ahmad Salehi and colleagues to compensate for reduced norepinephrine

levels in the hippocampus have met with some success (Salehi et al. 2009). His

group administered a norepinephrine prodrug, L-DOPS (Droxidopa™, Sumitomo

Pharmaceuticals, Tokyo, Japan and Chelsea Therapeutics, Charlotte, NC) or

xamoterol, to Ts65Dn mice. These treatments improved contextual (but not cue)

fear conditioning, a behavior linked to both hippocampal and amygdalar function,

as well as nest building, an ADHD-related behavior (Salehi et al. 2009). However,

these therapies are complicated as metabolites stimulate adrenergic receptors in the

heart (Salehi et al. 2009). Alternatives include three FDA-approved drugs,

guanfacine, an a2-adrenergic agonist, and the ADHD drugs Focalin and risperidone

(Kolar et al. 2008). However, each requires formal testing in animal models and

subjects with DS.

By many criteria, a root cause of delayed speech, language development, and

higher order cognitive function in DS is the inability of individuals with DS to convert

experiences and sensory information into long-termmemory. Anatomical, physiolog-

ical, and neuropsychological assessments point to impaired hippocampal-dependent

learning and memory consolidation in the cortex. In the hippocampus, increased

inhibitory tone has emerged as a likely cause of disrupted learningwithin these circuits

(Fernandez and Garner 2007; Fernandez et al. 2007). As discussed above, increased

inhibitory tone has been linked to the enhanced release ofGABA froma larger number

of inhibitory interneurons (Kleschevnikov et al. 2004; Chakrabarti et al. 2010), the

hyperpolarization of dendritic arbors through the increased activity of G protein

coupled inwardly rectifying potassium channels (Harashima et al. 2006; Best et al.

2007), and the inability to activateNMDAreceptors due toMg2+block (Kleschevnikov

et al. 2004). Since 2007, strategies designed to modulate each of these have

been explored for their therapeutic potential. The first directly evaluated the

concept of excessive inhibitory tone by administering low daily doses (3 mg/kg)

of a noncompetitive GABAA receptor antagonist such as pentylenetetrazol (PTZ)

(Fernandez and Garner 2007; Fernandez et al. 2007). This 2–3-week regimen

was extremely robust generating improvements in learning that lasted for
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months (Fernandez et al. 2007; Rueda et al. 2008). It was also associated with

restoration of hippocampal LTP, supporting a concept that this therapy elicits a

neuroadaptive change in inhibitory tone that leads to long-lasting changes in

neural circuit function that support improved synaptic plasticity and learning

(Fernandez et al. 2007). Importantly, these studies were performed in adult mice

indicating that trisomy does not permanently damage these circuits. Our recent

studies showing that PTZ is efficacious in mice from 2 to 18 months support this

concept (Colas et al. 2012). A principle concern of this strategy is that at high

doses PTZ can induce seizure or reduce the threshold for seizure via “kindling”

(Mason and Cooper 1972). Moreover, approximately 10% of young DS children

have increased susceptibility to seizures, so clinical development of GABAA

receptor drugs requires careful design and safety controls (Fernandez and Garner

2007). Preclinical studies on PTZ are helping to minimize these concerns. Specif-

ically, we have found that PTZ is efficacious at doses more than 500-fold below

doses that cause kindling and seizure. This treatment strategy does not increase

the excitability of brain circuits in these animals nor reduce their threshold for

seizure (Colas, Heller, Personal communication). A development path for PTZ is

now in place allowing clinical studies to begin by spring 2012. Excitingly, drugs

that target specific GABAA receptor subtypes, such as those containing the a5
subunit, could provide a larger therapeutic window for treatment targeting

GABAA receptors (Delatour et al. 2009). However, more work is required to

develop safe a5-specific compounds (Atack 2010).

Provocative alternatives to drugs targeting GABAA receptor are those designed to

antagonize GABAB receptors, NMDA receptors, or Dyrk1a. As discussed above,

GABAB receptors are G protein–coupled receptors capable of activating inwardly

rectifying potassium channels. Initial studies with the GABAB antagonist CGP53432

improved LTP in Ts65Dn hippocampal slices (Kleschevnikov et al. 2008), indicating

that this strategy may offer additional therapeutic potential. Given the important role

of NMDA receptors in synaptic plasticity, the Costa group has initiated studies to

examine whether the noncompetitive NMDA receptor antagonist memantine

(Namenda™, Forest Laboratories, New York, NY), currently used to treat cognitive

impairment in AD, can facilitate learning in DS. Their rationale is that three copies of

DSCR1, an inhibitor of calcineurin, is predicted to increaseNMDA receptor open time

and open probability in DS (Costa et al. 2008). Together with GABAB- and GIRK-

induced hyperpolarization of dendritic membranes, this altered NMDA activation

could lead to enhanced Mg2+ block of NMDA receptors and impaired synaptic

plasticity. Although somewhat counterintuitive, this therapeutic strategy is based on

the hypothesis that using memantine to reduce NMDA receptor activation would lead

to fewer receptors stuck in an inactive state due toMg2+ block, thus enabling synaptic

plasticity to take place normally. Using acute dosing and fear conditioning in DS

mouse models, Costa and colleagues showed that memantine improved contextual

fear conditioning, a form of hippocampal-dependent learning (Costa et al. 2008;

Siddiqui et al. 2008). Clinical studies with this FDA-approved drug are underway.

A final pharmacotherapy relevant to DS is based on reducing the activity of

Dyrk1a. As discussed above, this kinase phosphorylates a large number of proteins
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associated with neurogenesis, neurotransmission, and microtubule assembly

(Woods et al. 2001a, b; Murakami et al. 2006). Relevant targets in the synapse

include the endocytic proteins synaptojanin, amphiphysin, and dynamin which are

known to control both synaptic vesicle recycling and glutamate receptor function

(Adayev et al. 2006; Altafaj et al. 2008; Kim et al. 2010). Epigallocatechin-3-

gallate (EGCG), the major polyphenolic compound present in green tea, inhibits

Dyrk1a activity and improves learning in transgenic Dyrk1a mice (Guedj et al.

2009). In hippocampal slices from Ts65Dn mice, EGCG enhances the induction of

LTP in CA1 pyramidal cells (Xie et al. 2008). However, the mechanism of action of

EGCG is also unclear as doses greater than 20 mM inhibit targets other than Dyrk1a

(Xie et al. 2008). Nonetheless, these results are promising, and clinical trials with

EGCG in DS are underway in Spain. Thus, while drinking green tea may have some

cognitive benefits, employing EGCG as a pharmacotherapy in DS may require the

development of compounds with yet higher specificity for Dyrk1a to reduce

unpredictable off-target affects.

20.8 Closing Remarks and Future Directions

In the last decade, remarkable advances have been made in our understanding of the

causes of cognitive dysfunction in DS and potential pharmacotherapeutic strategies

to address them. For individuals with DS and their families, there is increasing hope

that basic and clinical research will lead to approved drug therapies that allow

individuals with DS to reach their full potential. However, much work remains for

researchers and clinicians. Additional physiological studies, including in vivo

recordings, in mouse models of DS are needed to better understand how trisomy

of many hundreds of genes affects neuronal circuit function. In parallel, studies

focused on the effect of trisomy on molecular pathways and genetic modules can

contribute new insight about the causes of dysfunction and identify new drug

targets that offer greater efficacy and safety. In addition to these basic research

efforts, resources must be committed to translating these findings from bench to

bedside through close partnership with clinicians, clinical development experts, and

the biotech and pharmaceutical industries.
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Chapter 21

The Synaptic Pathology of Drug Addiction

Michel C. Van den Oever, Sabine Spijker, and August B. Smit

Abstract A hallmark of drug addiction is the uncontrollable desire to consume drugs

at the expense of severe negative consequences. Moreover, addicts that successfully

refrain from drug use have a high vulnerability to relapse even aftermonths or years of

abstinence. In this chapter, we will discuss the current understanding of drug-induced

neuroplasticity within the mesocorticolimbic brain system that contributes to the

development of addiction and the persistence of relapse to drug seeking. I particular,

we will focus at animal models that can be translated to human addiction. Although

dopaminergic transmission is important for the acute effects of drug intake, the long-

lived behavioral abnormalities associated with addiction are thought to arise from

pathological plasticity in glutamatergic neurotransmission. The nature of changes in

excitatory synaptic plasticity depends on several factors, including the type of drug,

the brain area, and the time-point studied in the transition of drug exposure to

withdrawal and relapse to drug seeking. Identification of drug-induced neuroplasticity

is crucial to understand how molecular and cellular adaptations contribute to the end

stage of addiction, which from a clinical perspective, is a time-point where pharma-

cotherapy may be most effectively employed.
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21.1 Introduction

Drug addiction is characterized by compulsive drug-taking behavior and high rates of

relapse. This addiction behavior cycle continues despite severe negative consequences

for the affected individual. In addicts, the behavioral repertoire is narrowed down to

drug seeking, drug taking, and recovering from drug use. Unfortunately, existing

treatment of drug addiction is still relatively ineffective because it is compromised

by high relapse rates. To develop better pharmacotherapy or other means of interven-

tion, such as deep brain stimulation, research in the years to come must reveal the

neurobiological underpinnings of addiction. In particular, compulsive drug-taking,

long-term vulnerability to relapse to drug seeking and the mechanisms bywhich drug-

associated stimuli (cues) control addictive behaviors need to be addressed.

Accumulating evidence indicates that the development and persistence of addiction

involves mechanisms of synaptic plasticity similar to traditional neuronal models of

learning and memory, such as long-term potentiation (LTP) and long-term depression

(LTD). Therefore, identification of the effects of drug exposure on cellular and

molecular mechanisms of synaptic plasticity is thought to hold strong promise for

the development of more effective pharmacotherapy. Also, understanding the neuro-

nal circuitry of addiction in more detail will aid in designing intervention strategies

using novel deep brain stimulation and optogenetics technologies.

From an evolutionary perspective, brain reward systems have evolved to medi-

ate appropriate responses to natural rewards (e.g., food, sex), which are crucially

important for survival of an organism. An integral part of the brain’s reward

circuitry is the mesocorticolimbic dopamine system, comprising dopaminergic

neurons in the ventral tegmental area (VTA) and the brain regions to which these

dopaminergic neurons project, including the ventral striatum (nucleus accumbens

(NAc)), the dorsal striatum, the prefrontal cortex (PFC), and the amygdala (Hyman

et al. 2006). Dopaminergic transmission within these brain regions is important for

reinforcement learning, motivation, and goal-directed behavior (Schultz 1998;

Tzschentke 2001), processes that drive the pursuit of rewards and the responding

to reward-predictive stimuli. This neural circuitry that is essential for survival can

be acted upon by powerful reinforcers, e.g., drugs of abuse, to take control over

normal behavior and producing a state referred to as addiction.

To date, for most drugs of abuse, the molecular site(s) of action and the sequence

of cellular events that follow acute drug administration have been identified.

Although the direct pharmacological actions differ between these drugs, a similar

direct or indirect effect has been observed for most drugs on dopamine release. For

instance, opiates bind directly to m-opioid receptors located on presynaptic

terminals of GABAergic interneurons within the VTA (Gysling and Wang 1983).

Stimulation of these receptors reduces tonic and stimulated release of GABA,

thereby increasing the firing rate of VTA dopaminergic neurons (Di Chiara and

North 1992). Amphetamine-like psychostimulants elevate extracellular levels of

dopamine by limiting reuptake of dopamine by the dopamine transporter (Williams

and Galli 2006), whereas nicotine increases firing frequency of dopaminergic

neurons by directly binding to nicotinic acetylcholine receptors on dopaminergic

cells (Mereu et al. 1987). The common action of most drugs of abuse to stimulate
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dopaminergic transmission suggests that the VTA and its dopaminergic target areas

are likely substrates for drug-induced adaptations in synaptic plasticity that in turn

sustain addictive behavior. Therefore, the majority of studies in the addiction field

have focused on plasticity changes that occur in the mesocorticolimbic system as a

consequence of drug exposure. In this chapter, we will discuss drug-induced effects

on physiological plasticity in the mesocorticolimbic system and the potential

molecular mechanisms that may support the addiction state.

21.2 Animal Models of Addiction

Behavioral symptoms characteristic of drug addiction can be successfully modeled

in animals. This holds for a broad spectrum of scientific criteria, face, predictive,

construct, and external validity (Epstein et al. 2006; Van der Staay et al. 2009).

Face validity: Both rat and mouse models offer face validity in the sense that

homologous neuroanatomic structures are affected in these rodent models and in

human addicts, namely the mesocorticolimbic system (Hyman 2005). Imaging

studies and rodent models implicate frontal cortical areas in conditioned drug-

seeking responses (Childress et al. 1999; Goldstein and Volkow 2002; Kalivas

and Volkow 2005). However, the resolution and detailing of neuronal substrates

and their spatiotemporal involvement need further investigation.

Predictive validity: Concerning the use of therapy, predictive validity is cer-

tainly true for the rat and mouse models (Crombag et al. 2008; Epstein et al. 2006).

However, due to lack of detail in the mechanistic underpinning of addiction, this

still has not led to systematic treatment in patients.

Construct validity: Because the nature of the addiction is quite well understood,

construct validity seems adequately addressed. Animal models, in particular those

involving self-administration (see below), mimic the pathology, the symptomatol-

ogy, and the etiology of the disease to a large extent.

External validity: Rat and mouse self-administration models, including cue-

induced relapse, are frequently used and are well translatable to the human condi-

tion (Epstein et al. 2006).

Taken together, animal models in addiction research are adequate at various

levels of translation to the human condition. Further work into the spatiotemporal

adaptation of circuitry, the mechanisms of relapse, and the (epi-)genetic differences

in vulnerability needs to be addressed.

When interpreting the effects of drugs of abuse in animal models, it is important to

consider the method of drug administration: noncontingent administration (i.e., pas-

sive exposure, administered by the experimenter) versus contingent administration

(i.e., self-administration). Human drug addiction is usually the result of active control

over drug intake and involves associative learning between the action (drug intake)

and outcome (the experience of reward) as well as associative learning between the

reinforcing properties of the drug and drug-related stimuli (e.g., locations were the

drug is consumed and paraphernalia used to consume the drug). These pathological

associations (maladaptive memories) are thought to have a critical role in the persis-

tence of compulsive drug seeking and relapse to drug seeking during periods of
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abstinence. In this respect, the operant self-administration model has most resem-

blance to human drug addiction, as animals have voluntary control over drug intake. In

the self-administration model, an operant response (e.g., pressing a lever or nose

poking) results in the activation of a syringe pump that delivers the drug via a catheter

that is implanted in the jugular vein (or orally in case of ethanol). Drugs that are self-

administered by animals (psychostimulants, opiates, nicotine, ethanol) yield effects

that correspond well with the high abuse potential in humans. Persistent associative

memories (i.e., drug-associated environmental cues) have a pivotal role in relapse to

drug taking. To study the involvement of these memories in compulsive drug seeking

and relapse, drug delivery in animal models is often paired with the brief presentation

of a visual (light stimulus) and/or auditory (tone) cue such that the animal learns to

associate the audiovisual cues with the rewarding effects of the drug. This model has

been used to study the mechanisms underlying the acquisition of drug self-adminis-

tration, including the animal’s motivation to obtain a drug reward (Gardner 2000). In

addition, self-administration can be used to study the neurobiological underpinnings

of long-lasting vulnerability to relapse by extending themodel with a drug-free period

after self-administration. Animals are confined to their home cage during this period

(forced abstinence) or can undergo extinction training during which operant

responding does not result in the infusion of the drug and presentation of drug-paired

cues. Relapse to drug seeking (measured as a resumption of operant responding) is

triggered by reexposing the animals to the previously administered drug or drug-

associated cues or by exposure to stressors, stimuli that also precipitate relapse in

human addicts (Epstein et al. 2006; Goeders 2003; O’Brien et al. 1986).

With noncontingent drug administration, animals receive a single drug injection or

repeated drug injections, often delivered by the experimenter. Noncontingent drug

exposure in animals is typically associated with an enhancement of the locomotor-

activating effects of the drug, also known as behavioral sensitization (Robinson and

Berridge 1993; Stewart and Badiani 1993; Vanderschuren et al. 1997). Although

humans usually do not develop an addiction after involuntary drug administration,

behavioral sensitization in animals is long lasting and can augment subsequent drug

self-administration (Vezina 2004). Therefore, the neurobiological adaptations that

mediate long-term behavioral sensitization are thought to at least partially overlap

with the mechanisms that facilitate relapse to drug seeking after prolonged abstinence

in the self-administration model, such as increased sensitivity to drug-priming

injections and drug-associated cues. Conditioned place preference (CPP) is a well-

established paradigm to study associative learning mechanisms of the rewarding

effects of a drug and the environmental context (cue) in which the drug is administered

(Bardo andBevins 2000). During conditioning, animals (typically rats ormice) receive

a drug and vehicle injection in two distinct separated contexts that can differ in visual,

olfactory, and tactile cues. After conditioning, drug seeking is assessed by allowing the

animals free access to the drug-paired and vehicle-paired context in the absence of drug

reinforcement.Animals that remember the association between the drug-paired context

and cocaine reward will spend more time in this context. Similar to the self-adminis-

tration paradigm, CPP can be extended by an extinction phase, and drug seeking can

subsequently be reinstated by drug priming or stressors (Aguilar et al. 2009).
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Compared with self-administration, CPP is relatively easy to perform as animals do

not require surgery and a preference for the drug-paired context can be established

within one or two conditioning sessions (depending on the type of drug and dose)

(Bardo and Bevins 2000). Therefore, CPP is often used to study the effects of drug

reward and conditioning in mutant mouse lines. For example, the availability of the

many mouse Cre driver lines (Cre recombinase expression driven by a neuronal

subtype specific promoter) offers the possibility to dissect the neuronal circuitry of

addiction with great precision using optogenetics technology (Lobo et al. 2010; Tsai

et al. 2009; Witten et al. 2010). In the following sections, we provide an overview of

neuroplasticity changes induced by drug exposure per brain region, and where data is

available, we will discuss differential effects of noncontingent versus self-

administration.

21.3 Drug-Induced Neuroplasticity in the VTA

Exposure to most drugs of abuse results in an increase in DA release in projection

regions of VTA DA neurons. Moreover, an increase in DA release is also observed

upon exposure to reward-associated stimuli (Schultz 1998). Increased DA trans-

mission is thought to reflect a change in a tonic firing mode of VTA DA neurons to a

phasic firing mode (Schultz 2007). This is supported by the recent observation that

in the absence of drug reinforcement, phasic firing of DA neurons is sufficient to

drive behavioral conditioning in a place preference paradigm (Tsai et al. 2009). The

VTA receives extensive glutamatergic projections from corticolimbic brain

structures (Geisler and Wise 2008), and glutamatergic input onto DA neurons

may modulate the shift from a tonic to phasic firing mode (White 1996). Moreover,

an NMDA receptor (NMDA-R)-dependent increase in glutamatergic synaptic

strength has been reported in VTA DA neurons during the acquisition of a cue-

reward association (Stuber et al. 2008). Hence, altered plasticity of glutamatergic

synapses on dopaminergic neurons may serve as a neuronal substrate for drug-

induced changes that support addictive behaviors.

The first evidence that in vivo cocaine administration induces changes in

glutamatergic plasticity was provided by Ungless and coworkers. Animals that

received a single noncontingent cocaine injection showed an increase in synaptic

strength in DA neurons in the VTA (Ungless et al. 2001). Building on this finding, it

was found that a single exposure to nearly all types of abused drugs induces a long-

term potentiation of AMPA receptor (AMPA-R) responses in VTA DA neurons

(Argilli et al. 2008; Saal et al. 2003; Ungless et al. 2001) (Table 21.1 and Fig. 21.1).

Similar to cue-reward learning, the increase in synaptic strength is dependent on

NMDA-R activation (Ungless et al. 2001) through stimulation of DA receptors locally

in the VTA and requires protein synthesis (Argilli et al. 2008); the latter is typically

required for long-term memory formation. Hence, the increase in synaptic strength

may support an associative learning process. The potentiation of AMPA-R currents is

paralleled by an increase in the synaptic expression of GluA2-lacking AMPA-Rs
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(Argilli et al. 2008; Bellone and Luscher 2006), in line with increased expression of

GluA1, but not GluA2, in the VTA 24 h after cocaine treatment (Churchill et al. 1999;

Fitzgerald et al. 1996). GluA2-lackingAMPA-Rs are calcium permeable, have greater

channel conductance, and can thereby contribute to synaptic strengthening (Isaac et al.

2007). Interestingly, the drug-induced exchange of GluA2-containing with GluA2-

lacking AMPA-Rs can be reversed by activation of mGluR1 receptors in the VTA

(Bellone and Luscher 2006; Mameli et al. 2007) and disruption of mGluR1 function

prolongs the cocaine-evoked increased expression of synapticGluA2-lackingAMPA-

Rs in VTA DA neurons (Mameli et al. 2009).

short-term
abstinence/extinction

naïve relapselong-term
abstinence/extinction

VTA

NAc

mPFC

GluA2-containing GluA2-lacking

Fig. 21.1 Schematic overview of AMPA-R plasticity in the VTA, NAc, and mPFC at successive

stages in the addiction cycle. Naı̈ve animals (non-drug-exposed) typically express GluA2-containing

AMPA-Rs. In the VTA, drug exposure results in a potentiation of AMPA-R currents and elevated

expression of predominantly GluA2-lacking AMPA-Rs. This enhancement of synaptic strength is

transient after noncontingent drug treatment but long lasting following drug self-administration. In

the NAc, drug exposure (mainly observed with cocaine) induces a biphasic wave of AMPA-R

plasticity. Whereas short-term withdrawal is associated with synaptic depression, an increase in

GluA2-lackingAMPA-Rs is observed after long-term abstinence that remains enhanced after relapse.

A different AMPA-R response was found in the mPFC (ventral subregion). Short- and long-term

abstinence from heroin self-administration does not result in altered surface expression of AMPA-Rs;

cue-induced relapse is mediated by the rapid endocytosis of GluA2 subunits
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Synaptic potentiation of AMPA-R currents in VTA DA neurons is only observed

up to 5 days after single or repeated noncontingent cocaine exposure (Borgland

et al. 2004; Saal et al. 2003; Ungless et al. 2001), suggesting that it may contribute

to early stages of the development of drug-seeking behaviors but not to the long-

lived behavioral abnormalities (such as relapse) that characterize addiction. How-

ever, in contrast, mutant mice that lack expression of the NMDA-R GluN1 subunit

and AMPA GluA1 subunit selectively in midbrain DA neurons show impaired

potentiation of AMPA-R currents after cocaine treatment but normal acquisition of

behavioral sensitization and CPP (Engblom et al. 2008). Even more surprising is the

observation that extinction of cocaine CPP is absent in GluA1 mutants (Engblom

et al. 2008), whereas in GluN1 mutant mice, reinstatement of cocaine CPP and

behavioral sensitization to a cocaine challenge after forced abstinence is abolished

(Engblom et al. 2008; Zweifel et al. 2008), indicating that synaptic strengthening in

DA neurons may not mediate short-term behavioral effects but may contribute to

the initiation of long-term neuroadaptations that maintain the persistence of drug-

seeking behavior.

In line with noncontingent cocaine exposure, cocaine self-administration also

results in a potentiation of AMPA receptor currents in VTA DA neurons (Chen

et al. 2008). However, in contrast to the transient nature (up to ~5 days) of synaptic

potentiation observed with repeated experimenter-administered cocaine (Borgland

et al. 2004; Ungless et al. 2001), self-administration induced a potentiation that

lasted for at least 3 months and that was resistant to extinction training (Chen et al.

2008) (Fig. 21.1). Moreover, synaptic potentiation was also observed in animals

that self-administered natural rewarding substances (e.g., food and sucrose), but

this effect was no longer observed after 21 days of forced abstinence (Chen et al.

2008). These findings suggest that associative learning mechanisms during cocaine

self-administration strengthen and prolong the potentiation of AMPA-R responses

in VTA DA neurons induced by cocaine and may therefore contribute to the

enhanced storage and retrieval of a drug-related memory over a nondrug memory.

At present, the origin of the glutamatergic projections that are strengthened remains

to be elucidated. In fact, it cannot be excluded that the glutamatergic synapses that

are transiently potentiated by noncontingent cocaine exposure and those that are

persistently strengthened following self-administration receive input from different

brain regions or different neuronal populations. This again argues for making a

clear distinction in discussing noncontingent versus contingent paradigms. Never-

theless, these studies provide evidence that drugs of abuse can induce long-lasting

plasticity at glutamatergic synapses and that the nature of these neuroadaptations

depends on the method of drug administration.

21.4 Drug-Induced Neuroplasticity in the NAc

The NAc is a primary target of DA projections originating in the VTA. In addition to

DA projections, the NAc receives dense glutamatergic input from cortical and subcor-

tical areas, including the medial PFC (mPFC) and amygdala (Voorn et al. 2004).
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The convergence of DA and glutamatergic afferents on to the same NAc neuron

(Sesack et al. 2003) suggests that the NAc functions as a limbic-motor interface that

processes the relevance of salient stimuli to initiate a behavioral response. Func-

tionally and anatomically, the NAc can be divided into two regions, a core region

that is thought to be important for conditioned responses and the attribution of

salience to motivational relevant stimuli and a shell region that is thought to

mediate the primary reinforcing properties of rewarding substances and novelty

(Meredith et al. 2008; Zahm 1999), but these functional classifications may be an

oversimplification. Substantial evidence indicates that glutamatergic transmission

in the NAc is critically involved in the initiation of drug-seeking behavior. In

particular, blockade of AMPA-R activation in the NAc prevents conditioned

cocaine and heroin seeking (Cornish et al. 1999; Cornish and Kalivas 2000; Di

Ciano and Everitt 2001; Ping et al. 2008). The glutamatergic input during reinstate-

ment of drug seeking is thought to arise predominantly from mPFC projections to

the NAc core (Kalivas et al. 2005; McFarland et al. 2003; Park et al. 2002).

In contrast to the VTA, changes in synaptic strength in NAc neurons have not

been observed after a single drug exposure (Kourrich et al. 2007). However,

repeated experimenter-administered cocaine injections result in a biphasic response

in synaptic strength in NAc shell neurons (Fig. 21.1). After short-term withdrawal,

namely 24 h following a repeated cocaine treatment regimen, AMPA-R currents are

reduced in the NAc shell (Kourrich et al. 2007), and using in vivo single-cell

recording, it was found that NAc neurons are less sensitive to glutamate after

cocaine administration (White et al. 1995). Although the functional relevance of

reduced AMPA-R currents remains to be determined, synaptic depression of NAc

shell neurons during early withdrawal may impair the excitation of NAc neurons in

response to natural rewarding stimuli and could thereby contribute to feelings of

dysphoria and anhedonia. In contrast, prolonged abstinence (>7–10 days) from

repeated noncontingent cocaine treatment results in a potentiation of AMPA-R

function in NAc shell neurons (Boudreau et al. 2007; Boudreau and Wolf 2005;

Kourrich et al. 2007). On the long-term, namely after 10–14 days of withdrawal,

mice that received repeated cocaine treatment exhibit increased frequency and

amplitude of AMPA-R miniature excitatory postsynaptic currents (mEPSCs), but

not paired-pulse ratio in NAc shell neurons, pointing to an enhancement of post-

synaptic AMPA-R responses (Kourrich et al. 2007). This is supported by the

observation that long-term withdrawal from noncontingent cocaine treatment is

associated with an increase in the surface expression of GluA1 and GluA2 subunits

in the NAc (Boudreau et al. 2007, 2009; Boudreau and Wolf 2005). Moreover, the

locomotor stimulating effect of AMPA infusion in the NAc is potentiated in

animals that develop behavioral sensitization after repeated cocaine treatment

(Bell and Kalivas 1996; Pierce et al. 1996).

Interestingly, potentiation of AMPA-R currents and surface expression is

abruptly reversed by reexposing animals to a challenge cocaine injection (Boudreau

et al. 2007; Kourrich et al. 2007; Thomas et al. 2001). This suggests that acute

synaptic depression may mediate increased locomotor activity that is typically

observed after a challenge injection of psychostimulants. Indeed, preventing the
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induction of synaptic depression by intra-NAc infusion of a synthetic peptide that

disrupts clathrin-mediated endocytosis of GluA2 attenuates behavioral sensitization

to an amphetamine challenge (Brebner et al. 2005). The precise molecular

mechanisms by which AMPA-R surface expression are enhanced after prolonged

withdrawal and reversed after a drug challenge are not known, but activation of the

extracellular signal-regulated kinase (ERK; also known as mitogen-activated pro-

tein kinase) pathway may be involved. Phosphorylation of ERK can increase

insertion of AMPA-Rs in the synaptic membrane during LTP (Zhu et al. 2002).

In parallel with the biphasic changes in AMPA-R function, ERK phosphorylation is

enhanced in the NAc after prolonged withdrawal (but not early withdrawal) from

noncontingent cocaine treatment and normalizes following a cocaine challenge

injection (Boudreau et al. 2007). Moreover, intra-accumbens injection of inhibitors

of ERK phosphorylation blocks expression of cocaine-conditioned place preference

(Gerdjikov et al. 2004; Miller and Marshall 2005), suggesting that ERK may have a

role in conditioned drug seeking responses.

The effects of cocaine self-administration on glutamatergic synaptic plasticity in

the NAc resemble those of repeated noncontingent cocaine exposure. Synaptic

depression of NAc neurons is observed during early withdrawal (Schramm-Sapyta

et al. 2006), whereas long-term abstinence is paralleled by a potentiation of

synaptic transmission (Conrad et al. 2008). Interestingly, a history of cocaine

self-administration impairs the ability to induce LTD in NAc shell and core neurons

during early withdrawal (Martin et al. 2006), and both LTD and LTP are abolished

in NAc core neurons after long-term cessation of self-administration (Martin et al.

2006; Moussawi et al. 2009). Notably, it was recently found that impaired LTD in

the NAc occurs only in animals that develop the behavioral hallmarks of addiction

and not in animals that maintain controlled cocaine intake (Kasanetz et al. 2010).

The change in the ability to induce synaptic plasticity may reflect an already

depressed or potentiated state of glutamatergic synapses in the NAc, a phenomenon

known as metaplasticity (Abraham 2008). The enhanced surface expression of both

GluA1 and GluA2 subunits following noncontingent cocaine exposure is also

present acutely after contingent cocaine self-administration (Lu et al. 2003). How-

ever, in contrast to the long-term upregulation of both GluA1 and GluA2 in

noncontingent exposure, increased synaptic strength during late withdrawal from

cocaine self-administration is accompanied by an increase in surface expression of

the GluA1, but not GluA2, subunit in NAc shell and core neurons (Anderson et al.

2008; Conrad et al. 2008; Lu et al. 2003). As mentioned above, GluA2-lacking

AMPA-Rs have greater channel conductance and thereby contribute to LTP. The

increase in GluA2-lacking AMPA-Rs in the NAc core is thought to underlie

incubation of cocaine craving, i.e., the time-dependent augmentation of responding

to drug-associated cues during abstinence (Conrad et al. 2008). An imbalance

between synaptic and extrasynaptic extracellular glutamate levels in the NAc

may support the persistent vulnerability to relapse to drug seeking (Kalivas 2009).

Extracellular glutamate levels are reduced in the NAc core following both contingent

and noncontingent drug exposure (Baker et al. 2003; Miguens et al. 2008), due to

dysregulation of the glial cysteine-glutamate exchanger (Baker et al. 2003;
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Knackstedt et al. 2009a) and diminished expression of glutamate transporter 1

(Glt1) (Knackstedt et al. 2010). Decreased basal extracellular glutamate levels

contribute to increased synaptic glutamate release probability by reduced tonic

activation of metabotropic glutamate receptors mGluR2 and mGluR3 on presynap-

tic glutamatergic afferents (Moran et al. 2005; Moussawi et al. 2011). Moreover,

reduced activation of mGluR2/3 and mGluR5 underlies the impairment to induce

LTP and LTD respectively following cocaine self-administration (Moussawi et al.

2009). Restoring glutamatergic tone on mGluR2/3 by N-acetylcysteine treatment

attenuates reinstatement of drug seeking in animal models (Baker et al. 2003;

Knackstedt et al. 2010; Moussawi et al. 2011; Peters and Kalivas 2006; Zhou and

Kalivas 2008) and drug craving in humans (Knackstedt et al. 2009a; LaRowe et al.

2007; Mardikian et al. 2007). Enhanced synaptic glutamate transmission is thought

to strengthen input from the dorsal mPFC to the NAc core upon exposure to drugs

and drug-associated cues (Kalivas et al. 2005; LaLumiere and Kalivas 2008;

McFarland et al. 2003).

Although potentiation of glutamatergic transmission in the NAc core drives

drug-seeking responses, the functional consequences of enhanced expression of

AMPA-R in the NAc shell are less clear. Numerous studies found that blockade of

AMPA-Rs or inactivation of the NAc shell impairs reinstatement of drug seeking

(Anderson et al. 2003, 2006, 2008; Bachtell et al. 2005; Bossert et al. 2006, 2007;

Conrad et al. 2008; Famous et al. 2008; Fuchs et al. 2008; McFarland et al. 2004;

Rogers et al. 2008; Schmidt and Pierce 2006; Xi et al. 2004), indicating that

glutamatergic transmission supports relapse to drug seeking. Similar to NAc core,

relapse may be facilitated by activation of GluA2-lacking AMPA-Rs in the NAc

shell as it was found that GluA2 subunits internalize during cocaine-primed rein-

statement and inhibition of GluA2 trafficking in the NAc core and shell attenuates

subsequent cocaine seeking (Famous et al. 2008). In contrast to these findings,

extinction training after cocaine self-administration increases the expression of

GluA1 and GluA2/3 AMPA-Rs in the NAc shell, and viral-mediated overexpression

of GluA1 facilitates extinction of responding (Sutton et al. 2003). This suggests that

AMPA-R activation in the NAc shell can promote or suppress drug-seeking

responses depending on the test conditions, emphasizing the need for future research

to identify the population of neurons that exhibit increased synaptic strength after

cocaine self-administration and the origin of glutamatergic input in the NAc shell

during extinction and reinstatement testing.

21.5 Drug-Induced Neuroplasticity in the mPFC

Apart from the VTA and NAc, the mPFC comprises an integral part of the motiva-

tional circuit in the brain and is a major site of dopamine release and neuronal

modulation from the VTA. There is a general agreement that the dopaminergic

input to the mPFC is important in acquisition of drug self-administration (Schenk

et al. 1991; Weissenborn et al. 1997) and that glutamatergic projections from the
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prefrontal cortex to the NAc are critical for reinstatement of drug-seeking behavior

(Kalivas et al. 2005; LaLumiere and Kalivas 2008; McFarland et al. 2003). The

prefrontal cortex can be divided into a dorsal part (including the prelimbic area) and

a ventral part (including the infralimbic cortex). Anatomically, projections from the

mPFC to the NAc are organized in a dorsal-ventral pattern, with the dorsal mPFC

projecting predominantly to the NAc core and the ventral mPFC to the NAc shell

(Heidbreder and Groenewegen 2003; Voorn et al. 2004; Sesack et al. 1989).

A glutamatergic projection from the dorsal mPFC to the NAc core is thought to

engage the motor circuitry, thereby driving drug-seeking responses (LaLumiere and

Kalivas 2008; McFarland et al. 2003), whereas the ventral mPFC to the NAc shell

connection is thought to be involved in extinction learning (Millan et al. 2011;

Peters et al. 2009; Van den Oever et al. 2010b).

Relapse to cocaine and heroin seeking by (re-)exposure to drugs, cues, or

stressors can be blocked by reversible pharmacological inactivation of the dorsal

mPFC (Fuchs et al. 2005; McFarland and Kalivas 2001; McLaughlin and See 2003;

Rogers et al. 2008) and ventral mPFC (Bossert et al. 2011; Koya et al. 2009),

although the ventral mPFC may exert an opposite function after extinction of

cocaine self-administration (Peters et al. 2008). Unfortunately, compared with the

VTA and NAc, relatively little is known about short- and long-term changes in

synaptic plasticity in the mPFC, and in most studies, dissociations between the

dorsal and ventral mPFC have not been made. Withdrawal from repeated noncon-

tingent cocaine administration is associated with a facilitation in the induction of

LTP in excitatory synapses onto pyramidal cells in the mPFC (Lu et al. 2010), an

effect that is apparent after 5 days of withdrawal (but not at earlier time-points) and

mediated by brain-derived neurotrophic factor (BDNF)-induced suppression of

GABAergic inhibition in the mPFC. Long-term (3 weeks) abstinence from repeated

noncontingent cocaine administration is associated with an increase in mRNA

levels of the GluA2 subunit but not in any of the other AMPA-R subunits

(Ghasemzadeh et al. 1999). Similar to the VTA and NAc, contingent cocaine

administration appears to have a more robust effect on glutamate receptor expres-

sion as an increase was observed in protein levels of GluA1, GluA2, and GluA4 in

the mPFC following 2 weeks of abstinence from cocaine self-administration (Tang

et al. 2004). Developments in the field of subcellular proteomics have enabled the

analysis of changes in protein abundance in synaptic membrane fractions. Using

such an approach, it was found that contingent heroin administration has no long-

term effect on the synaptic membrane expression of AMPA-Rs in the mPFC (Van

den Oever et al. 2010a); however, cue-induced relapse to heroin seeking is

accompanied by an acute reduction in the synaptic membrane levels of GluA2

and GluA3 but not GluA1 (Van den Oever et al. 2008) (Fig. 21.1). The latter effect

is paralleled by an acute synaptic depression of AMPA-R currents in mPFC

pyramidal cells, and blocking this depression by injection of a peptide that prevents

GluA2 endocytosis reduces cue-induced relapse to heroin seeking (Van den Oever

et al. 2008). Moreover, exposure to heroin-conditioned cues results in an increase in

the frequency of inhibitory postsynaptic currents received by mPFC pyramidal cells

(Van den Oever et al. 2010a), which may further contribute to a depressed state of
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these neurons. These observations suggest that acutely reduced glutamatergic

transmission in the ventral mPFC facilitates relapse to drug seeking. In support of

this is the observation that activation of AMPA-Rs in the ventral mPFC reduces

cocaine-primed reinstatement of drug seeking after cocaine seeking is extinguished

(Peters et al. 2008). A glutamatergic projection from the infralimbic cortex to the

NAc shell may mediate the expression of this extinction memory, as reversible

unilateral inactivation of either region augments cocaine seeking under extinction

conditions (Peters et al. 2008). In contrast, in nonextinguished animals, reversible

inactivation of the ventral mPFC attenuates relapse to cocaine seeking (Koya et al.

2009), pointing to a complex role of this subregion of the mPFC in controlling drug-

seeking responses.

In contrast to the effects observed on AMPA-R plasticity, NMDA-R plasticity in

the mPFC is seemingly unaffected. Only few reports mention changes in NMDA-R

subunits; long-term abstinence from contingent cocaine exposure is accompanied

by increased expression of GluN2B (2 weeks abstinence) (Tang et al. 2004) and

GluN2A (60 days abstinence), but the latter finding is specific for animals that

experienced extended access to the drug (Ben-Shahar et al. 2009). In support of a

role of NMDA-Rs in relapse, cue-induced heroin seeking is associated with a rapid

downregulation in synaptic membrane expression of the GluN2B subunit (Van den

Oever et al. 2008); however, changes in NMDA-R plasticity in mPFC pyramidal

neurons were not observed. Taken together, several lines of evidence indicate that

exposure to drugs of abuse results in adaptations in the functioning of synapses in

the mPFC; however, more research is necessary to elucidate the long-term effects

of drug self-administration and the formation of drug-cue associations on the mPFC

neuronal circuitry and its consequences for glutamatergic output to target regions

(i.e., NAc) and relapse vulnerability.

21.6 Drug-Induced Neuroplasticity in the Amygdala

The amygdala comprises several nuclei, including the basolateral nucleus (BLA)

and central nucleus (CeA). The BLA is a key neuronal substrate that mediates the

formation of drug-cue associations and controls stress- and cue-induced reinstate-

ment of drug seeking (Buffalari and See 2010; Fuchs and See 2002; Gabriele and

See 2010; Kruzich et al. 2001; McLaughlin and See 2003), whereas the CeA is

thought to primarily mediate the expression of drug-seeking responses (Buffalari

and See 2010; Kruzich and See 2001; Lu et al. 2005b). Despite this critical role of

the BLA and CeA, data regarding the effect of drug exposure on synaptic plasticity

in the amygdala is fairly limited.

Supporting a role for the lateral nucleus of the amygdala in the acquisition of

drug-cue associations, an AMPA-R-mediated increase in synaptic strength was

observed in thalamo-amygdala synapses during stimulus-reward learning for a

natural reinforcer (sucrose) (Tye et al. 2008). In line with this observation, noncon-

tingent cocaine treatment enhances glutamatergic transmission and occludes LTP
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in the lateral nucleus up to 3 days of withdrawal (Goussakov et al. 2006), but this

effect is not present after 9 days of withdrawal. A longer lasting potentiation of

glutamatergic transmission may occur after cocaine self-administration as short-

(1 day) and long-term (30 days) abstinence from cocaine self-administration is

associated with increased expression of GluA1, but not GluA2, subunits in the BLA

(Lu et al. 2005a), potentially contributing to the presence of GluA2-lacking AMPA-

Rs. With respect to NMDA-Rs, an increase in the expression of GluN2A was

observed in the BLA after short-term (1 day) withdrawal and a downregulation of

GluN2B after 30 days of abstinence (Lu et al. 2005a). In contrast, enhanced

expression of GluA2 and GluN1, but not GluA1 nor GluN2a or GluN2B, was

found in the CeA 30 days after cessation of contingent cocaine exposure (Lu

et al. 2005a).

Following long-term abstinence from noncontingent cocaine, an enhanced cor-

ticotrophin-releasing factor (CRF)-induced LTP has been observed in BLA to CeA

synapses that is dependent on NMDA receptors and CRF1 receptor function

(Fu et al. 2007; Pollandt et al. 2006). CRF-induced LTP after cocaine withdrawal

is mediated through endogenous activation of both D1- and D2-like receptors

(Krishnan et al. 2010). In support of a functional role for the CRF-induced LTP,

cocaine-induced locomotor activity as well as stress-induced relapse is blocked by

injection of a CRF antagonist (Erb et al. 1998; Sarnyai et al. 1992; Shaham et al.

1998).

Hence, although the amygdala is clearly implicated in acquisition and consoli-

dation of cue-cocaine associations, as well as extinction learning and reinstatement

of drug seeking, the functional role of specific subunits of glutamate receptors in the

different subdivisions of the amygdala remains to be elucidated.

21.7 Conclusion

In animal models of drug addiction, exposure to drugs of abuse results in changes in

the physiological properties of synapses in the mesocorticolimbic DA system. The

nature of these adaptations depends on the type of drug, method of administration,

brain area examined, and time-point in the development of addiction. In general,

changes in synaptic plasticity resulting from drug self-administration appear to be

more robust and longer lasting compared with changes induced by noncontingent

drug administration. The time course of drug-induced changes in synaptic plasticity

differs between the VTA and its target regions. In VTA DA neurons, an increase in

synaptic strength is rapidly induced and already apparent after a single drug

exposure, whereas potentiation of excitatory plasticity in the NAc and mPFC

requires repeated drug administration and is only observed after long-term cessa-

tion of drug administration. A recent study shows that the delayed cocaine-induced

potentiation of synaptic strength in the NAc requires long-lasting enhancement of

AMPA-R function in the VTA (Mameli et al. 2009), suggesting that changes in

plasticity of synapses on DA neurons in the VTA may initiate the development of
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neuroplasticity changes in VTA target regions. Unfortunately, relatively little data

is available on acute synaptic plasticity mechanisms that occur during tests for drug

seeking and that may drive relapse. Investigating the spatiotemporal aspects of

drug-induced plasticity changes that are specific for particular stages in the transi-

tion of initial consumption to compulsive drug taking and relapse is important to

dissect which adaptations are crucially leading to and define the end-stage addictive

behaviors.

Thus far, synaptic plasticity as a result of drug exposure has been predominantly

studied in the VTA and NAc. Studies reporting drug-induced neuroadaptations in

the mPFC and in amygdala need further efforts to gain better insight in the

functional contribution of synaptic plasticity changes in these brain areas to addic-

tion. With respect to the well-established involvement of the mPFC and amygdala

in conditioned drug-seeking responses, identifying alterations in synaptic function

and further detailing of the neuronal circuitry that contribute to the processing of

drug-associated stimuli may yield new targets for pharmacotherapy and other

intervention technologies aimed at reducing cue-evoked drug craving and relapse

in addiction.
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Chapter 22

Synaptic Dysfunction in Schizophrenia

Dong-Min Yin, Yong-Jun Chen, Anupama Sathyamurthy,

Wen-Cheng Xiong, and Lin Mei

Abstract Schizophrenia alters basic brain processes of perception, emotion, and

judgment to cause hallucinations, delusions, thought disorder, and cognitive

deficits. Unlike neurodegeneration diseases that have irreversible neuronal degen-

eration and death, schizophrenia lacks agreeable pathological hallmarks, which

makes it one of the least understood psychiatric disorders. With identification of

schizophrenia susceptibility genes, recent studies have begun to shed light on

underlying pathological mechanisms. Schizophrenia is believed to result from

problems during neural development that lead to improper function of synaptic

transmission and plasticity, and in agreement, many of the susceptibility genes

encode proteins critical for neural development. Some, however, are also expressed

at high levels in adult brain. Here, we will review evidence for altered neurotrans-

mission at glutamatergic, GABAergic, dopaminergic, and cholinergic synapses in

schizophrenia and discuss roles of susceptibility genes in neural development as

well as in synaptic plasticity and how their malfunction may contribute to patho-

genic mechanisms of schizophrenia. We propose that mouse models with precise

temporal and spatial control of mutation or overexpression would be useful to

delineate schizophrenia pathogenic mechanisms.
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22.1 Introduction

Schizophrenia alters basic brain processes of perception, emotion, and judgment to

cause hallucinations, delusions, thought disorder, and cognitive deficits. It is a mental

disorder that affects 0.5–1% of the population worldwide with devastating

consequences for affected individuals and their families and is the seventh most

costly illness in the USA. Unlike neurodegenerative diseases such as Alzheimer’s

disease, Parkinson’s disease, and amyotrophic lateral sclerosis (ALS) that have

irreversible neuronal degeneration and death, nerve cells in schizophrenia generally

do not degenerate or die. Because of the lack of pathological hallmarks, schizophre-

nia remains to be one of the least understood psychiatric disorders.With identification

of schizophrenia susceptibility genes, recent studies have begun to shed light on

underlying pathological mechanisms. All brain functions depend on the function of

synapses, connections between neurons. It is now widely believed that schizophrenia

results from problems during neural development that lead to improper function of

synaptic transmission and plasticity (Eastwood 2004; McCullumsmith et al. 2004;

Mirnics et al. 2001; Nikolaus et al. 2009; Stephan et al. 2006). Intriguingly, many of

the schizophrenia susceptibility genes encode proteins that have been implicated in

synapse formation and/or function. This chapter focuses on the relationship between

synaptic transmission and schizophrenia. We will first review evidence for altered

neurotransmission at glutamatergic, GABAergic, dopaminergic, and cholinergic

synapses in schizophrenia and discuss the roles of susceptibility genes in neural

development and synaptic plasticity and how their malfunction may contribute to

the pathogenic mechanisms of schizophrenia.

22.2 Altered Synaptic Transmission in Schizophrenia

22.2.1 The Glutamatergic Pathway

The interest in alterations of glutamatergic neurotransmission as potential patho-

logical mechanisms in schizophrenia was raised when phencyclidine (PCP) was

found to reduce noncompetitively excitation of neurons by NMDA (Anis et al.

1983). Earlier, PCP had been shown to produce transient psychotic symptoms in

healthy individuals including thought disorder, blunted affect, and cognitive

impairments that resemble those in schizophrenic patients (Fauman et al. 1976;

Luby et al. 1959). Ketamine, a PCP derivative and a dissociative anesthetic drug,

was also able to generate in healthy individuals transient schizophrenia-like (posi-

tive and negative) symptoms and impair cognitive functions that depend on the

prefrontal cortex (PFC) (Adler et al. 1999; Krystal et al. 1994; Lahti et al. 2001;

Malhotra et al. 1997). In schizophrenic patients, ketamine exacerbates preexisting

symptoms (Lahti et al. 1995; Malhotra et al. 1997). Taken together, these results

suggest a role of reduced glutamatergic function in schizophrenic pathology.
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In agreement with this hypothesis were findings that glutamate levels, which

inversely correlate with the severity of positive symptoms (Faustman et al. 1999),

are significantly lower in the cerebrospinal fluid (CSF) and in brain tissues of

schizophrenic patients (Kim et al. 1980; Tsai et al. 1995). Glutamate release from

synaptosomes prepared from frozen brain samples of schizophrenics was reduced in

response to NMDA or kainic acid (Sherman et al. 1991b). In addition, postmortem

analysis shows reduced mRNA and enzymatic activity of glutamate carboxypepti-

dase II (GCP II), the enzyme that degrades the neuropeptide N-acetylaspartyl-
glutamate (NAAG), which is a reversible antagonist of NMDA receptors (Hakak

et al. 2001; Tsai et al. 1995). It is controversial whether levels of NMDA or AMPA

receptors are reduced in schizophrenics. Increased mRNA levels were reported in

some studies (Akbarian et al. 1996; Dracheva et al. 2001; Kristiansen et al. 2006)

while other studies showed a decrease (Akbarian et al. 1995, 1996; Dracheva et al.

2001; Kristiansen et al. 2006; Mirnics et al. 2000). Morphologically, dendritic

length and dendritic spine density are reduced in the cerebral cortex of

schizophrenic patients (Garey et al. 1998; Glantz and Lewis 2000) although the

density of pyramidal neurons was shown to be increased in the dorsal lateral PFC

(DLPFC) in schizophrenics (Selemon and Goldman-Rakic 1999).

Adult rodents, when treated with NMDA antagonists, become hyperactive

(Nabeshima et al. 1983; Sturgeon et al. 1979) and are impaired in prepulse inhibi-

tion (Bakshi and Geyer 1995; Bakshi et al. 1994), a behavioral deficit thought to

model psychotic symptoms. They are also deficient in social interactions, a negative

symptom (Sams-Dodd 1995, 1996) and cognition functions such as working mem-

ory (Jentsch et al. 1997). Mutant mice which expressed 5% of normal level of NR1

showed behavioral deficits relevant to schizophrenia including hyperactivity,

impaired social interaction, and cognitive dysfunction, which can be ameliorated

by antipsychotic treatments (Mohn et al. 1999).

Glutamatergic synapses are present on projection cells as well as interneurons.

Both could be the target of “glutamatergic hypofunction.” Interestingly, in acutely

prepared hippocampal slices, GABAergic interneurons were tenfold more sensitive

to NMDA receptor inhibitors than were pyramidal neurons (Grunze et al. 1996).

Therefore, GABAergic interneurons should be more vulnerable than pyramidal

cells to glutamatergic hypofunction. Hypoactivity of GABAergic neurons would

result in impaired inhibition of projection cells and thus cognitive deficits. When

the essential subunit of NMDA receptor NR1 was selectively eliminated in

parvalbumin (PV)-positive interneurons, mutant mice are impaired in spatial work-

ing memory, but their spatial open field exploratory activity and their social activity

are normal (Korotkova et al. 2010). Interestingly, when NR1 is ablated in about

50% of cortical interneurons during postnatal development, mutant mice exhibit

novelty-induced hyperlocomotion and are impaired in mating and nest building

(Belforte et al. 2010). These observations suggest that NMDA receptors in different

types of interneurons could have distinct functions. Metabotropic glutamate

receptors have also been implicated in schizophrenia. Pretreatment with

LY354740, a selective agonist for metabotropicglutamate 2/3 (mGlu2/3) receptors,

attenuated the disruptive effects of PCP on locomotion, stereotypy, working
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memory, and cortical glutamate efflux (Moghaddam and Adams 1998). These

results suggest that mGlu2/3 receptor agonists have antipsychotic properties and

may provide a new alternative for the treatment of schizophrenia.

22.2.2 The GABAergic Pathway

Dysfunctions of GABA transmission have also been implicated in the processes

leading to psychosis (Keverne 1999; Lacroix et al. 2000). Psychotic symptoms in

schizophrenia have been found to be correlated with reduced GABAergic inhibition

in the medial temporal region (Busatto et al. 1997). GABAergic interneurons,

representing about 20–30% of neocortical neurons, are a population that is

extremely heterogeneous, varying in morphology, expression of markers, laminar

distribution, and electrophysiological properties (Ascoli et al. 2008; Markram et al.

2004). Embedded in the network of principal cells, they innervate different domains

of these neurons. For example, basket cells target the somata and proximal

dendrites, chandelier cells form axoaxonic synapses on the axon initial segments.

Somatostatin (SOM)-positive or Martinotti interneurons innervate distal dendrites

and presumably regulate other inputs of principle cells. Thus, it is generally

believed that GABAergic interneurons play a critical role in controlling cell

excitability, spike timing, synchrony, and oscillatory activity in the mammalian

central nervous system (McBain and Kauer 2009). Albeit fewer in number than

principal cells, a single GABAergic neuron can innervate multiple principle cells

and thus could potentially alter the activity of thousands of downstream neurons.

In situ hybridization studies demonstrated overall reduced levels of the 67-kDa

isoform of glutamic acid decarboxylase (GAD67), the primary enzyme of GABA

synthesis, in the PFC area 9 of the left hemisphere of schizophrenic brains (Akbarian

et al. 1995). Similar results were obtained in a better controlled study of PFC area 9 of

the right hemisphere (Volk et al. 2000). The reduction in GAD67 expression may not

be due to antipsychotic medications because long-term treatment with haloperidol did

not affect GAD67 mRNA expression in the PFC of monkeys (Volk et al. 2000).

Moreover, the activity of GAD was significantly reduced in nucleus accumbens,

amygdala, hippocampus, and putamen from schizophrenic postmortem brains (Bird

et al. 1977). In agreement, GABA release from synaptosomes of schizophrenic brains

was decreased (Sherman et al. 1991a, b). These results suggest that decreased GAD67

mRNA expression in the association regions of the neocortex may be a frequent

feature of schizophrenia. Moreover, the binding of [3H]nipecotic acid, a ligand for

labeling GABA uptake sites, was reported to be reduced in schizophrenic brains

(Reynolds et al. 1990; Simpson et al. 1989). In addition, also the mRNA and protein

levels ofGAT1 (GABAmembrane transporter 1), a protein responsible for reuptake of

released GABA into nerve terminals, are reduced in the DLPFC of subjects with

schizophrenia (Lewis et al. 1999; Volk et al. 2001).

Early studies reported a loss of small neurons in cortical layer II (Benes et al.

1991). However, subsequent studies failed to see a significant reduction of GAD67-
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positive neurons (Akbarian et al. 1995; Volk et al. 2000). Similarly, parvalbumin

(PV)-positive interneurons were found to be reduced (Beasley and Reynolds 1997)

or unchanged (Woo et al. 1997) in DLPFC in schizophrenia. Nevertheless, evidence

appeared to be compelling that GABAergic function is reduced in the DLPFC of

schizophrenic patients. Maybe as a compensatory mechanism, expression of

GABAA receptor in superficial layers of the cortex of schizophrenic brains was

increased (Benes et al. 1992; Hanada et al. 1987).

Intriguingly, GABAergic alternation in schizophrenia appears to be interneuron

type specific. GAD67 expression is normal in 70% of GABAergic interneurons in the

DLPFC but reduced or undetectable in the remaining 30% GABAergic neurons

(Akbarian et al. 1995; Volk et al. 2000). The affected interneurons express PV,

whereas those expressing calretinin appeared to be normal (Hashimoto et al. 2003).

PV-positive neurons include basket cells that form perisomatic synapses onto pyrami-

dal neurons and chandelier cells that form characteristic linear arrays of terminals

(termed cartridges) on the axon initial segments of pyramidal neurons. GAT1 levels

appear to be selectively reduced in chandelier axon cartridges in the DLFC of

schizophrenic patients (Woo et al. 1998). On the other hand, GABAA receptors are

upregulated on the postsynapticmembranes facing the axon initial segments, probably

to compensate deficient GABAergic transmission (Volk et al. 2002).

Reduced GABA signaling from chandelier cells to pyramidal neurons could

contribute to the pathophysiology of working memory dysfunction. Networks of

PV-positive GABA neurons, formed by both chemical and electrical synapses, give

rise to oscillatory activity in the gamma band range, the synchronized firing of a

neuronal population at 30–80 Hz (Whittington et al. 2011). Thus, decreased inhibitory

GABA transmission in schizophrenic patientsmight contribute to psychotic symptoms

in schizophrenia. Consistent with this hypothesis, disinhibition of the ventral hippo-

campus by the GABAA antagonist picrotoxinwould result in similar psychosis-related

behavioral disturbances such as hyperactivity and decreased PPI (Bast et al. 2001).

22.2.3 The Cholinergic Pathway

The association of cholinergic pathways with schizophrenia was as ancient as the

illness was diagnosed. Schizophrenic patients are often heavy smokers (Lohr and

Flynn 1992), and acetylcholine-induced convulsion and atropine-induced coma

were used to treat schizophrenia (Forrer and Miller 1958). Substantial evidence

has accumulated over the years that suggests the involvement of dysfunction,

mostly hypofunction, of cholinergic transmission in schizophrenia (Neubauer

et al. 1975; Tandon et al. 1989). Acetylcholine modulates transmission of various

neurotransmitters including glutamate, GABA, dopamine, and serotonin. Postmor-

tem studies of brains of schizophrenic patients were ambiguous about protein levels

and activity of choline acetyltransferase (ChAT), the enzyme crucially involved in

the synthesis of acetylcholine, and AChE, the enzyme that degrades acetylcholine.

Protein or activity levels were reported as increased, decreased, or unchanged.
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A more recent study suggested decreased levels of ChAT mRNA and a decreased

number of ChAT-positive cells in striatum, particularly in the ventral striatum (Holt

et al. 1999, 2005).

Acetylcholine acts by stimulating two types of receptors in the brain: nicotinic

and muscarinic receptors. For neuronal nicotinic receptors, there are nine a and

three b subunits; the predominant subtypes are the homomeric a7 and heteromeric

a4 b2 subtypes (Paterson and Nordberg 2000). There are five types of muscarinic

receptors (M1–5), each encoded by an individual gene. A region of chromosome

15, 15q13-14, that contains the a7 AChR subunit gene has been associated with

schizophrenia, and SNPs have been described in the promoter region of the a7
subunit gene (Freedman et al. 1997). Studies using postmortem tissue suggest a

decreased density of the a7 nicotinic subtype in the brains of schizophrenics

(Freedman et al. 1995; Kucinski et al. 2010; Marutle et al. 2001). However, a7
AChR null mutant mice are normal in prepulse inhibition, water maze test, and fear

conditioning except for increased anxiety in the open field test (Paylor et al. 1998).

Animal studies demonstrate that a7-specific agonists can ameliorate positive and

negative symptoms, improve learning and memory (water maze and Y maze), and

attentional deficits (auditory gating) (Thomsen et al. 2010; Tregellas et al. 2011). In

patients with schizophrenia, a7 agonists appeared to have procognitive effects

(Thomsen et al. 2010). These observations suggest that this receptor subtype may

be responsible for the inheritance of a pathophysiological aspect of the illness.

As mentioned above, many schizophrenic patients are extremely heavy nicotine

users, even in comparison with other psychiatric patients (de Leon et al. 1995;
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Normal neurotransmission
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Fig. 22.1 Neurotransmitter pathways in schizophrenia
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Hamera et al. 1995). a7 subunit mRNA and protein levels are lower in

schizophrenic nonsmokers compared to control nonsmokers and are brought to

control levels in schizophrenic smokers (Mexal et al. 2010). Intriguingly, several

types of sensory processing deficits, including auditory sensory processing and eye-

tracking abnormalities, could be normalized by nicotine, delivered as gum, or by

smoking (Adler et al. 1993; Olincy et al. 1998). These observations suggest that

schizophrenic patients may smoke to self-medicate endogenous behavioral deficits

(Goff et al. 1992).

Initial investigations with quinuclidinyl benzilate (QNB), an antagonist that

binds to all five subtypes of muscarinic receptors, were inconsistent on levels of

muscarinic receptors in brains of schizophrenic patients. Ligand-binding studies

with pirenzepine, an M1-specific antagonist, revealed consistently decreased levels

in the DLPFC tissues from subjects with schizophrenia (Scarr et al. 2009). A

reduction of pirenzepine binding may be schizophrenia-specific because it was

not observed in patients with bipolar disorder or major depression (Zavitsanou

et al. 2004). In primates, M1 muscarinic receptors are located postsynaptically in

noncholinergic asymmetric and cholinergic symmetric synapses in cortical layers

III and V/VI (Mrzljak et al. 1993). They may modulate the cholinergic input from

the basal forebrain and intrinsic cortical cholinergic activity (Zhang et al. 2006).

M1 mutant mice were normal in hippocampal learning and memory (Miyakawa

et al. 2001; Shinoe et al. 2005) but were impaired in behavioral tasks requiring

interactions between the hippocampus and cortex (Anagnostaras et al. 2003).

22.2.4 The Dopaminergic Pathway

The original dopamine hypothesis of schizophrenia, proposed over 40 years ago,

associates hyperactivity of dopamine transmission with schizophrenia. It was based

on effective antipsychotic drugs that appear to act by blocking dopamine D2

receptors and their antipsychotic potency as usually positively correlated with

their D2 antagonistic activity (van Rossum 1966). Drugs which inhibit the reuptake

of dopamine such as amphetamine can induce schizophrenia-like psychosis in

nonpsychotic subjects (Angrist and Gershon 1970; Bell 1973; Gardner and Connell

1972) and exacerbate psychotic symptoms in schizophrenic patients (Laruelle et al.

1999; Lieberman et al. 1987). It was then believed that schizophrenia is associated

with hyperactivity of subcortical mesolimbic D2 pathways in the brain. In support

of this notion, positron emission tomography studies indicate that schizophrenia is

associated with elevated amphetamine-induced synaptic dopamine concentrations

(Breier et al. 1997; Laruelle et al. 1996). Striatal dopamine overactivity was

observed in patients with “at risk mental states” (ARMS) that might eventually

lead to the outbreak of psychosis (Howes et al. 2006).

D2-dependent antipsychotics are effective for positive symptoms but not nega-

tive symptoms and cognitive deficits in schizophrenic patients. These functions are

mainly controlled by the neocortex where the density of D2 receptors is several
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times lower than that of D1 receptors (De Keyser et al. 1988; Hall et al. 1994). D1

receptor–mediated signaling regulates the critical patterns of sustained neuronal

firing in the DLPFC during working memory tasks (Sawaguchi 2001; Williams and

Goldman-Rakic 1995) and has been shown to be critical for cognitive functions

subserved by the DLPFC, such as executive cognition and working memory

(Sawaguchi and Goldman-Rakic 1991, 1994). Recent postmortem and imaging

studies have suggested that the mesocortical dopaminergic projection to the PFC

may be hypoactive (Toda and Abi-Dargham 2007). Dopaminergic axons from

mesocortical regions were reduced in the DLPFC of schizophrenic patients (Akil

et al. 1999). Probably to compensate for the reduced dopaminergic input, D1

receptor binding in the DLPFC was increased in in vivo imaging studies of drug-

free and drug-naive schizophrenia subjects (Abi-Dargham et al. 2002). In some

case, the D1 receptor binding was decreased in schizophrenic patients (Okubo et al.

1997). In summary, the D1 upregulation does not actually contribute to the

impairment of working memory as D1 receptor antagonist worsen cognitive deficits

in schizophrenia (Abi-Dargham and Moore 2003).

22.3 Functions of Schizophrenia Susceptibility Genes

in Synapse Formation and Transmission

Many of the schizophrenia susceptibility genes have been implicated in neural

development. In addition, recent evidence suggests that they may also regulate

neurotransmission and synaptic plasticity. A comprehensive overview about the

synaptic function of various schizophrenia susceptibility genes is given below.

22.3.1 D2 DR

Brain imaging studies have found an increase in the density and occupancy of D2

receptors in the striatum of schizophrenic patients (Abi-Dargham et al. 1998; Abi-

Dargham et al. 2000; Wong et al. 1986). Also, several studies suggest that at least in a

subpopulation of patients the observed increase in D2 receptor binding may be

genetically determined (Hirvonen et al. 2004, 2005; Lawford et al. 2005; Zvara

et al. 2005). D2 receptors are localized at the postsynaptic membrane of medium

spiny neurons in the striatum (Gerfen 1992). In the PFC,where the expression levels of

dopamine transporters are low (Sesack et al. 1998), the D2 receptor is localized at

dopaminergic terminals to control the reuptake and the release of dopamine (Usiello

et al. 2000) and at GABAergic terminals to control the release of GABA (Tseng and

O’Donnell 2004). These D2 receptors are thought to fine-tune the firing of pyramidal

neurons. Consistent with a major function of D2R as autoreceptors, the ability of

dopamine to inhibit the firing of neurons in the midbrain or to inhibit the dopamine
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release in striatal projection areas is lost in D2RKOmice (Mercuri et al. 1997; Rouge-

Pont et al. 2002). However, no in vivo genetic studies clarified the functions of D2

receptor inGABAergic interneurons. Overexpression of D2 receptor inmedium spiny

neurons in the striatum causes impairments in cognitive processes in the transgenic

mice (Kellendonk et al. 2006). The transgenic mice are also impaired in incentive

motivation that relates to negative symptoms. Interestingly, the cognitive, but not

motivational, deficits persisted long after D2 receptor expression was switched off,

suggesting that transient expression during prenatal development was sufficient to

cause cognitive deficits in adulthood.

22.3.2 DISC1

The disrupted in schizophrenia (DISC) gene locus was first identified as a risk factor

for major mental illness through study of a large Scottish family in which a balanced

translocation between chromosomes 1 and 11 cosegregates with schizophrenia, bipo-

lar disorder, and recurrent major depression (Millar et al. 2000; St Clair et al. 1990).

This translocation directly disrupts the DISC1 protein and leads to a C-terminal

truncated mutation of DISC1 (Millar et al. 2000). In addition to the translocation,

several putative pathogenic mutations have been identified through sequencing

DISC1 exons in patients (Song et al. 2008). DISC1 seems to serve as a scaffolding

protein interacting with many proteins ranging from transcription factors,

phosphodiesterases, and proteins implicated in cytoskeletal and centrosomal organi-

zation (Kamiya et al. 2008; Millar et al. 2003, 2005; Miyoshi et al. 2003; Morris et al.

2003; Ozeki et al. 2003). Consistent with this idea, studies in cell culture as well as in

Drosophila and mice suggest that DISC1 may be involved in neuronal migration,

positioning, differentiation, and neurite extension (Duan et al. 2007; Kamiya et al.

2005). DISC1 is expressed at the postsynaptic membrane of asymmetric synapses in

human neocortex (Kirkpatrick et al. 2006). Mutant mice were generated to carry a

25-bp deletion in exon 6 of the Disc1 gene, which express a truncated DISC1 protein

mimicking the mutant DISC1 found in the Scottish family (Kvajo et al. 2008). These

mice exhibit fewer synaptic spines in the dentate gyrus, deficits in short-term plasticity

at CA3/CA1 synapses, and impaired working memory (Kvajo et al. 2008). Depletion

of DISC1 in newborn neurons in adult mice causes their mispositioning and

accelerated formation of dendritic spines and synapses. DISC1-deficient newborn

neurons also exhibit enhanced excitability (Duan et al. 2007).

22.3.3 DTNBP1/Dysbindin

Both linkage and association studies have implicated dystrobrevin-binding protein

1 (Dysbindin or DTNBP1) as a promising susceptibility gene for schizophrenia

(Kirov et al. 2004; Schwab et al. 2003; Straub et al. 1995, 2002; Tang et al. 2003).
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mRNA or protein levels of dysbindin were decreased in prefrontal cortex (PFC) and

hippocampus (Talbot et al. 2004; Tang et al. 2009; Weickert et al. 2004, 2008) from

schizophrenic patients. Dysbindin is a member of a protein complex, known as

biogenesis of lysosome-related organelle complex 1 (BLOC-1). This complex is

involved in vesicle trafficking and dendritic branching (Ghiani et al. 2010). In

cultured neurons, increase and suppression of dysbindin expression can promote

and inhibit glutamate release, respectively (Numakawa et al. 2004). The Sandy

mice, which lack dysbindin protein owing to a deletion in the gene Dtnbp1 (encoding

dysbindin) (Li et al. 2003), have a decreased rate of vesicle release, a correlated

decrease in vesicle pool size, and an increased thickness of the postsynaptic density

(Chen et al. 2008). In Sandy mice, deep-layer pyramidal neurons in the PFC showed

reduced miniature and evoked EPSCs, and impaired paired-pulse facilitation,

suggesting that dysbindin may regulate excitatory transmission in the PFC possibly

by a presynaptic mechanism (Jentsch et al. 2009). Decreased levels of dysbindin are

associated with reduction in NMDA-evoked currents in PFC pyramidal neurons and

in NR1 expression (Karlsgodt et al. 2011). The Sandy mice showed mild deficit in

spatial working memory (Jentsch et al. 2009), which appears to correlate with levels

of NR1 expression (Karlsgodt et al. 2011).

22.3.4 NRG1 and ErbB4

Several linkage studies in independent populations have identified neuregulin 1

(NRG1) and its receptor ErbB4 as susceptibility genes of schizophrenia

(Nicodemus et al. 2006; Norton et al. 2006; Stefansson et al. 2002, 2003; Yang

et al. 2003). NRG1 isoforms (types I and IV) and the ErbB4 isoform (JMa, CYT1)

are expressed at higher levels in the PFC and hippocampus of schizophrenic

patients (Hashimoto et al. 2004; Law et al. 2007; Law et al. 2006; Silberberg

et al. 2006). Another group reported a marked increase in NRG1-induced ErbB4

activation in the prefrontal cortex in schizophrenia, while the total level of NRG1

and ErbB4 did not alter (Hahn et al. 2006). NRG1 is a family of EGF

domain–containing trophic factors that acts by activating ErbB tyrosine kinases

(Mei and Xiong 2008). In vitro studies suggest that NRG1-ErbB4 signaling may

regulate neuronal migration and gene expression of NMDA and GABA receptors

(Mei and Xiong 2008). However, these notions were challenged by studies of

mutant mice (Barros et al. 2009; Brinkmann et al. 2008; Chen et al. 2010a;

Gajendran et al. 2009).

ErbB4 in rodents is enriched in GABAergic interneurons (Fazzari et al. 2010;

Huang et al. 2000; Lai and Lemke 1991; Vullhorst et al. 2009; Yau et al. 2003).

During development, NRG1-ErbB4 appears to play a role in the formation of

excitatory synapses on GABAergic interneurons and inhibitory synapses on pro-

jection cells (Fazzari et al. 2010; Ting et al. 2011). Both NRG1 and ErbB4 are

expressed in adult brain. Acute treatment of hippocampal slices with soluble NRG1

suppresses the induction of long-term potentiation (LTP) (Huang et al. 2000).
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Evidence suggests that this effect is mediated by enhanced GABAergic transmis-

sion. We have recently demonstrated that NRG1 acts to promote GABA release and

thus control the firing of pyramidal neurons and suppresses long-term potentiation

(LTP) (Chen et al. 2010b; Huang et al. 2000; Wen et al. 2010; Woo et al. 2007).

Ablation of ErbB4 in parvalbumin-positive interneurons causes schizophrenia-

relevant phenotypes in mutant mice including hyperactivity, impaired prepulse

inhibition, and working memory deficits (Wen et al. 2010).

In addition to inhibitory neurons, ErbB4 is highly expressed in midbrain dopa-

minergic neurons in rodents, monkeys, and humans (Abe et al. 2009; Steiner et al.

1999; Zheng et al. 2009). NRG1 has been shown to promote dopamine release in

the striatum, hippocampus, and medial prefrontal cortex (Kato et al. 2010; Kwon

et al. 2008; Yurek et al. 2004). In vitro studies suggest that NRG1 enhances the

survival of dopaminergic neurons (Zhang et al. 2004). However, mutant mice

where ErbB4 is ablated in the entire brain showed normal structure of the substan-

tial nigra pars compacta and no deficits in motor performance, suggesting that

ErbB4 is not required for the development or survival of dopaminergic neurons

(Thuret et al. 2004). It will be interesting to generate dopaminergic neuron–specific

ErbB4 mutant mice to determine whether NRG1-ErbB4 signaling is important for

neurotransmission at dopaminergic synapses.

It is controversial whether NRG1 regulates excitatory synapse formation in pyra-

midal neurons and glutamatergic transmission. Overexpression of ErbB4 and suppres-

sion of its expression by ErbB4 shRNA promoted or inhibited the formation of

glutamatergic synapses in pyramidal neurons of neonatal hippocampal slices

(Li et al. 2007), suggesting a potential role in excitatory synapse formation. However,

when ErbB4 is ablated specifically in CaMKII-positive neurons, it had no effect on

basal glutamatergic transmission (Chen et al. 2010b). Acute treatment of soluble

NRG1 did not alter paired-pulse facilitation (PPF) (Huang et al. 2000; Iyengar and

Mott 2008), suggesting no effects of NRG1 on glutamate release. However, NRG1

mutant mice showed altered PPF and short-term plasticity (Bjarnadottir et al. 2007).

Treatment with NRG1 decreased NMDAR-mediated excitatory postsynaptic currents

in PFC slices and reduced whole-cell NMDAR currents in acutely isolated PFC

pyramidal neurons by elevating intracellular Ca2+ and stimulating ERK activity

(Gu et al. 2005). In hippocampal slices, however, NRG1 appeared to have little effect

on NMDAR- or AMPAR-mediated basic transmission (Chen et al. 2010b). In human

postmortem hippocampal tissues, NRG1 could attenuate ligand-induced phosphoryla-

tion of NMDA receptors and its association with signaling partners (Hahn et al. 2006).

NRG1 regulates the expression of the a7 nicotinic acetylcholine receptors

(nAChRs) (Liu et al. 2001; Sandrock et al. 1997; Usdin and Fischbach 1986;

Yang et al. 1998). Consistent with these reports, decreased a7 nAChR mRNA

and protein in schizophrenic patients is associated with the genetic variation of

NRG1 (Mathew et al. 2007). Recent studies of NRG1 mutant mice indicate that

type III NRG1 regulates the axonal targeting of a7 nAChR and is required for the

enhancement of hippocampal transmission by nicotine (Hancock et al. 2008;

Zhong et al. 2008).
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22.3.5 Future Directions

It is clear that synaptic transmission and plasticity are disrupted in schizophrenia.

The disruption could be caused by problems that occurred during neural develop-

ment and/or after brain wiring is complete. Interestingly, Rett syndrome–like

neurological deficits of MeCP2 mutant mice can be reversed in adult stage (Guy

et al. 2007). It would be important to determine whether this occurs to mutant mice

of schizophrenia candidate genes, which would require the reversible transgenic or

knockout strategies. Tet-Off system is commonly used to overexpress individual

genes which can be reversed by doxycycline (Mayford et al. 1996). Tamoxifen-

inducible Cre mice were generated to reactivate the genes by removing the loxP-

STOP-loxP cassette (Guy et al. 2007; Hayashi and McMahon 2002). Another

important question is to demonstrate the deficit in neural circuitry in schizophrenia.

For example, recent studies showed impaired hippocampal-prefrontal synchrony in

a genetic mouse model of schizophrenia which has the microdeletion on the human

chromosome 22 (Sigurdsson et al. 2010). More recent paper reported that the

efficacy of ventral hippocampus input to the nucleus accumbens is reduced in the

type III NRG1 heterozygotes mutant mice (Nason et al. 2011). The third question to

be addressed is how the dysfunction of different types of GABAergic interneurons

contributes to the schizophrenia. Optogenetics, a new emerging technique which

enables the activation or inactivation of different types of neurons with spatial and

temporal control (Boyden et al. 2005; Gradinaru et al. 2009; Petreanu et al. 2009), is

obviously of great advantage to address this question. Recent study demonstrated

the critical roles of parvalbumin-positive interneurons in gamma-frequency syn-

chronization in vivo using optogenetics (Sohal et al. 2009). Finally, how can we test

the hypothesis that a synaptic defect is responsible for schizophrenia in humans? A

direct way would be to study synaptic behavior in the brains of affected individuals,

but this can not yet be done in the intact human brain. A possible alternative route

involves the production of induced pluripotent stem cells (Takahashi et al. 2007; Yu

et al. 2007) from adult cells derived from schizophrenic patients and then inducing

these iPS cells to form neurons and synapses. The neuronal culture is also poten-

tially useful in screening the individual antischizophrenia drugs.
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Chapter 23

Molecular and Cellular Aspects of Mental

Retardation in the Fragile X Syndrome: From

Gene Mutation/s to Spine Dysmorphogenesis

Silvia De Rubeis, Esperanza Fernández, Andrea Buzzi, Daniele Di Marino,

and Claudia Bagni

Abstract The Fragile X syndrome (FXS) is the most frequent form of inherited

mental retardation and also considered a monogenic cause of Autism Spectrum

Disorder. FXS symptoms include neurodevelopmental delay, anxiety, hyperactiv-

ity, and autistic-like behavior. The disease is due to mutations or loss of the Fragile

X Mental Retardation Protein (FMRP), an RNA-binding protein abundant in the

brain and gonads, the two organs mainly affected in FXS patients. FMRP has

multiple functions in RNA metabolism, including mRNA decay, dendritic targeting

of mRNAs, and protein synthesis. In neurons lacking FMRP, a wide array of

mRNAs encoding proteins involved in synaptic structure and function are altered.

As a result of this complex dysregulation, in the absence of FMRP, spine morphol-

ogy and functioning is impaired. Consistently, model organisms for the study of the

syndrome recapitulate the phenotype observed in FXS patients, such as dendritic

spine anomalies and defects in learning.

Here, we review the fundamentals of genetic and clinical aspects of FXS, devoting

a specific attention to ASD comorbidity and FXS-related diseases.We also review the

current knowledge on FMRP functions through structural, molecular, and cellular

findings. Finally, we discuss the neuroanatomical, electrophysiological, and
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behavioral defects caused by FMRP loss, as well as the current treatments able to

partially revert some of the FXS abnormalities.

Keywords FMR1 • FMRP • Fragile X • Messenger ribonucleoparticles •

Spinogenesis

23.1 Genetics of Fragile X (FXS) and Fragile X Tremor

Ataxia (FXTAS) Syndromes

23.1.1 Fragile Mental Retardation 1: A Gene Associated
to Two Neurological Diseases

The Fragile X syndrome (FXS) is the most frequent form of inherited intellectual

disability (Jacquemont et al. 2007). Patients with FXS show physical features, such

as large ears, elongated face, and high-arched palate, which have been reported in

60% of prepubertal FXS boys. Other symptoms include connective tissue

anomalies, which can lead to mitral valve prolapse, scoliosis, flat feet, and joint

laxity. Recurrent otitis media and strabismus are also common. Macroorchidism

due to a hypothalamic dysfunction affects about 90% of boys with FXS by the age

of 14 (Jacquemont et al. 2007).

The neurological involvement displays a broad spectrum of cognitive and behav-

ioral deficits. The developmental delay is the most consistent feature, with a mean IQ

of 42 in boys and severemental retardation in about 25%of cases. Since the disorder is

X-linked and the penetrance is variable, females are usually in a low–normal range,

with an IQ ranging from 70 to 90 (Jacquemont et al. 2007). Moreover, epilepsy has

been described in 13–18%of boys and 4% in girls, but normally, the seizures and EEG

alterations tend to resolve during childhood or early adulthood (Berry-Kravis 2002;

Musumeci et al. 1999). Despite the severe neurobehavioral symptoms, the anatomical

studies revealed minor abnormalities in postmortem brains from FXS patients

(Hallahan et al. 2010; Reiss et al. 1995). The most prominent neuroanatomical feature

is the dysgenesis of the dendritic spines, which appear longer and thinner than normal,

likely due to a developmental delay in spine dynamics and transition from immature to

mature spines (Cruz-Martin et al. 2010; Irwin et al. 2001). FXS is also the most

commonmonogenic cause of Autism Spectrum Disorder, ASD (Hatton et al. 2006), a

heterogenous group of neurodevelopmental pathologies affecting approximately 37

individuals in 10,000 (Fombonne 2005) and present inmore than 40% of patients with

intellectual disability (Moss and Howlin 2009). About 25% of FXS boys and 6% of

girls meet criteria for ASD, while 1–2% of patients affected by ASD have FXS

(Abrahams and Geschwind 2008; Hatton et al. 2006). In particular, recent reports

estimated that about 30% of FXS subjects meet criteria for Autistic Disorder and 30%

for Pervasive Developmental Disorder Not Otherwise Specified (Harris et al. 2008).

However, up to 90% of children with Fragile X display behavioral alterations which

resemble ASD, such as social anxiety, gaze avoidance, delayed speech development,
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echolalia, sensory hypersensitivity, tactile defensiveness, stereotypic movements, and

poormotor coordination (Belmonte and Bourgeron 2006; Hernandez et al. 2009). The

cognitive delay is more severe in FXS childrenwith ASD, and additional neurological

disorders, genetic problems, or seizures may increase the risk of autism (Garcia-

Nonell et al. 2008).

FXS is due to triplet repeat expansion or point mutations in the Fragile X mental

retardation 1 (FMR1) gene, located on chromosome Xq27-3 (Fig. 23.1). A severe

FXS form has also been documented in a patient with a mutation in the coding

region of the gene, leading to the substitution of isoleucine 304 for asparagine

(Ile304Asn, see below) (De Boulle et al. 1993). Few cases with deletions in the

coding regions have also been identified (Gedeon et al. 1992; Meijer et al. 1994;

Mila et al. 2000; Wohrle et al. 1992). In over 90% of patients, a CGG triplet in the 50

UTR of the gene is expanded over 200 copies, leading to hypermethylation of the

CGG, transcriptional silencing, and abolished production of the Fragile X Mental

Retardation Protein (FMRP) (Jacquemont et al. 2007). The CGG triplet region is

highly polymorphic in the population. Normal alleles (5–44 CGG copies) are stably

transmitted to the offspring; “gray-zone” alleles (45–54 copies) and “premutation”

alleles (55–200 copies) are rather unstable and can evolve into a “full mutation”

(>200 repeats) during the maternal transmission (Fig. 23.1). While the gray-zone

alleles require at least two generations before expanding to a full mutation

(Fernandez-Carvajal et al. 2009), the premutation is highly unstable, and the risk

of transmitting an allele with the full mutation is function of the repeat length

(Hagerman and Hagerman 2002). The carriers of premutation alleles were consid-

ered clinically unaffected since the discovery of a dominant late-onset neurodegen-

erative disorder: the Fragile X Tremor Ataxia Syndrome (FXTAS). In 2001, the

Hagerman laboratory described for the first time action tremor associated with

executive function impairments and brain atrophy in five elderly men with the

premutation (Hagerman et al. 2001). The frequency of premutation carriers has

Fig. 23.1 Scheme of the FMR1 gene which includes the promoter, the 50 UTR, and the FMR1-
coding sequence in a normal allele (5–44 CGG copies) (a), a premutated allele (55–200 copies)

(b), and a full mutated allele (>200 repeats) (c)
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been estimated in 1:800 in men and 1:300 in women, although FXTAS displays

reduced penetrance (~33% in men, not yet determined in women). Major behav-

ioral diagnostic criteria for FXTAS are gait ataxia and intention tremor, eventually

associated with parkinsonism and cognitive decline, often progressing to dementia

(Hagerman and Hagerman 2007). Psychiatric disturbances often observed in

FXTAS patients include anxiety, depression, and hostility (Bacalman et al. 2006).

In some premutation patients, a psychiatric phenotype with features resembling

attention deficit hyperactivity disorder (ADHD) and ASD can also appear in

childhood or adolescence (Farzin et al. 2006). Further studies on postmortem brains

from premutation carriers revealed a generalized brain atrophy, white matter

disease, and middle cerebellar peduncle lesions (Hagerman and Hagerman 2007).

One of the key cytological hallmarks of FXTAS is the presence of intranuclear

ubiquitin-positive inclusions in neurons and astrocytes throughout the brain (Greco

et al. 2006). The intranuclear foci were consistently observed in model organisms

for FXTAS, both mouse (Berman and Willemsen 2009) and Drosophila (Jin et al.

2007; Sofola et al. 2007). Remarkably, the number of inclusions correlates with the

size of the CGG expansion (Greco et al. 2002, 2006).

FXS and FXTAS are both due to triplet expansions. While FXS is a loss-

of-function disease, FXTAS is thought to be a consequence of RNA toxic

gain-of-function mechanism. First, a consistent molecular feature in both FXTAS

patients and mouse models is the elevation of aberrant CGG expanded FMR1mRNA

levels (Allen et al. 2004; Kenneson et al. 2001; Tassone et al. 2000), due to increased

transcription (Tassone et al. 2007). Nevertheless, carriers of premutation alleles show

decreased levels of FMRP (Brouwer et al. 2008; Entezam et al. 2007) caused by the

reduced translational efficiency of the FMR1 mRNA carrying the CGG expansion

(Primerano et al. 2002), as well as by a differential use of the FMR1 mRNA 30 UTR
(Tassone et al. 2011). It has been proposed that the CGG expansion in the 50 UTR
would form a secondary structure inhibiting the ribosome scanning and thus leading to

a scarce translational efficiency (Feng et al. 1995). The intranuclear foci contain in

addition to the aberrant FMR1 mRNA (Greco et al. 2002; Tassone et al. 2004) a

variety of RNA-binding proteins (RBPs) interacting with the rCGG tract, such as

PURalpha, hnRNP A2/B1, and CUG-BP1 (Iwahashi et al. 2006).

The FMR1 gene encodes for FMRP (Bassell and Warren 2008; De Rubeis and

Bagni 2010), an RNA-binding protein that contributes to the posttranscriptional

control of gene expression (see below). In neurons, FMRP is part of messenger

ribonucleoparticles (mRNPs) and regulates dendritic transport of associated

mRNAs, their stability and local translation (Bassell and Warren 2008; De Rubeis

and Bagni 2010). The roles of FMRP have been mainly addressed by using animal

models that mimic FXS.

23.1.2 Model Organisms for the Study of the Fragile X Syndrome

TheFMR1 gene is conserved along evolution, and this allowed researchers to develop
murine (Bakker 1994; Mientjes et al. 2006), Drosophila (Zhang et al. 2001), and
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zebrafish (den Broeder et al. 2009; Tucker et al. 2006) animal models to study the

molecular, cellular, and behavioral phenotypes of the syndrome.

Mouse models. The first model available, the Fmr1 knockout (KO) mouse, was

generated by interrupting exon 5 of the Fmr1 gene with a neomycin cassette

(Bakker 1994). Although the insertional mutation does not mimic FXS in humans,

it leads to the functional ablation of Fmr1 gene since the interrupted Fmr1 mRNA

prevents the translation of a functional FMRP (Bakker 1994). This mouse model

presents an array of anatomical, behavioral, and neurological similarities to FXS

patients (see below). Recently, a conditional KO (Fmr1 CKO) and a second

generation Fmr1 KO null for Fmr1 mRNA (Fmr1 KO 2) have been generated by

flanking the murine promoter and the first exon with loxP sites (Mientjes et al.

2006). In Fmr1 CKO, Fmr1 expression can be suppressed at specific developmental

stages or in specific cell types, as showed by crossing these mice with a line

carrying the Cre recombinase driven by a Purkinje cell–specific promoter (Mientjes

et al. 2006). Moreover, a mouse model mimicking the mutation Ile304Asn that

leads to a severe FXS manifestation (De Boulle et al. 1993) has been recently

generated; of interest, this model phenocopies the behavioral and electrophysiolog-

ical defects observed in Fmr1 KO mice (Zang et al. 2009) (see below).

Fruit fly Models. In Drosophila melanogaster, several loss-of-function

mutations, ranging from hypomorphs to nulls, have been generated (Dockendorff

et al. 2002; Inoue et al. 2002; Morales et al. 2002; Zhang et al. 2001). Such models

display a variety of behavioral and developmental defects (Zarnescu et al. 2005).

Zebrafish Models. The first attempt to produce amodel for FXS inDanio reriowas
performed in 2006 using a knockdown approach by microinjecting morpholinos in

early embryos (Tucker et al. 2006). Although the authors described defects in cranio-

facial development and neuronal branching in embryos, further studies failed in

reproducing this phenotype in two Fmr1 KO lines (den Broeder et al. 2009).

23.2 An Insight into the Structure of the Fragile X Mental

Retardation Protein

The FMR1 gene is composed of 17 exons and subjected to alternative splicing,

occurring preferentially at the level of exons 12, 14, 15, and 17. This generates up to

12 different protein isoforms, with a molecular weight ranging between 70 and

80 kDa, with the longest isoform containing 632 amino acidic residues (Bassell

and Warren 2008). The role of each isoform still needs to be clarified (Bassell and

Warren 2008). Whereas FMRP isoforms are similarly expressed in many tissues

and organs, the relative abundance of each isoform seems to be tissue specific

(Kaufmann et al. 2002; Xie et al. 2009).

FMRP is a multidomain RNA-binding protein able to recognize several coding

and noncoding RNAs, including the brain cytoplasmic RNA BC1/BC200 (Ashley

et al. 1993; Johnson et al. 2006; Napoli et al. 2008; O’Donnell and Warren 2002;
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Siomi et al. 1993; Zalfa et al. 2005) and microRNAs (Edbauer et al. 2010).

Moreover, FMRP homodimerizes and interacts with several cytoplasmic and nuclear

proteins, including the two paralogs Fragile-X-related proteins 1 and 2 (FXRP1 and

FXRP2) (O’Donnell and Warren 2002; Tamanini et al. 1999; Zhang et al. 1995).

The protein can be structurally divided into three main regions: N-terminal region,

central region, and C-terminal region (Fig. 23.2a). The N-terminal region is

characterized by the presence of two Tudor domains (TD), a putative Helix-Loop-

Helix domain (HLH), and a Nuclear Localization Signal (NLS) (Sjekloca et al. 2009)

(Fig. 23.2a). The central region contains two K Homology domains (KH) that share a

high degree of homology with the hnRNP K domain and a Nuclear Export Signal

(NES) (Valverde et al. 2008) (Fig. 23.2a). The C-terminal region, which is the less

conserved region among the different species, is characterized by the presence of an

RGG box containing a conserved Arg-Gly-Gly triplet (Darnell et al. 2001; Menon

et al. 2004; Sjekloca et al. 2009) (Fig. 23.2a).

A region modulated by phosphorylation is localized between the FMRP central

portion and the RGG box, specifically located between the amino acids 483 and 521

and conserved along different species. Ceman and colleagues showed that the

phosphorylation of serine 499 triggers hierarchical phosphorylation events of

nearby serines (Ceman et al. 2003). This phosphorylation modulates the association

of FMRP with Dicer involving FMRP in the miRNA pathway (Cheever and

Ceman 2009).

Fig. 23.2 Structural modules of FMRP. (a) The different domains that compose the protein are

represented following the color code: yellow ¼ Tudor domains, blue ¼ nuclear localization

signal, green ¼ helix-loop-helix motif, red ¼ K homology domains, purple ¼ nuclear export

signal, gray ¼ RGG box. The division in N-terminal, central, and C-terminal regions is also

represented. (b) Ribbon representation of the structure of the two Tudor domains represented in

yellow and (c) of the KH2 domain represented in red. In both panels, the succession of the

secondary structure elements is underlined. The position of residue Ile304 is highlighted in gray
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The N-terminal region of FMRP contains two Tudor domains able to bind single-

strand (ss) nucleic acids. The same activity is shared by the two KH domains in the

central region (Darnell et al. 2001;Musco et al. 1996; Ramos et al. 2006; Valverde et al.

2007) and the RGG box in the C-terminal region. The structure of the entire protein has

not been resolved so far, but NMR andX-ray structures of single domains are available

(Ramos et al. 2006; Valverde et al. 2007). The structure of the first 134 residues of the

N-terminal domain, resolved by NMR, reveals the three-dimensional organization of

the two Tudor domains, each one formed by a barrel-like fold made of four-stranded

antiparallel b sheet (Fig. 23.2b). The two Tudor domains are linked by an unstructured

fragment (linker) (Ramos et al. 2006) (Fig. 23.2b). The structure of the first 134 residues

reveals three structural motifs, the two Tudor domains repeats and one a helix (Ramos

et al. 2006) (Fig. 23.2b). Extensive interactions are observed between these elements,

strongly suggesting that all the elements are necessary for the stability of the overall

N-terminal domain (Ramos et al. 2006). The structure also reveals hydrophobic

pockets on the surface of the two Tudor domains, in analogy with other Tudor

domains, such as the Survival of Motor Neuron (SMN) Tudor domain and the

heterochromatin-associated protein 1 (HP1) chromo domains (Nielsen et al. 2002b;

Sprangers et al. 2003). These hydrophobic pockets can bind methylated amino acids

(Ramos et al. 2006).

The three-dimensional structure of the two KH domains located in the central

region of FMRP has been solved by X-ray (Valverde et al. 2007). The KH domains,

usually present in multiple copies in a protein, contain the consensus (ILV)-I-G-X2-G-

X2-I sequence and are responsible for the interaction with ssDNA,mRNA, and rRNA.

The KH domains consist of a b1a1a2b2b0a0 fold, three-dimensionally oriented as a

three-stranded b-sheet domain opposed to a three a-helices domain (Valverde et al.

2008), as evidenced by the X-ray structure (Valverde et al. 2007) (Fig. 23.2c). TheKH

domains are classified as Type I or Type II folds. Both contain the minimal KH motif

but with different C- or N-terminal extensions giving b1a1a2b1b0a0 and a0b0b1a1a2b2

for Type I and Type II, respectively (Valverde et al. 2007) (Fig. 23.2c). KH domains in

eukaryotic proteins are exclusively Type I, whereas in prokaryotic proteins are

exclusively Type II (Grishin 2001; Siomi et al. 1993). b-Sheets b2 and b0 are

connected by a variable loop, while a-helices a2 and a0 are connected by the so-called
GXXG loop (Fig. 23.2c). This HLH (Helix-Loop-Helix) region of the domain forms

the nucleic acid binding site (Valverde et al. 2008).

The best characterized missense mutation for FMRP is Ile304Asn, located on the

KH2 domain (De Boulle et al. 1993). As previouslymentioned, this mutation has been

reported in an individual with a severe manifestation of FXS, including very low IQ,

macroorchidism, and severe social and behavioral impairment (DeBoulle et al. 1993).

This underlines the importance of the KH2 domain for the neuronal functions of

FMRP. The structure of the two KH domains revealed that the Ile304 residue is

located on helix a2 of the KH2 domain (Fig. 23.2c). This residue is part of the

hydrophobic core that stabilizes the three-dimensional folding of the domain. Indeed,

the hydrophobic residues present at the interface of the a-helices and b-sheets domain

establish a hydrophobic network of interactions that maintains the domain structure.

This network of hydrophobic packing and van der Waals interactions is hypothesized

to be conserved among all the Fragile-X-related proteins, such as FXRP1 and FXRP2,
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since all the hydrophobic residues abovementioned are conserved (Valverde et al.

2007). The substitution of residue Ile304 by an Asn, located in this hydrophobic core

may disrupt this network, affecting the structure of the domain (Fig. 23.2c). Further-

more, being Ile304 buried in the domain core and not solvent accessible, it seems that

the residue is not directly involved in the binding with nucleic acids, but the structural

rearrangements caused by the mutation could affect the nucleic acid binding

(Valverde et al. 2007).

FMRP belongs to a multiprotein complex and not only interacts with nucleic acids

but also with a series of other proteins. Among all, the best characterized are the

Cytoplasmic Fragile X Mental-Retardation-Interacting Protein 1 and 2 (CYFIP1

and 2), the Eukaryotic Translation Initiation Factor 4E (eIF4E), the Insulin-like

Growth Factor 2 mRNA-Binding Protein (IGF2BP1), the Survival of Motor Neuron

(SMN), the Tudor-Domain-Containing Protein 3 (TDRD3), the FXR1 and 2,

the 58-kDa Microspherule Protein (MSP58), and the Nuclear Fragile X Mental-

Retardation-Interacting Protein 1 and 2 (NUFIP1 and 2). FMRP also interacts with a

series of other proteins involved in several diseases (Table 23.1). The extensive

network of interactions explains the presence of FMRP in several multiprotein

complexes.

Table 23.1 FMRP interactors found in mammalian cells and tissues. (ND) Indicates no diagnosed
disease associated to the protein

Protein name Molecular function/properties

FXR1P RNA-binding protein

FXR2P RNA-binding protein

CYFIP1 Rac1-binding protein translational repressor tumor suppressor

CYFIP2 Regulator of actin cytoskeleton

NUFIP1 DNA and RNA binding

82-FIP/NUFP2 ND

NUCLEOLIN DNA and RNA binding

YB1/p50 DNA and RNA binding

STAUFEN1 Double-stranded RNA binding

PURa DNA and RNA binding

PURb DNA and RNA binding

MYOSIN VA mRNP and organelle transporter

RanBPM Scaffolding protein: protein interaction and cytoskeletal-

binding domain

elF2C2/AGO1 mRNA processing, translational control

DICER RNase III endonuclease, RNA interference pathway

PABP1 RNA binding

Kinesin heavy chain 5A/C Motor protein

Dynein intermediate chain Microtubule and protein binding, motor activity

elF4E RNA and protein binding

TDRD3 Nucleic acid binding

UBE21(UBC9) Ubiquitin-ligase activity, SUMO-ligase activity, transcription

factor binding

NXR2 Nuclear mRNA export

Posttranscriptional mRNA metabolism

APC Protein and microtubule binding
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Most of the protein–protein and protein–RNA interactions occur at the N-

terminal and central regions of FMRP. These two regions display a high degree

of conservation among different family members (FMRP-FXR1P–FXR2P), while

the C-terminal region, where the RGG box is located, is found to be the less

conserved (Menon et al. 2004).

Among the best characterized interactions, the region encoded by exon 7 (residues

173–218) of FMRP is responsible for the interaction with CYFIP1 and 2. This

interaction leads to the formation of the eIF4E-CYFIP1-FMRP complex that blocks

mRNAs translation process (Napoli et al. 2008) (see below). Interaction of FMRPwith

NUFIP (Nuclear FMRP Interacting Protein) occurs through the N-terminal region

(residues 1–217) (Bardoni et al. 2003). Residues 470–485 of the N terminus are also

essential for the interaction with SMN, while residues 430–486 as well as the second

KH domain are crucial for the bindingwith TDRD3 (Linder et al. 2008). Interestingly,

the Ile304Asn mutation affects the FMRP–TDRD3 interaction (Linder et al. 2008).

The C terminus is involved in the interaction with RanBPM, and this interaction also

modulates the FMRP RNA binding activity (Menon et al. 2004).

23.3 Cellular and Molecular Functions of FMRP

FMRP ismainly expressed in the brain and gonads (Khandjian et al. 1995;Verheij et al.

1993) where it is mostly confined to the cytoplasm. FMRP has also been localized in

nucleus (Willemsen et al. 1996). Despite existing a clear shuttling process of the protein

from both compartments (Eberhart et al. 1996; Sittler et al. 1996), the neuronal

cytoplasmic function of FMRP has been mainly addressed. FMRP forms large cyto-

plasmic ribonucleoparticles (RNPs) containing several other proteins and RNAs

(Johnson et al. 2006; Zalfa et al. 2005; Zalfa and Bagni 2005; Zalfa et al. 2003).

FMRP-RNPs have also been found to cosediment with both polyribosomes and

mRNPs (Zalfa et al. 2006) consequently being involved not only in the traffic and

stability of the transported mRNAs but also in their translation. FMRP has also been

detected in P bodies (PB) and stress granules (SG) containing translationally silent

preinitiation complexes (Anderson and Kedersha 2006). Several studies have shown

that FMRP plays a critical role in regulating mRNA translation, transport, and stability

(Bagni and Greenough 2005; Bassell and Warren 2008; De Rubeis and Bagni 2010)

(see Table 23.2 for a list of validated mRNA targets). In addition, the expression of

FMRP in dendrites increases after synaptic stimulation suggesting a direct link between

FMRP function and synaptic plasticity activation (Antar et al. 2004, 2006; Ferrari et al.

2007).

23.3.1 Regulation of Protein Synthesis

The translational dysregulation of a subset of FMRP target mRNAs is probably the

major contribution to FXS (Table 23.2) (Bassell and Warren 2008). In neurons,

protein synthesis occurs not only in the soma but also along axons (Holt and
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Bullock 2009), dendrites, and postsynaptic sites (Steward and Schuman 2003).

Local protein synthesis is required for long-lasting forms of synaptic plasticity

that underlie consolidation of long-term memories (Flavell and Greenberg 2008).

In the brain, protein synthesis is a mechanism that follows different states of

synaptic plasticity activation, and it is orchestrated by the action of glutamate

receptors. The ionotropic receptors N-methyl-D-aspartate (NMDAR), alpha-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAR), and the metabotrobic

glutamate receptor (mGluR) play a key role in basic synaptic plasticity as well as in

the activation of different synaptic plasticity states (Massey and Bashir 2007; Shi et al.

1999). In vitro models to study synaptic plasticity have been developed by depolari-

zation of the postsynaptic membrane. Specifically, activation of mGluR by applying

dihydroxyphenylglycine (DHPG) induces a synaptic plasticity state called long-term

depression (LTD) (DHPG-induced LTD) (Massey and Bashir 2007) which involves

several synaptic events including mRNA targeting and local protein synthesis and

degradation (Gladding et al. 2009). However, in the Fmr1 KO mice, DHPG-induced

LTD plasticity is strongly increased (Huber et al. 2002), and it is also protein synthesis

independent. This effect on LTD is likely due to deregulated local protein synthesis

(Lu et al. 2004;Muddashetty et al. 2007; Zalfa et al. 2007; Huber et al. 2002; Nosyreva

and Huber 2006; Ronesi and Huber 2008) and has settled the bases to describe the

“mGluR theory” (Bear et al. 2004) (see below).

FMRP is involved in both basal and activity-dependent local protein synthesis

by repressing in vivo and in vitro translation (Laggerbauer et al. 2001; Li et al. 2001;

Lu et al. 2004; Muddashetty et al. 2007; Napoli et al. 2008; Zalfa et al. 2003). This has

Table 23.2 Shortlist of FMRP mRNA targets whose association has been validated by applying

in vivo or in vitro methods

mRNA Dendritic

localization

References

App Westmark and Malter (2007)

Arc + Zalfa et al. (2003), Park et al. (2008)

CamKlla + Zalfa et al. (2003), Hou et al. (2006), Muddashetty et al.

(2007)

eEF1A + Sung et al. (2003)

Fmr1 + Weiler et al. (1997), Schaeffer et al. (2001)

GluR1/2 + Muddashetty et al. (2007)

Map1b + Brown et al. (2001), Darnell et al. (2001), Zalfa et al. (2003)

NR1/NR2B Sch€utt et al. (2009)

NR2A + Edbauer et al. 2010

PSD-95 + Zalfa et al. (2007), Muddashetty et al. (2007)

SAPAP 1/2/3/4 + Brown et al. (2001), Kindler et al. (2004), Narayanan et al.

(2007), Dictenberg et al. (2008), Sch€utt et al. (2009)

Shank1/2 + Sch€utt et al. (2009)

Rgs5 + Miyashiro et al. (2003), Dictenberg et al. (2008)

GABA-Ad + Miyashiro et al. (2003), Dictenberg et al. (2008)

(+) Indicates the evidence for dendritic mRNA localization or synaptic synthesis, while no symbol

reflects lack of any experimental conclusive result. This table has been updated from Table 1 of

Bassell and Warren (2008)
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been proved in lymphoblastoid cells from individuals affected by FXS, in which 251

FMRP mRNA targets showed an abnormal polysomal distribution, explaining an

increased translation (Brown et al. 2001).Moreover, protein synthesis of FMRP target

mRNAs is increased in Fmr1 KO mice, especially in purified synaptosomes,

extending to synapses the function of FMRP as a translation repressor (Muddashetty

et al. 2007; Sch€utt et al. 2009; Zalfa et al. 2003). Regarding proteins localized near the
postsynaptic membrane, a single study performed by Sch€utt and colleagues detected

an increase in the expression levels of the postsynaptic proteins SAPAP1, SAPAP2,

SAPAP3, Shank1, Shank3, IRSp53 as well as the NMDA receptor subunits NR1 and

NR2B and GluR1 (Sch€utt et al. 2009). These differences were either cortical or

hippocampus specific. However, while FMRP was shown to bind the mRNAs

encoding SAPAP1, SAPAP2, SAPAP3, Shank1, and the NMDA receptor subunits

NR1 and NR2B, the loss of FMRP did not affect their total and synaptic mRNA levels

indicating the role of FMRP in their translation control and not in mRNA stability

(Sch€utt et al. 2009). In addition to this, Bassell and collaborators have recently found
that FMRP binds and represses the translation of the mRNA encoding phosphatidy-

linositol-4,5-bisphosphate 3-kinase 110 kDa catalytic subunit beta (p110b), the cata-
lytic subunit of PI3K, a signaling molecule downstream activation of mGluRs (Gross

et al. 2010). Further studies extending the proteomic analysis to the entire synapto-

some are required to extend the role of FMRP and its mRNA targets at synapses.

FMRP expression and consequently its function can be regulated by posttransla-

tional modifications such as ubiquitination (Hou et al. 2006) and/or phosphorylation.

FMRP is rapidly translated at synapses in response to chemically induced LTD (Antar

et al. 2004; Ferrari et al. 2007; Kao et al. 2010) and followed by a quick degradation

(5 min) through the ubiquitin–proteasome system after LTD induction (Hou et al.

2006). In parallel, FMRP has also been found to be highly phosphorylated when it

cosediments with polyribosomes whereas its dephosphorylation releases FMRP from

polysomes allowing protein synthesis (Ceman et al. 2003). The activation of mTOR

pathway, through protein phosphatase 2A (PP2A) and ribosomal protein S6 kinase

(S6K) activation, seems to be involved in the dephosphorylation and phosphorylation

of FMRP at different time points during LTD stimulation (Narayanan et al. 2007).

These investigations highlight the fine-tuned mechanism that regulates translation

and ultimately gene expression. However, whether FMRP represses translation

during initiation and/or elongation step is still a controversy. While some laboratories

have found FMRP mainly cosedimenting with polyribosomes (Ceman et al. 2003;

Khandjian et al. 2004; Stefani et al. 2004), others have found FMRP cosedimenting

with mRNPs (Ishizuka et al. 2002; Monzo et al. 2006; Napoli et al. 2008; Papoulas

et al. 2010; Siomi et al. 1996; Zalfa et al. 2003), and one laboratory found FMRP

equally distributed among the two fractions (Brown et al. 2001). The different distri-

bution could be explained through the association of FMRP to a variety ofmRNPs that

may aggregate and form different neuronal granules such as P bodies, stress, and

transport granules (Anderson and Kedersha 2006; Kanai et al. 2004; Zalfa et al. 2006).

The shuttle of FMRP from polysomes to mRNPs might be influenced also by post-

translational modifications (Ceman et al. 2003). However, recent findings suggested

that FMRP is involved in the repression of translation initiation throughCYFIP1, early
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identified as a partner of FMRP in neurons (Napoli et al. 2008; Schenck et al. 2003).

In fact, CYFIP1 can act as a binding protein for the eukaryotic initiation factor 4E

(eIF-4E), sequestering and repressing the assembly of the translation machinery.

Specific mRNAs are tethered on CYFIP1-eIF4E by FMRP, and thus, only a subclass

of mRNAs is repressed in a CYFIP1-dependent manner. Upon stimuli, CYFIP1-

FMRP is released from eIF4E, and translation is activated (Napoli et al. 2008).

23.3.2 Regulation of mRNA Transport

It is worthwhile to mention that the levels of all FMRP-bound mRNAs are not

necessarily translationally dysregulated in the absence of FMRP. Indeed, some

experimental evidence indicate that FMRP is also involved in mRNA transport

by delivering mRNAs which are thought to be in a dormant state from cell

body, through dendrites, to spines where protein synthesis occurs (Fig. 23.3)

Fig. 23.3 FMRP forms part of a protein complex together with translationally arrested mRNAs.

FMRP travels within an RNA–protein complex from the cell body to the synapses transporting

dendritically localized mRNAs. After synaptic stimulation, FMRP liberates its mRNA targets

allowing their local translation. The reversible translational repression and activation of the

mRNA targets are regulated by a signaling pathway described in the text (see Sect. 23.3).

Transported mRNAs are then locally translated in dendrites contributing to local protein synthesis

and synaptic rearrangement that occurs after synaptic stimulation. FMRP can bind its mRNA

targets through direct interaction or through noncoding RNAs such as BC1 RNA and microRNAs
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(Bramham and Wells 2007). Upon synaptic LTD stimulation with DHPG, Fmr1
mRNA is transported to dendrites and newly synthesized in proximity to

metabotrobic receptor mGluR5 (Antar et al. 2004; Ferrari et al. 2007; Kao et al.

2010) where is further recruited along microtubules. Following DHPG stimulation,

FMRP also interacts with motor proteins on microtubules, promoting the activity-

dependent localization of bound mRNAs into synaptic spines (Antar et al. 2004,

2005; Davidovic et al. 2007; Dictenberg et al. 2008; Ferrari et al. 2007; Kanai et al.

2004). Therefore, certain FMRP targets such as Map1b and Sapap4 have been

found to be mislocalized in neurons of Fmr1 KO mice (Table 23.2) (Dictenberg

et al. 2008; Kao et al. 2010).

23.3.3 Regulation of mRNA Stability

For some FMRP-bound mRNAs, FMRP is a direct modulator of mRNA stability

either by sustaining or preventing mRNA decay (De Rubeis and Bagni 2010). This

has been revealed by the difference on the abundance of several mRNAs in Fmr1
KO mice in comparison with wild type (WT) in three independent upscale

screenings (Brown et al. 2001; Gantois et al. 2006; Miyashiro et al. 2003). In the

first analysis, Brown et al. identified 144 mRNAs dysregulated in lymphoblastoid

cells from FXS patients (Brown et al. 2001). Some of these mRNAs were also found

to be dysregulated in a second analysis carried out in hippocampus of Fmr1
KO mice (Miyashiro et al. 2003). Further analysis on the shared mRNAs showed

that the dendritic localization of the mRNAs coding for the ribosomal component

p40/LRP and the G-protein-coupled receptor kinase 4 (GRK4) was unaffected,

while for the dystroglycan-associated glycoprotein 1 (DAG1) mRNA, both

localization and abundance were reduced (Miyashiro et al. 2003). The latter is an

example of how FMRP may act on two different regulation mechanisms on the

same mRNA.

Another example which shows how FMRP can regulate an mRNA at different

levels is described by its action on PSD-95 mRNA. Specifically, FMRP protects

PSD-95 mRNA from decay (Zalfa et al. 2007), and its stabilization is activity

dependent. Downregulation of PSD-95mRNA occurs only in hippocampus and not

in cortex, leading to decreased protein levels in hippocampus of Fmr1 KO mice

(Zalfa et al. 2007). However, PSD-95 protein levels are also downregulated in

cortex of Fmr1 KO mice indicating a defect on the synaptic translation of this

mRNA in the cortex (Muddashetty et al. 2007). A different effect of FMRP on

stability has been reported for the Nxf1mRNA. In this context, FMRP together with

the nuclear export factor NXF2 facilitates the decay of Nxf1 mRNA in a neuroblas-

toma cell line (Zhang et al. 2007). Following NXF2 overexpression, Nxf1 is rapidly
degraded. However, the degradation is impaired in absence of FMRP, suggesting

that FMRP mediates Nxf1 mRNA decay induced by NXF2 (Zhang et al. 2007).

In a genome-wide expression profiling study performed in hippocampus of Fmr1
KO mice (Gantois et al. 2006), 224 mRNAs showed differences in the expression
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levels between fmr1 KO and WT, being 143 mRNA underexpressed and 81

overexpressed. However, further analyses using microarrays and real-time PCR

confirmed that only eight mRNAs were underexpressed in Fmr1 KO mice. Among

those eight mRNAs, it is worth to highlight that the GABAA receptor subunit d
shows almost two times of underexpression (Gantois et al. 2006), decrease that was

already reported by El Idrissi et al. (2005). These results together with the finding

that GABAA receptor subunit dmRNA was found to be a FMRP target (Dictenberg

et al. 2008; Miyashiro et al. 2003) further suggest the role of FMRP as a modulator

of this mRNA stability. Noteworthy, eight GABA receptor subunits(a1, a3, a4, b1,
b2, g1, g2, and d) were significantly reduced in cortex but not in cerebellum of Fmr1
KO mice (D’Hulst et al. 2006).

All these results lead to the hypothesis that different FMRP protein complexes

might play different roles in cortex and hippocampus and that FMRP regulates

mRNAs through different mechanisms accordingly to cell type and subcellular

localization.

23.3.4 RNA Sequence–Structure Recognition

Up to now, several different mechanisms through which FMRP binds to its mRNA

targets have been described. One mechanism is mediated through the direct binding

of FMRP to the mRNAs, as described for PSD-95mRNA (Zalfa et al. 2007). In this

case, FMRP binds to G-rich sequences that can, in some cases (i.e., Map1B
mRNA), also be folded as G-quartets (Darnell et al. 2001) Another mechanism is

through the binding of FMRP to noncoding RNAs. The first example is via BC1, a
small noncoding RNA that acts as a bridge between FMRP and its mRNA targets

(Zalfa et al. 2003). A third mechanism of action involves the interaction of FMRP

with its targets through microRNAs. Edbauer and colleagues have recently reported

that FMRP is associated with at least 12 different miRNAs, and few of them have

indeed a relevant effect on spine morphology (Edbauer et al. 2010). NMDA

receptor subunit 2A (NR2A) mRNA is an FMRP target that indeed partially

depends on miR-125b binding and whose expression has a direct impact on

synaptic plasticity (Edbauer et al. 2010). Further studies are required to address

which are the other molecular mechanisms mediated by FMRP which affect NR2A

translation in neurons.

Considering the involvement of FMRP in the regulation of several genes, both in

the cell body and at synapses, as a consequence, its absence causes several cellular

phenotypic abnormalities including dendritic spine dysmorphogenesis and behav-

ioral deficits that summarize the impaired molecular synaptic plasticity events.

Figure 23.3 summarizes the current model on the multiple FMRP functions in

neurons.
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23.4 Learning, Memory, and Behavioral Phenotypes:

Learning from the Mouse Model

Behavior impairment is one of themost compelling evidence in FXS. Since the animal

model for FXS (Fmr1 KO) has been developed (Bakker 1994), several behavioral

analysis have been performed on this mouse model.Fmr1KOmice showed behavioral

similarities to the syndrome affecting human individuals (see Table 23.3). This

includes hyperactivity, abnormal anxiety-related responses, hyperreactivity to auditory

stimuli, abnormal sensorimotor gating, and impairedmotor coordination (Bakker 1994;

Peier et al. 2000). Learning and memory tests performed with Fmr1 KO mice have

shown minor differences compared to their control WT. Morris water maze and radial

arm maze tests showed only mild cognitive impairment in Fmr1 KO mice (Bakker

1994; D’Hooge et al. 1997; Dobkin et al. 2000; Kooy et al. 1996; Mineur et al. 2002;

Paradee et al. 1999; Peier et al. 2000; Van Dam et al. 2000; Yan et al. 2004), indicating

that Fmr1 KO mice have only a slight impairment in spatial learning. Only recently,

Fmr1 KO mice generated in the C57 albino genetic background showed a consistent

impairment in spatial learning (Baker et al. 2010). Moreover, no impairment in

associative aversive learning or memory has been reported for the Fmr1 KO, since

they successfully expressed conditioned taste aversion (Nielsen et al. 2009). Transfer of

learning, or reversal learning, based on measures of learning rate is not impaired either

(Moon et al. 2008). Themajor impairment revealing a learning andmemory deficiency

is reported for tests such as object recognition, eyeblink conditioning, and lever press

avoidance (Brennan et al. 2006; Koekkoek et al. 2005; Ventura et al. 2004; Yan et al.

2004). In the learning paradigm of conditioned and contextual fear tests, which involve

hippocampal and amygdaloid tasks, in two separate studies, Fmr1 KO mice show no

significant differences compared to their WT (Peier et al. 2000; Van Dam et al. 2000).

Genetic background has also a major impact on behavioral phenotypes (Bucan and

Abel 2002; Wolfer and Lipp 2000). For example, the recently generated Fmr1 KO

C57-albino mice showed impaired contextual fear but unaltered conditioned fear

(Baker et al. 2010). However, these characteristics were not fully detected in other

Fmr1 KO mice generated in other genetic background (FVB-129 mice) (Zhao et al.

2005) (Table 23.3). In prepulse inhibition (PPI) test, measuring sensory gating, Fmr1
KO mice perform even better, and these findings contrast the human phenotype in

which there is a decrease in PPI (Frankland et al. 2004; Van Dam et al. 2000).

Nonetheless, in the PPI test, Fmr1 KO mice are more reactive than their controls

(Chen and Toth 2001; Nielsen et al. 2002a) but only at a near-threshold level of the

startle stimulus (Chen and Toth 2001; Nielsen et al. 2002a), indicating a general

impairment in sensorimotor gating. This is somehow in agreement with the overall

decrease in functioning of the neuronal network of Fragile X patients and also with the

decreased ratio of excitatory to inhibitory amino acids observed in the brain of Fmr1
KO mice (Gruss and Braun 2001; Kooy 2003). Importantly, impaired attention and

inhibitory control, two features clearly impaired in humans with FXS (Cornish et al.

2008; Garber et al. 2008), have not been studied in themousemodel for FXS, although

a heightened emotional reactivity has been described in Fmr1 KO by Moon and

colleagues (Moon et al. 2008).
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23.4.1 Social Behavior Phenotypes

Fmr1 KO mice are impaired in social dominance with unfamiliar mice and, even

though they show interest in social interaction, they spend a longer period of time than

WTmice before approaching an unfamiliar mouse (Spencer et al. 2005). Anxiety is a

psychological and physiological state characterized by somatic, emotional, cognitive,

and behavioral components observed in patients with FXS (Cornish et al. 2008;

Garber et al. 2008). When the Fmr1 KO were studied for this specific state, Mines

and colleagues reported that they displayed more anxiety-related behaviors during

social interaction (grooming, rearing, and digging) than WTmice (Mines et al. 2010)

and reduced social approach and response to social novelty (Liu and Smith 2009).

Fmr1 KO males have also a reduced interest in social interaction with novel females

(Mineur et al. 2006). Moreover, KO mice seem to prefer social involvement as their

WT controls, even though they show social anxiety in approaching the novel conspe-

cific (McNaughton et al. 2008). Fmr1 KO mice also show impairment in social

discrimination between positive and negative social interactions (McNaughton et al.

2008). In the acoustic startle reflex test, a response of mind and body to a sudden

unexpected stimulus, and ameasure of anxiety,Fmr1KOmice react less that theirWT

controls (Nielsen et al. 2002a) in contrast with the human behavior, in which FXS

patients show an excessive reaction to external stimuli (Jacquemont et al. 2007).

Finally, Fmr1 KO mice show hyperactivity, decreased spatial and environmental

anxiety-related responses, and altered motor coordination (Bakker 1994; Liu and

Smith 2009; Peier et al. 2000). Since sleep problems are common in children with

FXS, it was interesting that Zhang and colleagues reported an altered expression of

clock genes in the FXS mouse model (Zhang et al. 2008).

Finally, the recently generated mouse model carrying the Ile304Asn point

mutation in the C57BL/6J background seems to recapitulate some of the above

reported behavioral characteristics (Zang et al. 2009).

Recently, Spencer and colleague also demonstrate that almost all the

abovementioned behavioral characteristics depend on the genetic background of

the FXS mouse model; therefore, modifier genes may play a role in phenotype

expression (Spencer et al. 2011). This implicates a strong correlation with the

variable phenotype in patients and also the difficulty to have a reliable animal

model for the study of this pathology.

23.4.2 Rescue of the FXS Behavioral Phenotypes

Genetic, behavioral, and pharmacological rescues have been developed over the

last few years. Overexpression of FMRP in the Fmr1 KO mouse model using a

YAC vector reduces to some extent the described behavioral abnormalities (Paylor

et al. 2008; Spencer et al. 2005, 2008). Improvement in social behavior, such as in

chamber test of social interaction, direct social interaction test, and resident–intruder
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task, has been demonstrated after enhanced neuroligin1 expression in Fmr1KO, even
though no rescue is seen in learning and memory tasks (novel object recognition and

plus shaped water maze tests) (Dahlhaus and El-Husseini 2010). One of the FMRP-

dysregulated mRNAs encodes for the RGS4 (regulator of G-protein signaling)

(Tervonen et al. 2005). Fmr1 � RGS4 double KO shows a rescue of some of the

behavioral phenotypes observed in the Fmr1 KO such as tube test for social domi-

nance, conditioned place preference, and reduced susceptibility to audiogenic

seizures (Pacey et al. 2009, 2011). Moreover, treatment with group I mGluRs

antagonist (MPEP) and lithium, through intervention on glycogen synthase kinase-

3 (GSK3), ameliorates several behavioral aspects (Choi et al. 2010; Dolen et al. 2010;

Liu et al. 2010; Min et al. 2009; Mines et al. 2010; Yuskaitis et al. 2010). Finally, it

has been proposed that the absence of FMRP leads to higher levels of matrix

metalloproteinase-9 activity (MMP-9) in the brain. In agreement, minocycline

inhibits MMP-9 activity and alleviates behavioral measurement of the Aberrant

Behavior Checklist – Community Edition (ABC-C) (irritability subscale, clinical

global improvement scale (CGI), and the visual analog scale for behavior (VAS))

and synapse abnormalities in Fmr1 knockout mice (Bilousova et al. 2009). Recently,

minocycline administration was shown to provide significant functional benefits

to FXS patients. These findings are consistent with the Fmr1 knockout mouse

model results, suggesting that minocycline modifies underlying neural defects that

account for behavioral abnormalities. As the authors correctly report, a placebo-

controlled trial of minocycline in FXS is warranted (Bilousova et al. 2009; Paribello

et al. 2010).

As described below, absence of FMRP leads to an impaired GABA pathway due

to its control on the mRNAs encoding different GABAA receptor subunits; there-

fore, a GABAergic approach to treat FXS treatment has been considered through

the use of taurine, a GABAA agonist (El Idrissi et al. 2009). The authors show that

taurine supplementation to Fragile X mice resulted in a significant improvement in

acquisition of a passive avoidance task. Since taurine is an agonist for GABAA

receptor, they suggest that chronic activation of GABAA receptors may have

beneficial effects in ameliorating the learning deficits characteristic of the Fragile

X syndrome (El Idrissi et al. 2009). Additionally, environmental enrichment has

been proved of some efficacy in ameliorating the outcome of the pathology (Restivo

et al. 2005). In this study, the authors showed that some behavior phenotypes such

as habituation to object and motor activity as well as spine morphology were

rescued. In addition, an increase of glutamate receptor subunit 1 (GluR1) levels

in both genotypes was observed suggesting that FMRP-independent pathways

activating glutamatergic signaling are preserved in Fmr1 KO mice and that they

can be elicited by environmental stimulation (Restivo et al. 2005). These findings

indicate that the environment is of extreme importance for the patients. A follow-up

study showed that in Fmr1 KO mice that were raised in enriched environments,

LTP was restored to WT levels, indicating that mechanisms for synaptic plasticity

are in place in the Fmr1 KO mouse but require stronger neuronal activity to be

triggered (Meredith et al. 2007). Patients with FXS show in about 20% of the

cases epileptic seizures (Garber et al. 2008). Even if the mouse model for FXS does
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not display spontaneous seizures, it is susceptible to audiogenic-induced seizures

(Bakker 1994; Chen and Toth 2001; Kooy 2003; Kooy et al. 1996; Musumeci et al.

2000). Although seizure age dependency is still debated, a trend in the impaired

response to acoustic seizures at P17 and P21 (postnatal days 17 and 21) has been

reported (Chen and Toth 2001; Kooy 2003; Musumeci et al. 2000). This effect may

be related to an increased cortical excitability or due to a deficit in long-term

plasticity (Kooy 2003). Chemically induced seizures, by kainic acid, bicuculline,

and pentylenetatrazole injection, do not show difference between Fmr1 KO and

their controls, suggesting that Fmr1 KO mice have specific susceptibility to audio-

genic stimuli (Chen and Toth 2001; Todd andMack 2000) This is in agreement with

a possible developmental impairment of the auditory system in Fragile X mice

(Brown et al. 2010) proposed by Chen and Toth (Chen and Toth 2001). Only

recently, a study on amygdala showed that Fmr1 KO mice have a more accelerated

kindling development and longer electrographic seizure duration. Both NMDA

antagonist, MK-801, and mGluR5 antagonist, MPEP, were able to repress

accelerated rate of kindling development (Qiu et al. 2009).

23.4.3 Electrophysiological Phenotypes

Due to the learning and memory alterations, characteristics of FXS, synaptic

plasticity events monitored through ex vivo LTP and LTD paradigms have been

extensively investigated in Fmr1 KO mice.

Effects on LTP. In the Fmr1 KO mice, LTP has been found altered in hippocam-

pus only after theta burst stimulation (Lauterborn et al. 2007), a stimulation able to

induce LTP in close resemblance to physiological hippocampal frequency of theta

rhythm (5–10 Hz) (Capocchi et al. 1992). Only recently, a reduction of LTP in

dentate gyrus has been observed in Fmr1 KO mice possibly due to a reduction of

NMDA excitatory postsynaptic currents (EPSCs), which is a consequence of a

reduced ratio of NMDA/AMPA receptors (Eadie et al. 2010; Yun and Trommer

2011). On the other hand, high-frequency stimulation (100–400 Hz) does not affect

LTP in hippocampus of Fmr1 KO mice (Godfraind et al. 1996; Li et al. 2002;

Paradee et al. 1999; Zhang et al. 2009). At the level of cortex, the LTP responses are

different and indeed appear impaired in the Fmr1 KO mice (Hayashi et al. 2007;

Larson et al. 2005; Li et al. 2002; Meredith et al. 2007; Zhao et al. 2005).

Additionally, induction of LTP has also been shown to be altered in lateral

amygdala (Suvrathan et al. 2010; Zhao et al. 2005). FMRP is required for glycine-

induced LTP (Gly-LTP) in the CA1 of hippocampus. This form of LTP requires

activation of postsynaptic NMDA receptors and metabotropic glutamatergic

receptors, as well as the subsequent activation of extracellular signal-regulated kinase

(ERK) 1/2. Genetic deletion of FMRP interrupts the phosphorylation of ERK1/2,

suggesting the possible role of FMRP in the regulation of the activity of ERK1/2

(Shang et al. 2009).
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Effects on LTD. LTD is altered in hippocampus of Fmr1 KO mice either

applying low-frequency-paired-pulse stimulation (PP-LFS), which is rescued by

FMRP replacement through viral strategy (Zeier et al. 2009), or with application of

the group I mGluR agonist DHPG (Huber et al. 2000). mGluR5-LTD and FMRP

are also connected: DHPG induces FMRP expression in synaptosomes and cultured

neurons (Antar et al. 2004; Ferrari et al. 2007; Kao et al. 2010; Weiler et al. 1997),

and DHPG-induced LTD is increased in Fmr1 KO mice (Hou et al. 2006; Huber

et al. 2002). Therefore, mGluR5-induced LTD in the context of Fragile X has

received a large attention. CA1 LTD is reported to be translation dependent and

transcription independent when explored in WT mice (Hou and Klann 2004; Huber

et al. 2000, 2002), in line with the signaling pathways described above and activated

by mGluR5 which involve protein synthesis (Dolen et al. 2010). mGluR LTD

occurs in a protein-synthesis-dependent manner and correlates glutamatergic

receptors (NMDA and AMPA) regulation to morphologic changes in spine number,

shape, and size (Dolen et al. 2010).

mGluR-induced LTD (via DHPG) is increased in Fmr1 KO mice (Huber et al.

2002) and is protein synthesis independent, possibly due to deregulated local

protein synthesis (Lu et al. 2004; Muddashetty et al. 2007; Zalfa et al. 2007),

which in turn enhances a constant AMPAR internalization (Huber et al. 2002;

Nosyreva and Huber 2006; Ronesi and Huber 2008). This mechanism has been

described as the base of the so-called mGluR theory (Bear et al. 2004) which

hypothesize that an excessive group 1 mGluRs activation, upstream to the lack of

FMRP, increases the protein synthesis and induces excessive AMPAR internaliza-

tion, responsible for the consequent increase in LTD. The theory has been validated

by a genetic rescue of the Fmr1 KO mouse model crossing it with the heterozygous

mouse for mGluR5. The crossed Fmr1 KO/mGluR5 (+/�) mice demonstrated

amelioration of several mouse phenotypes. Specifically, 50% reduction of mGluR5

level of expression in the Fmr1 KO background restored the altered protein

expression, which in turn reduced the abnormal response to mGluR5-induced LTD,

rescued the abnormal spine morphology, and ameliorated some behavioral

phenotypes including a reduced incidence of the audiogenic seizures (AGS)

(Dolen et al. 2007).

Nevertheless, the excessive activity of mGluR5 seems not to be the only possible

cause of seizures in the Fmr1 KO mouse model. As previously mentioned, another

possible cause to consider is the deficit of GABA neurotransmission. Indeed,

several lines of research have proposed that absence of FMRP leads to a dysfunc-

tion in the GABAergic system (Olmos-Serrano et al. 2010). Recent studies demon-

strate that GABAergic inhibition is impaired at cellular (Selby et al. 2007),

physiological (Centonze et al. 2008; Curia et al. 2009), and molecular level

(Curia et al. 2009; D’Hulst et al. 2006; El Idrissi et al. 2005). Therefore, decrease

of interneuron number, altered GABAergic transmission, and/or altered GABAA

subunit expression may be the cause for epileptic seizures and/or EEG

abnormalities associated to FXS. Moreover, an involvement of G-protein-coupled

GABAB receptors demonstrated to be effective in attenuating the AGS phenotype

in Fmr1KOmice (Pacey et al. 2009). The mechanism, possibly involved in efficacy

536 S. De Rubeis et al.



for GABAB receptors, seems to be the coupling of GABAB receptors to regulator of

RGS4 (Fowler et al. 2007) which in turn results as an inhibitor of Gp1 mGluRs

(Saugstad et al. 1998). In agreement with this hypothesis, a double KO for Fmr1
and RGS4 mouse model has reduced susceptibility to seizures (Pacey et al. 2009).

23.4.4 Spine Dysgenesis

Alterations of dendritic spines represent a common hallmark of mental retardation

diseases and other synaptopathies (Purpura 1974). Although FXS is not

characterized by gross brain defects, a consistent microanatomical phenotype is

an increased spine density and an altered ratio of mature and immature spines

(Comery et al. 1997; Irwin et al. 2001). During development, spines are stabilized

and change their dynamic properties and morphology. Motility and turnover

decrease, and thin, filopodia-like protrusions mature in stubby and mushroom-like

shapes (Portera-Cailliau et al. 2003). A variety of intermediate shapes can exist,

giving rise to a filopodia–spine continuum (Irwin et al. 2001).

The first evidence of spine dysgenesis in individuals with FXS was obtained by

Golgi impregnation of autopsy material from a 62-year-old FXS patient (Rudelli

et al. 1985). This analysis revealed long, tortuous, and thin dendritic spines on

apical dendrites of pyramidal neurons from layers III and V of the parieto-occipital

cortex (Rudelli et al. 1985). Further studies of three FXS adult individuals estimated

higher spine density and length along the entire dendritic tree of cortical layer V

pyramidal neurons (Irwin et al. 2001).

Mouse models of FXS (Fmr1 KO) recapitulate the spine dysgenesis observed in

patients. Mutant mice present increase density of long, immature spines in visual

cortex, somatosensory cortex, and hippocampal dentate gyrus (Comery et al. 1997;

Dolen et al. 2007; Galvez and Greenough 2005; Grossman et al. 2010; Irwin et al.

2002; Nimchinsky et al. 2001; Restivo et al. 2005). Spine defects in cortical neurons

were detected during early postnatal development (1–3 weeks) and adulthood but not

in 4-week-old mice (Galvez and Greenough 2005; Nimchinsky et al. 2001). However,

in contrast with neocortex, spine abnormalities in the dentate gyrus remain constant

during development (Grossman et al. 2010). Data obtained on ex vivo and in vitro
systems do not consistently corroborate in vivo observations. Spine defects were not

detected in neocortical and hippocampal organotypic cultures (Nimchinsky et al. 2001;

Pfeiffer et al. 2010). Increased spine length and excessive filopodia protrusions were

reported in primaryFmr1KOhippocampal neurons (Antar et al. 2006; Bilousova et al.

2009), although earlier reports produced divergent results (Braun and Segal 2000).

Excess of spines with immature morphology may be due to defects in spine

dynamics and maturation, especially altered pruning (Galvez et al. 2003). Two recent

studies examined spine plasticity in living Fmr1 KO animals using transcranial two-

photon imaging of somatosensory cortex. Both reports highlighted that the major

abnormality is the augmented spine turnover, a process that includes formation of new

spines and elimination of existing spines (Cruz-Martin et al. 2010; Pan et al. 2010).
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In Fmr1 KO mice, spine turnover fails to rapidly decrease during the first 2 postnatal

weeks, leading to a delay in spine stabilization and transition from immature tomature

spine types (Cruz-Martin et al. 2010). Increased spine turnover is maintained in late

development (4 postnatal weeks) and in adulthood and may be due to a larger

population of short-lived spines observed in KO mice (Pan et al. 2010). Since these

transient spines display smaller head and longer neck, they could contribute to the

immature spine morphology in KO animals (Pan et al. 2010).

Spine dynamics are known to change in response to experience-dependent

modulation of specific circuits in the somatosensory and visual cortex (Holtmaat

and Svoboda 2009). Although Fmr1KO animals display hypersensitivity to sensory

stimuli (Chen and Toth 2001), this effect does not cause the enhanced spine

dynamics, which in fact was not hampered by somatosensory deprivation

(whisker trimming) (Pan et al. 2010). Furthermore, KO mice lack spine plasticity

to somatosensory modulation (Pan et al. 2010). However, other circuits of experi-

ence-dependent neuronal plasticity seem to be preserved, since environmental

enrichment rescues the spine abnormalities in visual cortex (Restivo et al. 2005).

Evidence of defects in spine maturation are compatible with the overall decrease

of functional synapses, measured as dendritic protrusions juxtaposed with presyn-

aptic markers in cultured hippocampal neurons (Antar et al. 2006; Braun and Segal

2000). Of interest, loss of synapses in Fmr1 KO mice is also corroborated by

electrophysiological data (Pfeiffer and Huber 2007; Pfeiffer et al. 2010).

The mechanisms leading to spine dysgenesis are not fully understood. Despite

recent reports suggesting the involvement of the transcription regulator MEF2

(Pfeiffer et al. 2010) and neuronal microRNAs (Edbauer et al. 2010), the spine

phenotype is likely multifactorial. As mentioned above, FMRP regulates the syn-

thesis of a variety of proteins crucial for proper synaptic morphology and function-

ality (Bassell and Warren 2008). However, interfering with some of the signaling

pathways altered in Fmr1 KO mice – group I mGluRs, PI3K, and PAK1 RGS4 – is

effective to partially rescue the spine anomalies.

As for the mGluR cascade, DHPG administration in cultured hippocampal

neurons increases spine length in a protein-synthesis-dependent manner

(Vanderklish and Edelman 2002). Hampering the excessive mGluR signaling by

administration of the antagonist MPEP (de Vrij et al. 2008; Su et al. 2010) or

genetic reduction of mGluR5 (Dolen et al. 2007) ameliorates the spine phenotype in

Fmr1 KO neurons. Furthermore, inhibition of PI3K, a signaling molecule exces-

sively translated in the absence of FMRP, reduces spine density in cultured neurons

(Gross et al. 2010). Similarly, inhibition of PAK1, a signaling cascade controlling

actin cytoskeleton, partially rescues the defects in spine density and length (Hayashi

et al. 2007). Finally, pharmacological treatments with lithium and minocycline,

whose mechanisms are not fully elucidated, may also alleviate the spine phenotype

in FXS mice (Bilousova et al. 2009; Liu et al. 2010).
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Chapter 24

Synaptic Dysfunction in Parkinson’s Disease

Barbara Picconi, Giovanni Piccoli, and Paolo Calabresi

Abstract Activity-dependent modifications in synaptic efficacy, such as long-term

depression (LTD) and long-term potentiation (LTP), represent key cellular

substrates for adaptive motor control and procedural memory. The impairment of

these two forms of synaptic plasticity in the nucleus striatum could account for the

onset and the progression of motor and cognitive symptoms of Parkinson’s disease

(PD), characterized by the massive degeneration of dopaminergic neurons. In fact,

both LTD and LTP are peculiarly controlled and modulated by dopaminergic

transmission coming from nigrostriatal terminals.

Changes in corticostriatal and nigrostriatal neuronal excitability may influence

profoundly the threshold for the induction of synaptic plasticity, and changes in

striatal synaptic transmission efficacy are supposed to play a role in the occurrence

of PD symptoms. Understanding of these maladaptive forms of synaptic plastic-

ity has mostly come from the analysis of experimental animal models of PD.

A series of cellular and synaptic alterations occur in the striatum of experimental

parkinsonism in response to the massive dopaminergic loss. In particular, dys-

functions in trafficking and subunit composition of glutamatergic NMDA receptors

on striatal efferent neurons contribute to the clinical features of the experimental

parkinsonism.

Interestingly, it has become increasingly evident that in striatal spiny neurons,

the correct assembly of NMDA receptor complex at the postsynaptic site is a major
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player in early phases of PD, and it is sensitive to distinct degrees of DA denerva-

tion. The molecular defects at the basis of PD progression may be not confined just

at the postsynaptic neuron: accumulating evidences have recently shown that the

genes linked to PD play a critical role at the presynaptic site. DA release into the

synaptic cleft relies on a proper presynaptic vesicular transport; impairment of SV

trafficking, modification of DA flow, and altered presynaptic plasticity have been

described in several PD animal models. Furthermore, an impaired DA turnover has

been described in presymptomatic PD patients. Thus, given the pathological events

occurring precociously at the synapses of PD patients, post- and presynaptic sites

may represent an adequate target for early therapeutic intervention.

Keywords a-synuclein • LRRK2 • NMDA receptors • Postsynaptic density

24.1 Introduction

Parkinson’s disease (PD) is one of the most frequent human neurodegenerative

disorders associated with the process of cerebral aging. PD physiopathology is

linked to a widespread process of degeneration of dopamine (DA)-secreting

neurons in the substantia nigra pars compacta (SNc), with the consequent loss of

the neurons projecting to the striatum (Lang and Lozano 1998a, b). The parkinso-

nian symptoms appear when brain levels of DA reach the 70–80% of the normal

levels. The main clinical features of PD are the direct consequences of a dysfunc-

tion occurring within both the striatum and the entire basal ganglia system

(Calabresi et al. 2007). Bradykinesia, rigidity, tremor at rest, postural instability,

micrographia, and shuffling gait represent the principal motor symptoms that allow

the diagnosis of PD (Jankovic 2008). The clinical detection of these motor

symptoms is often accompanied by autonomic, cognitive, and psychiatric problems

(Calabresi et al. 2006; Kehagia et al. 2010). Rare forms of PD resulted from

missense mutations of a-synuclein as well as increased expression of normal

a-synuclein are characterized by early onset and autosomal-dominant inheritance

(Polymeropoulos et al. 1997; Singleton et al. 2003). Intracytoplasmic inclusions

called Lewy bodies and the progressive loss of DA-containing neurons in the

SNc represent the main neuropathological features of the genetic forms of PD

(Spillantini et al. 1998; Dickson et al. 2009; Schulz-Schaeffer 2010).

Mutations in seven genes have been implicated in various forms of familial

parkinsonism. Two autosomal-dominant genes (a-synuclein and LRRK2) and three
autosomal-recessive genes (Parkin, DJ-1, and PINK1) have been definitively

associatedwith inherited PD (Nussbaum and Polymeropoulos 1997; Polymeropoulos

et al. 1997; Healy et al. 2004; Paisan-Ruiz et al. 2004; Valente et al. 2004). As

well as these, other mutations have been reported in UCHL-1, synphilin-1, and

NR4A2 that may or may not be biologically significant (Leroy et al. 1998; Le

et al. 2003; Marx et al. 2003). Synaptic loss is one of the major neurobiological
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dysfunction occurring in several neurological diseases (Wishart et al. 2006), for

example, synaptic failure happens in a very early phase in both patients and

animal models during the progression of Alzheimer’s disease (Selkoe 2002).

24.2 Parkinson’s Disease and Presynaptic Dysfunction

Accumulating evidence has convincingly demonstrated that the genes linked to PD

play a critical role at the presynaptic site. a-synuclein is a 140–amino acid protein

present in almost all subcellular compartments but particularly enriched in the

presynaptic terminals where it is loosely associated with the distal reserve pool of

synaptic vesicles (Lavedan 1998; Yu et al. 2007). Structural and functional studies

have shown that a-synuclein is involved in the trafficking of synaptic vesicles. In

fact, the presynaptic boutons of cultures lacking a-synuclein presented a marked

reduction in the number of vesicles present in the distal pool although the number of

vesicles docked at the synaptic plasma remained unaltered (Murphy et al. 2000).

Accordingly, a-synuclein knockout (KO) mice showed a marked decrease in the

pool of undocked synaptic vesicles and significantly impaired hippocampal

response to long-lasting low-frequency stimulation (Cabin et al. 2002). Further-

more, a-synuclein KO mice are characterized by an increased evoked DA release:

these observations might imply that a-synuclein normally acts as a negative

regulator of DA neurotransmission in an activity-dependent fashion (Abeliovich

et al. 2000). Strikingly, overexpression of a-synuclein inhibits neurotransmitter

release affecting specifically the size of the synaptic vesicle recycling pool (Nemani

et al. 2010). Thus, a-synuclein seems to be deeply implicated in the synaptic vesicle

trafficking required for a proper presynaptic DA release by keeping low the amount

of DA within the presynaptic bouton (Sidhu et al. 2004; Yu et al. 2005). Given that

cytosolic DA might be converted into highly reactive oxidative molecules, it can be

speculated that pathological mutations or aggregation of a-synuclein might preju-

dice normal a-synuclein functions. This impairment may bring to accumulation of

DA and thus to the generation of toxic moieties. Interestingly, also DJ-1 and PINK1

KO mice exhibit presynaptic defects. DJ-1 is a redox-sensitive molecular chaper-

one, and it has been proposed that it inhibits protein aggregation, including

a-synuclein formations (Shendelman et al. 2004; Wilson et al. 2004; Moore et al.

2006; Gasser 2009). DJ-1 is expressed widely throughout the tissues, and it is

subcellularly localized to the cytosol, mitochondrial matrix, and intermembrane

space (Zhang et al. 2005). Acute slice preparation from DJ-1 KO mice showed a

reduce DA overflow and impaired LTD. Furthermore, the mice had a poor perfor-

mance in terms of spontaneous activities and generalized hypokinesia in open field

(Goldberg et al. 2003, 2005). DJ-1 has been reported to sustain also hippocampal

LTD consolidation, suggesting a potential involvement for this protein in

modulating hippocampal dependent cognitive dysfunctions reported in PD (Wang

et al. 2008). PINK1 instead is a serine/threonine kinase localized in the

mitochondria (Silvestri et al. 2005; Zhou et al. 2008). If PINK1 KO mice failed
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to exhibit any major abnormality, they showed clear deficits in nigrostriatal DA

neurotransmission. Robust evidence supports the conclusion that loss of PINK1

function causes a selective impairment in exocytotic DA release (Kitada et al.

2007; Gispert et al. 2009). Actual knowledge about PINK1 suggests that it may

reside in the mitochondria but, given that its kinase domain faces the cytosol, it

may have extramitochondrial phosphotargets (Silvestri et al. 2005). Therefore, it

might be argued that PINK1 can modify via phosphorylation the activity of

proteins involved in DA release. Noteworthy, it has been demonstrated that

Parkin, PINK1, and DJ-1 interact physically and functionally. In fact, these

three proteins form a ternary complex that promotes ubiquitination and degrada-

tion of aberrantly expressed and heat shock–induced Parkin substrates, as Parkin

itself and synphilin-1. Pathogenic mutants might reduce the activity of the degra-

dative complex (Xiong et al. 2009).

Mutations in LRRK2 gene account for up to 13% of familial PD cases compati-

ble with dominant inheritance (Paisan-Ruiz et al. 2004, 2008; Zimprich et al. 2004)

and 1–2% of sporadic PD patients, thus suggesting this protein as the most signifi-

cant player in PD pathogenesis identified to date (Aasly et al. 2005; Berg et al.

2005; Taylor et al. 2006). Clinically and pathologically, the features of LRRK2-

associated parkinsonism are often indistinguishable from idiopathic PD, although

pathologic variability exists even within PARK8-linked kindred, ranging from

nigral neuronal loss only to general neuronal loss with a-synuclein, ubiquitin, or
tau inclusions [reviewed in (Whaley et al. 2006)]. Furthermore, the neuropathology

demonstrated in postmortem brain examinations of patients with LRRK2 mutations

most often involves synucleinopathy, but occasionally tauopathy, suggesting a role

for LRRK2 that is upstream of protein inclusion pathology (Zimprich et al. 2004;

Taymans and Cookson 2010; Wider et al. 2010). The LRRK2 protein has a

molecular weight of approximately 280 kDa and contains several domains includ-

ing a Ras/GTPase like (Roc), a C-terminal of Roc (COR), a kinase (similar to

mitogen-activated protein kinase), and aWD40 domain (Bosgraaf and Van Haastert

2003; Guo et al. 2006). Phylogenetically, the LRRK2 kinase domain belongs to the

TKL (tyrosine like kinases) and shows high similarity to mixed lineage kinases

(MLKs) (Manning et al. 2002; Marin 2006). Few LRRK2 substrates, including

moesin, 4E-BP, MKKs, tubulin beta, and a-synuclein, have been found so far in

in vitro assays (Jaleel et al. 2007; Imai et al. 2008; Gillardon 2009; Gloeckner et al.

2009; Qing et al. 2009). Several single nucleotide alterations have been identified

in LRRK2 (Lesage et al. 2005; Mata et al. 2005), covering all functional domains,

but only five missense mutations clearly segregate with PD in large family studies

(Goldwurm et al. 2005; Bonifati 2006a, b). Disease-segregating mutations in

LRRK2 have been reported in the kinase domain (G2019S, I2020T), in the Roc

domain (R1441C/G), and in the COR domain (Y1699C) [reviewed in Mata

et al. (2005)].

The most common mutation found in western countries kindred, G2019S, falls

in the kinase domain and increases LRRK2 kinase activity while mutations in the

Roc domain appear to decrease the GTPase activity of LRRK2 to affect protein

dimerization and to slightly increase kinase activity [reviewed in more detail in
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(Moore 2008)]. The G2019S mutation has been identified also in parkinsonian

patients with no family history of disease (Gilks et al. 2005; Healy et al. 2008);

other LRRK2 variants affecting kinase activity appear to be important risk factors

in two genome-wide association studies of sporadic PD (Simon-Sanchez et al.

2009). Although studies show little concordance regarding the level of LRRK2

mRNA/protein expression in the SN, LRRK2 protein expression has been

demonstrated in tyrosine-hydroxylase positive neurons of the SNc and in

medium-sized spiny neurons of the striatum (Galter et al. 2006; Melrose et al.

2006; Higashi et al. 2007a, b). Cortical regions that are affected in dementia

associated with PD, including pyramidal neurons of the cerebral cortex and of

Ammon’s horn, also demonstrate relatively high levels of LRRK2 (Biskup et al.

2006; Higashi et al. 2007b). At the subcellular level, precedent studies showed

LRRK2 is mainly associated with mitochondria but also with multiple vesicles

structure, including synaptic vesicles (Biskup et al. 2006). Despite its predominance

in PD, the physiological function of LRRK2 is not known, and therefore, its precise

role in the etiology of PD is far from being understood.

Neurotransmission defects have been repeatedly observed in different LRRK2

models (Li et al. 2009; Tong et al. 2009; Xiong et al. 2009; Li et al. 2010).

Functional impairments in nigrostriatal dopaminergic innervation and degenera-

tion of the nigrostriatal projections have been demonstrated in R1441C-LRRK2

homozygous knock-in mice (Tong et al. 2009) and in R1441C-LRRK2 BAC

transgenic mice (Li et al. 2009), respectively. G2019S BAC transgenic mice

show deficiencies in striatal dopamine release and enhanced striatal tau immuno-

reactivity without dopaminergic neuron loss in the substantia nigra (Li et al.

2010). Recent studies have enlightened that LRRK2 acts directly at the secretory

and endocytic molecular machinery (Shin et al. 2008; Xiong et al. 2010). Finally,

it has been shown that electrophysiological properties as well as proper vesicular

trafficking and spatial distribution in the presynaptic pool depend on the presence

of LRRK2 as an integral part of presynaptic protein complex (Piccoli et al. 2011).

Presynaptic proteins – NSF, AP-2 complex subunits, SV2A, synapsin, syntaxin 1

(Piccoli et al. 2011), and Rab5b (Shin et al. 2008) – as well as actin (Meixner et al.

2010) have been found to interact, at least in vitro, with LRRK2 (Fig 24.1). These

proteins have been previously described as key elements of synaptic vesicle

trafficking. NSF catalyzes the release of the SNARE complex (SNAP 25, syntaxin

1, and VAMP) and allows the first step of the endocytic cycle where also Rab5

proteins are called in action. The clathrin complex [clathrin, AP-2 adaptor com-

plex, and accessory proteins as dynamin and AP180] constitutes one of the major

pathways for SV recycling from the membrane to the resting pool (RP). The

control of storage and mobilization of SV in the RRP depends instead on the

synaptic vesicle glycoproteins SV2A and B while synapsins are thought to

immobilize SV in the RP by cross-linking vesicles to the actin cytoskeleton.

Strikingly, an increased DA turnover has been noticed in presymptomatic

LRRK2 mutation carriers (Sossi et al. 2010). Increased turnover might arise as

a compensatory mechanism to counteract DA-neurons loss (Adams et al. 2005),

but it has also been suggested that increased DA turnover might by itself
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Fig. 24.1 Model of LRRK2 function at the presynaptic site. Given the interaction between

LRRK2, cytoskeletal elements, and presynaptic proteins (Shin et al. 2008; Meixner et al. 2010;

Piccoli et al. 2011), it has been proposed LRRK2 is part of the molecular complex that controls SV

fusion rate. It might modulate SV storage in the RP and SV trafficking between the RP and the

membrane. (a) SV actively cycles between the RRP and the RP, even if the major part of SV

belongs to an apparently inactive resting pool. (1) SV is maintained in the RP by synapsin-actin

cytoskeleton interaction. (2) SV2A and calcium-dependent secretion activator 1 (CASP1) convert

the vesicles into fusion-responsive state. (3) SNAREs dock SV to the presynaptic membrane in

preparation for fusion. (4) After fusion-pore opening, vesicle-fusing ATPase (NSF) disrupts the

SNARE complex releasing SV. (5) SV recycles to the RP mainly through clathrin-coated pits
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contribute to disease progression secondary to DA-associated toxicity (Smith

et al. 2002; Zigmond et al. 2002). Therefore, accumulating evidences suggest

that synaptic dysfunction is a primary effect of LRRK2 gene mutations and that

synaptic failure is intimately involved in LRRK2 due PD pathogenesis.

24.3 Postsynaptic Dysfunction in Parkinson’s Disease

The natural history of PD is complex and involves differential mechanisms during

its various clinical phases. Most of the evidence on pathogenic pathways in PD has

been obtained using experimental models of complete striatal DA depletion mim-

icking advanced PD such as rats lesioned with 6-hydroxydopamine (6-OHDA)

(Schwarting and Huston 1996) and macaques lesioned with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) (Jenner and Marsden 1986).

The massive denervation of the dopaminergic nigrostriatal terminals, as

observed in advanced PD, is associated to maladaptive plasticity (Calabresi et al.

2007), alteration of striatal dendritic spines (Anglade et al. 1996; Day et al. 2006),

and changes of glutamatergic signaling (Betarbet et al. 2000; Picconi et al. 2004).

In advanced PD, spontaneous excitatory glutamatergic synaptic activity can be

dramatically altered. These pathological events may also alter the amplitude and

the direction of long-term changes of excitatory transmission induced by repetitive

synaptic activation. Moreover, changes in neuronal phasic and/or tonic firing

discharge may occur. Even slight changes in corticostriatal and nigrostriatal

neuronal excitability may influence profoundly the threshold for the induction of

synaptic plasticity. Changes in striatal synaptic transmission efficacy are supposed

to be the cellular basis for such complex integrative functions (Calabresi et al. 2006,

2007), and experimental findings show that short- and long-term changes in

corticostriatal synaptic plasticity may play a role in PD (Gubellini et al. 2002;

Picconi et al. 2003).

Two cardinal features of PD pathophysiology are represented by the alteration of

glutamatergic synapses paradoxically accompanied by the described increase of

glutamatergic transmission within the striatum. The real mechanisms underlying

this increased excitatory drive remains unknown. Recently, the synaptic changes in

both corticostriatal and thalamostriatal afferents have been studied in MPTP-treated

monkeys taking as main markers the vesicular glutamate transporters (vGluTs) 1

and 2 (Raju et al. 2008). This study demonstrates the increased presence of vGluT1

in the striatum of MPTP monkeys without any significant change in the pattern of

�

Fig. 24.1 (continued) endocytosis (5). (b) Impairment of LRRK2 levels/function might impair the

functionality of the exo-endo machinery. In absence of LRRK2, SV might not properly cycle

between the (1) RRP and (2) the RP. (3) The reduction of the molecular constrain represented by

LRRK2 and LRRK2-associated protein might increase SV probability to reach the membrane and

fuse (In the cartoon are depicted only presynaptic proteins putatively interacting with LRRK2)
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synaptic connectivity. However, a clear degree of synaptic reorganization of the

thalamostriatal system has been found. These findings suggest a differential degree

of plasticity between the two systems in parkinsonian primates.

In the last decades have been described and extensively studied two forms of

striatal synaptic plasticity (long-term depression (LTD) and long-term potentiation

(LTP)) thought to underlie cognitive performance both in vitro (Calabresi et al.

1992b, c; Lovinger et al. 1993; Walsh 1993; Walsh and Dunia 1993; Partridge et al.

2000) and in vivo (Charpier and Deniau 1997; Reynolds and Wickens 2000; Mahon

et al. 2004).

A high-frequency stimulation (HFS) protocol of the corticostriatal fibers

(Calabresi et al. 1992b, c; Lovinger et al. 1993) allows to induce both forms of

synaptic plasticity, the type of the long-lasting changes being critically dependent

upon the level of membrane depolarization and on the ionotropic glutamate recep-

tor subtype activated during the HFS. A third form of synaptic plasticity

(depotentiation) results from the reversal of an established LTP by the application

of a low-frequency stimulation of corticostriatal fibers (O’Dell and Kandel 1994;

Picconi et al. 2003).

Compared to other brain areas, in which synaptic plasticity has been extensively

studied, the striatum has the peculiar feature of receiving a massive dopaminergic

input arising from SNc. Accordingly, a unique characteristic of striatal LTD is the

requirement of DA receptor activation by endogenous DA (Calabresi et al. 2007). In

fact, this form of synaptic plasticity is lost after massive DA denervation both in

6-OHDA rats (Calabresi et al. 1992c) and MPTP-treated monkeys (Quik et al. 2006).

The absence of LTD in the striatum of parkinsonian animals can be attributed to

the failed activation of DA receptors during the induction phase of this form of

synaptic plasticity. LTD, in fact, can be restored after DA denervation by ensuring

DA receptor activation through the application of exogenous DA or by the

coactivation of both D1 and D2 receptors (Calabresi et al. 1992a, 2007). Similarly,

massive nigrostriatal denervation blocks corticostriatal LTP (Picconi et al. 2003;

Calabresi et al. 2007). Interestingly, a “balanced” DA/DARPP-32 pathway is

required for the corticostriatal system to be able to express both LTD and LTP

(Calabresi et al. 2000).

It is of interest to note that distinct degrees of DA denervation may differentially

affect the induction and maintenance of these two distinct and opposite forms of

corticostriatal synaptic changes (Paille et al. 2010). An incomplete DA denervation

does not affect corticostriatal LTD which is, however, abolished by a complete

lesion suggesting that a low, although critical, level of DA is required for this form

of synaptic plasticity. Conversely, an incomplete DA denervation dramatically

alters the maintenance of LTP confirming a critical role of this form of synaptic

plasticity in the early motor parkinsonian symptoms (Paille et al. 2010).

Recently, to understand the early synaptic mechanisms occurring in PD, the

striatal dysfunctions have been studied in mice overexpressing human A53T-alfa-

synuclein (Kurz et al. 2010). A53T-alfa-synuclein overexpressing mice, in their

advanced stage, present dysfunctional DA neurotransmission and consequently an

impaired striatal LTD, confirming, once more, the relevant role of an intact and
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correct balance in the dopaminergic nigrostriatal transmission for a physiological

synaptic activity.

The pathophysiological picture emerging from the last years of experimental

approach shows that the strength of glutamatergic signals from the cortex to the

striatum might be dynamically regulated during the progression of the disease. In

fact, bidirectional changes in corticostriatal synaptic plasticity are critically con-

trolled by the different degree of nigral denervation which influences the endoge-

nous DA levels and the assembly of striatal N-methyl-D-aspartate (NMDA)–type

glutamate receptor subunits.

NMDA receptors are glutamate ion channels and represent the key elements

in the regulation of synaptic function in the central nervous system. They resulted

from the coassembly of three different receptor subunit families: NMDA receptor 1

(NR1), NR2A-NR2D, and NR3A-NR3B (Dingledine et al. 1999; Nishi et al. 2001).

NMDA receptors are highly permeable to Ca2+, and its influx through the receptor

channel is essential for the synaptogenesis, the synaptic remodeling, and the long-

lasting changes in synaptic efficacy such as synaptic plasticity (Collingridge et al.

2004).

In the neuronal synapses, NMDA receptors are clustered in the postsynaptic

density (PSD) that consists of numerous scaffolding cytoskeletal and signaling

proteins, some ofwhich are in close contact with the cytoplasmic domain of glutamate

ionotropic receptors in the postsynaptic membrane (Kennedy 2000; Gardoni et al.

2001). This accumulation of NMDA receptors at the postsynaptic compartment

ensures a rapid response to neurotransmitter release and provides a molecular mecha-

nism for linking the transmembrane ion flux to the signaling machinery responsible

for specific second messenger pathways. Among the protein complex governing the

response of the signaling cascade, the a-calcium-calmodulin-dependent protein

kinase II (a-CaMKII) is directly linked to the NR2A/NR2B subunits (Gardoni et al.

1998; Strack et al. 2000) and competes in NR2A binding with PSD-95 (Gardoni et al.

2001). Interestingly, CaMKII- and tyrosine-dependent phosphorylation of NMDA

receptors is altered in experimental model of PD (Oh et al. 1999).

In the striatum as well as in other brain areas, LTP requires activation of NMDA

receptors (Calabresi et al. 1992b, 2007; Collingridge and Bliss 1995; Malenka and

Bear 2004). Interestingly, it has become increasingly evident that in striatal spiny

neurons, NMDA receptor complex is also profoundly altered in experimental PD

(Ulas and Cotman 1996; Dunah and Standaert 2001).

Early studies evaluated NMDA receptor abundance, composition, and phos-

phorylation in advanced model of PD. In the DA, denervated striatum has been

found a decreased level of NR1 and NR2B subunits in striatal membranes, while

the abundance of NR2A was unchanged (Ulas and Cotman 1996; Dunah and

Standaert 2001). Further studies in the 6-OHDAmodel showed similar results and

associated to alterations in synaptic plasticity (Picconi et al. 2003, 2004; Gardoni

et al. 2006). In particular, NR2B subunit was specifically reduced in the synaptic

density from advanced parkinsonian rats when compared with sham-lesioned rats

in the absence of parallel alterations of NR1 and NR2A (Picconi et al. 2003, 2004;

Gardoni et al. 2006). Interestingly, these molecular alterations have been further
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confirmed in parkinsonian macaques (Hallett et al. 2005). Hallett’s group shows

that in the striatum of MPTP-lesioned macaques the DA depletion induces

massive changes in the levels of striatal NMDA receptor proteins, such as a

reduction in the abundance of NR1 and NR2B but not NR2A subunit. Moreover,

in the denervated striatum of parkinsonian animals, the alteration of NMDA

receptor subunit localization at synaptic sites is accompanied by a decreased

recruitment of PSD-95 to NR2A–NR2B subunits; these events are paralleled by

an increased activation of the pool of a-CaMKII associated to the NMDA receptor

complex (Picconi et al. 2004). Further, other studies reported that experimental

Parkinsonism in rats appears to be associated with decreased synaptic membrane

localization and increased vesicular localization of PSD-95 and SAP97 members

of the PSD-MAGUK family (Nash et al. 2005) that could account for dys-

regulation of NMDA receptors at synapses.

While in advanced parkinsonism LTP is completely lost and this synaptic

alteration is coupled to specifically reduced levels of NR2B subunits in the PSD

compartment (Gardoni et al. 2006), the picture found in the early parkinsonian rats

is quite different.

As mentioned above, the incomplete DA denervation dramatically alters the

maintenance of LTP. This synaptic alteration recorded in striatal spiny neurons is

also accompanied by a dramatic increase in the NR2A NMDA receptor subunits in

the striatal synapses, suggesting the presence of a profound rearrangement of the

receptor complex composition (Paille et al. 2010). These profound differences in

NMDA receptors in the postsynaptic compartment of partially versus fully lesioned

rats suggest that NR2-type regulatory subunits are sensitive to plastic changes

induced by the differential degree of DA denervation.

Moreover, NMDA receptor subunits NR2A and NR2B interact with membrane-

associated guanylate kinases (MAGUK); this interaction governs their trafficking

and clustering at synaptic sites (Kim and Sheng 2004). The analysis of PSD-95,

SAP97, and SAP102 in the postsynaptic compartment reveals a significant reduc-

tion of the three proteins in advanced parkinsonian rats compared with sham-

operated rats (Gardoni et al. 2006). In contrast, in early parkinsonian animals, the

level of these proteins is the same as in the sham-operated animals, suggesting that

in this model of “early” PD, no alteration of MAGUK protein distribution at the

synapse is present. These data suggest that the NR2A subunit level at the synaptic

site is a major player in early phases of PD, and it is sensitive to distinct degrees of

DA denervation; thus, it may represent an adequate target for early therapeutic

intervention.

In the PSD, other important receptors included in the glutamatergic ionotropic

receptors class, and mediating the functions of glutamate, are represented by alpha-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, tetra-

meric proteins composed of subunits GluR1-4. Upon binding with glutamate,

synaptic AMPA receptors induce membrane depolarization and after removing

magnesium (Mg2+) block from NMDA allow to reduce the threshold to induce

long-term increases of the synaptic responses. AMPA receptor–dependent
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depolarization also opens L-type calcium (Ca2+) channels and leads to activation of

CRE elements that are responsible for gene transcription.

Recently, a critical role of AMPA receptors in PD has been shown (Lee et al.

2008). Lee and colleagues found that paraquat, a putative causative agent for PD,

inhibits postsynaptic AMPA receptors on dopaminergic neurons in the SNc. How-

ever, there is still no general consensus on the mechanism underlying dysregulation

of AMPA receptor distribution or composition changes in PD. GluR1 subunit of

AMPA receptor has not found changed in the striatum of parkinsonian rats (Bernard

et al. 1996; Betarbet et al. 2000), while GluR1 immunoreactivity is increased in the

caudate and putamen of MPTP monkeys (Betarbet et al. 2000). Evidence has been

provided that GluR1 immunoreactivity is decreased in striatal spiny neurons (Lai

et al. 2003) and in striatal membrane fractions of parkinsonian rats (Gardoni et al.

2006); on the contrary, no alteration of GluR1 levels in the postsynaptic density has

been found in 6-OHDA-lesioned rats (Picconi et al. 2004).

24.4 Conclusions

Given the correlation recently described between LRRK2 and a-synuclein (Lin et al.
2009; Carballo-Carbajal et al. 2010), the impact of a-synuclein on synaptic vesicle

recycling (Fortin et al. 2010; Nemani et al. 2010), and the functional links among

DJ-1, Parkin, PINK1, and a-synuclein (Shendelman et al. 2004; Xiong et al. 2009),

the regulation of DA release might arise as one the main biological pathway

compromised during PD onset. The molecular mechanisms underlying these synaptic

transmission defects, however, remain largely elusive. Although little is known about

the precise mechanisms of exocytotic DA release, it likely uses a similar mechanism

as glutamatergic synapses, in which release is energy-dependent, is mediated by the

SNARE-dependent fusion of synaptic vesicles and is triggered by Ca2+ binding to

synaptotagmins. Synaptic vesicles undergo in the nerve terminal to high-frequency

trafficking cycles thanks to the presence of extremely specialized machinery,

allowing very rapid triggering and switching off of synaptic vesicle exocytosis in

response to depolarization-evoked Ca2+ influx. A major goal in neurobiology in

recent years has been to gain insight into the molecular machinery that mediates

neurotransmitter release. More than 1,000 proteins function in the presynaptic nerve

terminal, and hundreds are thought to participate in exo-endocytosis. The processes

are finely tuned and depend on the interaction between protein expressed on SV

membranes and protein expressed on the presynaptic membranes (Rizo and

Rosenmund 2008; Sudhof and Rothman 2009).

This complex network of interaction is plastically shaped by posttranslational

modifications: the presynaptic modulation of neurotransmitter release is in fact

altered by protein kinases and protein phosphatases (Turner et al. 1999; Fdez and

Hilfiker 2006) and by protein degradation (Ehlers 2003; Yao et al. 2007). One

possibility worth to be explored is that PD-related proteins alter SV trafficking via

modification of presynaptic proteins.
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Cellular and postsynaptic alterations occurring in the striatum of experimental

parkinsonism in response to the massive dopaminergic loss may lead to synaptic

dysfunction and corticostriatal transmission instabilities. In particular, maladap-

tive forms of synaptic plasticity consequently to the alteration in the subunit

composition of glutamatergic ionotropic receptors, that is, NMDA receptors,

contribute to the clinical features of PD. Interestingly, it has become increasingly

evident that the correct assembly of NMDA receptor complex at the synaptic site

is a major player in early phases of PD and it is sensitive to distinct degrees of DA

denervation; thus, it may represent an adequate target for early therapeutic

intervention.
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Chapter 25

Synaptic Dysfunction in Alzheimer’s Disease

Elena Marcello, Roberta Epis, Claudia Saraceno, and Monica Di Luca

Abstract Generation of amyloid peptide (Ab) is at the beginning of a cascade

that leads to Alzheimer’s disease (AD). Amyloid precursor protein (APP), as well

as b- and g-secretases, is the principal player involved in Ab production, while

a-secretase cleavage on APP prevents Ab deposition. Recent studies suggested that

soluble assembly states of Ab peptides can cause cognitive problems by disrupting

synaptic function in the absence of significant neurodegeneration. Therefore, cur-

rent research investigates the relative importance of these various soluble Ab
assemblies in causing synaptic dysfunction and cognitive deficits. Several Ab
oligomers targets and cellular mechanisms responsible of Ab-induced synaptic

failure have been identified. The first and most important mechanism impugns a

toxic gain of function for Ab which results due to self-association and attainment of

new structures capable of novel interactions that lead to impaired plasticity. Other

scenarios predicate that Ab has a normal physiological role. On the one hand,

insufficient Ab could lead to a loss of normal function, whereas excess Ab may

precipitate dysfunction. How this occurs and which the main target/s is/are for the

synaptic action of Ab remains to be fully understood and would certainly represent

one of the main challenges to future AD research.
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25.1 Introduction

Dementia may affect adults of all ages, but the risk increases with age. According to

European epidemiological studies, dementia affects 6–7% of the population over 65.

In Europe (the European Union, Iceland, Norway and Switzerland), the

estimated number of patients aged 65 and over who have dementia is 4.9 million,

with an estimated annual incidence approaching one million. As Europe’s popula-

tion ages, these numbers are expected to increase dramatically. At present, more

than half of these patients have Alzheimer’s disease (AD) (Di Luca et al. 2011).

However, when Alois Alzheimer, a Bavarian psychiatrist, first defined the

clinical–pathological syndrome that bears his name at a meeting in Munich in

1906, neither he nor his audience recognized that the disorder he described in a

woman in her early 50s might ultimately turn out to be indistinguishable from

common senile dementia. Indeed, it was in the late 1960s that AD became generally

accepted as the most common basis for senile dementia.

Alzheimer’s original patient, a woman referred to as Auguste D. in his report,

exemplified several cardinal features of the disorder that we still observe in most

patients nowadays: progressive memory impairment, disordered cognitive function,

altered behaviour including paranoia, delusions, loss of social appropriateness and a

progressive decline in language function.

Indeed, AD is a slowly progressive disorder, with an insidious onset and a

progressive impairment of episodic memory; instrumental signs include aphasia,

apraxia and agnosia, together with general cognitive symptoms, such as impaired

judgement, decision-making and orientation.

Past and current criteria for a diagnosis of AD rely upon the presence at autopsy of

characteristic neuropathological lesions: senile plaques formed from aggregated amy-

loid protein (Ab) and neurofibrillary tangles (NFTs), which are intraneuronal accu-

mulation of aberrant forms of hyperphosphorylated tau (Glenner and Wong 1984).

The various neurochemical, neurological, psychological and also physical

changes observed in AD patients suggest that AD is a multifactorial disease. This

has been widely discussed in the recent decades. Although many theories on the

cause of AD have surfaced over the past quarter of a century, only some of them

have survived the test of time, with the most widely accepted theory being the

‘amyloid hypothesis’.

A new understanding of the amyloid cascade hypothesis proposes an alternative

mechanism for memory loss based on the impact of small, soluble amyloid b
oligomers (Hardy and Selkoe 2002; Klein et al. 2001) on synaptic function. Indeed,

early memory loss originates from synapse failure before neuron death, and synapse

failure derives from actions of amyloid b oligomers rather than fibrils. In support of

this hypothesis, many studies have demonstrated that the best statistical correlation

occurs between measures of synaptic density and degree of dementia (DeKosky and

Scheff 1990; Terry et al. 1991) and have documented a significant decrease in

synaptic density in the association cortices and hippocampus of AD brain (Bertoni-

Freddari et al. 1996; DeKosky and Scheff 1990; Terry et al. 1991).
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25.2 The Amyloid Hypothesis

The ‘amyloid hypothesis’ was first proposed from research conducted in the middle

of the 1980s showing that senile plaques found in AD brain tissue were composed

mainly of a sticky Ab peptide (Masters et al. 1985). This hypothesis was formalized

by Hardy and Higgins (1992) who stated that Ab ‘precipitates to form amyloid and,

in turn, causes NFTs and cell death’ (Hardy and Higgins 1992). Up to now, most

investigators believe that the production and cerebral deposition of amyloid plaques

composed of the 38–42 amino acids (aa) Ab peptide are central to the development

of AD (Selkoe 2000). According to the amyloid hypothesis, deposition and accu-

mulation of Ab in the brain is the primary factor driving AD pathogenesis (Selkoe

1991; Hardy and Selkoe 2002). In animal models, Ab deposition has also been

observed to develop prior to the tangle pathology (Oddo et al. 2003).

Therefore, the basic biochemical formula for Ab production was investigated in

minute details to determine the aetiology of the disease.

25.2.1 The Characters of the Amyloid Cascade

In the late 1980s, it was first recognized that Ab peptide derives from its large

precursor protein, amyloid precursor protein (APP), by sequential proteolytic

cleavages (Kang et al. 1987). Ab domain is located within the type I transmembrane

protein APP at the junction between the intraluminal and transmembrane domains.

Ab production turned out to be one paradigmatic example of a more general

biological process called regulated intramembrane proteolysis. Membrane proteins,

as APP or Notch, firstly undergo a shedding process leading to the release of

ectodomains in extracellular fluids. Secondly, the membrane-retained stubs can

be cleaved within their intracellular domains, giving rise to small hydrophobic

peptides released into extracellular fluids as well as to intracellular domains into the

cytoplasm. These small intracytoplasmic peptides may possess different functions

including activation of nuclear signalling (Haass 2004).

As regards APP, the shedding process is mediated by a– or b-secretases, and the
cleavage of the membrane-retained stubs is due to g-secretase (Haass and

Selkoe 1993).

The production of Ab is mediated by the concerted action of b-secretase (b-site
APP cleaving enzyme, BACE1) (Vassar et al. 1999) and g-secretase, a multimeric

complex thought to be made up of an essential quartet of transmembrane proteins—

presenilin 1 (PS1) or presenilin 2 (PS2), nicastrin, APH1 and PEN2 (Edbauer

et al. 2003).

BACE1 cleaves APP at the N-terminus of Ab sequence, leaving a 99-aa-long

C-terminal fragment (CTF99) attached to the extracellular membrane and releasing
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a soluble fragment, sAPPb, into the extracellular space. CTF99 can then be cleaved
by g-secretase at the C-terminus of Ab sequence; this processing allows the release

of the amyloidogenic Ab fragment and the amyloid intracellular domain (AICD)

(Fig. 25.1).

The cleavage of g-secretase releases Ab peptides of varying length from the

plasma membrane, depending on the site of cleavage. Of these, Ab42 has an

NH2 COOH

β

sAPPβ CTF99sAPPα CTF83

p3 Aβ

Fibrillogenesis

Neurotoxicity

Degradation/
removal

BACEADAM10

α γ

γ-secretaseγ-secretase

AICD AICD

APP 

BACE1

ADAM10

Aβ

NMDAR

AMPAR

glutamate

γ-secretase

sAPPα

CTF83

sAPPβ

CTF99Endosome

Fig. 25.1 Scheme of the proteolytic events and cleavage products that are generated during the

processing of APP. APP is delivered to the surface membrane, where it is cleaved by a-secretase
within the sequence of Ab, thus precluding the formation of the amyloidogenic fragment. APP

molecules that fail to be cleaved by a-secretase can be internalized into endocytic compartments

and subsequently cleaved by b-secretase (BACE1) and g-secretase to generate Ab
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increased propensity to form the fibrillar amyloid aggregates that are found in the

brains of AD patients. Ab42 is widely regarded as the main pathogenic species

causing AD, unlike its more common but less fibrillogenic relative, Ab40 (Jarrett

et al. 1993).

One of the most important characteristics of Ab metabolism is that Ab is

synthesized under regular physiological conditions. The abnormal accumulation

of Ab in AD is the result of an imbalance between the levels of Ab production,

aggregation and clearance.

Due to the heterogeneous cleavage of g-secretase, also the AICD length varies

generally from less than 57–59 amino acids. The biological functions of AICD are

mediated by interactions with specific binding factors which might regulate its

stability and cellular localization, but its role in the pathogenesis of AD is still under

investigation (Buoso et al. 2010).

On the other hand, the main protagonist of the physiological APP metabolic

pathway is a-secretase, which cleaves APP within the sequence corresponding to

Ab, thus preventing its formation. Two recent studies finally demonstrated that the

constitutively cleaving a-secretase activity in neurons is selectively mediated by

ADAM10 (Jorissen et al. 2010; Kuhn et al. 2010), a member of ‘a disintegrin and

metalloprotease’ (ADAMs) proteins, which are key components in protein

ectodomain shedding. ADAM10-mediated non-amyloidogenic pathway on APP

releases one soluble, neurotrophic fragment called sAPPa and one membrane-

associated stub, called CTF83, which can then be cleaved by the g-secretase
complex, liberating extracellular p3 and the AICD (Fig. 25.1).

Since APP and the secretases are all integral transmembrane proteins, the

formation of Ab could be modulated by sorting mechanisms. Moreover, the

amyloidogenic and non-amyloidogenic pathways are differentially segregated

within the cells, being a-secretase activity localized in the trans-Golgi network or

at the plasma membrane (Lammich et al. 1999), whereas BACE1 activity is mainly

confined to the endoplasmic reticulum and the endosomal/lysosomal system

(Kinoshita et al. 2003) (Fig. 25.1).

Regarding Ab clearance, this process is mediated by proteolytic enzymes such

as neprilysin (Iwata et al. 2001) and insulin-degrading enzyme (IDE) (Qiu et al.

1998), chaperone molecules such as apolipoprotein E (ApoE) (Kim et al. 2009),

lysosomal [e.g. autophagy (Bendiske and Bahr 2003)] and non-lysosomal pathways

[e.g. proteasome (Marambaud et al. 2005)]. While in familial forms of AD,

mutations result in an increased Ab production or aggregation, in sporadic AD,

failure of the clearance mechanisms might play a central role.

25.2.2 The Amyloid Cascade as the Primary Event

The cloning of the gene encoding APP and its localization to chromosome 21

(Goldgaber et al. 1987; Kang et al. 1987; Robakis et al. 1987; Tanzi et al. 1987),

coupled with the earlier recognition that trisomy 21 (Down syndrome) leads
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invariably to the neuropathology of AD (Olson and Shaw 1969), set the stage for the

proposal that Ab accumulation is the primary event in AD pathogenesis. In addi-

tion, the identification of mutations in the APP gene that cause hereditary cerebral

haemorrhage with amyloidosis (Dutch type) showed that APP mutations could

cause Ab deposition, albeit largely outside the brain parenchyma (Levy et al.

1990; Van Broeckhoven et al. 1990).

Soon, the first genetic mutations causing AD were discovered in the APP gene

(Goate et al. 1991; Hardy 1992; Hendriks et al. 1992; Mullan et al. 1992). The

contemporaneous discovery that Ab was a normal product of APP metabolism

throughout life and could be measured in culture medium, cerebrospinal fluid and

plasma (Haass et al. 1992; Seubert et al. 1992; Shoji et al. 1992) allowed scientists

to quickly establish the biochemical abnormalities caused by APP mutations. The

majority of the mutations cluster at or very near the sites within APP that are

normally cleaved by secretases. In accordance with this, these mutations promote

generation of Ab by favouring proteolytic processing of APP by b- or g-secretase or
increase the relative production of Ab42 compared to Ab40 (Citron et al. 1992; Cai
et al. 1993; Suzuki et al. 1994). Furthermore, APP mutations internal to the

Ab sequence heighten the self-aggregation of Ab into amyloid fibrils (Wisniewski

et al. 1991).

These exciting developments provided the genetic framework for the emerging

amyloid hypothesis (Selkoe 1991; Hardy and Higgins 1992).

In the past years, bolstered particularly by the cloning of PSs proteins (Levy-

Lahad et al. 1995; Sherrington et al. 1995) and the demonstration that AD-causing

mutations in PS1 and PS2 also enhance the processing of APP to form Ab (Scheuner

et al. 1996), the amyloid hypothesis has become the focus of AD research.

In addition to the cloning of PS1 and PS2 and the discovery that they alter APP

metabolism (Borchelt et al. 1996; Duff et al. 1996; Citron et al. 1997) through a

direct effect on the g-secretase protease (De Strooper et al. 1998; Wolfe et al. 1999),

there have been four conceptually important observations that strongly support the

amyloid hypothesis.

First, mutations in the gene encoding the tau protein, the main component of

NFTs, cause frontotemporal dementia with parkinsonism (Hutton et al. 1998;

Poorkaj et al. 1998; Spillantini et al. 1998).

This neurodegenerative disorder is characterized by severe deposition of tau in

NFTs in the brain but no deposition of amyloid. The clear implication is that even

the most severe consequences of tau alteration—profound NFTs formation leading

to fatal neurodegeneration—are not sufficient to induce the amyloid plaques char-

acteristic of AD. Thus, the NFTs of wild-type tau seen in AD brains are likely to

have been deposited after changes in Ab metabolism and initial plaque formation,

rather than before (Hardy et al. 1998).

Second, transgenic mice overexpressing both mutant human APP and mutant

human tau undergo increased formation of tau-positive tangles (as compared with

mice overexpressing tau alone), whereas the structure and number of their amyloid

plaques are essentially unaltered (Lewis et al. 2001). This finding suggests that

altered APP processing occurs before tau alterations in the pathogenic cascade of
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AD, a notion bolstered by the recent observation that in mouse hippocampal

primary neuronal cultures, Ab toxicity is tau dependent (Rapoport et al. 2002).

Third, crossing APP transgenic mice with ApoE-deficient mice markedly

reduces cerebral Ab deposition in the offspring (Bales et al. 1997), providing strong

evidence that the pathogenic role of genetic variability at the human ApoE locus

(Corder et al. 1993) is very likely to involve Ab metabolism. And fourth, growing

evidence indicates that genetic variability in Ab catabolism and clearance may

contribute to the risk of late-onset AD (Wavrant-DeVrieze et al. 1999; Bertram

et al. 2000; Ertekin-Taner et al. 2000; Myers et al. 2000; Olson et al. 2001).

Taken together, these findings are consistent with the notion that cerebral

Ab accumulation is the primary mechanism of AD pathogenesis and that the rest

of the disease process, including tau tangle formation, results from an imbalance

between Ab production and Ab clearance.

25.3 Amyloid Cascade and Synaptic Failure

25.3.1 Updating the Amyloid Hypothesis

As above described, the amyloid cascade hypothesis of AD, as initially formulated,

proposed that the hallmark progressive deposition of insoluble fibrillar Ab in

plaques triggered neurodegeneration which, in turn, caused the insidious escalation

of debilitating symptoms, including progression through the different stages of

clinical dementia. Support for this proposal came from the discovery that applica-

tion of fibril-containing Ab to cultured neurons was highly toxic in vitro (Lorenzo

and Yankner 1996) and that intracerebral injection of fibril-containing Ab caused a

neurodegeneration-associated disruption of performance of cognitive tasks in

animals (McDonald et al. 1994; Nitta et al. 1994; Maurice et al. 1996; Stephan

et al. 2001). However, the relatively poor correlation between the severity of

clinical dementia at the time of death of patients with AD and either the magnitude

of fibrillar Ab load or the extent of neuron loss in the brain provided a major

challenge for the original amyloid cascade hypothesis (Terry 1996).

In fact, many studies demonstrated that the best statistical correlation occurs

between measures of synaptic density and degree of dementia (DeKosky and

Scheff 1990; Terry et al. 1991). Data obtained by electron microscopy (Davies

et al. 1987; Scheff et al. 1990; Seabrook et al. 1999; Scheff et al. 2006, 2007),

immunocytochemical and biochemical analyses on synaptic marker proteins in AD

biopsies and autopsies (Terry et al. 1991; Honer et al. 1992; Dickson et al. 1995)

indicate that synaptic loss in the hippocampus and neocortex is an early event

(Masliah et al. 1994) and the major structural correlate to cognitive dysfunction

(Gibson 1983; Hamos et al. 1989; Bertoni-Freddari et al. 1990; DeKosky and

Scheff 1990). Not NFTs, senile plaques, nor even neuronal loss show such a strong

statistical correlation with dementia (Terry et al. 1991; Masliah and Terry 1993).

25 Synaptic Dysfunction in Alzheimer’s Disease 579



Moreover, the decrease in synapse number and density seems disproportionate

to the loss of neuronal cell bodies (Davies et al. 1987; DeKosky and Scheff 1990;

Bertoni-Freddari et al. 1996), suggesting that pruning of synaptic endings may

precede the demise of the neuron in the disease process. Furthermore, some changes

in the brains of AD patients and APP transgenic mice suggest that synaptic function

is compromised prior to the physical deterioration of neuronal structures (Oddo

et al. 2003; Palop et al. 2003; Westphalen et al. 2003; Yao et al. 2003).

This evidence, coupled with the fact that large fibrillar plaques present much less

Ab surface area to neuronal membranes than do a multitude of small oligomers that

can diffuse into synaptic clefts, indicates that such soluble assembly forms are

better candidates for inducing neuronal and/or synaptic dysfunction than plaques

per se. Indeed, human Ab can exist in diverse assembly states, including monomers,

dimers, trimers, tetramers, dodecamers, higher-order oligomers and protofibrils, as

well as mature fibrils, which can form microscopically visible amyloid plaques in

brain tissues (Glabe 2008).

Therefore, a new understanding of the amyloid cascade hypothesis proposes an

alternative mechanism for memory loss based on the impact of small, soluble Ab
oligomers (Klein et al. 2001; Hardy and Selkoe 2002). Indeed, different soluble

molecular species that are generated at very early stages of the disease and that only

at more advanced stages are deposited in an aggregated form could be involved in

synaptic failure. It has thus been suggested that soluble assembly states of Ab
peptides can cause cognitive problems by disrupting synaptic function in the

absence of significant neurodegeneration.

Therefore, current research investigates the relative importance of these various

soluble Ab assemblies in causing synaptic dysfunction and cognitive deficits.

25.3.2 A Snapshot on Ab Oligomers

In light of the evidence that soluble oligomers of Ab, rather than fibrils or plaques,

can selectively impair the synaptic plasticity mechanisms necessary for memory

processing, the research carried out in the recent years aimed at studying the

conversion of normally Ab non-toxic monomers to toxic oligomers and at defining

which Ab aggregate is responsible for synaptic failure.

Much evidence suggests that Ab oligomers are more potent than Ab fibrils and

amyloid deposits in eliciting abnormalities in synaptic functions and neural network

activity (Klein et al. 2001; Cleary et al. 2005; Lesne et al. 2006; Shankar et al. 2007;

Walsh and Selkoe 2007; Selkoe 2008; Shankar et al. 2008). Therefore, many recent

studies focusing on functional Ab effects have used oligomers of human Ab
prepared from synthetic Ab peptides (Wang et al. 2004), isolated from transfected

cell lines (Walsh and Selkoe 2007) or purified from brains affected by AD (Shankar

et al. 2008).

Nevertheless, a large and confusing body of literature describes many types of

assembly forms of synthetic Ab, including protofibrils (PFs), annular structures,
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paranuclei, Ab-derived diffusible ligands (ADDLs), globulomers and amyloid

fibrils (Teplow 1998; Caughey and Lansbury 2003). In general, soluble oligomers

are defined as Ab assemblies that are not pelleted from physiological fluids by high-

speed centrifugation, and not all of the aforementioned synthetic assembly forms

fulfil this definition. Moreover, soluble oligomers can bind to other macromolecules

or to cell membranes and can therefore become insoluble.

PFs are intermediates that were observed in the course of studying the

fibrillization of synthetic Ab (Harper et al. 1997; Hartley et al. 1999; Walsh et al.

1999). They are flexible structures that can continue to polymerize in vitro to form

amyloid fibrils or can depolymerize to lower-order species. PFs are narrower than

bona fide amyloid fibrils (approx 5 nm versus approx 10 nm). Ultrastructural

analyses of synthetic PF preparations by electron microscopy and atomic force

microscopy have revealed both straight and curved assemblies of up to 150 nm in

length. Synthetic Ab PFs have been shown to contain substantial sheet structure, as

they can bind to Congo red or thioflavin T in an ordered manner. Annular

assemblies of synthetic Ab are doughnut-like structures, with an outer diameter

of 8–12 nm and an inner diameter of 2.0–2.5 nm, that can be distinguished from PFs

by atomic force microscopy and electron microscopy (Lashuel et al. 2002; Bitan

et al. 2003).

Some laboratories have observed smaller oligomeric species of synthetic Ab
than annuli and have designated these ADDLs (Lambert et al. 1998). Apparent

ADDL-like oligomeric assemblies have been isolated from postmortem AD brains,

and their presence correlated with memory loss (Gong et al. 2003). Chemical

stabilization of synthetic Ab assembly intermediates has revealed an apparent

hexamer periodicity, with hexamer, dodecamer and octadecamer structures

observed (Bitan et al. 2003). Whether the recently described Ab*56, an apparent

dodecamer of natural Ab detected in the brains of an APP transgenic mouse line

(Bitan et al. 2003), might represent an in vivo analogue of synthetic ADDLs

remains unclear, as direct structural comparisons have not been possible.

Whereas most of the Ab assembly intermediates described above have only been

observed upon in vitro incubation of synthetic Ab, small oligomeric Ab forms

occur in vivo and might therefore be relevant to disease pathogenesis. Intracellular

and secreted soluble dimeric and trimeric oligomers have been described in

cultured cells (Podlisny et al. 1995; Walsh et al. 2000), and SDS-stable oligomers

of varying sizes have also been detected by Western blotting in APP transgenic

mouse brain and human brain (Enya et al. 1999; Funato et al. 1999; Lesne et al.

2006). Such natural (i.e. non-synthetic) Ab oligomers can be resistant not only to

SDS but also to the Ab-degrading protease IDE, which can only digest monomeric

Ab (Walsh et al. 2002). Naturally secreted monomeric and oligomeric Ab species

are being characterized in experiments in vivo to decipher their effects on synaptic

structure and function (Walsh et al. 2002; Kamenetz et al. 2003). Ab oligomers

produced by cultured cells could be related to the aforementioned Ab*56 (Lesne

et al. 2006), which seems to represent a brain-derived soluble dodecamer that has

amnestic activity. Like the Ab oligomers produced from cultured cells (Walsh et al.

2002), Ab*56 might disrupt synaptic function and therefore affect memory
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(Lesne et al. 2006). Whether Ab*56 and species that are similar to it are stable

assemblies of only Ab under native conditions, or whether smaller oligomeric

assemblies can associate with another protein, is currently unknown. However,

Ab*56 and Ab trimers secreted by cultured cells could turn out to share common

synaptotoxic properties.

In light of the above, the complete characterization of the different assembly

forms and conformations of Ab is important to discern which Ab aggregate is

harmful and triggers synaptic failure. Indeed, it is quite possible that different Ab
assemblies or conformation have diverse targets, thus, depending on the form of Ab
used, research groups can report differing results, as described in the following

section.

25.4 Targets of Ab at the Synapse

The subcellular sites from which Ab acts have been identified: overexpression of

APP in either dendritic or axonal compartments led to a reduction in spine density

and plasticity in nearby neurons (Wei et al. 2010). In particular, Ab oligomers bind

to synaptic sites (Lacor et al. 2004) and reduce the density of spines in organotypic

hippocampal slice cultures (Hsieh et al. 2006; Shrestha et al. 2006; Shankar et al.

2007), dissociated cultured neurons (Calabrese et al. 2007; Lacor et al. 2007; Evans

et al. 2008) and transgenic mouse models (Spires et al. 2005; Jacobsen et al. 2006).

Nevertheless, the molecular link between Ab oligomers and the occurrence of

early spine loss remains elusive.

Several studies, reported below, describe a number of targets and mechanisms

responsible for Ab-dependent effects on synaptic function.

25.4.1 Acetylcholine Receptors

Interactions between Ab and various acetylcholine receptors have been shown

through biochemical and pharmacologic techniques. Given the profound loss of

cholinergic transmission in AD, nicotinic and muscarinic acetylcholine receptors

have drawn considerable attention. Synthetic Ab has been shown to bind the

calcium-permeable a7 nicotinic acetylcholine receptors (nAChRs) with high affinity
(Wang et al. 2000). Functionally, this interaction has been proposed to account

for the internalization of N-methyl-D-aspartate (NMDA) receptors through a

calcineurin-dependent pathway (Snyder et al. 2005; Dewachter et al. 2009).

Because these studies focus on postsynaptic cholinergic transmission, it is unclear

whether interactions with acetylcholine receptor signalling directly account for the

disruption of presynaptic cholinergic projections in AD, such as those extending

from the nucleus basalis of Meynert, one of the areas mainly affected in AD

patients.

582 E. Marcello et al.



25.4.2 Glutamate Receptors

Glutamate receptors are central to synaptic functioning, and excitatory synaptic

transmission is tightly regulated by the number of active NMDA receptors and

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors at the

synapse. NMDA receptor activation has a central role, as it can induce either long-

term potentiation (LTP) or long-term depression (LTD), depending on the extent of

the resultant intracellular calcium ([Ca2+]i) rise in the dendritic spines and on the

downstream activation of specific intracellular cascades (Kasai et al. 2010). Acti-

vation of synaptic NMDA receptors and large increases in [Ca2+]i are required for

LTP, whereas LTD implies a differential mobilization of NMDA receptors in

different CA regions of the hippocampus; in fact, it has been reported that in

CA1, lateral diffusion occurs during LTD induction, but in CA3, endocytosis of

NMDA receptors is predominant (Lau and Zukin 2007). LTP induction promotes

recruitment of AMPA receptors and growth of dendritic spines, whereas LTD

induces spine shrinkage and synaptic loss (De Roo et al. 2008).

Their modulation seems implicated in deleterious synaptic Ab action. Ab
number of studies have reported that the effects of Ab on the viability, morphology

and physiology of neurons are dependent on NMDA receptor activation (Ye et al.

2004; Lacor et al. 2007; Shankar et al. 2007). Memantine, an activity-dependent

NMDA receptor antagonist, is used for the treatment of AD. Initially it was

proposed to mitigate glutamate excitotoxicity, but it may also block more subtle

effects of NMDA receptor activation that lead to synaptic depression and loss.

Pathologically elevated Ab may indirectly cause a partial block of NMDA

receptors and shift the activation of NMDA receptor–dependent signalling cascades

towards pathways involved in the induction of LTD and synaptic loss (Kamenetz

et al. 2003; Hsieh et al. 2006; Shankar et al. 2007). This model is consistent with the

fact that Ab impairs LTP (Walsh et al. 2002; Cleary et al. 2005) and enhances LTD

(Kim et al. 2001; Hsieh et al. 2006; Li et al. 2009). Although the mechanisms

underlying Ab-induced LTD have not yet been fully elucidated, they may involve

receptor internalization (Snyder et al. 2005; Hsieh et al. 2006) or desensitization

(Liu et al. 2004) and subsequent collapse of dendritic spines (Snyder et al. 2005;

Hsieh et al. 2006).

Moreover, recent findings suggest that pathologically elevated Ab blocks neu-

ronal glutamate uptake at synapses, leading to increased glutamate at the synaptic

cleft (Li et al. 2009). A rise in glutamate would initially activate synaptic NMDA

receptors, which might be followed by desensitization of the receptors and, ulti-

mately, synaptic depression. A second effect of increased glutamate would be a

spillover and activation of extra- or perisynaptic NMDA receptors enriched of the

subunit 2B, which have a key role in LTD induction (Liu et al. 2004). Also, the

activation of metabotropic glutamate receptors (mGluRs) may be involved in

the facilitation of LTD by Ab (Hsieh et al. 2006; Li et al. 2009). Activation of

mGluR recruits a number of signalling pathways (such as p38 MAP kinase or ERK

pathways), stimulates release of intracellular [Ca2+]i stores through generation of
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inositol triphosphate or modulates associated ionic channels. Various groups have

reported that Ab mediates synaptic depression and loss through activation of group

I mGluRs with p38 MAP kinase and calcineurin as downstream effectors (Wang

et al. 2004; Hsieh et al. 2006; Shankar et al. 2008; Dewachter et al. 2009; Li et al.

2009). These effects may result in postsynaptic AMPA receptor endocytosis

(Snyder et al. 2005) and decreased presynaptic neurotransmitter release probability

(Zakharenko et al. 2002), both of which decrease synaptic strength. Understanding

the contribution of mGluR receptors to Ab-mediated synaptic depression is difficult

because of the high variability in the mechanisms associated to mGluRs across

brain regions and in developmental time periods.

Thus, Ab-induced synaptic depression may result from an initial increase in

synaptic activation of NMDA receptors by glutamate, followed by synaptic NMDA

receptor desensitization; NMDA receptor and AMPA receptor internalization; and

activation of mGluRs (Renner et al. 2010). Ab-induced LTD-like processes may

underlie Ab-induced LTP deficits, as blocking LTD-related signalling cascades,

such as those mediated by mGluR or p38 MAPK, prevents Ab-dependent inhibition
of LTP (Wang et al. 2004).

25.4.3 Beyond Receptors: Other Ab Targets

In addition to receptors well known for their involvement in synaptic plasticity,

Ab appears to affect other synapse proteins.

For example, Cisse et al. (2011) found out that Ab binds to EphB2, a protein that

interacts with NMDA receptors (Dalva et al. 2000), and whose deficiency reduces

LTP (Grunwald et al. 2001; Henderson et al. 2001). Ab binding decreases EphB2

levels. Reducing EphB2 levels in the dentate gyrus—the input region of the

hippocampus—in normal mouse brain mimics the reduced NMDA receptor

currents and impaired LTP that occur in an AD mouse model (Cisse et al. 2011).

Remarkably, the authors reported that virus-mediated expression of EphB2 in

the dentate gyrus of an AD mouse model ‘cures’ the mice, with both NMDA

receptor–mediated synaptic responses and LTP returning to normal levels (Cisse

et al. 2011).

Another study proposes that cellular prion protein (PrPC) functions as a receptor

to mediate the deleterious effects of Ab oligomers, which bind with nanomolar

affinity to PrPC. This interaction does not require the infectious PrPSc conformation.

This hypothesis is supported by isolation of PrPC as an Ab42-oligomer-binding site

in an unbiased genome-wide screen, by the match between PrPC expression and the

properties of Ab42-oligomer-binding sites and by the localization of Ab binding to

a neurodegeneration-associated domain of PrPC (Lauren et al. 2009).

PrPC has also been shown to interact with NMDA receptor subunit 2D and to

modulate its function (Khosravani et al. 2008). The authors wondered whether Ab
interaction might regulate glutamate receptors directly through PrPC. Synaptic

responsiveness in hippocampal slices from young adult PrP null mice is normal,
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but the Ab oligomer blockade of LTP is absent. Anti-PrP antibodies prevent Ab-
oligomer binding to PrPC and rescue synaptic plasticity in hippocampal slices

treated with oligomeric Ab (Lauren et al. 2009).

A recent study put forward a new target of Ab: D’Amelio et al. (2011) described

the activation of caspase-3 in hippocampal dendritic spines, corresponding to the

onset of memory decline in Tg2576 mice, a frequently used mouse model of AD.

In spines, caspase-3 activates calcineurin, which in turn triggers dephosphorylation

and removal of the GluR1 subunit of AMPA-type receptor from postsynaptic sites.

These molecular modifications led to alterations of glutamatergic synaptic trans-

mission and plasticity and correlated with spine degeneration and a deficit in

hippocampal-dependent memory (D’Amelio et al. 2011). The caspase activation

is clearly a result of the presence of soluble Ab. It occurs in the mice months before

plaques are deposited and can be blocked by blocking Ab synthesis. The results are

surprising, as activation of the ‘executioner’ caspase is not associated with neuronal

cell death (D’Amelio et al. 2011).

These results, illustrating a non-apoptotic activation of caspase-3, are reminiscent

of a recent study that found that caspase-3 is activated during normal physiological

LTD (Li et al. 2010). The parallels between the caspase-3-triggered synaptic dysfunc-

tion in Tg2576 mice and those reported previously for LTD are striking, with both

caspase-mediated cascades leading to removal of AMPA-type receptors from post-

synaptic sites. The suggestion that there is a chronic, non-apoptotic activation of

caspases in AD models presents a new picture of the pace of the final steps of

neurodegeneration, in which Ab-induced initiation of cell death–associated cascades
leads not to acute cell death but to a slower loss with a prominent role for remodelling

of dendrites, spines and synaptic connections.

25.4.4 Bridging Ab and Tau at the Synapse

Recent studies shed lights on the mechanisms linking Ab toxicity and tau. As

described above, according to the amyloid cascade hypothesis, Ab formation is

the critical step in driving AD pathogenesis (Hardy and Selkoe 2002); thus, a

crucial question is where tau is to be placed in the amyloid cascade. Ittner et al.

(2010) found out a new role for tau in Ab downstream toxicity mechanisms (Ittner

et al. 2010). First of all, they show that tau, known as axonal protein, has a dendritic

function in postsynaptic targeting of the Src kinase Fyn. At postsynaptic sites, Fyn

phosphorylates the NMDA receptor subunit 2B (NR2B), thereby mediating com-

plex formation of NMDA receptors with the postsynaptic density protein 95

(PSD95) (Salter and Kalia 2004). This NMDA receptor–PSD95 interaction is

required for excitotoxic downstream signalling (Salter and Kalia 2004). As a

consequence of the reduced NMDA receptors–PSD95 interaction (Ittner et al.

2010), tau�/� mice are less susceptible to both experimental seizures and Ab
toxicity (Ittner et al. 2010; Roberson et al. 2007). In summary, although tau is
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predominantly found in axons, its newly discovered dendritic functions are pivotal

in healthy neurons and, when disturbed, seem to have a role in disease.

Based on these recent findings, a novel ‘tau axis hypothesis’ which links amyloid

b and tau pathology in the dendritic compartment has been postulated (Ittner and

Gotz 2011).

This hypothesis consists of two parts.

First, postsynaptic toxicity of Ab is tau dependent. More precisely, tau interacts

with Fyn and thereby increases targeting and/or scaffolding of Fyn to the postsyn-

aptic compartment, where Fyn links NMDA receptors to downstream signalling

pathways. This sensitizes NMDA receptors and makes them responsive to Ab
toxicity. This mode of tau-dependent Ab toxicity in the dendritic compartment of

neurons involves excitotoxic signalling.

Second, exposure of neurons to Ab—and in particular prolonged exposure—has

multiple toxic effects. Importantly, Ab triggers progressively increased phosphory-

lation (hyperphosphorylation) of tau. As a consequence, tau binding to

microtubules is compromised, causing tau to accumulate at an increasing pace in

the somatodendritic compartment of diseased neurons. Moreover, phosphorylated

tau has an increased affinity for Fyn (Bhaskar et al. 2005).

In conclusion, this results in high levels of postsynaptic Fyn and in sensitization

of NMDA receptors, which renders dendrites even more susceptible to Ab toxicity

(Ittner and Gotz 2011).

25.5 From Pathology to Physiology

It can be argued that pathology never exists for pathology’s sake—pathogenic

mechanisms do not exist solely to induce disease. Instead, they are a reflection of

aberrations in normal physiological processes.

APP processing constitutes a complex signalling centre that serves multiple

physiological functions that could trigger pathological events when deregulated

during disease.

Since the studies mentioned above led to the concept that the synapse, and in

particular the postsynaptic compartment, is the subcellular locus where AD patho-

genesis takes place, the comprehension of the physiological function of APP and its

metabolites at the synaptic level becomes more and more important.

25.5.1 Physiological Role of APP and Its Metabolites

Since the discovery of APP, a number of physiological roles have been attributed to

the molecule, some unique to certain isoforms, but its actual functions remain

unclear. Suffice to say that a number of functional domains have been mapped to

the extra- and intracellular regions of APP. These include metal (copper and zinc)
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and extracellular matrix components (heparin, collagen and laminin) binding;

neurotrophic and adhesion domains; and protease inhibition (the Kunitz protease

inhibitor domain present in APP751 and APP770 isoforms) domain.

The overall structure of the protein suggests that APP could be a receptor or

growth factor (Rossjohn et al. 1999), but the functions of APP and its homologues

in vivo remain poorly understood.

APP has been shown to stimulate neurite outgrowth from a variety of settings.

This phenotype is compatible with the upregulation of APP expression during

neuronal maturation (Hung et al. 1992).

The N-terminal heparin-binding domain of APP (residues 28–123) upstream

from the pentapeptide domain RERMS sequence also stimulates neurite outgrowth

and promotes synaptogenesis. Interestingly, the crystal structure of this domain

shows similarities to known cysteine-rich growth factors (Rossjohn et al. 1999).

Conversely, injection of anti-APP antibodies directly into the brain led to

impairment in behavioural tasks in adult rats (Meziane et al. 1998).

Shedding new light on the matter, Nikolaev et al. (2009) revealed a physiologi-

cal mechanism in which an APP product (N-APP) binds directly to a death receptor

to trigger axonal pruning and neuronal culling during development. These pro-

cesses are thought to be activated by a lack of trophic factors that induced cleavage

of APP by b-secretase, resulting in formation of sAPPb and subsequently N-APP.

Surprisingly, N-APP acts as a necessary and sufficient ligand for DR6, inducing

axonal and neuronal degeneration after trophic factor removal. However, neither

inhibition of a-secretase nor antibody-mediated blocking of Ab42 affected this

pathway, although Ab42 did trigger axonal degeneration in a DR6-independent

manner. An oversprouting axon phenotype similar to that in mice lacking DR6 was

seen in mice lacking both APP and a closely related protein, APLP2, further

supporting a role in pruning (Nikolaev et al. 2009).

Moreover, in neuronal cells, full-length APP may play important roles in

maintaining nerve cell structure and signal transduction. APP may have a range of

physiological functions associated with developing and adult neurons that are

modulated through its sequential processing pathways and mediated through specific

interactions with cell-surface proteins (for secreted species) and intracellular proteins.

In the case of APP-null mutations, mice show a variety of alterations in neural

structure and function, including gliosis, decreased neocortical and hippocampal

levels of synaptophysin, lowered dendritic lengths in hippocampal neurons, reduced

survival of cultured neurons and impaired LTP (Perez et al. 1997; Dawson et al. 1999;

Seabrook and Rosahl 1999). However, these effects could be due as much to the loss

of APP neurotrophic derivative sAPPa as to the loss of activity by full-length APP.

In fact, among the proposed physiological functions for APP and its products

(reviewed in Mattson (1997), Thinakaran and Koo (2008)), the best established one

is the role of sAPPa in promoting neuronal survival. Indeed, secreted APP exerts

proliferative actions in a variety of cell types as well as neurotrophic and

neuroprotective effects (Mucke et al. 1996). In general, these effects are induced

by sAPPa approximately 100 times more strongly than by sAPPb. In one study
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examining neurite outgrowth, sAPPa actually lowered growth below control levels

(Li et al. 1997).

sAPPa stimulates the proliferation of neural stem cells from embryonic rat

neocortex and from adult mouse brain (Ohsawa et al. 1999; Caille et al. 2004).

sAPPa has neurotrophic and neuroprotective properties, and recently, it was shown

to increase LTP and spatial memory (Mattson 1997; Gralle and Ferreira 2007;

Taylor et al. 2008). Specific domains of sAPPa have been identified that contribute

to neuroprotection and others to the stimulation of neurite outgrowth in vitro

(Mattson 1997). Two domains located between residues 96–110 and 319–335 in

sAPPa were reported to contribute to neurite outgrowth. The former region is also a

binding site for heparan sulfate proteoglycans (HSPG) (Ninomiya et al. 1994; Small

et al. 1994). The signalling pathways involved in sAPPa neuroprotection have been

characterized. Less well known are the signalling pathways involved in sAPPa
neurotrophic properties. Recently, it has been shown that mitogen-activated protein

kinase (MAPK)/ERK pathway is activated during neurite outgrowth of neural stem

cell–derived neurons or primary neurons in response to sAPPa (Greenberg et al.

1995; Gakhar-Koppole et al. 2008; Rohe et al. 2008).

Moreover, sAPPa formation in neuronal cells is selectively mediated by

ADAM10 (Jorissen et al. 2010; Kuhn et al. 2010), which represents a valuable

target for AD therapy. In fact, ADAM10 overexpression in an AD animal model

reverses impaired LTP and cognitive deficits early in life before plaque formation

occurs. As reported, a neuron-specific knockout of PS1 prevented amyloid plaque

formation but did not improve cognitive deficits of APP [V717I] mice (Dewachter

et al. 2002), the mouse model used in the Postina investigation (Postina et al. 2004).

In their study, the beneficial effect of increased ADAM10 activity, including

cognitive improvements, can most likely be attributed to the combined effects of

decreased levels of toxic Ab peptides and endogenously increased amounts of

neuroprotective sAPPa (Postina et al. 2004).

This enzyme is specifically localized in the postsynaptic density of excitatory

synapses (Marcello et al. 2007). ADAM10 synaptic localization is relevant for

neuronal APP processing and Ab production (Marcello et al. 2007) because the

mechanism that cause APP and the secretases to colocalize in the same membra-

nous compartment plays important roles in the regulation of Ab production. Indeed,

the mechanisms underlying ADAM10 trafficking in neurons and responsible for its

synaptic localization have been elucidated. Synapse-associated protein 97 (SAP97),

a protein involved in dynamic trafficking of proteins to the excitatory synapse, is

responsible for driving ADAM10 to the postsynaptic membrane by a direct interac-

tion through its SH3 domain. NMDA receptor activation mediates this event and

positively modulates a-secretase activity. Furthermore, perturbing ADAM10/SAP97

association in vivo by cell-permeable peptides impairs ADAM10 localization in

postsynaptic membranes and consequently decreases the APP physiological metab-

olism (Marcello et al. 2007).

Moreover, ADAM10 trafficking mechanism and ADAM10/SAP97 association

are involved in AD pathogenesis. Indeed, ADAM10 synaptic levels and ADAM10/

SAP97 association are reduced in the hippocampus of AD patients at an early stage
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of disease (Marcello et al. 2010), and interfering with ADAM10/SAP97 complex

for 2 weeks by means of a cell-permeable peptide strategy in mice is sufficient to

increase amyloid levels and leads to the reproduction of initial phases of sporadic

AD (Epis et al. 2010).

Thus, these studies put forward the importance of APP functions and ADAM10-

mediated physiological metabolism, which could be considered a strategic target

for the development of AD therapies.

25.5.2 Physiological Role of Ab

A growing body of literature supports a physiological role for Ab in normal synapse

function. For instance, in organotypic hippocampal slices, b-secretase activity is

increased by synaptic activity, and the resulting Ab peptides depress excitatory

transmission through AMPA and NMDA receptors, suggesting a role for Ab in

homeostatic plasticity (Kamenetz et al. 2003). Indeed, in APP transgenic mouse

brain, there is a strong positive correlation between synaptic activity and the

concentration of Ab in the interstitial fluid (Cirrito et al. 2005), and in humans,

cerebral Ab concentration increases as neuronal function and mental status recover

in patients with traumatic brain injury (Brody et al. 2008).

Notably, the production of Ab and its secretion into the extracellular space are

tightly regulated by neuronal activity in vitro (Kamenetz et al. 2003) and in vivo

(Cirrito et al. 2005). Increased neuronal activity enhances Ab production, and

blocking neuronal activity has the opposite effect (Kamenetz et al. 2003). This

synaptic regulation of Ab production is mediated, at least in part, by clathrin-

dependent endocytosis of surface APP at presynaptic terminals, endosomal proteo-

lytic cleavage of APP and Ab release at synaptic terminals (Cirrito et al. 2005). In

addition, pathogenic Ab species can also be released from dendrites (Wei et al.

2010). This tight neuronal activity–dependent regulation of Ab secretion has been

observed during pathological events, such as epileptiform activity induced by

electrical stimulation (Cirrito et al. 2005), as well as during normal physiological

processes, such as the sleep–wake cycle (Kang et al. 2009). It is also supported by

the earlier development of amyloid plaques in patients with epilepsy (Mackenzie

and Miller 1994). These findings support the notion that APP and Ab are part of a

feedback loop that controls neuronal excitability (Kamenetz et al. 2003). In this

model, Ab production is enhanced by action potential–dependent synaptic activity,

leading to increased Ab at synapses and reduction of excitatory transmission

postsynaptically. Pathological elevation of Ab would be expected to put this

negative feedback regulator into overdrive, suppressing excitatory synaptic activity

at the postsynaptic level.

Ab may also have a role in regulating well-described forms of synaptic plastic-

ity. A recent study suggests that Ab also acts as a positive regulator at presynaptic

level. In this study, relatively small increases in endogenous Ab abundance (~1.5-

fold), induced by inhibition of extracellular Ab degradation in otherwise
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unmanipulated wild-type neurons, enhanced the release probability of synaptic

vesicles and increased neuronal activity in neuronal culture (Abramov et al.

2009). Enhanced extracellular Ab increased spontaneous excitatory postsynaptic

currents without significantly altering inhibitory currents. All these effects were

exclusively presynaptic and dependent on firing rates, with less facilitation seen in

neurons with higher firing rates. Thus, small increases of Ab may facilitate presyn-

aptic glutamatergic release in neurons with low activity but not in neurons with high

activity.

Consistent with this finding, application of low (picomolar range) concentrations

of Ab markedly potentiates synaptic transmission, whereas higher concentrations

(low nanomolar range) of Ab cause the expected synaptic depression (Puzzo et al.

2008). The potentiating effect of Ab does not affect postsynaptic NMDA and

AMPA receptors’ currents but is dependent on nAChR activation, suggesting a

presynaptic mechanism mediated by buildup of Ca2+ in presynaptic terminals.

Thus, Ab may directly act on presynaptic a7-nAChR (Dineley et al. 2002) and be

part of a positive feedback loop that increases presynaptic Ca2+ and Ab secretion.

Indeed, blocking nAChRs or removing a7-nAChRs decreases Ab secretion and

blocks Ab-induced facilitation (Wei et al. 2010). Of particular importance, Ab-
induced presynaptic facilitation depends on an optimal Ab concentration, with

higher or lower concentrations impairing synaptic transmission (Abramov et al.

2009). A positive modulatory effect of Ab on synaptic transmission is further

supported indirectly by the finding that an abnormally low Ab level in mice

deficient in APP (Seabrook et al. 1999), PS1 (Saura et al. 2004) or BACE1 (Laird

et al. 2005) is associated with synaptic transmission deficits.

While a physiologic role for Ab can be surmised from such studies, the Ab
assembly form responsible for these effects is not known. However, it seems

likely that monomeric Ab would mediate these effects, not least since monomer

would be the predominant form of Ab present in freshly reconstituted synthetic

peptide or cortical Ab. Consequently, pathologic effects on synapse physiology

may not only arise from the appearance of higher-order Ab assemblies, which

assume a toxic gain of function, but also rising level of monomeric Ab. Thus,
increased concentrations of Ab could lead to synaptic dysregulation mediate by

abnormally high levels of monomer and the formation of toxic oligomers. For

instance, it seems plausible that the increase in non-convulsive seizures observed

in APP transgenic mice results from an Ab-dependent imbalance of excitatory and

inhibitory activities (Palop et al. 2007). In this scenario, Ab promotes neuronal

overexcitability, which results in GABAergic sprouting of inhibitory synapses as

a compensatory mechanism. Similarly, using multiphoton imaging of

intraneuronal calcium fluctuations, high focal levels of Abwere shown to increase

heterogeneity in the excitability of neurons within 60 mm of amyloid plaques

(Busche et al. 2008). Moreover, dendritic spine loss observed within 20 mm of

amyloid plaques in the Tg2576 APP transgenic mouse provides a structural correlate

to the physiologic findings (Spires et al. 2005).
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25.6 Conclusions

How Ab mediates its effects on synaptic plasticity may take many years to fully

understand, but already we know that it is likely to involve three different levels.

The first and most important mechanism impugns a toxic gain of function for Ab
which results due to self-association and attainment of new structures capable of

novel interactions that lead to impaired plasticity. The other two scenarios predicate

that Ab has a normal physiological role. On the one hand, insufficient Ab could lead

to a loss of normal function, whereas excess Ab may precipitate dysfunction.

How this occurs and which the main target/s is/are for the synaptic action of Ab
remains to be fully understood and would certainly represent one of the main

challenges to future AD research.
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