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Foreword

Neurodegenerative disorders are common and devastating. Rationally, the most

effective treatments will target pathogenetic mechanisms. While alternative ap-

proaches, based on alleviating the symptoms of patients with Alzheimer disease,

Parkinson disease, Huntington disease, prion disorders or amyotrophic lateral scle-

rosis, can be expected to reduce suffering, studies of pathogenesis of these age-

related disorderswill be most important for enabling early diagnosis and the creation

of preventative and curative treatments. It is in this context that a recent IPSEN

meeting (The 23rd Colloque Médecine et Recherche, April 28, 2008) focused on

a role for disruption of intracellular trafficking in neurodegenerative disorders. The

meeting captured emerging insights into pathogenesis from disrupted trafficking and

processing of proteins implicated in age-related degeneration.

Protein folding, trafficking and signaling were the principal topics covered at

the meeting. Importantly, the presenters pointed to the importantly intersection of

these themes. While the proteolytic processing of APP into its toxic product, the

Aβ peptide, is an intensive focus of work in many laboratories, it is only relatively

recently that investigators have begun to examine in depth the cellular compartments

and trafficking events that mediate APP processing and how derangement of traf-

ficking pathways could impact them. Thus, discoveries by St George-Hyslop and

colleagues that SORL1 binds APP, that certain polymorphisms in SORL1 increases

the risk of Alzheimer disease and that several of these polymorphisms are predicted

to modify SORL1 levels so as to increase Aβ production provided the perspective

that malfunction of cellular mechanisms could play a defining role in APP-linked

pathology. Willnow built on this theme by defining further the cellular pathways

impacted by SORLA, while Seaman linked these observations with proteins of the

retromer complex, for which earlier evidence suggested a link to altered APP pro-

cessing. Contributions by Beyreuther and Kins and by Haass further informed the

discussion by providing new insights into the proteins with which APP interacts,

including its family members APLP1 and 2, and through studies of g secretase.

Gandy reviewed studies showing that APP sorting and metabolism is informed by

a number of extracellular signals that act through phosphorylation of APP. Impor-

tantly, the participation of the endosomal pathway and early endosomes in particular
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vi Foreword

reinforce the view that trafficking errors at this locus contribute significantly to

APP-linked pathology, observations addressed directly by Rajendran and Simons.

Sorkin detailed recent advances in understanding protein trafficking and signaling

in the endosomal system, studies that must now be extended to APP. But what is

it about APP misprocessing that defines key steps in pathogenesis? Most investiga-

tors focus squarely on Aβ, but recent findings suggest that a more refined focus on

APP will be needed to understand important steps. Indeed, Mobley and colleagues,

in studies of mouse models of Down syndrome, show that APP gene dose, and

particularly the levels of its C-terminal fragments, may be more directly linked to

Alzheimer-like pathogenesis than the level of the Aβ peptide. By what mechanisms

would altered trafficking mechanisms influence the cell? An emerging theme, one

that links studies of Alzheimer pathogenesis to other neurodegenerative disorders, is

that protein misfolding plays a defining role. This was the focus of work reported by

Lindquist, in studies of Parkinson and Huntington disease models, and Mandelkow

and colleagues in studies of tau mutants. The ability of misfolded proteins to dysreg-

ulate cellular processes raises the exciting possibility that protein misfolding errors

can be defined and serve as a target of future therapeutics. In the end, it will be

essential to explore the events whose compromise is critical to neural cell survival

and function. One important lesion may be the axonal transport of trophic messages.

Holzbauer makes a compelling case that such messages are markedly compromised

in models of amyotrophic lateral sclerosis and Saudou documents dramatic changes

in BDNF trafficking in models of Huntington disease. Finally, Mobley reports dis-

ruption of NGF transport in models of Down syndrome and Alzheimer disease. That

other important retrograde messages must be examined is suggested by Martin and

colleagues who document the dynamic processes that link axonal transport with

synaptic plasticity.

Though it is difficult to predict the course of future work, the meeting supported

the view that misregulation of processing and trafficking events, especially those

that occur in the endocytic pathway, will be important for defining and countering

the pathogenesis of age-related neurodegenerative disorders.

W. Mobley
P. St George-Hyslop

Y. Christen
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Amyloid Precursor Protein Sorting
and Processing: Transmitters, Hormones,
and Protein Phosphorylation Mechanisms∗

Sam Gandy( ), Odete da Cruz e Silva, Edgar da Cruz e Silva,
Toshiharu Suzuki, Michelle Ehrlich, and Scott Small

Abstract Since the late 1980’s, protein phosphorylation-mediatedmechanisms have

been recognized as regulators of sorting and processing of the Alzheimer’s amy-

loid precursor (APP). These phospho-state-sensitive steps, in turn, determine the

quality and quantity of Aβ generation. Here, we review several recent advances in

this field, including new evidence that: (1) the phospho-state of APP threonine-

668 does not obviously regulate APP sorting, Aβ generation or Aβ speciation;

(2) β-secretase (BACE) recycling is regulated by the phospho-state of the BACE

cytoplasmic tail, but without impact on Aβ generation or speciation; (3) contrary to

its well-documented acute actions, chronic protein kinase C activation increases Aβ
generation; and (4) sorting of APP and/or its α- and β-carboxyl-terminal fragments

(C83 and C99, respectively) toward the trans-Golgi network is under the influence

of presenilins and the VPS35/retromer. With the recent discovery of genetic link-

age between the risk for Alzheimer’s disease (AD) and polymorphisms in SORL1,
a gene belonging to the sortilin class of trafficking proteins, the membrane pro-

tein cell biology of APP has emerged as a central focus for investigators seeking to

understand the basis of common forms of AD and thereby uncover new therapeutic

opportunities for its treatment and/or prevention.

The phosphorylation states of membrane proteins, such as the Alzheimer’s amy-

loid precursor protein (APP) or β-APP-site cleaving enzyme (BACE), and/or the

phosphorylation states of their specific interacting proteins provide for dynamic reg-

ulation of signal transduction and protein sorting on a moment-to-moment basis,

thereby integrating protein sorting and neurotransmission (Mostov and Cardone

1995; Clague and Urbe 2001; Bonifacino and Traub 2003). A striking example

∗Reprinted in part from Neuron (2006), with permission.

S. Gandy
Mt Sinai School of Medicine, New York NY 10029
E-mail: samuel.gandy@mssm.edu

P. St. George-Hyslop et al. (eds.) Intracellular Traffic and Neurodegenerative Disorders,
Research and Perspectives in Alzheimer’s Disease,
c© Springer-Verlag Berlin Heidelberg 2009
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2 S. Gandy et al.

is that of regulated ectodomain shedding of APP (Buxbaum et al. 1990, 1992;

Caporaso et al. 1992; Nitsch et al. 1992; Gillespie et al. 1992; Pedrini et al, 2005).

During regulated shedding, first messengers, such as neurotransmitters and hor-

mones (Buxbaum et al. 1992; Nitsch et al. 1992; Jaffe et al. 1994; Xu et al. 1998;

Qin et al. 2006), impinge upon neurons and direct APP toward the cell surface and

away from the TGN and endocytic pathways (Xu et al. 1995), and hence away from

BACE. At the cell surface, APP can be processed by a nonamyloidogenic pathway,

known as the α-secretase pathway and defined by the metalloproteinases, ADAM-9,

ADAM-10 and ADAM-17 (Buxbaum et al. 1998b; Esler and Wolfe 2001; Allinson

et al. 2003; Postina et al. 2004; Kojro and Fahrenholz 2005). ADAM is an acronym

derived from “a disintegrin and metalloproteinase.”

The molecular mechanism of regulated shedding remains to be fully elucidated

but appears to involve phosphorylation of components of the trans-Golgi Network

(TGN) vesicle biogenesis machinery (thereby increasing APP delivery to the cell

surface; Xu et al. 1995) as well as phosphorylation of protein components of the

endocytic system (thereby blocking APP internalization; Chyung and Selkoe 2003;

Carey et al. 2005). The phosphorylation states of APP and BACE do not appear

to be involved in this process (Gandy et al. 1988; Oishi et al., 1997; da Cruz e

Silva et al. 1993; Jacobsen et al. 1994; Pastorino et al. 2002; Ikin et al. 2007). With

regard to Aβ generation, this phenomenon is noteworthy because hyperactivation

of the α-pathway (e.g., with a combination of simultaneous protein kinase activa-

tion and protein phosphatase inhibition) can lead to relatively greater cleavage of

APP by α-secretase(s) (Caporaso et al. 1992; Gillespie et al. 1992), thereby reduc-

ing or completely abolishing Aβ generation (Buxbaum et al. 1993; Gabuzda et al.

1993; Hung et al. 1993). Interest in this phenomenon has recently been revived

with the demonstration that microdialysis techniques can be used to demonstrate

and quantify regulated shedding and regulated Aβ generation in the brains of living

experimental animals (Cirrito et al. 2005, 2008).

Recent evidence suggests that axonal transport of APP (Lee et al. 2003) and

perhaps also prolyl isomerization might be modulated by the state of phosphory-

lation of the APP cytoplasmic tail at threonine-668 (Pastorino et al. 2006). APP is

axonally transported in holoprotein form (Koo et al. 1990; Buxbaum et al. 1998a);

hence, the phosphorylation of threonine-668 was proposed to serve as a “tag,” tar-

geting phospho-forms of APP for delivery to the nerve terminal (Lee et al. 2003).

However, recent evidence calls into question the proposal that the phosphorylation

state of threonine-668 plays a major physiological role in APP localization or Aβ
generation, since threonine-to-alanine-668 knock-in mice show normal levels and

subcellular distributions of APP and its metabolites, includingAβ (Sano et al. 2006).

There is compelling evidence, however, that, once at the nerve terminal, APP is pro-

cessed, generating Aβ locally at the terminal and releasing Aβ at, near or into the

synapse (Kamenetz et al. 2003).

The cytoplasmic tail of BACE also undergoes reversible phosphorylation, and

that event appears to specify its recycling (von Arnim et al. 2004; He et al. 2005). In

cell lines, the dephospho- and phospho-formsof BACE appear to performwith simi-

lar efficiencies in generating Aβ40 and Aβ42 (Pastorino et al. 2002), but this finding
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has not been evaluated in primary neuronal cultures. This failure of Aβ generation to

be regulated by BACE recycling is somewhat unexpected since, as reviewed above,

most Aβ is believed to arise from the endocytic pathway. Hence, one would expect

that increasing BACE concentration in the endocytic pathway would increase gen-

eration of Aβ. One explanation for this unexpected result is that the substrate may

be limiting in post-TGN compartments, and therefore increased levels of BACE are

unable to raise Aβ generation. This notion agrees with the proposalmentioned above

that regulated shedding acts at the TGN to divert APP molecules toward the plasma

membrane as a means of lower generation of Aβ, at least in part because a lim-

ited pool of APP is transported out of the TGN (Buxbaum et al. 1993; Skovronsky

et al. 2000). Indeed, in some neuron-like cell types, over 80% of the newly syn-

thesized moles of APP are degraded without generating obvious, discrete metabolic

fragments (Caporaso et al. 1992).

Clathrin-independent endocytosis of transmembrane proteins is regulated by

protein phosphorylation (Robertson et al. 2006). Further, two components of the

endocytosis machinery, dynamin and amphiphysin, control clathrin-mediated endo-

cytosis in a fashion that is sensitive to their direct phosphorylation by the protein

kinase cdk5 (Tomizawa et al. 2003; Nguyen and Bibb 2003). Retromer function

is regulated by a separate complex of molecules known as “complex II” (Burda

et al. 2002). Complex II includes several catalytic functions that direct retromer

action. The phosphoinositide kinase VPS34 binds the protein kinase VPS15, and

then, secondarily, VPS30 and VPS38 are recruited and the four molecules comprise

the complete complex II (Burda et al. 2002). Thus, complex II action is modulated

not only by protein phosphorylation but also by lipid phosphorylation (Stack et al.

1995). Some investigators have proposed that the PI3-kinase component of complex

II directs synthesis of a specific pool of endosomal PI3, which, in turn, activates or

stimulates assembly of the retromer complex, thereby ensuring efficient endosome-

to-Golgi retrograde transport (Stack et al. 1995). These regulatory mechanisms may

have implications for Aβ generation, but such a connection, if one exists, remains

to be elucidated.

Presenilins may also modulate protein trafficking and sorting. Soon after the dis-

covery of presenilins, gene-targeting experiments were performed in mice to inves-

tigate the essential bioactivities of these complex, polytopic, molecules, especially

presenilin 1 (PS1; Wong et al. 1997; Naruse et al. 1998). In cells from PS1-deficient

mice, delivery of multiple type-I proteins to the cell surface was observed to be

disturbed; APP and the p75 neurotrophin receptor were among those missorted

proteins (Naruse et al. 1998). This work was somewhat overshadowed, however,

when cells from PS1-deficient mice were demonstrated to be incapable of gen-

erating Aβ (DeStrooper et al. 1998). This observation placed APP and PS1 on a

common metabolic pathway for the first time and was rapidly followed by demon-

stration that PS1 did, indeed, contain the catalytic site of γ-secretase, as established
by cross-linking of γ-secretase inhibitors to PS1 (Li et al. 2000a, b).

The unusual intramembranous localization of two aspartate residues led to the

postulation that these amino acids were forming the active site of an aspartyl pro-

teinase (Wolfe et al. 1999). This explanation dovetailed with the apparent fact that
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APP C-terminal fragments were cleaved by regulated intramembranous proteolysis

(RIP), and when the aspartates were mutated to alanines, γ-secretase activity was

abolished (Wolfe et al. 1999). RIP was, at the time, a relatively recently recognized

phenomenon, and conventional wisdom up to that point had held that the hydropho-

bicity of membranes would preclude the entry of water into the lipid bilayer to

enable hydrolysis of peptide bonds. Even to this day, the mechanism that provides

the capability for surmounting that energy barrier is poorly understood. The popular

formulation at that point was that PS1 was a proteinase, and the notion that PS1

was a trafficking factor was underemphasized. The possibility was also raised that

aberrant trafficking in PS1 deficient cells was perhaps due to the inability of some

unidentified PS1 substrate trafficking factor to function properly in its uncleaved

state, since its cognate protease (PS1) was absent.

Beginning in the last few years, however, experiments in cultured cells and cell-

free assays have begun to yield consistent, compelling evidence that PS1 bears a

trafficking function in addition to its catalytic function, or, alternatively, as men-

tioned above, that trafficking proteins were important substrates for cleavage by

PS1 so that, when PS1 was deficient, post-TGN trafficking of membrane protein

cargo became abnormal (Kaether et al. 2002; Wang et al. 2004; Wood et al. 2005;

Rechards et al. 2006).

Most PS1-deficient mice and cells are highly compromised and resemble Notch-

deficient mice and cells (Wong et al. 1997). This finding is not entirely unexpected

since Notch is a substrate for cleavage by γ-secretase, as are another several dozen

type-I transmembrane proteins, including cadherin, erb-b4, and the p75 NGF recep-

tor (DeStrooper et al. 1999; Struhl and Greenwald 1999; for review, see Fortini

2002). Therefore, PS1-deficiency can lead to dysfunction of a host of proteins

whose physiological function requires cleavage by RIP to release their cytoplas-

mic domains. In many examples, the cytoplasmic domain released by γ-secretase
appears to diffuse rapidly to the nucleus, where these intracellular domains (ICDs),

such as Notch intracellular domain (NICD), modulate gene transcription (Cupers

et al. 2001; Fortini 2002; Cao and Sudhof 2001).

PS1-mediated trafficking appears to localize to post-TGN steps of trafficking

of type I transmembrane proteins (Annaert et al. 1999; Kaether et al. 2002; Wang

et al. 2004; Wood et al. 2005; Wang et al. 2006; Zhang et al. 2006; Cai et al. 2003,

2006a, b; Gandy et al. 2007). This role for PS1 in regulation of APP trafficking

has been implicated in both cell culture and cell-free in vitro reconstitution stud-

ies (Annaert et al. 1999; Kaether et al. 2002; Wang et al. 2004; Wood et al. 2005;

Wang et al. 2006; Zhang et al. 2006; Cai et al. 2003, 2006a, b; Gandy et al. 2007).

Pathogenic PS1 mutations retard egress of APP from the TGN by a mechanism that

appears to involve phospholipase D (Cai et al. 2006a, b), a known TGN budding

modulator (Kahn et al. 1993). It is clear that the mutations that have been tested so

far increase the residence time at the TGN while also increasing the Aβ42/40 ratio

(Kahn et al. 1993). Recent data suggest that TGN retention per se can increase gen-

eration of Aβ 42/40 in cerebral neurons in vivo, indicating that abnormal post-TGN

trafficking of APP might be sufficient to initiate Aβ accumulation (Gandy et al.

2007).
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The pathogenic PS1 defect can be corrected in cell culture and in cell-free sys-

tems following supplementation of the budding factor phospholipase D (PLD; Cai

et al. 2003, 2006a, b). The molecular details of how PS1 and PLD are connected

remain obscure; however, as cargos other than APP are found to be missorted,

including, e.g., tyrosinase (Wang et al. 2006), the notion that PS1 has a protein

trafficking function has become more widely appreciated and accepted. Now, the

challenge is to identify at the molecular level those factors that selectively favor

cleavage at the Aβ42–43 scissile bond.

PS1 has also been implicated in trafficking of APP and perhaps its carboxyl ter-

minal fragments out of the endosome (Zhang et al. 2006). Thus, PS1 dysfunction

could also result in retention of APP and CTFs within the endocytic compartment,

which, in turn, would favor Aβ generation. Thus, accumulating evidence implicates

PS1 in the regulation of APP trafficking. The possibility exists that the local environ-

ment within the TGN or the endocytic system contributes to misalignment of mutant

PS1 and APP carboxyl terminal fragments, thereby favoring generation of Aβ42.
Such a mechanism has been implicated in other diseases (e.g., cystic fibrosis) that

are also caused by missense mutations in polytopic proteins (Gentzsch et al. 2004).

In conclusion, elucidating the mechanisms that sort APP and the secretases

through the TGN, cell surface, and endosome has significantly expanded the

understanding of Alzheimer’s disease cell biology. More importantly, isolating

specific defects in protein sorting opens up unexplored therapeutic avenues that,

optimistically, may accelerate the development of effective treatments for this

devastating and intractable disease.
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Intramembrane Proteolysis by γ-Secretase
and Signal Peptide Peptidases

Regina Fluhrer and Christian Haass( )

Abstract The amyloid cascade hypothesis describes a series of cumulative events

that are initiated by amyloid β-peptide and finally lead to synapse and neuron

loss. Obviously, the proteases involved in amyloid β-peptide generation are tar-

gets for therapeutic treatment strategies. For the development of a safe therapeutic

intervention, however, we must understand the precise physiological functions and

the cellular mechanisms involved in substrate recognition, selection and cleavage.

Moreover, homologous proteases, whose physiological function could be affected

by inhibitors, need to be discovered and assays must be developed to help deter-

mine the cross-reactive potential of such inhibitors. Here we will focus on the

intramembrane cleavage of the β-amyloid precursor protein, which is performed

by the γ-secretase complex. In parallel, the cellular and biochemical properties of

other proteases belonging to the same family of GxGD-type aspartyl proteases, the

signal peptide peptidase and their homologues, will be described.We present a com-

mon, multiple intramembrane cleavage mechanism performed by these proteases

and evidence that Alzheimer’s disease-associated mutations lead to a partial loss of

intramembrane proteolysis.

1 Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder world-

wide (Hardy and Selkoe 2002). The major pathological hallmarks of the disease

are senile plaques, composed of amyloid β-peptide (Aβ; Hardy and Selkoe 2002).

Aβ is generated from the β-amyloid precursor protein (βAPP) by two sequen-

tial endoproteolytic steps. While the first cleavage event, which is mediated by

C. Haass
Center for Integrated Protein Science Munich and Adolf-Butenandt-Institute
Department of Biochemistry, Laboratory for Neurodegenerative Disease Research
Ludwig-Maximilians-University, 80336 Munich, Germany

P. St. George-Hyslop et al. (eds.) Intracellular Traffic and Neurodegenerative Disorders,
Research and Perspectives in Alzheimer’s Disease,
c© Springer-Verlag Berlin Heidelberg 2009

11



12 R. Fluhrer and C. Haass

β-secretase, occurs in the hydrophilic environment of either the extracellular space

or the lumen of endosomal/lysosomal/Golgi vesicles, the second cleavage, mediated

by γ-secretase, occurs within the hydrophobic environment of cellular membranes.

Intramembrane cleavage has been thought to be impossible for quite some time,

since it was believed that water molecules, which are absolutely required for prote-

olysis, are not abundant enough within the hydrophobic bilayer of the membrane.

Nonetheless, over the past few years, a number of enzymes have been discov-

ered that share the ability to cleave the transmembrane domain (TMD) of integral

membrane proteins (Wolfe and Kopan 2004). These intramembrane cleaving pro-

teases (ICLIPs) are classified according to the amino acid that is localized and

required within their catalytically active center. So far representatives of three pro-

tease classes have been identified: the site-2 (S2P) metalloprotease (Brown and

Goldstein 1999), the GxGD-type aspartyl proteases (Haass and Steiner 2002) and

the rhomboid serine proteases (Lemberg and Freeman 2007) (Fig. 1).

ICLIP turned out to be an important part of a novel cellular pathway termed

regulated intramembrane proteolysis (RIP). RIP describes the sequential processing

of an increasing number of single-pass transmembrane proteins, which as a first step

Fig. 1 Models showing regulated intramembrane proteolysis (RIP) by the different classes of
intramembrane cleaving proteases. The initial shedding event is marked by a black arrow; the
intramembrane cleavage is illustrated by a red arrow. (A) RIP of SREBP involving the intramem-
brane cleaving metallo protease S2P. (B) RIP of the Drosophila melanogaster protein Spitz
involving Rhomboid, an intramembrane cleaving serine protease. (C) RIP of βAPP and signal
peptides involving γ-secretase and SPP, respectively. γ-Secretase and SPP are representatives of
GxGD-type intramembrane cleaving aspartyl proteases
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undergo a shedding event, removing large parts of their ectodomain. The remaining

membrane-bound stub is subsequently cleaved by an ICLIP within its hydrophobic

TMD, releasing small peptides to the extracellular space as well as to the cytosol.

Cytosolic peptides, the intracellular domains (ICDs), are in some cases translocated

to the nucleus and can be involved in nuclear signaling and transcriptional regulation

(Haass 2004; Wolfe and Kopan 2004).

All currently known ICLIPs are polytopic proteins, with their active center most

likely embedded within certain TMDs. Apparently this enables these proteases to

form water-penetrated cavities, allowing proteolysis within the lipid bilayer of cel-

lular membranes (Feng et al. 2007; Lazarov et al. 2006; Lemberg and Freeman 2007;

Steiner et al. 2006).

S2P is required for the regulation of cholesterol and fatty acid biosynthesis via

the liberation of the membrane-bound transcription factor, sterol regulatory ele-

ment binding protein (SREBP), by intramembrane proteolysis. In addition, S2P is

involved in intramembrane processing of ATF6, a protein required for chaperone

expression during unfolded protein response. Prior to intramembrane cleavage, both

substrates are first shed by a luminal cleavage via site-1-protease (S1P; Rawson et al.

1997; Ye et al. 2000; Fig. 1).

A member of the rapidly growing family of rhomboid proteases was first iden-

tified in Drosophila melanogaster and was shown to be the primary regulator of

epidermal growth factor (EGF) receptor signaling via the processing of Spitz, Karen

and Gurken (Lemberg and Freeman 2007; Fig. 1). Besides their function in EGF

receptor signaling rhomboids are also involved in many other cellular pathways,

including apoptosis, generation of a peptidic quorum sensing signal in procaryots,

invasion of parasites, and mitochondrial fusion (Lemberg and Freeman 2007). High-

resolution structures of bacterial rhomboid proteases have recently provided insight

into the mechanism of intramembrane proteolysis by serine ICLIPs (Ben-Shem et al.

2007; Lemieux et al. 2007; Wang et al. 2006b; Wu et al. 2006). An intramembra-

nous active site Ser-His dyad as well as the presence of water within a hydrophilic

cavity formed by the TMDs have been demonstrated (Lemberg and Freeman 2007).

This finding therefore provided the ultimate and unequivocal proof that proteolysis

within the hydrophobic bilayer of the membrane is possible. Interestingly, the fam-

ily of rhomboid proteases seems to be the only ICLIP class that does not necessarily

require an initial shedding event preceding the intramembrane cleavage.

The class of GxGD-type aspartyl proteases (Fig. 1) so far covers three ICLIP

families, the presenilins (PS), known to be involved in the pathogenesis of AD,

the family of signal peptide peptidase (SPP) and SPP-like proteases (SPPL), and

the family of bacterial type IV prepelin peptidases (TFPPs; Friedmann et al. 2004;

LaPointe and Taylor 2000; Ponting et al. 2002; Steiner et al. 2000; Weihofen et al.

2002).

The PS and SPP/SPPL families share a lot of similarities, but fundamental dif-

ferences regarding their localization, their molecular composition and their cellular

function have also been recently discovered.
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Fig. 2 Model depicting the γ-secreatse complex and SPPL2b and the orientation of their substrates.
The conserved motifs contributing to the active site of the proteases are highlighted. Note that the
active site domains of the two enzymes are oriented in exactly the opposite way

In this chapter we will compare the biochemical, functional and structural prop-

erties of these protease families with a strong focus on AD γ-secretase and SPPL2b,

the best-characterized member of the SPPL subfamily (Fig. 2).

2 Structural and Molecular Organization of Intramembrane
Cleaving GxGD-type Aspartyl Proteases

Although PSs were the founding members of the class of GxGD-type aspartyl

proteases, they turned out to be the most complicated family. While the PSs,

which provide the active center of γ-secretase, are members of a high molecular

weight complex (Haass and Steiner 2002), SPP/SPPLs and TFPPs seem to act as

dimers or even only monomers (LaPointe and Taylor 2000; Weihofen et al. 2002).

In addition to PS, the γ-secretase complex contains three other essential integral

membrane proteins: nicastrin (NCT), anterior pharynx defective 1 (APH-1) and pre-

senilin enhancer 2 (PEN-2; Francis et al. 2002; Goutte et al. 2002; Fig. 2). NCT,

a ∼ 100kDa type I transmembrane glycoprotein carrying a large ectodomain and

a short cytoplasmic domain (Yu et al. 2000), probably serves as γ-secretase sub-

strate receptor (Shah et al. 2005). PEN-2 is required for the stabilization of the
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autocatalytically generated PS fragments (Thinakaran et al. 1996) in the complex

(Hasegawa et al. 2004; Prokop et al. 2004), whereas the function of APH-1 is still

unclear. Together with the∼ 50kDa PS, the components form a complex of roughly

500 kDa, implying that each component may be represented twice within the com-

plex. Whether γ-secretase indeed needs to form a dimer to be active or whether a

single complex by itself provides proteolytic activity is currently under debate (Sato

et al. 2007). The absolute requirement of these four components to form an active γ-
secretase complex was proven by the reconstitution of γ-secretase in yeast (Edbauer

et al. 2003). Only upon expression of all four γ-secretase complex components pro-

teolytic activity is achieved; overexpression of PS alone is not sufficient. In contrast,

to obtain increased SPP/SPPL activity, it is sufficient to simply overexpress the pro-

tease (Fluhrer et al. 2006; Friedmann et al. 2006; Nyborg et al. 2004a), indicating

that SPP/SPPLs do not need any other essential co-factors for proteolytic activity

(Fig. 2). There is evidence that SPP as well as SPPLs form homodimers (Fried-

mann et al. 2004a, b). The homodimer was selectively labeled by an active site

inhibitor, strongly supporting the notion that dimerization is required for biological

activity. However, in a later study using a different inhibitor, selective labeling of

the monomer was observed (Sato et al. 2006). Whether SPP/SPPLs under phys-

iological conditions have additional transient interactors positively or negatively

regulating their proteolytic activity needs to be investigated. For γ-secretase, CD147

and TMP21 are proposed to fulfill such a regulatory activity (Chen et al. 2006;

Zhou et al. 2005), although a very recent observation suggests that CD147 does not

directly interact with γ-secretase but rather modulates extracellular degradation of

Aβ (Vetrivel et al. 2008).

While SPP/SPPLs are active as full-length proteins, PS undergoes endoprote-

olysis (Thinakaran et al. 1996). This endoproteolytic cleavage is most likely an

autoproteolytic event (Edbauer et al. 2003; Wolfe et al. 1999); however, this has

not been directly proven.

The catalytic center of GxGD-type aspartyl proteases contains two critical aspar-

tate residues located within the two neighboring TMDs 6 and 7 of the protein

(Fig. 2). The N-terminal catalytically active site aspartate is embedded in a con-

served YD motif, whereas the C-terminal active site domain contains the equally

conserved GxGD motif (Steiner et al. 2000; Wolfe et al. 1999). While the catalytic

motifs of PSs and SPP/SPPLs are likely located within the hydrophobic core of TM6

and TM7, the active site of the bacterial TFFPs is most likely located at the cyto-

plasmic border and probably not within the membrane (LaPointe and Taylor 2000).

Mutagenesis of either critical aspartate residue in PSs, SPP and TFFPs abolishes

their proteolytic activity (LaPointe and Taylor 2000; Weihofen et al. 2002; Wolfe

et al. 1999). In zebrafish, expression of GxGD aspartate mutants of SPP/SPPLs phe-

nocopy a morpholino-mediated, knockdown phenotype of the respective SPP/SPPL

family member (Krawitz et al. 2005). The formal proof of the requirement of

the aspartate within the YD motif of SPPL family members is still missing. The

glycine directly N-terminal to the aspartate within the GxGD motif is also required

for proteolytic activity of GxGD-aspartyl proteases. In PS1 and SPPL2b, the only

other amino acid tolerated at this position is an alanine. Nonetheless the substrate
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conversion of SPPL2b carrying the G/A mutation is significantly slower compared

to the wt enzyme (Fluhrer et al. 2008). PS carrying the G/Amutation strongly affects

the Aβ 42/40 ratio by selectively lowering Aβ 40 production (Steiner et al. 2000;

Fluhrer et al. 2008). The function of the Y within the YD motif of SPP/SPPLs and

TFPPs has not been investigated so far, but it is known that, for example, the muta-

tion YD/SD in PS1 causes early onset familial AD (FAD) (Miklossy et al. 2003 and

www.molgen.ua.ac.be/ADMutations). So it is tempting to speculate, that like the

glycine in close vicinity to the aspartate in the GxGD motif, the tyrosine in the YD

motif is required for proper function of the enzyme. At least in PSs and SPP/SPPL

family members, a third highly conserved motif, likely to contribute to the active

center of GxGD-type aspartyl proteases, is found. The so-called PAL sequence is

located in the most C-terminal TMD of GxGD-type aspartyl proteases. The impor-

tant participation of the PAL motif in the catalytic center is supported by the finding

that a transition-state analog inhibitor fails to bind to SPP and PS upon mutagene-

sis of the PAL sequence (Wang et al. 2006a). It is currently unknown how the PAL

domain affects PS and SPP activity; however, one may assume a close proximity of

the TMDs.

3 Cellular Localization

Originally it was believed that PSs were exclusively localized to early secretory

compartments like the endoplasmic reticulum (ER) and the intermediate compart-

ment (Annaert and De Strooper 1999; Cupers et al. 2001). These findings created

a large debate in the field, since γ-secretase activity per se was believed to take

place at the cell surface (Haass et al. 1993). This phenomenon is known in the

literature as the “spatial paradox” (Checler 2001; Cupers et al. 2001). With the

identification of Nicastrin as a component of the γ-secretase complex (Yu et al.

2000), it was shown that the γ-secretase complex assembles in the ER and is then

targeted through the secretory pathway, where Nicastrin becomes endoglycosidase

H-resistant (Kaether et al. 2002). Cell-surface biotinylation assays and live cell

microscopy further demonstrate that a small but fully active amount of γ-secretase
is localized to the cell surface (Kaether et al. 2002), whereas a majority of unin-

corporated PS1 is retained in the ER (Capell et al. 2005; Kaether et al. 2004).

Recently, a first protein factor, namely Rer1 (Retention in the endoplasmic retic-

ulum 1), was shown to be required for γ-secretase complex formation or retention

of PEN-2 within the ER (Annaert et al. 1999; Kaether et al. 2007).

SPP is exclusively detected in the ER; (Friedmann et al. 2006; Krawitz et al.

2005; Fig. 3), accompanied by the substrate preference of SPP that cleaves signal

peptides of proteins translated into the ER (Weihofen et al. 2002). Interestingly,

although sharing a high sequence homology, SPP and SPPLs localize to different

cellular compartments (Fig. 3). SPPL2a and b accumulate on the plasma membrane

and within endosomal/lysosomal compartments (Friedmann et al. 2006; Krawitz

et al. 2005; Fig. 3). SPPL3 has been detected in the ER (Krawitz et al. 2005;
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Fig. 3 Differential localization of SPP/SPPL family members. Immunofluorescence staining of
SPP, SPPL2b and SPPL3 reveals endoplasmic reticulum (ER) localization for SPP and SPPL3;
SPPL2b predominantly localizes to later secretory compartments, including endosomes/lysosomes

Fig. 3) as well as within later compartments (Friedmann et al. 2006). Since SPP

only cleaves substrates located in the ER membrane (Lemberg and Martoglio 2002;

Weihofen et al. 2002) and all known substrates for SPPL2a and SPPL2b are tar-

geted to the cell surface (Fluhrer et al. 2006; Friedmann et al. 2006; Kirkin et al.

2007; Martin et al. 2008), the substrate selection of SPP/SPPLs may be achieved

by their differential subcellular localization. How the distinct cellular localization

of SPP/SPPLs is achieved is not yet entirely clear, but SPP may be actively retained

within the ER by its putative KKXX retention signal (Weihofen et al. 2002), which

is not present in any of the members of the SPPL family.

4 Substrate Requirements and Physiological Function

Members of the SPP/SPPL family apparently only accept single pass trans-

membrane proteins of type II orientation as substrates, whereas PSs exclusively

recognize type I trans-membrane proteins (Fig. 2). Since both protease families

seem to have numerous substrates, it is discussed that GxGD-type aspartyl proteases

fulfill the function of a so-called membrane proteasome (Kopan and Ilagan 2004),

removing the sticky transmembrane domains from the cellular membranes that are

left behind after proteolytic processing of transmembrane proteins, e.g., shedding

of ligands or receptors at the cell surface. How PSs and SPP/SPPLs are able to
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discriminate between type I and type II substrates is currently not fully under-

stood. Strikingly, the active site domains in PSs and SPP/SPPLs are predicted

to be arranged in exactly opposite orientations (Weihofen and Martoglio 2003;

Fig. 2), which might reflect the opposite orientation of the substrates. Another pos-

sibility for substrate discrimination is the receptor proteins or domains within the

γ-secretase complex and SPP/SPPL. The initial recognition of γ-secretase substrates
requires the main part of the substrate ectodomain to be removed by shedding. The

γ-secretase substrates are then recognized by NCT, which identifies the free N-

terminus of the substrate (Shah et al. 2005). Therefore. shedding is a prerequisite

for every physiological γ-secretase substrate. Since SPP/SPPLs do not require any

co-factors for activity (Fig. 2), the receptor for substrate recognition must be located

within SPP/SPPLs themselves, but a defined domain for the substrate recognition

has not yet been identified. Maybe the active site itself is involved in substrate

recognition, as has recently been shown for PS1, where the active site domain

overlaps with a second substrate recognition site (Kornilova et al. 2005; Yamasaki

et al. 2006). Shedding of type-II proteins seems to greatly facilitate intramembrane

proteolysis of SPPL substrates. In contrast to γ-secretase substrates, shedding is

not an absolute prerequisite for intramembrane proteolysis (Martin, Fluhrer and

Haass, unpublished data). This may reflect the absence of NCT as a docking protein

involved in substrate identification.

SPP predominantly cleaves signal peptides that are removed from the nascent

protein chain by signal-peptidase (SP) in the ER (Fig. 1), in the middle of their hy-

drophobic core. All signal peptides adopt a type II orientation during co-translation

and are therefore, in principle, preferred substrates of SPP (Weihofen et al. 2002).

But although a variety of signal peptides from human and viral proteins - like the

hormone prolactin, MHC class I molecules and calreticulin - are cleaved by SPP,

examples of signal peptides that are not substrates for SPP, like that of RNAse A

and human cytomegalovirus glycoprotein UL40, have been published (Lemberg and

Martoglio 2002). Therefore, another protease with SPP function might exist, at least

in humans. Potential candidate proteins would be the SPP homologues, SPPL3 and

SPPL2c, which may both localize to the ER (Friedmann et al. 2006; Krawitz et al.

2005). But so far no substrates have been described for these proteases. Interest-

ingly, however, the knockdown phenotypes of the SPP and the SPPL3 homologue

in zebrafish result in virtually indistinguishable phenotypes (Krawitz et al. 2005),

which might point to a similar cellular function for the two proteases.

The best-understood γ-secretase substrates are βAPP and the Notch receptor,

Notch 1. Although the intramembrane proteolysis of βAPP contributes to the

production of Aβ (Fig. 4) and therefore to the pathogenesis of AD, the intramem-

brane proteolysis of Notch 1 is of much greater physiological relevance. This is

reflected by the fact that ablation of PS1/2 and other γ-secretase complex com-

ponents in many different organisms results in a lethal Notch phenotype (Selkoe

and Kopan 2003). The Notch receptors are known to bind ligands like Serrate

and Jagged on the cell surface (Selkoe and Kopan 2003). Upon ligand binding,

the receptor/ligand-complex starts being endocytosed by the ligand-expressing cell,

inducing shedding of the receptor by ADAM proteases (Gordon et al. 2007). On the
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Fig. 4 Model showing RIP of APP and TNFα. The individual cleavage products after shedding
and intramembrane proteolysis are depicted

receptor-expressing cell, γ-secretase cleaves the remaining stub of the Notch recep-

tor, liberating the Notch ICD, which has been shown to translocate to the nucleus

regulating gene transcription (Selkoe and Kopan 2003).

Recently, tumor necrosis factor α (TNFα; Fluhrer et al. 2006; Friedmann et al.

2006), the FAS ligand (FasL; Kirkin et al. 2007) and Bri2 (Itm2b; Martin et al.

2008) have been identified as substrates for intramembrane proteolysis by SPPL2a

and SPPL2b. All three substrates, like Notch and APP, undergo shedding by a pro-

tease of the ADAM family (Fluhrer et al. 2006; Friedmann et al. 2006; Kirkin et al.

2007; Martin et al. 2008). TNFα is a well-known, pro-inflammatory cytokine that

has a critical role in autoimmune disorders such as rheumatoid arthritis and Crohn’s

disease (Locksley et al. 2001; Vassalli 1992). These effects are mediated by the

ectodomain of TNFα (TNFα soluble), which is released by TACE/ADAM17 from

the cell surface of the TNFα-expressing cell (Hooper et al. 1997; Schlondorff and

Blobel 1999; Fig. 4). The TNFα ectodomain then enters the blood stream (Gearing

et al. 1994; McGeehan et al. 1994) and binds to a variety of different receptors

on the signal-receiving cell, triggering the respective signal cascade. In the signal-

sending cell, the TNFα stub (TNFα NTF) is left behind (Fig. 4). This TNFα NTF

is substrate to intramembrane proteolysis by SPPL2a and SPPL2b (Fluhrer et al.

2006; Friedmann et al. 2006), releasing a short TNFα ICD to the cytosol and the

corresponding part, the TNFα C-domain, to the extracellular/luminal space of the

cell (Fluhrer et al. 2006; Fig. 4). The ICD of TNFα has been shown to stimulate

expression of interleukin-12 in the signal-sending cell (Friedmann et al. 2006), a

mechanism that is referred to as TNFα reverse signaling. Similarly, the ICD of

the FasL translocates to the nucleus, where it may act as a suppressor of gene
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transcription (Kirkin et al. 2007). No physiological function has yet been assigned

for the corresponding Bri2 ICD.

Interestingly, a variety of the RIP substrates, like APP, Bri2 and TNFα, have

been shown to dimerize or even trimerize (Kriegler et al. 1988; Munter et al. 2007;

Tsachaki et al. 2008). The dimerization of APP and Bri2 is mediated by GxxxG

dimerization motifs (Munter et al. 2007; Tsachaki et al. 2008) that, when dis-

rupted, lead to altered intramembrane cleavage, at least in the case of APP (Munter

et al. 2007). However, the precise mechanism of how the GxxxG motif triggers

intramembrane proteolysis is currently unclear.

5 Cleavage Mechanism

Mostly, all TMDs of RIP substrates are predicted to adopt an α-helical confirma-

tion. Therefore, it is likely that the TMDs require unwinding prior to the occurrence

of endoproteolysis. For SPP substrates, this is proposed to be promoted by helix-

breaking residues within the hydrophobic core of the signal peptides (Lemberg and

Martoglio 2002). Mutation of such residues in the TMD of TNFα, on the other

hand, does not significantly affect intramembrane proteolysis by SPPL2b (Fluhrer

and Haass, unpublished data). Unfortunately, structural information is not avail-

able for any of the human SPP family members. Therefore, it is difficult to predict

how exactly the intramembrane cleavage is mechanistically performed. However,

the N-terminus of the secreted TNFα C-domain and the C-terminus of the TNFα
ICD do not exactly match, but are rather separated by 10–15 amino acids (Fluhrer

et al. 2006; Fig. 4). Maybe the unwinding of the α-helical substrate conformation is

facilitated by multiple cleavage events, which step by step open the α-helix like an

elastic spring. Consequently, these multiple cleavage events allow efficient release

of hydrophobic TMDs from cellular membranes. If such multiple cleavages occur

with other SPP/SPPL substrates as well is currently unknown. However, a synthetic

substrate for SPP has been shown to undergo one major as well as several other

minor intramembrane cuts (Sato et al. 2006). Like for TNFα, multiple cleavage

events have been reported specifically for the γ-secretase substrates APP and Notch

(Fluhrer et al. 2008), further supporting the idea of unwinding the α-helix of the

substrate with every individual cleavage. Once the substrate has accessed the cat-

alytic site of γ-secretase, it is cleaved within its TMD at three topologically distinct

sites, termed ε-, ζ - and γ-sites (Haass and Selkoe 2007). In the case of APP, the

first cleavage at the ε-site releases the APP intracellular domain (AICD; Fig. 4)

into the cytosol. The remaining part of the APP TMD is further cleaved at the ζ -
and γ-sites until Aβ is short enough to be released from the membrane (Fig. 4).

Interestingly, the cleavages at the ε-, ζ - and γ-sites are heterogeneous, suggesting

the existence of two different product lines, leading to the benign Aβ40 on the one

hand and to the pathogenic Aβ42 on the other hand (Qi-Takahara et al. 2005). The

pathogenic product line generating Aβ42 seems to be dominant in some but not

all PS FAD mutants (Qi-Takahara et al. 2005). FAD mutations seem to directly or
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indirectly affect the confirmation of the active site of γ-secretase, selectively slow-

ing the product line leading to the benign Aβ40 and therefore causing a relative

increase of the pathologic Aβ42, leading to early onset AD (Fluhrer et al. 2008).

When a FAD mutation was transferred to the corresponding site in SPPL2b, the

sequential cleavage of TNFα was similarly slowed (Fluhrer et al. 2008). However,

the precise mechanism of sequential processing by intramembrane GxGD aspartyl

proteases is still unclear.

6 Inhibition of Intramembrane Cleaving Aspartyl Proteases:
A Therapeutic Target

Since substrates of intramembrane proteases are frequently involved in the develop-

ment of diseases (see above), the proteases processing these substrates are drug

targets. Inhibition of γ-secretase activity, for example, is an important approach

for therapeutic treatment of AD and γ-secretase inhibitor identification and devel-

opment reaches an advanced state (Churcher and Beher 2005). Unfortunately,

γ-secretase inhibitors not only block the processing of APP, avoiding the produc-

tion of Aβ, but also interfere with Notch signaling. Therefore, γ-secretase inhibitors
affect cellular differentiation and cause severe side effects. Moreover, active site

γ-secretase inhibitors have been shown to cross react with SPP (Iben et al. 2007;

Weihofen et al. 2003) and are likely to also block the members of the SPPL family,

since the active site of the GxGD proteases is highly conserved.

Therefore, the development of selective inhibitors is a major challenge for the

pharmaceutical industry and academic institutions. Besides synthetic γ-secretase
inhibitors, a very well-known class of non-steroidal anti-inflammatory drugs

(NSAIDs) has been shown to selectively decrease cleavage of γ-secretase at the

γ-42 site of APP without affecting cleavage at the γ-40 and the ε-site (Weggen et al.

2001). Thus NSAIDS do not affect the γ-secretase-mediated release of NICD from

Notch (Weggen et al. 2001). Whether these NSAIDs directly bind γ-secretase or

APP is currently under debate (Beher et al. 2004; Takahashi et al. 2003). Interest-

ingly, NSAIDs also seem to affect the proteolytic activity of SPP (Sato et al. 2006),

either pointing to a direct binding to the enzyme or to a more general mechanism,

such as an effect on the lipid composition of the membrane and, therefore, indirectly

affecting the conformation of GxGD proteases.

7 Conclusions

We have described and compared the biochemical and cellular properties of GxGD-

type aspartyl proteases. Although we observed some fundamental differences in

terms of substrate recognition and orientation, as well as the requirement of shedding

and the role of essential co-factors, the molecular mechanisms of intramembrane
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proteolysis appear to be surprisingly similar. Multiple intramembrane cleavages are

performed to release small peptides and to finally remove the TMD from the cellular

membranes. FAD-associated mutations affect the kinetics of these intramembrane

cleavages. In the case of APP processing specifically, the production of the benign

Aß40 is reduced whereas the generation of the neurotoxic Aβ42 remains unaffected.

A similar partial loss of function was observed when a FAD-like mutation occurring

in PS1 was introduced at a homologous position of SPPL2b. Our findings, therefore,

finally provide a solution for the long-lasting debate over whether PS mutations

cause a loss or a gain of function. Based on the evidence presented, these mutations

cause a partial loss of function. This finding may have important therapeutic impli-

cations, since treatment of patients with low concentrations of γ-secretase inhibitors
(used to avoid an inhibition of Notch signaling) may lead to a selective reduction of

Aß40 and thus increase the Aß42/40 ratio. Moreover, care must be taken to avoid

cross-reactivity of γ-secretase inhibitors with the homologous SPP/SPPL.
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Axonal Transport and Neurodegenerative
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Erika L. F. Holzbaur

Abstract Active intracellular transport is required to maintain the extended cel-

lular processes of neurons. Long-distance transport along the axon is mediated

by molecular motor proteins moving along the microtubule cytoskeleton. Mem-

bers of the kinesin family drive anterograde transport, from cell body to cell

periphery. Traffic back to the cell body is driven by the microtubule motor cyto-
plasmic dynein and its activator dynactin. Recent progress has provided insights

into the mechanisms of motor protein function in axonal transport and the role

of the microtubule-associated protein tau in regulating the spatial and tempo-

ral dynamics of microtubule motors. The dependence of the neuron on active

axonal transport suggests that defects in the process might be causally linked to

neurodegeneration. In particular, dynein-mediated transport is required to target

old/misfolded/aggregated proteins for degradation, as well as to mediate the trophic

factor signaling required to maintain a healthy neuron. The identification of disease-

causing mutations in the retrograde motor complex has provided support for this

hypothesis. Specifically, multiple mutations in the dynein heavy chain gene have

been shown to cause neurodegeneration in the mouse, and a point mutation in the

p150Glued subunit of dynactin has been identified as a cause of motor neuron degen-

eration in a human cohort. More generally, defects in axonal transport have been

observed in a range of neurodegenerative diseases. We now propose a model in

which both decreased efficiency of retrograde transport and alterations in retrograde

signaling contribute to neurodegenerative disease.

E.L.F. Holzbaur
University of Pennsylvania School of Medicine, D400 Richards Building, 3700 Hamilton Walk,
Philadelphia, PA 19104-6085, USA, E-mail: holzbaur@mail.med.upenn.edu

P. St. George-Hyslop et al. (eds.) Intracellular Traffic and Neurodegenerative Disorders,
Research and Perspectives in Alzheimer’s Disease,
c© Springer-Verlag Berlin Heidelberg 2009

27



28 E.L.F. Holzbaur

1 Introduction

Neurons are highly polarized cells characterized by axons that can extend over

long distances. The length of these axons makes neurons particularly dependent on

active intracellular transport. Transport within the neuron is dependent on molecu-

lar motors that move cargo along the cellular cytoskeleton along both microtubules

and actin filaments. Long-distance transport occurs primarily along microtubules,

whereas shorter-distance movements are actin-based. Both microtubule-based and

actin-based motors are required for normal neuronal function, and defects in these

proteins have been linked to a range of neurodegenerative diseases. Defects in

motor protein function may result directly from specific mutations in the genes

encoding the motors, their activators or adaptors, or may be a downstream con-

sequence of changes in the cellular environment, leading to altered regulation of

motor activity. Here, our current understanding of the motors that drive axonal trans-

port and the links between defects in these motors and neurodegenerative disease is

reviewed.

2 Axonal Transport

Microtubules form a polarized network extending radially outward from the cell

center. In axons, microtubules are organized with uniform polarity; the more

dynamic plus ends of microtubules are oriented outward, with the less dynamic

minus ends of the microtubule oriented inward toward the cell center. Microtubule

organization in dendrites is more complex; microtubules are oriented with a mixed

polarity. The reason for this increased complexity in dendrites is unclear, but one

possibility is that this distinct organization may provide spatial cues governing

axon/dendrite specification and maintenance.

Motor proteins move primarily unidirectionally along cytoskeletal tracks, so that

the polarity of the microtubule determines the direction of transport. Transport out-

ward from the cell center is driven by microtubule plus end-directed motors that

are members of the kinesin superfamily. Kinesins share a common motor domain

coupled to more specialized cargo-binding domains. Multiple kinesins drive antero-
grade transport; there is evidence for functional specification of motor for cargo

(reviewed in Hirokawa and Takemura 2005). Kinesin-driven transport is required to

supply the distal axon and neuromuscular junction with newly synthesized material,

such as the proteins and lipids required for synaptic vesicle assembly and release.

Transport inward, from the axon terminal back to the cell center, is driven by

the microtubule motor cytoplasmic dynein. Dynein is a large, multi-subunit protein

complex with a motor domain within the dynein heavy chain that is homologous to

the AAA family of ATPases. The active motor complex includes intermediate, light

intermediate, and light chains that mediate interactions with various adaptors, effec-

tors, and cargo molecules. One of these interacting proteins is dynactin, a required

activator for most of the cellular functions of cytoplasmic dynein. Dynactin is also
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a large, multi-subunit protein complex that includes the p150Glued, dynamitin, and

Arp1 subunits.

Retrograde transport driven by the cytoplasmic dynein/dynactin complex is

required for cellular maintenance. Dynein and dynactin mediate the transport of

misfolded and aggregated proteins to the cell center for efficient degradation via the

lysosomal and autophagic pathways (Jordens et al. 2001; Ravikumar et al. 2005).

However, retrograde transport is also a critical mediator of intracellular signaling

pathways, such as neurotrophic factor signaling (Heerssen et al. 2004) and injury

response signaling pathways (Perlson et al. 2005). Increasing evidence indicates

that appropriate intracellular trafficking modulates key signaling pathways (Taub

et al. 2007), suggesting that there are both spatial and temporal aspects to signal

transduction cascades in the cell.

Actin-based motors of the myosin superfamily also contribute to intracellular

motility in the neuron, but this motility is primarily for short-distance transport in the

actin-rich networks near the cell cortex. For example, myosin V appears to play crit-

ical roles in short-range transport at dendritic spines and axon terminals (reviewed

in Langford 2002). More research is required to investigate the regulated switching

of cargo motility from microtubules to actin and vice versa, as this process is also

likely to be critical for normal neuronal function.

3 Transport in the Complex Cellular Environment

Motor proteins such as dynein and kinesin exhibit robust motility in the cell, as

demonstrated by live cell imaging of labeled cargo. These motors also exhibit robust

motility in vitro in assays using purified or recombinant motor proteins moving

along isolated microtubules. The assays have shown that the two major axonal

motors have fundamentally different properties. Kinesin moves in a hand-over-

hand mechanism in 8-nm steps along the microtubule, resulting in highly processive

movement in a linear pathway that closely follows the protofilament substructure of

the microtubule (reviewed in Vale 2003). In contrast, single molecules of cytoplas-

mic dynein can take steps of variable size as they move along (Mallik et al. 2004)

and across the microtubule surface (Wang et al. 1995); single molecules of dynein

also take a significant number of backward (plus end-directed) steps (Ross et al.

2006). However, some of this variability is damped down when multiple dynein

motors are engaged in moving a single cargo (Mallik et al. 2005).

While these in vitro assays generally model the velocity of cargo transport

observed in vivo, there are often significant differences in factors such as run length

and directional switching. To more fully understand motor function in the cell, it

is important to more closely model intracellular conditions. For example, micro-

tubules in the cell are not smooth and empty highways allowing for optimum motor

efficiency. Instead, microtubules are decorated extensively with binding proteins

known as microtubule-associated proteins (MAPs). Neuronal MAPs, such as MAP2
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and tau, are found in a polarized distribution in the cell; while MAP2 is localized to

the somatodendritic compartment, tau is spatially restricted to axons.

The effects on motor function of MAP binding to the microtubule can be assayed

directly, using high-resolution assays. In assays using kinesin bound to beads,

Vershinin et al. (2006) observed that movement of the beads along microtubules

was significantly inhibited by the presence of tau. Specifically, motor binding and

run length were both inhibited. More recently, Dixit et al. (2008) compared the

effects of tau on the movement of individual fluorescently labeled kinesin and

dynein molecules. Kinesin is significantly inhibited by tau at concentrations sim-

ilar to expression levels in vivo. In contrast, inhibition of dynein motility by tau

was only observed at much higher concentrations and is, therefore, unlikely to be

physiologically relevant. Fluorescent labeling of both kinesin and tau allows for the

visualization of individual encounterswith single molecule resolution. These studies

have shown that kinesin is likely to either pause or dissociate from the microtubules

as the motor encounters tau bound along its track (Dixit et al. 2008). In contrast,

dynein is more likely to move smoothly along, much less affected by the presence

of tau. Intriguingly, these in vitro observations are consistent with the cellular obser-

vations of Mandelkow et al. (2003), demonstrating that the misregulation of tau

preferentially affects fast anterograde transport, driven by kinesin.

Together, these data fit a model in which microtubule-associated proteins such

as tau may locally control motor function. For example, tau is not uniformly dis-

tributed along the axon (Kempf et al. 1996; Black et al. 1996). Lower levels of tau

at the proximal end of the axon would allow efficient initiation of kinesin transport

outward along the process. As tau levels increase distally, this would lead to a higher

likelihood of kinesin detachment from the microtubule, potentially allowing for

effective distribution of kinesin-bound cargos along the process. In contrast, cyto-

plasmic dynein initiates transport distally at the axon tip, where tau levels may be

highest. Thus, it is important that dynein can effectively negotiate transport along a

microtubule despite a high local concentration of MAPs. This model allows for cell-

specific regulation, as multiple tau isoforms are expressed in the neuron and these

isoforms show pronounced differences in their effects on motor function (Vershinin

et al. 2006; Dixit et al. 2008). Further, in some neurodegenerative diseases such

as Alzheimer’s, there is altered expression and phosphorylation of tau as well as

accumulation of the protein in the somatodendritic compartment (Khatoon et al.

1992; Braak et al. 1994); this mislocalization of tau could in turn lead to further

degeneration through deleterious effects on microtubule-based transport.

It should be noted that Yuan et al. (2008) did not see significant effects of tau

deletion or overexpression in vivo on rates of anterograde transport, so the conse-

quences of tau mis-localization, mis-expression, or mis-regulation require further

analysis. Still it is clear that building increasingly accurate in vitro models of

intracellular transport will provide significant further insight into the mechanisms

involved in this essential process.
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4 Defects in Axonal Transport Lead to Neurodegeneration

The essential nature of active transport in a cell with processes that can extend

up to a meter in length makes axonal transport a potential point of vulnerability,

an Achilles heel for the neuron. Therefore, it has been hypothesized that defects

in axonal transport could be sufficient to induce distal axonal degeneration and

cell death. There is accumulating evidence that mutations in motor or cytoskeletal

proteins can cause neurodegeneration (reviewed in Chevalier-Larsen and Holzbaur

2006). Here, we will focus on recent progress in our understanding of the retrograde

transport pathway and its role in neurodegeneration.We will consider degeneration

caused directly by mutations in either dynein or dynactin, as well as perturbations

of axonal transport that may arise more indirectly, through the expression of toxic

proteins such as mutant forms of superoxide dismutase 1 (SOD1), as seen in the

inherited motor neuron disease amyotrophic lateral sclerosis (ALS).
The hypothesis that disruption of retrograde axonal transport is sufficient to

induce motor neuron degeneration was first tested in a transgenic mouse with a

targeted inhibition of dynein/dynactin function. Overexpression of the dynactin sub-

unit dynamitin in motor neurons led to the disruption of dynein/dynactin function

and inhibition of retrograde transport (LaMonte et al. 2002). Tgdynamitin mice display

late-onset, slowly progressive degeneration of motor neurons. There is a preferential

loss of large-caliber motor neurons leading to muscle atrophy.

Genetic evidence linking defects in dynein function to neurodegenerative disease

was initially provided by the analysis of two lines of mice produced by N-ethyl-

N-nitrosourea (ENU) mutagenesis. Both the Loa and Cra1 lines encode point

mutations in the gene encoding the heavy chain of cytoplasmic dynein. Neither the

F580Y Loa mutation nor the Y1055C Cra1 mutation maps within the dynein motor

domain. Instead, both of the mutations localize to regions of the dynein heavy chain

predicted to mediate inter-subunit interactions within the complex, either dimeriza-

tion of the two heavy chains or association with the dynein intermediate chain. Both

lines exhibit late-onset, slowly progressive neuronal degeneration in heterozygous

animals; the mutations are lethal when homozygous (Hafezparast et al. 2003).

More recently, the radiation-induced Sprawling (Swl) mouse has been deter-

mined to carry a nine base-pair deletion in the gene encoding cytoplasmic dynein

heavy chain, leading to the in-frame substitution of alanine for amino acid residues

GIVT at positions 1040–1043 (Chen et al. 2007). While this mutation in the dynein

heavy chain maps relatively closely to the Cra1 mutation discussed above, mice

carrying the Swl mutation display an early-onset sensory neuropathy and defective

proprioception (Chen et al. 2007). These investigators demonstrated a similar pro-

prioception defect in the Loa mouse, further supporting a key role for dynein in

sensory neurons.

As a single major form of cytoplasmic dynein drives retrograde axonal transport

in all types of neurons, the observation that mutations in dynein in the mouse lead

to both sensory neuropathy and motor neuron degeneration is not unexpected. How-

ever, these observations suggest that some types of neurons may be more sensitive

to alterations in dynein function than others. There are several possibilities in this
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regard. First, a subtle inhibition of dynein function, as seen for the Loa mutation

(Kieran et al. 2005), may be more likely to deleteriously affect neurons with the

largest or longest cellular projections. Second, a subtle mutation in dynein func-

tion may be more likely to deleteriously affect neurons with the greatest reliance

on trophic factor support from the cell periphery, leading to either developmental

or degenerative defects. And third, it is possible that the individual mutations iden-

tified may preferentially disrupt specific motor-cargo interactions. As the nature of

the dynein-cargo interaction is not yet well understood, further analysis of these

mutations and their effects on dynein function may provide further insight into the

cargo selectivity of axonal transport.

The simplest hypothesis to explain the neurodegeneration observed in the

Tgdynamitin, Loa, Cra1, and Swl mice is that the targeted disruption or mutations

inhibit dynein function, resulting in a perturbation of axonal transport. The effects of

the Loa mutation on intracellular transport have been investigated in cellular assays

(Kieran et al. 2005). Transport of a retrograde tracer, a fragment of tetanus toxin,

was not significantly affected in embryonic motor neurons cultured from heterozy-

gous Loa/+ mice, suggesting that the impairment is relatively subtle in this assay.

Embryonicmotor neurons cultured from homozygousLoa mice show a more signif-

icant defect in retrograde axonal transport in this assay, with a significant reduction

in the frequency of high speed transport of the tetanus toxin tracer and a marked

increase in pausing (Hafezparast et al. 2002). In vivo measures of retrograde trans-

port in the Tgdynamitin mouse have shown a similar slowing of transport, but not a

complete block (LaMonte et al. 2002).

Since dynein and dynactin are required for cell division and throughout develop-

ment, loss of either protein is lethal early in embryogenesis (Harada et al. 1998;

Laird et al. 2007). Thus, animals with only relatively subtle mutations, or with

mutations that affect only a specific cellular function, are likely to survive. As

discussed above, the Loa, Cra1, and Swl mutations in dynein heavy chain in the

mouse all map to the same protein domain, so it will be of interest to test for

specific effects of these mutations on neuronal functions, such as association with

neuro-specific cargo. However, the Loa mutation does subtly affect dynein/dynactin

function in nonneuronal cells (Hafezparast et al. 2003), indicating that while the

observed phenotype of this mutation is neuronal, the disruption of function is not

strictly neuron-specific. Therefore, it is important to consider possible effects of

these mutations on other functions of dynein in the cell, such as trafficking in either

the synthetic (ER-to-Golgi) or degradative (lysosomal and autophagic) pathways, as

well as developmental pathways, such as neuronal migration and branching.

5 Mutant Dynactin in Motor Neuron Disease

Clear demonstration of a link between the dynein/dynactin complex and motor neu-

ron disease in humans came from the identification of a mutation in the DCTN1
gene encoding the p150Glued subunit of dynactin as the cause of an inherited
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form of motor neuron disease (Puls et al. 2003). Patients with a G59S mutation

in the DCTN1 gene display an autosomal dominant, slowly progressive form of

inherited motor neuron disease. Onset in early adulthood is marked by vocal fold

paralysis leading to breathing difficulties, as well as progressive weakness of the

muscles in the face and hands, with distal limb atrophy developing later (Puls et al.

2003, 2005).

Dynactin is a required activator for most dynein functions in the cell, enhanc-

ing the processivity of the motor and linking the motor to some intracellular

cargos (reviewed in Schroer 2004). The G59S mutation in the p150Glued subunit

of dynactin occurs in a critical domain of the polypeptide, the highly conserved

N-terminal CAP-Gly motif that mediates binding to microtubules (Waterman-Storer

et al. 1995). Biochemical and cellular studies demonstrate that the mutation inhibits

dynactin, resulting in some loss-of-function; binding of p150Glued to microtubules

and to the microtubule plus end tracking protein EB1 is inhibited (Puls et al. 2003;

Levy et al. 2006).

However, the key defect induced by the G59S mutation may be the distortion

of folding of the p150Glued polypeptide, inducing aggregation in a dominant nega-

tive gain-of-function. Modeling studies suggest that the increased size of the serine

side chain in the mutant protein results in steric hindrance and distortion of folding

(Puls et al. 2003). At the cellular level, over-expression of the G59S mutation results

in the formation of intracellular protein aggregates (Levy et al. 2006). The aggre-

gates observed in cellular model systems closely resemble those observed in spinal

cord sections from a patient expressing the G59S mutation, which are immunopos-

itive for both dynactin and dynein (Puls et al. 2005). Together, these results support

the hypothesis that the G59S mutation in p150Glued leads to misfolding of the

polypeptide, resulting in both loss-of-function and toxic gain-of-function.

This hypothesis has now been tested in a series of mouse models expressing the

G59S mutation in p150Glued. These include two transgenic mouse models express-

ing low levels of the G59S polypeptide in motor neurons driven by the Thy1

promoter (Chevalier-Larsen et al. 2008; Laird et al. 2008) and a knock-in model

developed by Lai et al. (2007). Both the heterozygous knock-in mice and the TgG59S

model from Chevalier-Larsen et al. (2008) display a very subtle phenotype limited

to mild gait abnormalities for the knock-in model and progressive weakness in grip

strength assays for the transgenic model. While both models show little to no loss

of motor neurons, both show clear evidence for distal degeneration, most appar-

ent in the destabilization of the neuromuscular junction. More proximal changes

are also observed; the TgG59S model exhibits a significant proliferation of tertiary

lysosomes and lipofuscin granules not seen in the Loa mutant model described

above (Chevalier-Larsen et al. 2008). Surprisingly, analysis of axonal transport

in vivo in the TgG59S model shows that expression of the mutant transgene does

not significantly affect retrograde transport (Chevalier-Larsen et al. 2008).

In contrast, a second transgenic model, developed by Laird et al. (2008), dis-

plays much more significant neurodegeneration, leading to early death. This more

rapidly progressive model displays motor neuron loss and axonal swelling, as well

as distal degeneration. In this model, there is evidence for the accumulation of the
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mutant polypeptide in prominent intracellular inclusions, some of which co-localize

with autophagosome markers. The reason for the significant disparity in phenotype

observed in the two transgenic models is unclear but may be a consequence of rel-

ative expression levels. The course of disease in human patients does not closely

correspond to the rapidly progressive phenotype observed in the model from Laird

et al. (2008), but these mice do model aggregate formation that in some respects is

similar to that seen in immunohistological analysis of affected human spinal cords.

The studies of Lai et al. (2007) demonstrate that the DCTN1 gene encoding

p150Glued is haplo-sufficient, so while the G59S mutation adversely affects dynactin

activity, loss-of-function is not the major problem. Instead, misfolding of the mutant

polypeptide, leading to aggregation and/or altered intracellular trafficking to lyso-

somes and autophagosomes, is seen in the transgenic models. These observations

are consistent with the dominant phenotype of the G59S mutation in the affected

kindred (Puls et al. 2003). Further, the pronounced distal degeneration and destabi-

lization of the neuromuscular junction seen in all three models support a critical role

for dynein in multiple cellular pathways. It is particularly striking that both distal

degeneration and altered intracellular trafficking are seen in a mouse model without

a significant defect in retrograde axonal transport (Chevalier-Larsen et al. 2008).

Therefore, these studies suggest that perturbation of dynein and dynactin in the cell

may have multiple deleterious effects, consistent with the pleiotropic cellular role

of this motor complex.

6 Do Defects in Axonal Transport Contribute
to Pathogenesis in ALS?

While it is now clear that mutations in dynein or dynactin can cause neuronal degen-

eration directly, it is also possible that alterations in dynein/dynactin function that

are causedmore indirectlymay contribute to disease pathogenesis duringmotor neu-

ron degeneration. For example, either mutations in interacting proteins or changes

in the cellular environment may significantly affect cytoskeletal integrity or motor

function, leading in turn to further degeneration. Or, the accumulation of toxic pro-

tein aggregates might impede efficient transport along the axon, leading to distal

axonal degeneration.More broadly, the key role of retrograde transport in pathways

such as neurotrophic factor signaling suggests that inhibition of transport may lead

to cell death through the perturbation of signal transduction pathways or the activa-

tion of stress/death pathways (Perlson and Holzbaur, preliminary data). The balance

between cell survival and cell stress pathways may therefore be directly affected by

alterations in axonal transport in the neuron.

Specifically, defects in axonal transport have been proposed to contribute to the

death of motor neurons observed in ALS. ALS is a fatal neurodegenerative dis-

ease characterized by the loss of motor neurons, leading to muscle atrophy. Most

cases of ALS are sporadic, with no known cause. Approximately 10% of ALS

cases are genetic, with mutations in the superoxide dismutase 1 (SOD1) gene



Axonal Transport and Neurodegenerative Disease 35

as the most common identified cause. These mutations appear to induce a toxic

gain-of-function, likely involving protein misfolding and aggregation (reviewed in

Bruijn et al. 2004).

Initial studies in mouse models of familial ALS expressing mutant SOD1

(mSOD1), which exhibit rapid and dramatic loss of motor neurons (Gurney et al.

1994), led to the suggestion that axonal aggregates of mutant SOD1 might physi-

cally block transport. Inhibition of slow axonal transport was observed, including

perturbations in the transport of neurofilaments and tubulin, observed just prior to

significant degeneration and loss of motor neurons (Zhang et al. 1997; Williamson

and Cleveland 1999). Fast anterograde transport was not generally inhibited prior to

disease onset.

In contrast, defects in retrograde transport occur much earlier in the disease pro-

cess in the mSOD1 model. In studies in which a retrograde neurotracer was injected

into muscle and transport to the cell bodies of motor neurons was assayed, sig-

nificant inhibition of transport was observed in mSOD1 mice (Ligon et al. 2005).

The observed inhibition initiated at a very early point, well prior to the onset of

clinical disease. Studies on axonal transport in embryonic motor neurons cultured

from the mSOD1 mouse also showed a significant slowing of retrograde transport.

Live cell analysis of the retrograde motility of a fluorescently labeled fragment of

tetanus toxin showed a shift in the speed profile, indicative of an increased frequency

of pauses and oscillatory movements, as compared to the more efficient transport

observed in motor neurons from wild type mice (Kieran et al. 2005).

What has yet to be determined is how the expression of mutant SOD1 can disrupt

dynein function. One possibility is that the disruption is direct. Dynein co-localizes

with SOD1 aggregates in neurons expressing mutant SOD1 (Ligon et al. 2005);

these aggregates may deplete the pool of active motors along the axon. A bio-

chemical interaction between SOD1 and dynein has also been described (Zhang

et al. 2007), although the affinity of this interaction is relatively low (Perlson and

Holzbaur, preliminary data). Evidence to date does not support an early hypothesis

that aggregates of misfolded protein result in a physical block of transport. Instead,

the mechanism may be indirect, due to the activation of stress response pathways

caused by the accumulation of misfolded SOD1 protein. This activation appears to

alter the regulatory balance in the axon, leading to a mis-regulation of the motors

driving axonal transport (Perlson and Holzbaur, preliminary data).

It is also possible that there is a significant change in the type of cellular compart-

ment undergoing transport during neurodegeneration (Nixon 2005). Intriguing data

supporting this possibility come from a recent study from the Mobley lab, inves-

tigating retrograde transport in a mouse model of Down’s syndrome. Salehi et al.

(2006) noted both the decreased transport of NGF and a corresponding enlargement

of early endosomes in neurons from affected mice. An apparent stalling of early

endosomes along the axon was observed. It will be interesting to determine whether

a similar effect is seen in other models, such as the mSOD1 mouse, thus indicating

a common pathway involving alterations in the retrograde transport compartment.

While retrograde axonal transport represents one key role for dynein and dyn-

actin in the neuron, an additional cellular function of dynein and dynactin may also
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be critical to the health and function of motor neurons. Studies in Drosophila have

shown that dynactin is essential to maintain the integrity of neuromuscular junctions
(NMJs; Eaton et al., 2002). Disruption of dynactin by either RNAi or expression of

a mutant form of p150Glued leads to local disruption of the microtubule cytoskeleton

in presynaptic motor neuron nerve terminals, followed by synapse retraction.

This observation is particularly intriguing, given the observations of NMJ degen-

eration in mice expressing the G59S mutant form of dynactin (Lai et al. 2007; Laird

et al. 2008; Chevalier-Larsen et al. 2008), as well as the early and progressive loss

of NMJs in the mSOD1 model for familial ALS (Fischer et al. 2004). Further work

will be required to determine if this axonal die-back is a downstream consequence

of defects in dynein/dynactin-mediated trafficking or instead is due to disruption of

an additional function for dynactin in maintaining junctional integrity.

7 Conclusions

Increasingly, defects in transport, trafficking, and the cytoskeleton are being linked

to the development of neurodegenerative disease. As noted above, the identifica-

tion of the G59S mutation in the DCTN1 gene in humans and the Loa, Cra1, and

Swl mutations in the Dync1h1 gene in mouse has provided strong support for the

hypothesis that active axonal transport is critical to maintain the health of neurons.

Additional mutations in dynactin have been identified in patients with either famil-

ial or sporadic ALS (Munch et al. 2004, 2005), although these have not yet been

causally linked to disease.

More generally, mutations have been identified in familial ALS patients in pro-

teins involved in vesicular trafficking, including alsin and VAMP-associated protein

B (Hadano et al. 2001; Yang et al. 2001; Nishimura et al., 2004). In other neurode-

generative diseases, mutations in motors from the kinesin superfamily have been

identified as the cause of Charcot-Marie-Tooth Disease Type 2A (Zhao et al. 2001)

and of congenital fibrosis of the extraocular muscles type 1 (CFEOM1; Yamada

et al. 2003). Mutations in a kinesin gene (SPG10) also cause one form of hereditary

spastic paraplegia (Reid et al. 2002).

Further, mutations in other proteins linked directly to neurodegeneration, such as

Huntingtin or amyloid precursor protein (APP), also affect axonal transport either

directly or indirectly. Together, these data suggest that neurons are absolutely depen-

dent on axonal transport and are uniquely vulnerable to defects in the motors and

other cytoskeletal proteins involved in this transport. A better understanding of

the underlying cell biology of motor neurons will therefore be required to fully

understand the role of transport defects in the pathogenesis of neurodegenerative

disease.
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Simple Cellular Solutions to Complex Problems

Susan Lindquist( ) and Karen L. Allendoerfer

Abstract We have developed simple cellular models of complex neurodegenerative

diseases by over-expressing disease-associated human proteins in yeast. By combin-

ing the unique power of yeast genetics with the highly conserved biology of protein

homeostasis in all eukaryotes, we use yeast cells as “living test tubes” to investigate

the mechanisms of toxicity associated with problems in protein folding, trafficking,

and degradation and complement these basic studies with transcriptional analysis

and high-throughput screens for toxicity modifiers.

Strong evidence links Parkinson’s disease (PD) to the misfolding of alpha-

synuclein (α-syn) and accumulation of cellular inclusions. In our yeast model

over-expressing human α-syn, the behavior of that protein and its PD-associated

mutants recapitulates many features of synuclein pathobiology, including extreme

dosage sensitivity and the production of reactive oxygen species (ROS). Through a

genome-wide screen we identified a set of genes, many with clear human homologs,

that robustly modify the toxic effects of α-syn over-expression. The largest class

of hits includes proteins functioning in vesicle trafficking, including Ypt1p, a Rab

GTPase, that is also associated with the cytoplasmic inclusions. The earliest cellu-

lar defect in yeast following α-syn induction is a block in vesicle trafficking from

the endoplasmic reticulum (ER) to the Golgi. Elevated expression of members of

its family of mammalian homologs protects against dopaminergic (DA) neuron loss

in whole-animal models of PD and in cultures of rat midbrain, demonstrating the

relevance of results obtained in yeast to mammalian neurons. In addition to genes

that play a role in vesicular trafficking, we also found hits in the categories of pro-

tein phosphorylation, nitrosative stress, and the target of rapamycin (TOR) pathway.

Furthermore, we found that one of our genetic toxicity suppressors, YOR291W, is

the yeast homolog of the human PD-associated gene, PARK9. We also screened

a library of small molecules for chemical toxicity suppressors. Strikingly, the two
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most effective compounds in this chemical screen also selectively rescued cultured

rat DA neurons from rotenone and from A53T mutant α-syn expression.

In our transcriptional microarray analysis, we found that the classes of genes

most perturbed by overexpression of α-syn were related to mitochondrial func-

tion and the stress response, suggesting that mitochondrial defects known to play

a key role in PD may be mediated or exacerbated by α-syn toxicity. We devised an

integrative approach to analyzing transcriptional and genetic data in the context of

known protein-protein interactions. Application of this approach to our yeast model

provides a mechanistic context for both types of experimental data by uncovering

pathways perturbed by α-syn over-expression and identifying drug targets whose

manipulation alters cellular survival.

1 Introduction

1.1 Modeling Protein-Folding Diseases in Yeast

High-throughput screening and transcriptional analysis can provide an unprece-

dented genome- and proteome-wide view of cellular and molecular changes in

experimental models, and this view may be extremely helpful in deciphering multi-

factorial neurodegenerative diseases. At present we lack the kind of deep biological

understanding that leads to effective therapeutics for many of the most common and

devastating of these diseases due, in part, to the absence of models that are amenable

to high-throughput investigations.

The budding yeast Saccharomyces cerevisiae is by far the best-characterized and

most readily manipulable eukaryotic cell, with a small genome and a huge vari-

ety of genetic tools that have been developed over the years. Large-scale proteomics

projects have also been recently completed (Causier 2004; Kolkman et al. 2005) that

identified more than 30,000 protein-protein interactions. In addition, thousands of

expression profiles under diverse conditions have been done in this organism (e.g.,

Gasch et al. 2000). Yeast experiments are usually carried out under simple, stan-

dardized, reproducible conditions (Sherman 2002), enabling the pooling of data for

enhanced rigor and computational power (e.g., Irizarry et al. 2005). When disease

processes affect basic, highly conserved, eukaryotic functions such as protein fold-

ing and trafficking (protein homeostasis), yeast can provide an invaluable starting

point to obtain general mechanistic insights that will be applicable to more complex

organisms, including humans.

Many complex neurodegenerative diseases can be thought of as diseases of pro-

tein folding, caused by presumed alterations in an important protein’s 3D structure

and function. Anfinsen’s principle that in a given environment a protein molecule

will spontaneously assume the conformation of greatest thermodynamic stabil-

ity based on its amino acid sequence (Anfinsen 1973) was transformative, but

it does not address the practical problems represented by the multitude of steps
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and interactions proteins must undergo to achieve a functional conformation while

navigating the chaotic, crowded cellular environment. A large number of highly

conserved quality control mechanisms and compartmentalization processes have

evolved to handle this ancient problem. These include chaperone proteins, protein

remodeling factors, osmolytes, and proteolytic degradation machineries. Further-

more, yeast cells share with all eukaryotes mechanisms for the sequestration of

proteins into diverse membrane-bound compartments. These have been conserved

in all organisms but are particularly well conserved among eukaryotes.

This paper focuses on a set of yeast strains expressing human α-syn that were

developed in our laboratory and that provide an important model of PD, Dementia

with Lewy Bodies, Multiple Systems Atrophy, and other synucleinopathies. We

have used this model to investigate mechanisms of α-syn cytotoxicity, to screen for

novel therapeutic targets, and to obtain a comprehensive map of changes in cellular

pathways that stem from the introduction and over-expression of wild-type α-syn

and its disease-associated mutants. The fact that so many of the pathways observed

to be perturbed in yeast by α-syn toxicity are related to previously known causes of

PD establishes that α-syn’s role in pathobiology is exerted through core biological

pathways that have been conserved for a billion years. We realize that many vitally

important aspects of human disease cannot be approached with this type of model.

However, we have established that simple yeast models will provide basic insights

relevant to human pathology when used as adjuncts to more complex systems.

1.2 Model of Synucleinopathies Based on Expression
of Human α-Syn

To model the cell biology and pathology of synucleinopathies in a yeast cell, we

fused human α-syn protein [in wildtype (WT) or mutant A53T and A30P forms] at

its carboxy terminus to green fluorescent protein (GFP) and integrated this construct

into the yeast genome for induction and expression (Outeiro and Lindquist 2003).

These α-syn-GFP fusion proteins exhibited no evidence of proteolysis and localized

similarly to untagged α-syn, as measured by immunofluorescence. The use of α-

syn-GFP fusion proteins avoided the potential difficulties and inconsistencies of

immunohistochemical methods seen with most membrane proteins and provided a

powerful tool for studying changes in protein distribution in real time in living cells.

In engineering this model, we took advantage of two unique features of yeast

biology: the ease of homologous recombination and the tightly regulated GAL1 pro-

moter. In different experiments we have employed cells with various numbers of

integrations at the URA3, HIS3, or TRP1 loci. Galactose-driven expression of the

integrated α-syn construct enabled us to perform routine growth and maintenance of

cells with α-syn expression repressed and to avoid any selective pressures on leaky

α-syn expression that might have led to the accumulation of confounding genetic

variation in our screens. After a brief period of growth in raffinose that allowed the

glucose repressor to disappear, a switch from raffinose to galactose medium rapidly

and synchronously induced α-syn expression in all cells throughout the culture.
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2 Results

2.1 Toxicity of α-Syn is Dependent on Dosage

The dosage of α-syn is well correlated with the development of PD in patients;

duplications or triplications of the human SNCA gene result in a clinical phenotype,

as do mutations in regulatory regions (Farrer et al. 2001). In yeast, when a low level

of human α-syn-GFP based on a single dose is induced, cells grow at about the same

rate as cells carrying a control vector (Fig. 2 and Outeiro and Lindquist 2003). The

WT α-syn-GFP protein rapidly becomes localized to the plasma membrane, with a

much smaller quantity found in the cytoplasm (Fig. 1A and Outeiro and Lindquist

2003). A high concentration of α-syn at the yeast plasma membrane in vivo is con-

sistent with its selective in vitro binding to phospholipid vesicles (Jo et al. 2000). It

is also in agreement with the concentration of α-syn at the synapse in mammalian

neurons. Indeed, electron microscopy of yeast cells expressing WT α-syn-GFP

established that these cells do have a subtle defect in vesicle trafficking (Gitler et al.

2008). Small vesicles accumulate abnormally near the plasma membrane proximal

to the peripheral ER (see Fig. 3A–C), suggesting that α-syn over-expression, even at

low levels, interferes with vesicle docking or fusion (Gitler et al. 2008; see below).

Yeast does not have a clear homolog for the human gene encoding α-syn, SNCA.
However, all eukaryotic organisms have proteins with lipid membrane-binding

properties that are similar to those of α-syn and that might serve similar cellular

functions, although they are highly divergent in sequence. Indeed α-syn is thought to

play a role in regulating normal synaptic vesicle priming before fusion (Larsen et al.

2006). α-Syn is intrinsically disordered and has a propensity to aggregate unless

associated with membranes. It is likely these intrinsic biophysical properties that

allow its biology and pathobiology to be conserved so well from yeast to humans.

In attempting to reconstitute the biology of α-syn in yeast, we reasoned that

increasing the level of α-syn expression might exceed the quality control system of

the cell andmimic an aging or disease scenario associated with α-syn toxicity, as has

been suggested for human PD. Indeed, we found that integrating a second dose of

α-syn-GFP into the yeast genome remarkably increased the protein’s accumulation

and changed its localization. After induction in the high-dose strain, α-syn protein

first targeted to the membrane and formed small foci there; a few hours later, the vast

majority of the α-syn appeared in large cytoplasmic inclusions, or foci (Fig. 1B).

These foci were not formed simply by excess α-syn unable to find membrane bind-

ing sites; even though high-dose strains expressed more α-syn protein overall, they

had much less of it present at the membrane than low-dose strains (Outeiro and

Lindquist 2003; Fig. 1A,B). The disease-associated A53T α-syn mutant behaved

much like WT protein at both dosages, except that small foci could be observed in

some cells, even in cells expressing only a low dose of α-syn. Furthermore, A53T

α-syn moved from membrane association to inclusion formation even more rapidly

than WT protein (Outeiro and Lindquist 2003).
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Fig. 1 Yeast Parkinson model: A discovery platform for genetic and chemical modifiers. (A)
Expressed at low levels, α-syn fused to GFP travels with membranes through the secretory path-
way, eventually concentrating at the plasma membrane, and is non-toxic. (B) Increasing α-syn
expression causes misfolding, the formation of α-syn foci, and toxicity. (C) A screen of cells with
intermediate toxicity (IntTox) identified plasmids that suppress toxicity (black circles) or enhance
it (red circles). (D) Highly conserved ER-Golgi vesicle trafficking proteins potently modulate α-
syn toxicity. (E) A compound identified in a chemical screen restores growth on solid (not shown)

and liquid medium

Fig. 2 α-Syn over-expression inhibits growth of yeast. One dose of α-syn, either WT or A53
mutant, integrated into the genome, had little-to-no effect on growth whereas two doses of α-syn
completely inhibited growth

Taking advantage of the facts that chromosomal location can exert subtle effects

on gene expression and that the extent of toxicity is dependent on α-syn expression

levels, we have developed both intermediate- and high-toxicity α-syn yeast strains

for different screening and transcriptional profiling purposes (Outeiro and Lindquist

2003; Cooper et al. 2006; Gitler et al. 2008Su et al., submitted for publication).

We have designated these two two-dose strains HiTox (URA3 and TRP1 integration

site; initial two-dose strain) and IntTox (HIS3 and TRP1 integration site; Gitler et al.

2008). As discussed below, having such precisely regulated levels of toxicity has

facilitated high-throughput screening and microarray analysis, illustrating the utility

of the yeast system.

To assess the extent of α-syn toxicity, we measured its effects on cell growth and

viability. Cultures were plated on galactose to induce α-syn and colony growth was

monitored (Fig. 2). As described above, a single dose of WT or A53T α-syn had

little or no inhibitory effect on growth, whereas the doubling dose completely inhib-

ited it (Fig. 2). To further characterize the toxicity of α-syn, we also monitored the

loss of cellular viability following induction of WT α-syn in two ways, by assay-

ing for colony-forming units remaining in the culture and by staining with the dye
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propidium iodide, which labels dead cells. In the HiTox strain, we observed only

a few percent of cells dying at four hours post-α-syn induction, but the percentage

climbed steeply thereafter, reaching∼30% cell death at six hours and∼50% at eight

hours (Cooper et al. 2006 and Su et al., submitted for publication). At six hours, the

IntTox strain exhibited∼10% cell death, but we have not yet characterized it as well

as we have the HiTox strain (Su et al., submitted for publication).

α-Syn toxicity in our model (Outeiro and Lindquist 2003; Su et al., submitted

for publication) recapitulates many aspects of α-syn toxicity in mammalian cells

and PD patients, including ubiquitination of α-syn inclusions, impairment of the

ubiquitin-proteasome system (Iwatsubo et al. 1996; Dauer and Przedborski 2003),

A53T-mediated enhancement of toxicity, accumulation of lipid droplets (den Jager

1969; Gai et al. 2000), the production of reactive oxygen species (ROS; Giasson

et al. 2000; Dauer and Przedborski 2003) and mitochondrial pathology (Ramsey

and Giasson 2007). The lag time between α-syn induction and significant cell death

affords an opportunity to assay the biological effects of the protein on yeast cells

before irreversible toxicity confounds result.

2.2 α-Syn Over-Expression Causes a Block in Endoplasmic
Reticulum-to-Golgi Vesicle Trafficking

The findings of increasingly perturbed protein homeostasis systems culminating in

cell death were in keeping with observations from our collaborators in the Cooper

laboratory (then at University of Missouri-Kansas City) of endoplasmic reticulum

(ER) stress in the α-syn-expressing cells. They wondered if ER stress might be

induced by the blockage of ER-associated degradation (ERAD) of misfolded pro-

teins. So, they tested the degradation of two different, mutated, ERAD substrates,

Sec61-2p and carboxy peptidase Y∗ (CPY∗), in our yeast model over-expressing α-

syn. Importantly, the CPY∗ substrate, but not Sec61-2p, requires trafficking from the

ER to the Golgi prior to degradation. The degradation of Sec61-2p was unaffected

in the α-syn model, but the degradation of CPY∗, the substrate that requires ER-

to-Golgi trafficking, was decreased. These results, along with those of our genetic

screen and microarray analyses (see below), provided evidence that α-syn over-

expression caused a block in ER-to-Golgi vesicle trafficking. To test this hypothesis

directly, we then monitored the trafficking of two additional proteins, CPY-WT and

alkaline phosphatase, both of which acquire various modifications that can be visu-

alized on gels as they traffic from the ER through the Golgi to the vacuole. In

the HiTox strain, trafficking of these substrates was completely halted before the

protein reached the Golgi, and in the IntTox strain it was reduced (Cooper et al.

2006 and A.A. Cooper, P.K. Auluck, J.M. McCaffery, L.J. Su, and S. Lindquist,

unpublished data).
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2.3 High-Throughput Genetic Overexpression Screen

High-throughput screens in yeast offer approaches for finding druggable targets that

are not possible in any other system, including genome-wide combinatorial analy-

sis and the ability to detect gain-, loss-, and change-of-function modifiers. We and

others have used and continue to use a variety of different screens to identify factors

that influence α-syn toxicity.

Recently, in collaboration with the Harvard Institute of Proteomics (HIP), we

completed a genome-wide screen for genes whose overexpression would either

enhance or suppress α-syn toxicity in our model (Cooper et al. 2006; Gitler et al.,

submitted for publication). To identify these toxicity modifiers, we arrayed a library

of ∼5000 galactose-regulated, sequence-verified open reading frames (ORFs; the

Yeast FLEXGene collection) in the IntTox strain in 96-well plates. Performing this

screen in the IntTox strain allowed us to screen simultaneously for genes that would

either suppress or enhance the toxicity of α-syn (Fig. 1C). In this screen, both α-syn

and the genes from the library were inducibly expressed using the GAL1 promoter.

We were therefore able to perform all manipulations prior to the actual screen

in non-inducing conditions, reducing the likelihood that spontaneous, unwanted

changes in the genomewould accumulate during routine growth and maintenance of

the cells. Cells were stamped onto galactose medium to induce α-syn and the ORFs,

and growth of the cells was monitored. Suppression of α-syn toxicity resulted in

increased growth; enhancement resulted in decreased growth (Fig. 1C).

Given the strong dosage sensitivity of toxicity to α-syn protein levels, we iso-

lated, as expected, genes that simply down-regulate expression from the GAL1
promoter. Aside from those that served as controls for the screen’s efficacy, we

identified in this screen over 50 genes that modified α-syn toxicity by enhancing

or suppressing it. In keeping with the complexity of all the different factors asso-

ciated with PD, these genes fell into several different classes, including not only

vesicle trafficking but also protein phosphorylation, nitrosative stress, osmolyte syn-

thesis, and metal ion transport (Cooper et al. 2006; Yeger-Lotem et al., submitted

for publication).

The largest class of genetic modifiers did comprise genes involved in vesicular

trafficking, specifically at the ER-Golgi step (Fig. 1D; Cooper et al. 2006). These

hits were logically consistent with what is known about the directionality of vesicle

transport: the suppressors were genes predicted to promote anterograde transport

(from ER to Golgi) and the enhancers were genes predicted to inhibit it. For exam-

ple, YPT1, a Rab GTPase that promotes the movement of vesicles from ER to

Golgi, was one of the first and strongest suppressors isolated. And GYP8, a GTPase-

activating protein that converts Rab family members from their active GTP-bound

state to their inactive GDP-bound state, was a toxicity enhancer. Furthermore, the

general functions of these hits suggest that α-syn is likely to be inhibiting the dock-

ing or fusion of vesicles to the Golgi rather than inhibiting vesicle budding from the

ER (Cooper et al. 2006).

In addition to proteins involved with vesicle trafficking, our genetic screen found

three genes for metal ion transporters that modifyα-syn toxicity (Cooper et al. 2006;
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Gitler et al. submitted for publication). Pmr1p, a strong toxicity enhancer (Cooper

et al. 2006), is a secretory pathway ion pump that transports Mn2+ and Ca2+ ions

from the cytoplasm into the Golgi (Durr et al. 1998), and its effects on α-syn toxi-

city have been confirmed in the C. elegans DA neuron system (G.A. Caldwell and

S. Lindquist, unpublished results). As an enhancer of toxicity that can be potentially

inhibited by small-molecule drug candidates, Pmr1p provides an attractive screen-

ing target. An additional yeast metal-ion transporter, Ccc1p, was found to suppress

the toxicity of α-syn. This transporter sequesters Fe2+ and Mn2+ ions into the vac-

uole of yeast cells (Lapinskas et al. 1996) and suppresses mitochondrial damage in a

yeast model of Friedreich’s ataxia by limiting mitochondrial iron uptake (Chen and

Kaplan 2000). It has been known for some time that patients with PD have higher

levels of iron in the substantia nigra (Martin et al. 2008). Mice exposed to iron-

chelating drugs or engineered to express natural iron-binding proteins are protected

from MPTP toxicity (Kaur et al. 2003). Environmental exposure to manganese has

also long been associated with increased risk of developing a Parkinson-like syn-

drome (Weiss 2006). It is therefore striking that, of the dozens of metal transporters

that were in the original library, two of the three hits were associated with the

transport of iron and manganese.

The third transporter, YOR291w (Gitler et al., submitted for publication), is a

trans-membrane ATPase with unknown specificity. The human homolog of this

highly conserved protein, ATP13A2, also known as PARK9, is lysosomal, expressed

predominantly in neurons, and believed to couple the hydrolysis of ATP to the

transport of cations across cellular membranes (Ramirez et al. 2006). Remarkably,

loss-of-function mutants in ATP13A2 were recently shown to cause hereditary

Parkinsonism with dementia (Ramirez et al. 2006), establishing again that genetic

findings from screens done in the yeast model can be highly relevant to human

disease.

2.4 α-Syn Disrupts Rab-Mediated Vesicle Trafficking Homeostasis

We used a variety of approaches to investigate the specific nature of the ER-to-

Golgi trafficking defect that we observed in the yeast model (Gitler et al. 2008).

First, in collaboration with Dr. Charles Barlowe (Dartmouth Medical School), we

used a cell-free vesicle fusion assay (Barlowe 1997) to test the ability of purified

WT and A30P forms of α-syn to inhibit specifically ER-to-Golgi transport. We

found that the addition of WT but not A30P α-syn protein (which does not interact

with yeast vesicle membranes) to semi-intact membranes inhibited the transport in

a dose-dependent manner, and it specifically inhibited the tethering and/or fusion of

vesicles to the ER, not the budding of vesicles from the ER.

Ultrastructural analysis of vesicles in the IntTox and HiTox strains (Fig. 3; in

collaboration with Dr. JM McCaffery, Johns Hopkins University) established visu-

ally that α-syn over-expression in our model caused a dose-dependent block in

vesicle trafficking, which in turn resulted in increased vesicle accumulation over
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Fig. 3 Electron microscopy reveals a progressive, time-dependent accumulation of α-syn-
containing vesicles. (A) Vector-only control shows rare, infrequent vesicles similar to those seen
with one dose of α-synWT-GFP expression (B, C). After four hours of two-dose α-synWT-GFP
expression, vesicle accumulation increases to medium/significant (D, E) in the IntTox strain or
large/massive accumulations (F, G) in the HiTox strain. m = mitochondria; n = nucleus; pm =
plasma membrane; V = vacuole; er = endoplasmic reticulum; asterisks indicate vesicle clusters
in D-G. Scale bars = 0.5μm. Reprinted from the supplementary online material of Gitler et al.

(2008). (Copyright 2008, National Academy of Sciences, U.S.A.)

time. Initially, vesicles accumulated just proximal to the ER and plasma membranes

(Fig. 3 B, C), and then, at later time points, they clustered and accumulated in the cell

interior in ectopic locations (Fig. 3 D–G). Expressing Ypt1p from the strong GAL1
promoter rescued the growth defect (Cooper et al. 2006) and strongly reduced α-syn

foci in IntTox cells (Gitler et al. 2008). Notably, unlike the IntTox strain, the HiTox
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stain cannot be rescued by YPT1. Furthermore, in this strain these vesicle clusters

were clearly heterogeneous and included Golgi markers, indicating that other Rab-

mediated trafficking steps had also been disrupted (Fig. 3 F, G and Gitler et al.

2008). α-Syn co-localized with these vesicle clusters and was directly involved in

their formation (Gitler et al. 2008).

2.5 Genetic Modifiers of α-Syn Toxicity Validated in Neuronal
Models

The pivotal experiment to validate the α-syn yeast model as a discovery platform

for the cell biology and pathology of human diseases was to determine whether the

genes isolated from yeast screens would have the same effects in whole-animal and

neuronalmodels of the disease. We began by testing the first suppressors in neuronal

models (Cooper et al. 2006): the fruit fly D. melanogaster (in collaboration with N.

Bonini, University of PA), the nematode worm C. elegans (in collaboration with

G.A. and K.A. Caldwell, University of Alabama), and mixed primary cultures from

developing rat midbrain (in collaboration with J.-C. Rochet, Purdue University).

Indeed, the human homolog of YPT1/Rab1 suppressed α-syn toxicity in DA neurons

of all three models (Cooper et al. 2006).

While the general secretory pathway is conserved between yeast and higher

eukaryotes, yeast lacks the final trafficking steps that are mediated by additional

members of the Rab family in neurons and used for the regulated release of synaptic

vesicles. For example, Rab3a is highly expressed at pre-synaptic sites in neurons

(Stettler et al. 1994; Gurkan et al. 2005) and plays an important role in active

transport and docking of neurotransmitter vesicles prior to their regulated mem-

brane fusion and release from synaptic terminals (Geppert et al. 1994; Leenders

et al. 2001). Rab8a is the member of the Rab family with the highest sequence

homology to Rab1 (Gitler et al. 2008) but it also functions in post-Golgi traffick-

ing (Huber et al. 1993). We considered the possibility that dopaminergic neurons

might be especially sensitive to disturbances in these later vesicle trafficking steps

because of the propensity of unsequestered dopamine to form dangerous ROS. We

therefore tested three Rab family members in nematode and rat midbrain culture

models (Fig. 4; Gitler et al. 2008) and found that expression of mouse Rab1 and

human RABs 3A and 8A substantially ameliorated α-syn toxicity in DA neurons

(Fig. 4; Gitler et al. 2008). These data suggest that α-syn over-expression inter-

feres with multiple steps in neuronal vesicle trafficking and that these individual

steps share common genetic mechanisms with each other and with yeast. Thus,

data from yeast are consistent with data from mammalian systems that suggest that

α-syn acts to reduce the fusion of vesicles with acceptor membranes (Larsen et al.

2006).
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Fig. 4 Rab1, RAB3A, and RAB8A protect against α-syn-induced dopaminergic neuron loss. (A)
Multiple Rab GTPases ameliorate α-syn-induced neurodegeneration in C. elegans. DA neurons of
seven-day-old transgenic nematodes overexpressing α-syn along with Rab1, RAB3A, or RAB8A
were analyzed. Each Rab tested significantly suppressed α-syn toxicity in worm DA neurons
(∗, P < 0.05, Student’s t test). For each gene tested, three transgenic lines were analyzed; a worm
was scored as WT when all six anterior DA neurons (four CEP and two ADE neurons) were intact.
(B) Primary rat midbrain cultures were transduced with A53T lentivirus (multiplicity of infection
= 5) in the absence or presence of lentivirus encoding RAB3A, RAB8A, or Rab1 (multiplicity
of infection of each Rab virus = 2). Control cells were incubated in the absence of lentivirus.
Dopaminergic cell viability was determined by staining with antibodies specific for MAP2 and TH
and is expressed as the percentage of MAP2-positive neurons that were also TH-positive (two to
three independent experiments; at least 100 cells counted per experiment for each treatment). The
data are plotted as the mean +/− SEM. ∗∗, P< 0.001 vs. A53T virus alone, one-way ANOVAwith
Newman–Keuls post-test. Reprinted from Gitler et al. (2008). (Copyright 2008, National Academy
of Sciences, U.S.A.)

2.6 Chemical Screen Yields Compounds that Rescue Dopaminergic
Neurons

We also used our yeast α-syn model to perform a high-throughput chemical screen

for small molecules that ameliorate α-syn toxicity (Su et al., submitted for publi-

cation). Over 115,000 compounds from various collections, including commercial

libraries, natural products, and NCI collections, were screened for their ability to

restore growth in yeast cells expressing toxic levels of α-syn. After re-testing, four

structurally related compounds were found to restore growth (e.g., Fig. 1E) and

antagonize α-syn-mediated inclusion formation and α-syn toxicity at low micromo-

lar concentrations (Su et al., submitted for publicaiton). They also restored α-syn

membrane localization and significantly rescued the ER-to-Golgi vesicular traffick-

ing defect, as measured by trafficking of the CPY substrate (Su et al., submitted

for publication). As a control for specificity, these lead compounds did not rescue
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growth in a yeast model expressing polyQ huntingtin exon I, the protein associated

with human Huntington’s disease.

We tested the most potent compounds from this screen in two established models

of α-syn toxicity where genetic rescue had also been demonstrated: DA neurons in

α-syn transgenic C. elegans and mixed primary cultures of rat midbrain killed either

by transduction with human mutant α-syn or addition of the mitochondrial toxin

rotenone (G.A. Caldwell, J.-C. Rochet, and S. Lindquist, unpublished; Su et al.,

submitted for publication). The compounds rescued DA neurons in α-syn trans-

genic worms, and, unlike YPT1/Rab1, they also antagonized toxicity mediated by

both these insults in the cultured rat neurons (Su et al., submitted for publication).

Rotenone is a mitochondrial poison that interferes with the electron transport chain

and can produce toxicities similar to those seen in PD (reviewed in Jenner 2001).

Transcriptional profiling (discussed below) and electron microscopy also indicated

that α-syn caused mitochondrial damage in the yeast model. Taken together with the

connections between mitochondrial stress and PD itself, these results suggest that

the mechanism of action for these compounds is central to PD pathobiology. The

specificity of the compounds suggests that they may bind to a highly specific cellu-

lar target. The target, however, is unlikely to be α-syn itself; the compounds have no

effect on the conformational states of purified α-syn (L.J. Su and S. Lindquist, data

not shown).

2.7 Transcriptional Profiling of Yeast that Over-Express α-Syn

To identify gene expression changes during the lag period between α-syn induc-

tion and cell death, we performed microarray analysis comparing the HiTox strain,

the single-dose URA3 strain, and the empty vector control strain at zero, two, four

and six hours after the induction of α-syn. We compared changes in gene expres-

sion with the pathobiology undergone by α-syn-expressing yeast cells over these

time points. We also examined the effects of the toxicity-rescuing compounds from

our chemical screen on the transcription profile. As previously described, after the

induction of α-syn in yeast, there is a progressive increase in α-syn expression and

concomitant specific alterations in its localization, from its presence at the plasma

membrane (at two hours) to the formation of inclusions (at four hours), to a culmi-

nation in substantial cell death by six hours (Cooper et al. 2006; Gitler et al. 2008;

Su et al., submitted for publication; Yeger-Lotem et al., submitted for publication).

We found that genes involved in mitochondrial processes and ER stress are per-

turbed by α-syn even at two hours post-induction. The earliest biological defects

observed in two-dose α-syn cells were vesicle accumulations and vesicular traffick-

ing defects at three hours post-induction (Cooper et al. 2006; Gitler et al. 2008),

consistent with these transcriptional findings. By four hours post-induction, cells

expressing two doses of α-syn differentially expressed numerous genes in classes

highly enriched for vesicle trafficking, ER stress, sterol biosynthesis, and mitochon-

drial function. Consistent with the substantial but not complete rescue of cellular
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toxicity seen with our active compounds, treated HiTox cells showed a much-

reduced transcriptional response. With an inactive molecule, the profile was largely

similar to that of the untreated HiTox profile (Su et al., submitted for publication;

Yeger-Lotem et al., submitted for publication).

Our results in yeast showed a large degree of overlap with the functional cate-

gories affected in the published transcriptional profile of a Drosophila PD model

(Scherzer et al. 2003). These results are also consistent with reports in mammalian

PD models and in humans, wherein there has been a long-standing realization that

there is a relationship between PD and mitochondrial stress, the formation of ROS,

and nitrosative damage (Abou-Sleiman et al. 2006; Uehara et al. 2006).Most impor-

tantly, the transcriptional results strongly correlated with what we have learned from

the cell biology of our own model system, which shows defective mitochondrial

morphology and abnormal mitochondrial DNA, accumulates damaging ROS and

undergoes significant oxidative and nitrosative stress, as measured by reactivity to

fluorescent probes and antibodies against nitrosylated proteins (Su et al., submitted

for publication), before and during the onset of cell death.

2.8 ResponseNet Analysis Bridges Genetic and Transcriptional
Data

The two high-throughput methods discussed in detail above, genetic screening and

transcriptional profiling, have been extensively used to study cellular responses to

perturbations in many different systems. Yet it has been noted that, remarkably,

the overlap between these data sets is surprisingly small for the same perturba-

tion (Yeger-Lotem et al., submitted for publication; e.g., compare Begley et al.

2002; Workman et al. 2006). We hypothesized that integrating the two types of

data could reveal a more detailed molecular description of disease mechanisms, and

we recently developed ResponseNet (Fig. 5), a novel computational approach that

uses flow algorithms to bridge the gap between genetic and transcriptional data by

known molecular interactions (Yeger-Lotem et al., submitted for publication).

When we applied this approach to data obtained from our α-syn yeast model,

the network generated suggested that the heat-shock and target of rapamycin (TOR)

pathways would suppress α-syn toxicity. It also indicated that sterol biosynthesis

was altered when α-syn was expressed, similar to the result of treatment with the

commonly used cholesterol-lowering drugs, statins (Yeger-Lotem et al., submitted

for publication). Importantly, ResponseNet and our high-throughput genetic anal-

ysis suggest two points in the sterol pathway at which the action of drugs might

affect α-syn toxicity, neither of which is cholesterol itself. First, the sterol biosyn-

thesis pathway is required for the production of farensyl groups, which are in turn

required for the function of Rabs in vesicle trafficking. Second, the pathway leads

to the production of ubiquinone, which is required for complex 1 function in mito-

chondria. These pathway findings were experimentally validated in the yeast model

(Yeger-Lotem et al., submitted for publication) and are supported by results from
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Transcriptional
profiling

ResponseNet

Interactome

Genetic assay

Fig. 5 The ResponseNet algorithm finds paths in the interactome through which a subset of
the genetic data may regulate the transcriptional response. Nodes represent proteins and genes,
and edges represent their interactions. Diamond shaped nodes represent genetic data (hits
from screens), rectangular nodes represent transcriptional data (differentially expressed genes in
microarrays), and circular nodes represent intermediate proteins on the paths that link genetic and
transcriptional data. The regulation may be direct, as when transcription factors regulating the
response are part of the genetic data, or indirect via intermediate proteins

whole-animal α-syn models (e.g., Auluck et al. 2005); most importantly, the sterol

pathway results are consistent with recent findings in PD patient populations (Huang

et al. 2007). The discovery, using ResponseNet, of the involvement of these path-

ways substantiates our approach as a powerful tool for interpretation of experimental

PD data.

3 Conclusions

We have established simple cellular models for synucleinopathies and other diseases

by over-expressing the corresponding human disease-associated proteins in yeast.

These yeast cells can be used as a high-throughput discovery platform for factors

that modify the toxicity of proteins that are prone to misfolding. Because neurode-

generative diseases often preferentially affect specific neuronal populations, it was,

until recently, a commonly held belief that these diseases could only be fruitfully
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studied in specific neuronal models. However, in at least some cases disease speci-

ficity may be the result of a subset of neurons being more vulnerable to general

cellular defects that can be profitably studied in yeast. We can take advantage of the

extensive genomic and proteomic interaction databases available for yeast to ana-

lyze and uncover new roles for known, conserved biochemical pathways that lead to

toxicity. Thus, this simple high-throughput approach should be broadly applicable

to other cellular processes and other diseases.

When we have conducted screens in multiple models, for example in our models

of synucleinopathies and Huntington disease, we have identified disparate sets of

hits. Moreover, chemical compounds that ameliorate the toxicity of α-syn do not

relieve the toxicity of htt, and vice versa. This lack of overlap establishes that the

toxicities observed are not due to non-specific effects of misfolded protein in general

but rather to features of the proteins’ mis-functioning that interface with cell biology

in specific ways. It seems likely that individual disease models will be needed to

identify unique therapeutic approaches and meet the growing challenges of an aging

population.
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Tau and Intracellular Transport in Neurons

E.-M. Mandelkow( ), E. Thies, S. Konzack, and E. Mandelkow

Abstract Among the early changes in the brains of Alzheimer’s disease patients

is the loss of synapses, which is accompanied by the abnormal phosphorylation of

tau protein, its missorting into the somatodendritic compartment of neurons, and

its incipient aggregation. The physiological function of tau is to stabilize axonal

microtubules, which enables them to carry out their role as tracks for the trans-

port of vesicles and organelles. By implication, perturbations in the functions of tau

could be related to the loss of synapses and neuronal degeneration. Cell and trans-

genic animal models of tauopathy reveal that tau can indeed cause an impairment of

transport in neurons. As a result, cell processes of neurons become starved, leading

first to the decay of synapses and then to the loss of axons and dendrites.

1 Tau Protein: Properties and Functions

The loss of synapses observed during incipient Alzheimer’s disease (AD) corre-

sponds to the beginning loss of memory during the mild cognitive impairment phase

(Coleman and Yao 2003). The synapse decay precedes the abnormal protein aggre-

gation of the Aβ peptide in senile plaques or of tau protein in neurofibrillary tangles

(Walsh and Selkoe 2004). It has been suspected that the highly elongated struc-

ture of neurons is one reason for their vulnerability. Most synapses are distant from

the cell body, the major site of protein synthesis, and therefore rely on an efficient

transport system. In cells, the traffic system consists of microtubules and microfila-

ments along which cargoes can be moved (Hollenbeck and Saxton 2005; Baas et al.

2006). This transport is achieved by means of motor proteins that can be subdivided

into three classes: myosins (for the microfilament tracks), kinesins and dyneins (for

microtubule tracks; Hirokawa and Takemura 2005). The directionality of movement
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is determined by the polarity of the tracks and the directionality of the motors. The

“plus” ends of microtubules point to the cell periphery, so that plus end-directed

motors (kinesin) carry out anterograde transport and minus end-directed motors

(dynein) achieve retrograde movements towards the cell body. The “ties” for the

tracks are represented by microtubule-associated proteins (MAPs; Cassimeris and

Spittle 2001). In neurons, the most important MAPs are MAP2 (mostly dendritic),

tau andMAP1b (mostly axonal). The interaction of MAPs with microtubules is con-

trolled by phosphorylation and involves several protein kinases and phosphatases

(Mandelkow et al. 2007). Microtubules can assemble from their subunits (α-β-
tubulin heterodimers) under the regulation by GTP. Additional control is achieved

by MAPs, such as tau, whose detachment can induce microtubule breakdown, and

by the microtubule-disassembling proteins, katanin, spastin, or kinesin-13 (Howard

and Hyman 2007).

Tau has received attention in the field of several neurodegenerative disorders

(“tauopathies”) because of its anomalous behavior (Ballatore et al. 2007, Schnei-

der and Mandelkow 2008), which is most conspicuously seen as aggregation into

neurofibrillary tangles, consisting of paired helical filaments (PHFs) and straight fil-

aments (Crowther and Goedert 2000; Mandelkow et al. 2007). Tau also becomes

highly phosphorylated, missorted into the somatodendritic compartment, partly

cleaved by proteases, and otherwise modified (Watanabe et al. 2004; Binder et al.

2005). The H1 haplotype of tau shows a genetic association with certain tauopathies,

e.g., progressive supranuclear palsy, corticobasal degeneration, AD and Parkinson

disease, which may be caused by a perturbation of tau isoform homeostasis resulting

in a relative increase of 4-repeat tau isoforms (inclusion of exon 10) and decrease

of N-terminal inserts (especially lack of exon 3; Myers et al. 2007; Caffrey et al.

2007). Biochemically, AD-tau is found to be detached from microtubules and no

longer stabilizes microtubules. The consequences are the destabilization of trans-

port tracks and the aggregation of tau in the cytosol, both of which can disrupt

intracellular traffic. AD-tau aggregates show a well-defined pattern of spreading in

the brain, from the transentorhinal region to the hippocampus and later throughout

the cortex. This pattern corresponds to the progression of clinical symptoms from

mild cognitive impairment to severe dementia (Braak stages 1–6; Braak and Braak

1991).

The gene of tau (MAPT) is located on chromosome 17; the protein occurs in

the CNS as six main isoforms arising from alternative splicing (352–441 residues;

Andreadis 2005). The repeat domain (3 or 4 pseudo-repeats of ∼31 residues,

depending on splice isoforms) and the domains flanking the repeats are responsi-

ble for microtubule binding. The repeat domain also forms the core of Alzheimer

PHFs (Wille et al. 1992; Novak et al. 1993). The overall character of tau is basic and

hydrophilic, due to the many lysine or arginine and polar residues, which makes tau

highly soluble, up to the point that tau is heat and acid stable without losing its

biological function (Lee et al. 1988). A further consequence is that tau is not com-

pactly folded as most proteins but rather is a natively unfolded protein (Schweers

et al. 1994). Several mutations in the tau gene can cause different forms of neurode-

generation (FTDP-17; Ballatore et al. 2007), presumably due to a change in protein
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function or an altered distribution of isoforms caused by modifications in the pattern

of alternative splicing (D’Souza and Schellenberg 2005).

Tau from AD brains is extensively phosphorylated, ∼4-fold higher than in nor-

mal brain and at numerous sites (Khatoon et al. 1992; Morishima-Kawashima et al.

1995). The consequences are heterogeneous. Phosphorylation at certain sites can

affect microtubule binding and/or PHF aggregation; other sites appear to be func-

tionally neutral (Schneider et al. 1999). Phosphorylation at the KXGS motifs in the

repeat domain by the kinase MARK strongly disrupts tau-microtubule binding and

leads to dynamic microtubules (Drewes et al. 1997). The interplay between tau and

MARK becomes particularly noticeable in the case of neurite outgrowth, where acti-

vation of MARK has a similar effect as nerve growth factor signalling (Biernat et al.

2002).

The most unusual property of tau in AD is its aggregation, which is counterin-

tuitive because of the high solubility of tau. The aggregation is based on certain

hexapeptide motifs in the sequence that have an increased propensity for β-sheet
interactions (275VQIINK280 and 306VQIVYK311; von Bergen et al. 2000). There-

fore, the aggregation of tau is based on an “amyloid” principle, although the major

part of the protein remains disordered, even when it is assembled into PHFs. This

finding is borne out by recent structural results. X-Ray crystallography reveals that

amyloidogenic peptides derived from different proteins form hairpin-like “amyloid

spines” that assemble into cross-β-sheets, stabilized by internal hydrophobic inter-

actions and hydrogen bonds and paired by hydrophilic interactions (Sawaya et al.

2007). Nuclear magnetic resonance studies reveal that the amyloidogenic subdo-

mains have an enhanced tendency for extended conformation with β-propensity
even in solution, which is stabilized in hairpin-like conformations during fiber

assembly (Mukrasch et al. 2005; Andronesi et al. 2008).

2 Tau and Transport Inhibition in Neurons

The traffic systems in neurons can be regulated at different levels, for example at

the level of tracks (microtubules, tau), motors (kinesin, dynein), or cargo adap-

tors (kinesin or dynein light chains or associated proteins), or by posttranslational

modifications (phosphorylation; Stokin and Goldstein 2006). In this context, pro-

teins closely related to AD include tau and protein kinases that can regulate tracks,

motors, or adaptors. In cells, one observes that elevation of tau causes a stabilization

of microtubules as well as a general inhibition of intracellular traffic, particularly in

the anterograde direction (Stamer et al. 2002; Fig. 1), which can be explained by

the fact that tau inhibits both forward motors (kinesin) and reverse motors (dynein),

but the inhibition of kinesin is more pronounced, resulting in a net retrograde bias

in the transport of vesicles and organelles (Seitz et al. 2002; Dixit et al. 2008). The

observations are consistent with the view that the attachment of motors is obstructed

by tau bound to the microtubule tracks. In addition, tau may interact directly with

kinesin or dynein motors (Magnani et al. 2007; Cuchillo-Ibanez et al. 2008). The
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Fig. 1 Diagram of microtubules, tau, and kinesin motors, illustrating several possible modes of
dysregulation of the neuronal transport system. Lower left, normal state with intact microtubule
tracks, sparse decoration by tau (which suffices for stabilization), and kinesin motor with vesicle
cargo moving in the anterograde direction. (1) Too much tau bound to the microtubule surface
can restrict the access of motor proteins, retard axonal transport, and overstabilize microtubules
(leading to insufficient dynamic instability and excess microtubule polymerization). (2) Tau may
become hyperphosphorylated (e.g., in the repeat domain by the kinase MARK), which causes
detachment from microtubules. This may lead to destabilization of microtubules and thus to loss
of transport tracks. (3) Tau detached from microtubules may aggregate into paired helical filaments,
which coalesce into neurofibrillary tangles that obstruct the cell interior

traffic inhibition can be rescued by phosphorylating tau such that it detaches from

microtubules, e.g., by the kinase MARK, which phosphorylates the repeat domain

(Mandelkow et al. 2004; Thies and Mandelkow 2007; Fig. 2a, b). By the same

token, variants of tau that adhere strongly to tau can inhibit traffic more strongly

than variants that adhere weakly (Konzack et al. 2007). These features indicate that

even elevated normal tau bound to microtubules can perturb the cell’s physiological

functions, which can become a serious problem for elongated cells such as neurons

that are dependent on an efficient transport system. For example, the depletion of
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Fig. 2 Transport inhibition by tau in retinal ganglion cell axons. (a) Retinal ganglion cell axons
growing out from an explant. Mitochondria are stained with MitoTracker Red; one cell is trans-
fected with CFP-tau by adenovirus (blue). There are numerous highly mobile mitochondria in most
cells, but the tau-transfected cell has already lost most of its mitochondria, and the remaining ones
are almost immobile and are in the process of degenerating. (b) Quantification of mitochondrial
movements. In control growing axons, the majority of mitochondria move anterogradely (55%).
In tau-transfected cells, this fraction drops to 5%, and most mitochondria either move retrogradely
or are stationary within the window of observation. When cells are additionally transfected with
MARK, the microtubule-bound tau becomes phosphorylated and detaches from microtubules, and
anterograde movement of mitochondria is largely restored
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Fig. 3 Decay of dendritic spines and synapses under the influence of tau. Top: Hippocampal
neurons were cultured for 25 days in vitro, leading to numerous synapses. The neurons were
transfected with CFP-tau (blue), which enters the dendritic compartment, including spines, due
to missorting of tau. Bottom: 20 hours later most spines have withered away, concomitant with a
loss of energy (ATP), loss or displacement of synaptic markers, and translocation of F-actin into
the dendritic shaft (not shown)

organelles such as mitochondria from cell processes by inhibition of anterograde

transport will cause deficiencies in local metabolism, leading to reduced adenosine

triphosphate (ATP) levels, Ca++ buffering capacity, and defense against oxidative

stress. These reductions will impair the overall viability of the cells, and among the

first victims are the dendritic spines (Thies and Mandelkow 2007), reminiscent of

the early decay of synapses in AD (Fig. 3).

A special aspect of tau-induced traffic inhibition is that vesicles carrying amyloid

precursor protein (APP) are affected as well, suggesting a potential link between

the two major pathological hallmarks in AD. However, there appears to be no direct

link to the generation of the Aβ amyloid peptide, and vesicles carrying APP are

distinct from those carrying the protease BACE1 (responsible for the first cleavage

of APP leading to Aβ), making a direct interaction between APP and BACE1 during

transport unlikely (Goldsbury et al. 2006; Lazarov et al. 2005).

While the inhibition of axonal traffic by tau is easily observable in vitro and in

cell models, the results from studies on organisms are heterogeneous. Mouse mod-

els, where the tau gene is expressed under the pan-neuronal promotor Thy-1, suffer

from motor neuron disease, which makes it difficult to test any effects on mem-

ory. This disease has been ascribed to the expression of tau in motor neurons that

are particularly long and therefore vulnerable to traffic inhibition by tau (Terwel

et al. 2002; Götz et al. 2006; Lee et al. 2005). This problem can be circumvented

by using promoters restricted to the forebrain, e.g., the CaMKII promoter. Simi-

larly, expression of tau in the axons of flies causes traffic deficits and damage to the

neuromuscular junction (Chee et al. 2005; Fulga et al. 2007). In Aplysia, overstabi-

lization of microtubules by tau can take the form of misoriented microtubules that

obstruct axons (Shemesh et al. 2008). On the other hand, a tau-induced inhibition of

traffic has not been observed in extruded squid giant axoplasm (Morfini et al. 2007)
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or in vivo in retinal ganglion cells from mice overexpressing tau (Yuan et al. 2008).

These variable results may be related to differences in regulatory systems operating

in the experimental systems used.

One of the puzzling features of the behavior of tau in neurons is that, on the

one hand, it inhibits anterograde traffic of microtubule-dependent cargo (vesicles,

organelles, neurofilaments) but, on the other hand, tau itself, when elevated, enters

axons and dendrites with apparent ease. Thus, while vesicles and organelles tend to

disappear from cell processes, tau moves out, seemingly “against the tide” (Konzack

et al. 2007). The solution to this paradox resides in two features of tau. First, antero-

grade transport of tau occurs on small microtubule fragments that can be transported

not only on microtubules but also on actin filaments (Wang and Brown 2002; Baas

et al. 2006). In the latter case, a dynein-based movement of tau-tubulin complexes

relative to a stationary actin network would achieve the required anterograde direc-

tionality (note that dynein is much less affected by tau than kinesin; see above). This

finding would explain the observed rates of tau within the slow component b (Scb)

of axonal transport (Mercken et al. 1995; Roy et al. 2008). Secondly, tau is much

more mobile than anticipated for a “microtubule-associated” protein. It spends only

∼70% of the time on the microtubule, associates and dissociates rapidly (residence

time ∼4sec) and, in the unbound state diffuses freely in the cytoplasm (Konzack

et al. 2007). Thus, over periods of ∼days and distances of ∼mm, diffusion appears

to be adequate to supply the axon with the required level of tau.

3 Conclusions

In this review we have considered some mechanism by which tau could gain toxic

functions, based on the known functions of tau in neurons. They can be summarized

as follows:

1. Elevated tau, when bound to the microtubule surface, can inhibit the attachment

of motor proteins and thus slow down transport rates in the cell processes of

neurons (Stamer et al. 2002; Figs. 1, 2).

2. Elevated tau can overstabilize microtubules and generate excess microtubules in

axons and dendrites, with two consequences: the excess microtubules can fill out

the cytosolic space and thus prevent the transit of vesicles and organelles (Thies

and Mandelkow 2007; Fig. 4).

3. In addition, the overstabilization of microtubules by excess tau can suppress

the dynamic instability of microtubules, which is necessary for maintaining

the capacity for remodelling the neuronal cytoskeleton (Baas et al. 2006). In

this context, it is notable that the 4-repeat tau isoforms (which bind and stabi-

lize microtubules better than the fetal 3-repeat isoforms) suppress microtubule

dynamics in a fashion reminiscent of taxol, a microtubule poison used in cancer

chemotherapy (Panda et al. 2003).
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Fig. 4 Thin-section electron microscopy of dendrites before and after tau transfection. In the con-
trol cells (top), the microtubules are spaced wide apart and allow passage of transport vesicles and
organelles. After two days of transfection with tau, microtubules become more numerous (four-
fold) because tubulin synthesis is initially upregulated. Microtubules become more densely spaced,
thus blocking transit (note the mitochondrion pushed to the upper side of the cell). After four days,
microtubules have mostly disappeared (due to lack of ATP and GTP) and mitochondria are swollen
and in a state of degeneration. The tau-induced changes can be halted, at least temporarily, by

phosphorylating tau (by kinase MARK) and thereby detaching it from microtubules (Thies and
Mandelkow 2007)

4. Tau could interfere with transport by inactivating complexes of motor proteins

directly (e.g., kinesin, dynactin; Magnani et al. 2007; Cuchillo-Ibanez et al.

2008).

5. Hyperphosphorylation of tau and subsequent detachment from microtubules

could destabilize microtubules, leading to a loss of transport tracks (Zhang et al.

2004; Fig. 1).

6. Tau could interfere with the functions of other cellular proteins, e.g.. the actin

network (Fulga et al. 2007), and signalling molecules (e.g.. Pin-1, Lippens

et al. 2007; kinases and phosphatases, Stoothoff and Johnson 2005; chaperones,

Shimura et al. 2004).

On the level of the tau gene and the mutations known from FTDP-17 and other

tauopathies, it is notable that the shift in the splicing pattern generates an imbalance

between 4-repeat and 3-repeat tau isoforms in favor of 4-repeat forms. The 4-repeat

forms bind and stabilize microtubules more strongly, but aggregate into PHFs less

readily than 3-repeat isoforms. This finding is suggestive of a mechanism of toxicity
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based on blocking traffic and/or suppressing microtubule dynamics (points 1–3

above). Consistent with this, the H1 haplotype of MAPT causes a higher level of

4-repeat tau protein in neurons, which might explain why this haplotype represents

a risk factor for several tauopathies (Myers et al. 2007).

In this review we focussed on the question of how tau might disturb the neuronal

transport system and thus contribute to neurodegeneration. We have not consid-

ered the causes and effects of the abnormal tau aggregation that is prominent in

tauopathies. However, it is notable that certain cell and animal models display a

strong tau-dependent toxicity that is specifically related to aggregation (Wang et al.

2007; Mocanu et al. 2008). This mode appears to be independent of the mode of

transport-related toxicity, consistent with the observation that transport defects and

aggregation defects occur at different stages of the AD process (Götz et al. 2006).
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Abstract The requirement for transcription during synapse formation and long-

lasting synaptic plasticity raises two cell biological questions regarding communica-

tion between the synapse and nucleus in neurons. First, how are signals transmitted

from stimulated synapses to the nucleus to initiate changes in gene expression?

Second, how do the products of gene expression function to alter the structure

and function of some but not all synapses made by a given neuron? We address

these questions in two model systems of synapse formation and synaptic plastic-

ity: cultured sensory-motor neurons from the marine mollusk, Aplysia californica,
and cultured rodent hippocampal neurons. In studying signaling from synapse to

nucleus, we have discovered a role for the importin family of nuclear transporters in

carrying signals from synapses to the nucleus during long-term plasticity. Importins

are present at synapses, travel to the nucleus following stimuli that elicit tran-

scription, and are required for the long-term plasticity of Aplysia sensory-motor

synapses. In studying how the products of transcription are targeted to specific

synapses within a neuron, we have focused on the role of mRNA localization

and regulated translation at the synapse. We have identified hundreds of mRNAs

that are present in distal processes of Aplysia neurons and in dendrites of rodent

hippocampal neurons. We find that localized mRNAs are translated at sites of

synaptic contact during synapse formation and following stimulation that elicits

long-lasting synaptic plasticity. It will be of interest to determine how these long-

range, synapse-to-nucleus signal transduction pathways are altered with aging and

during neurodegeneration.
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1 Introduction

Synaptic plasticity, the process whereby neurons change the structure and function

of their connections with experience, provides a mechanism for memory storage in

the brain (for recent reviews, see Neves et al. 2008; Bruel-Jungerman et al. 2007;

Kim and Linden 2007). In its most general form, the synaptic plasticity hypothesis

postulates that memories are stored as increases in the strength and/or number of

synaptic contacts between neurons within a given circuit. Supporting this hypothe-

sis, studies in a number of systems have indicated that synaptic plasticity is indeed

critical to cognition and memory formation (reviewed in Neves et al. 2008).

Like memory, synaptic plasticity can be divided into short-term and long-term

forms, which differ in their requirement for new gene expression (Alberini 1999;

Kandel, 2001). Thus, short-term forms of plasticity depend on covalent modifi-

cations of existing proteins, whereas long-term plasticity requires new RNA and

protein synthesis. The requirement for transcription raises two fundamental cell bio-

logical questions: (1) how are signals transported from the synapse, where they are

generated, to the nucleus, where they are converted into changes in gene expres-

sion? and (2) how are the products of gene expression targeted to alter structure

and function at some but not all synapses made by a given neuron? The highly

polarized morphology of neurons presents unique challenges to both of these pro-

cesses (see Fig. 1). First, neurons elaborate dendrites and axons whose lengths often

exceed the diameter of the cell body by orders of magnitude, indicating that signals

generated at distal synapses must travel significant distances to reach the nucleus.

Second, while each neuron has a single nucleus, it can form thousands of synaptic

contacts, indicating that the products of gene expression must be targeted to alter

the efficacy of stimulated synapses without affecting unstimulated synapses. In this

chapter, we will discuss studies from our lab addressing both aspects of signaling

between synapse and nucleus during learning-related synaptic plasticity. In studying

signaling from the synapse to the nucleus, we focus on experiments demonstrating

a role for the active, importin-mediated nuclear transport pathway. In studying the

mechanisms whereby transcription produces synapse-specific forms of plasticity,

we focus on synaptic mRNA localization and regulated translation.

There are a number of reasons to believe that basic research on the cell biological

mechanisms of transcription-dependent synaptic plasticity will be highly relevant

to understanding the pathophysiology of Alzheimer’s disease (AD) and other neu-

rodegenerative disorders. First and foremost, AD is a disease of memory and is thus

likely to involve perturbations in some aspects of synaptic plasticity (Turner 2006).

At a histological level, AD is characterized by a loss of synaptic density in the hip-

pocampus and neocortex, and synaptic loss provides the best anatomical correlate

of cognitive defects (Terry et al. 1991; Masliah et al. 2001). The amyloid precursor

protein (APP), which plays a central role in AD pathogenesis, has been found to

modify synaptic efficacy and structure and to affect synaptic plasticity (Venkitara-

mani et al. 2007; Shankar et al. 2007). These effects involve both intracellular and

extracellular trafficking of proteolytic fragments of APP. The proteolytic cleavage

of APP also generates an intracellular fragment, the AICD which, together with the
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Fig. 1 Given the highly polarized morphology of neurons, signals received at distal synapses
must travel significant distances to reach the cell body and the nucleus. Shown are cultured rat
hippocampal neurons (14 days in vitro) stained for the synaptic marker PSD-95 (green) and the
somatodendritic marker MAP-2 (red). Many of the PSD-95 immunoreactive synapses are present
at significant distances from the cell soma, raising the question of how synaptically generated sig-
nals can be efficiently transmitted to the nucleus. Photomicrograph courtesy of Poon MM. From
Heusner C and Martin KC, Signaling from the Synapse to the Nucleus, in Structural and Functional

Organization of the Synapse, Michael Ehlers and Johannes Hell (eds), Springer, Berlin, Germany,
in press, with permission

transcriptional regulator Fe65, is transported to the nucleus to initiate changes in

transcription (Cao and Sudhof 2004; Chang et al. 2006). Finally, numerous studies

have revealed defects in axonal transport during AD (and during other neurode-

generative diseases) that effectively disrupt bidirectional signaling between synapse

and nucleus (Stokin and Goldstein 2006). Together, these findings suggest multiple

ways in which research on the cell biology of signaling between synapse and nucleus

during neuronal plasticity might shed light on the mechanisms underlying AD.

2 Model Systems for Studying the Cell Biology
of Learning-Related Plasticity

We use two in vitro model systems to study learning-related synaptic plasticity:

Aplysia sensory-motor synapses and cultured neurons from rodent hippocampus.

The siphon sensory and gill motor neurons comprise a central component of the

gill-withdrawal circuit in Aplysia, a defensive reflex in which the animal withdraws
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its gill following tactile stimulation of the siphon (Kandel 2001). This reflex under-

goes sensitization, a nonassociative form of learning in which a mild electrical

shock given to the tail of the animal leads to enhancement of the gill-withdrawal

reflex. Sensitization occurs in short-term forms or in long-term forms, depending on

the number of shocks the animal receives. Circuit-level studies have revealed that

tail shock activates serotonergic interneurons that release serotonin onto the siphon

sensory-gill motor neuron synapses, increasing synaptic efficacy and thereby pro-

ducing sensitization. Most important for cell biological analyses, this circuit can be

reconstituted in culture (Fig. 2), where one or two sensory neurons form monosy-

naptic connections with a single motor neuron. These synapses undergo both short-

and long-lasting strengthening (short-term facilitation, STF; long-term facilitation,

LTF) in response to direct application of serotonin (5HT; Kandel 2001). Thus, a

single five-minute application of 5HT produces STF, whereas five spaced applica-

tions (5min each) of 5HT produces LTF that persists at least 24 hours, requires new

transcription and translation, and is accompanied by the growth of new synaptic

connections. Aplysia neurons are large enough to allow imaging of the structural

changes that accompany synaptic plasticity and microinjection of compounds (such

as siRNAs, expression vectors and antibodies) to perturb, and thereby define, the

molecular mechanisms underlying synaptic plasticity. Further, Aplysia neurons are

robust enough to allow for repeated intracellular recordings over periods of at least

72 hours (Martin et al. 1997a). Studies using this system have identified a role

for nuclear translocation of PKA and MAPK, for the induction of a cascade of

gene expression that involves CREB-mediated transcription and leads to the produc-

tion of immediate early and late effector genes that increase synaptic transmission

Fig. 2 Aplysia sensory neurons form synapses with motor neurons in culture. Shown are two
sensory (S) neurons making synapses with a motor (M) neuron at 4 days in vitro. At this time,
the excitatory postsynaptic potential formed between the sensory and motor neurons is stable
and undergoes transient increases with a single application of serotonin (5HT) and long-lasting
increases (over 24 hrs) with five spaced applications of 5HT. Scale bar = 50μm
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and promote the growth of new connections between sensory and motor neurons

(Pittenger and Kandel 2003).

The mammalian hippocampus is critical for spatial and other forms of explicit

memory and also undergoes shorter- and longer-lasting forms of synaptic strength-

ening (long-term potentiation, LTP). The long-lasting forms of LTP (L-LTP) share

many mechanisms with LTF of Aplysia sensory-motor synapses. Specifically, L-

LTP shows a requirement for nuclear translocation of PKA catalytic subunit and

ERK 1/2 and activation of CRE-driven gene expression (Lonze and Ginty 2002).

Numerous studies have revealed a role for synaptic mRNA localization and regu-

lated translation in hippocampal neurons during learning-related plasticity. From an

experimental perspective, the anatomy of the hippocampus allows stimulation and

recording from each of the three types of excitatory synapses in the tri-synaptic cir-

cuit (the perforant, mossy fiber, and Schaeffer collateral pathways). Synapses are

also formed by dissociated hippocampal neurons in culture, where the cells are

more accessible to imaging and manipulations such as expression of recombinant

proteins. As an experimental system, LTP of rodent hippocampus allows use of the

extensive molecular knowledge and genetic manipulations available in the mouse.

3 Signaling From Synapse to Nucleus: How Does a Signal Get
from a Distal Synaptic Compartment to the Nucleus to Initiate
Changes in Gene Expression?

That soluble signals do indeed travel from distal sites of stimulation to the nucleus

during plasticity is perhaps best illustrated by studies we have performed using an

Aplysia culture system in which a single, bifurcated sensory neuron is cultured with

two spatially separated motor neurons (Martin et al. 1997a; Fig. 3). In this culture

system, application of 5HT to the connections made onto one of the motor neurons

leads to LTF of that connection, and this LTF is dependent on transcription in the

sensory neuron, whose nucleus is approximately 500 microns away from the site of

stimulation (Martin et al. 1997a).

How might such signaling occur? Neurons are specialized for rapid signaling

between compartments. Thus, depolarization at the synapse can spread passively

or by action potentials to the cell soma, where voltage-dependent calcium channels

can be activated, followed by rapid signaling to the nucleus. Since the endoplasmic

reticulum (ER) is continuous with the nuclear envelope, and also extends out to

distal synaptic sites, activation of IP3 and/or ryanodine receptors in the ER close to

the synapse could produce regenerative calcium waves traveling from the synapse

to the nucleus (Berridge 1998). Further, retrograde signaling has been shown to

occur via signaling endosomes. Thus, for example, binding of NGF to the TrkA

receptor leads to internalization of the ligand-bound receptor and trafficking of the

complex to the cell body, where it can signal to the nucleus to produce changes

in transcription. Finally, synaptic activity can activate soluble signaling molecules,

such as the kinases protein kinase A (PKA) and ERK1/2, which travel through the



76 K.-O. Lai et al.

Fig. 3 Synapse-specific, long-term facilitation. A bifurcated sensory neuron forms synapses with
two spatially separated motor neurons in culture (approximately 1mm apart). Application of sero-
tonin to the connections made onto one of the motor neurons produces long-term facilitation of
that connection without altering synaptic efficacy at the opposite branch. This branch-specific,
long-term facilitation requires transcription in the sensory neuron. Modified from Martin et al.
(1997a)

neuronal process back to the cell body and ultimately into the nucleus. Transport of

soluble molecules could occur by passive diffusion or by an active transport process.

During LTF of Aplysia sensory-motor synapses, 5HT does not depolarize sensory

neurons; neither does it lead to increases in intracellular calcium in the sensory neu-

ron (Blumenfeld et al. 1992; Eliot et al. 1993). Rather, the 5HT receptor is coupled

to adenylate cyclase, leading to increases in cAMP and activation of PKA and MAP

kinase (Goelet et al. 1986; Martin et al. 1997b). These soluble molecules translocate

into the nucleus (Backsai et al. 1993; Martin et al. 1997b) and initiate a cascade of

gene expression required for the persistent changes in synaptic efficacy and struc-

ture that mediate LTF. In considering how these synaptically generated signals might

travel to the nucleus, we asked whether the importin family of nuclear transporters

might play a role.

Importins (also known as karyopherins) have been characterized for their role in

facilitating the transport of proteins across the nuclear pore and into the nucleus

(Weis 1998). In the classical nuclear import pathway, proteins bearing nuclear

localization signals (NLSs) within their primary sequence are recognized by one

of a family of nuclear import adaptors called importin α. Importin α also binds

to another nuclear transport factor, importin β1, which docks the complex at the

nuclear pore and mediates its transport from cytoplasm into the nucleus. There are

six importin α homologs in the human genome and five in the mouse genome, and

there is evidence that these distinct isoforms (encoded by separate genes) show tis-

sue specificity (Tsuji et al. 1997) and, further, specificity for the cargoes that they

transport into the nucleus (Jans et al. 2000; Kohler et al. 1999).

We asked whether importins might be involved not only in facilitating transport

across the nucleus but also in carrying karyophilic proteins from the synapse to
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the nucleus in neurons. In support of such a role, Richard Ambron and colleagues

reported that a large cytoplasmic protein, human serum albumin (HSA), labeled with

rhodamine, when microinjected into the growth cone of a cultured Aplysia neuron

remained confined to the growth cone for at least 24 hrs (Ambron et al. 1992).When

the rhodaminated HSA was coupled to an NLS and injected into a distal growth

cone, however, it was rapidly and efficiently transported into the nucleus, indicating

that the machinery for importin-mediated nuclear transport was present in distal

processes. These earlier findings encouraged us to ask the following three questions:

(1) do importins localize to synapses? (2) do importins travel from the synapse to

the nucleus during transcription-dependent forms of plasticity? and (3) is importin-

mediated transport required for long-lasting, transcription-dependent plasticity?

To address these questions, we first cloned an importin alpha isoform from

Aplysia, ApImpα3, and generated antibodies against it. Immunocytochemistry with

these antisera revealed that importin alpha was present in the cell soma, where it was

concentrated at the nuclear membrane, and also in distal processes, where it was

concentrated at synapses marked by synaptobrevin localization (Thompson et al.

2004). Immunoblotting of biochemical synaptoneurosome fractions confirmed the

synaptic localization of importins. Together, these findings indicated that importins

were appropriately localized to be involved in transporting signals from synapse

to nucleus. We then asked whether stimuli that produce long-term, transcription-

dependent plasticity triggered a relocalization of importins from synapse to nucleus.

To address this question, we tagged ApImpα3 with GFP, expressed it in either the

sensory or motor neuron (in a sensory-motor coculture), stimulated with either a

single application of 5HT - to produce transcription-independent STF - or with

five applications of 5HT, to produce transcription-dependent LTF, then imaged in

real time by confocal microscopy. We found that ApImpα3 localization was not

altered following a single application of 5HT but that five spaced applications of

5HT led to an accumulation of ApImpα-GFP in the nucleus of the sensory, but not

the motor, neuron (Thompson et al. 2004 and unpublished data). Similar results were

observedwhen sensory-motor cocultures were stimulated with forskolin, which also

produces transcription-dependent LTF. These results indicate that stimuli that trig-

ger LTF of Aplysia sensory-motor synapses trigger the transport of signals from the

synapse to the nucleus. To determine whether or not importin-mediated transport

was required for LTF, we injected anti-nuclear pore complex antibodies into sen-

sory or motor neurons and determined their effects on basal synaptic transmission,

STF and LTF. These antibodies have previously been shown to block active nuclear

import without affecting passive diffusion through the nuclear pore. We found that

the anti-nuclear pore antibodies blocked 5HT-induced LTF without affecting basal

synaptic transmission or STF (Thompson et al. 2004 and unpublished data). This

block was specific to microinjection into sensory neurons (unpublished data).

In complementary experiments performed in mouse hippocampal neurons

(Thompson et al. 2004), we found that importins α1 and 2 were also localized

to distal dendrites and axons, where they colocalized with synaptic markers. Bio-

chemical fractionation revealed that both importin αs were present in postsynaptic

density (PSD) fractions. We further found that activation of NMDA receptors led to
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a dramatic accumulation of importin α as well as importin β1 in nuclei. Induction

of transcription-dependent LTP in acute hippocampal slices also triggered translo-

cation of importins α1 and 2, and of importin β1, into the nucleus (Thompson

et al. 2004). Together with our studies in Aplysia, these results provide strong evi-

dence that importins localize to synapses and translocate to the nucleus, presumably

bearing cargoes, following stimuli that trigger transcription in neurons.

Additional roles for importins have been identified during regeneration following

neuronal injury. Michael Fainzilber and colleagues have shown that importin α3

and importin β1 are present in distal sciatic nerve axons and in the processes of

cultured dorsal root ganglion (DRG) neurons (Hanz et al. 2003). Saturation of the

active import pathway with excess NLS peptides delayed regenerative outgrowth in

culture and inhibited the growth-enhancing effects of an in vivo conditioning lesion,

consistent with importin-mediated signaling functioning to transport injury signals

to the nucleus to initiate transcription-dependent regeneration (Hanz et al. 2003).

These authors also reported that importin β1 mRNA was present in axons and that it

was translated following injury. They subsequently defined a role for importin β1 in

transporting phosphorylatedMAP kinase from sites of injury to the nucleus (Perlson

et al. 2005).

Studies have also uncovered a role for importins in mediating transport from

growth cones and sites of synapse formation to the nucleus during development of

the nervous system. Kumar et al. (2001) expressed dominant negative importin β
in the Drosophila eye disc at a time when photoreceptors project their axons to the

brain; they found that this prevented the axons from entering the optic stalk, leading

to an extensive network of misguided axons. More recently, Larry Zipursky and

colleagues (Ting et al. 2007) found that importin α3 mutations disrupted correct

targeting of R7 photoreceptor axons in the Drosophila eyes. These reports indicate

that axon guidance and cell adhesion in the eye rely on importin-mediated nuclear

signaling.

The finding that importins play a role in signaling from the synapse to the nucleus

raises a clear set of questions for future research. How are the importins localized

to synapses, and how does synaptic stimulation regulate their retrograde nuclear

transport? How do importins travel from distal synapses to the nucleus? The finding

from Mike Fainzilber’s research group that importin β1 interacts with the dynein

motor protein via vimentin provides an important insight into the cell biological

mechanisms that underlie importin-mediated signaling from synapse to nucleus and

suggests that it involves dynein-dependent movement along microtubules. A third,

central question concerns the identity of the synaptically localized cargoes that

importins carry to the nucleus following stimulation. A recently published study

identified Jacob, a caldendrin interacting protein, as a cargo of importin alpha that

is translocated into the nucleus after NMDA receptor activation and is involved in

the shutdown of CREB-dependent transcription (Dieterich et al. 2008). Bong-Kiun

Kaang and colleagues have identified the Aplysia Cell Adhesion Molecule Associ-

ated Protein (CAMAP) as a cargo of ApImpα3 that is translocated from the sensory

cell membrane to the nucleus during LTF (Lee et al. 2007). Our research group

has undertaken both a candidate and an unbiased proteomic approach to identify
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potential importin cargoes at the synapse. As candidate cargoes, we have focused on

transcriptional regulators whose activity is regulated by nucleocytoplasmic traffick-

ing. For our proteomic approach,we are using coimmunoprecipitationwith importin

α antibodies from synaptoneurosome fractions, followed by mass spectrometry.

Our hope is that we will be able to identify novel signaling molecules whose

transport from synapse to nucleus is critical to transcription-dependent synaptic

plasticity. Finally, perhaps the most critical question of all concerns identifying the

type of stimuli that recruit importin-mediated signaling and the specific functions

that importin-mediated synapse-nuclear signaling plays in neurons. Is importin-

mediated nuclear import necessary for Hebbian, activity-dependent plasticity, for

homeostatic plasticity, or for heterosynaptic forms of plasticity that require neuro-

modulatory inputs? Answers to these questions will likely emerge from studies that

move the cell biological analyses in cultured neurons into an in vivo setting.

4 How can Transcription-Dependent Plasticity Occur
in a Synapse-Specific Manner?

Given that the vertebrate brain contains approximately 1011 neurons but has 1014

synapses, information processing would clearly be greater if the unit of plasticity

were the synapse rather than the nucleus. A number of studies have shown that

subsets of synapses within an individual neuron can indeed undergo transcription-

dependent plasticity. We demonstrated this at the level of a single cell using the

preparation shown in Figure 3, in which a bifurcated sensory neuron contacted two

spatially separated motor neurons. Five spaced applications of 5HT to one branch

produced LTF of that branch without any change in synaptic strength at the oppo-

site branch, and this branch-specific LTF depended on transcription in the sensory

neuron.

In trying to determine the mechanisms whereby neurons could spatially restrict

gene expression at the level of the synapse, we considered the possibility that it

involved the local translation of mRNAs at stimulated synapses. We were influ-

enced by a number of earlier findings. First, and most generally, mRNA localization

and regulated translation have been shown to provide a means of spatially restrict-

ing gene expression in a number of asymmetric cells. Second, while most protein

synthesis occurs in the cell bodies of neurons, polyribosomes, mRNAs and trans-

lation factors had been detected at synapses in hippocampal neurons (for review,

see Steward and Schuman 2001). A more recent electron microscopic study has

further shown that the number of polyribosomes at the base of spines of hippocam-

pal CA1 pyramidal neurons triples two hours following LTP induction and that the

PSDs of spines containing polyribosomes are significantly larger than those lacking

polyribosomes (Ostroff et al. 2002). Third, in Aplysia, 5HT can elicit intermediate

forms of facilitation (ITF) that require translation but not transcription (Ghirardi

et al. 1995; Sutton et al. 2001), indicating that 5HT can modulate the translational

machinery independent of its effects on transcription.
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We tested the requirement for local translation by perfusing membrane perme-

ant translational inhibitors either at the branch receiving the 5HT or at the opposite

branch, and we found that inhibition of protein synthesis at the site receiving the

5HT completely blocked branch-specific LTF (Martin et al. 1997a). By cultur-

ing sensory neurons and removing their cell bodies (Aplysia neurons will survive

for days without a cell body), we generated a preparation of pure sensory neu-

rites. Metabolic labeling of this preparation showed that the neurites are capable

of translation and that 5HT dramatically stimulates this translation (Martin et al.

1997a).

To determine the identify of the mRNAs that localize to the neurite and to the

synapse, mRNAs that we considered likely to be important to synapse-specific

plasticity, we made a cDNA library from the isolated sensory neurites (Moccia

et al. 2003). Sequencing of this library revealed that it contained a surprisingly

large number of transcripts: nearly 250 total distinct mRNAs, 100 of which con-

stituted approximately 70% of the library. The library was a 3’EST library and was

composed largely of sequences in the 3’UTRs of mRNAs. Given that the Aplysia
genome has not yet been sequenced, we could not determine the identity of all of

the mRNAs. We performed full-length cloning of 20mRNAs and found that they

were enriched in mRNAs encoding cytoskeletal elements and components of the

translational machinery. In situ hybridization confirmed that all were present in dis-

tal neurites of Aplysia sensory neurons. We were further able to show that 5HT

increased the translation of three of the transcripts, those encoding T1 α-tubulin,

β thymosin and the sensory cell-specific mRNA sensorin (Moccia et al. 2003 and

unpublished data).

We undertook a similar effort to identify dendritically localized mRNAs in

rodent hippocampal neurons. To do this, we cultured neurons on filters contain-

ing 3-micron pores that confined the cell bodies to the top surface but allowed the

neuronal axons and dendrites (and glial processes) to penetrate through and grow

along the bottom surface (Poon et al. 2006). We mechanically isolated the bottom,

process-containing surface and used this to generate probes for microarray analy-

sis. Using this approach, we again identified a large number (∼150) of mRNAs.

In situ hybridization of 20 of these transcripts in cultured rat hippocampal neurons

revealed that all were present in dendrites (Poon et al. 2006). Intriguingly, the local-

ized mRNAs were enriched for mRNAs encoding components of the translational

machinery.

The finding that many localizedmRNAs, both in Aplysia and in rodent hippocam-

pus, encoded molecules involved in translation led us to hypothesize that one of the

functions of local translation might be to generate “translational sinks” localized

sites of increased translation (Moccia et al. 2003). This would provide a mechanism

of integrating the requirement for transcriptionwith the finding that synapse-specific

plasticity requires local translation. The idea is that, if local synaptic stimulation

increased the translational capacity of the stimulated synapses and also recruited

transcription in the nucleus, the products of gene expression would be preferentially

translated at stimulated synapses. Notably, this idea is consistent with work from

Kristen Harris and colleagues showing that those synapses that have polyribosomes
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Fig. 4 Sensorin mRNA, detected by in situ hybridization (red), is expressed in sensory (and not
motor) neurons and concentrates at sites of contact with the motor neuron. These sites colocalize
with the synaptic marker GFP-VAMP, which is expressed in the sensory neuron. The motor neuron
is labeled with Alexa-fluor 633, in blue, and the sensory neuron grows along the motor neuron to
form synapses (marked by the green VAMP signal). Scale bar = 10μm. Modified from Lyles et al.
(2006)

associated with them following LTP induction in rat hippocampus have an increased

size of their PSD (Ostroff et al. 2002).

We have used the Aplysia culture system to begin to study the function of local-

ized mRNAs, since it allows us to visualize and manipulate mRNA localization at

the level of individual neurons. As one example, in situ hybridization of the mRNA

encoding the neuropeptide sensorin revealed that it localized diffusely to the neurites

of isolated sensory neurons (which do not form synapses with themselves or with

each other), but concentrated at sites of synaptic contact in sensory neurons forming

synapses with motor neurons (Lyles et al. 2006). The protein showed a similar pat-

tern of relocalization, suggesting that the mRNA was indeed locally translated into

protein. We used RNAi to selectively knock down sensorin mRNA and analyzed
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the effect of localized translation on synapse formation by looking at time points at

which the mRNA was degraded but the concentration of sensorin protein was not

reduced. These experiments revealed that translation of sensorin mRNA was specif-

ically required for the formation and/or stabilization of synapses between sensory

and motor neurons.

Current efforts are aimed at using novel methods to visualize both mRNA local-

ization and localized translation in living neurons. We are using a recently described

method for visualizing mRNA trafficking in Aplysia neurons (Daigle and Ellenberg

2007). This system includes two basic components: 1) GFP fused to an arginine-rich

22-amino acid peptide derived from the phage λN protein, λN22 and 2) a unique

minimal RNA sequence (a 15 nt hairpin RNA structure called box B) to which λN22

binds with high affinity (Kd of 22nM). Previously used for biochemical purification,

Daigle and Ellenberg adapted the λN-boxB interaction to visualize mRNA traf-

ficking in live cells. The system for mRNA visualization consists of two plasmids:

one plasmid, called λN22-3mEGFP-M9, encodes four copies of λN fused to three

copies of GFP and to the M9 nuclear localization signal (NLS); the second plasmid,

called RNA-4boxB, encodes four copies of the box B λN22 binding site engineered

into the 3’UTR of an mRNA of interest. When the λN22-3mEGFP-M9 is expressed

alone, it is sequestered in the nucleus. When it is expressed with the RNA-4boxB,

λN22-3mEGFP-M9 binds to the 4boxB sites and is transported out of the nucleus

with the RNA into the cytoplasm, where its localization can be followed in real-time

by GFP fluorescence. Using this system, we can address the question of whether

mRNAs target to specific synapses during synapse formation and synaptic plasticity.

To visualize local translation in real-time, we are using reporter constructs encod-

ing photoconvertible fluorescent proteins. Fusing the reporter constructs to the

untranslated regions of localized mRNAs allows us to map the sequences that medi-

ate mRNA localization (by performing in situ hybridization to detect the subcellular

localization of the reporter RNA). The advantage of using a photoconvertible flu-

orescent protein for these experiments is that we can photoconvert the fluorophore

from its native conformation (green) to the photoconverted conformation (red), and

then detect any new translation as green, unconverted signal. These experiments

should allow us to detect new translation at the level of individual synapses during

both synapse formation and synaptic plasticity.

5 Conclusions

The requirement for transcription during long-lasting, learning-related synaptic

plasticity raises two fundamental cell biological questions: (1) how are signals

transported from distal synaptic sites to the nucleus to initiate changes in gene

expression and (2) how are the products of gene expression targeted to alter efficacy

at some but not all synapses made by a given neuron? Using two model systems of

learning-related synaptic plasticity, we have discovered a role for importin-mediated

trafficking in carrying synaptically generated signals to the nucleus during long-term
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plasticity. Importins are present at synapses and translocate to the nucleus following

stimuli that induce transcription. In Aplysia sensory-motor synapses, importin-

mediated nuclear transport is required for LTF but not STF. Current efforts are

aimed at identifying the synaptically localized cargoes that importins carry to the

nucleus, at elucidating the types of stimuli that recruit importin mediated signal-

ing from synapse to nucleus, and at characterizing the cell biological pathways

whereby importins travel retrogradely to the nucleus. In terms of understanding how

a transcription-dependentprocess could occur in a synapse-specificmanner, we have

focused on a role for localizing mRNAs and regulating their translation by synap-

tic stimulation. We have identified hundreds of localized mRNAs in both Aplysia
sensory and rodent hippocampal neurons, and we have confirmed the localization

of many of these by in situ hybridization. Current efforts are aimed at visualizing

mRNA localization and regulated translation in living neurons and at using RNA

interference to elucidate the function of local translation during synapse formation

and synaptic plasticity.
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Axonal Transport of Neurotrophic Signals:
An Achilles’ Heel for Neurodegeneration?
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Abstract The most effective treatments for neurodegenerative disorders, including

Alzheimer’s disease, will come from studies of the pathogenesis of age-related cog-

nitive failure and understanding of the underlying mechanisms. Given the marked

similarities in pathological and clinical phenotypes between Alzheimer’s disease

and Down syndrome, studies of the pathogenesis of one can be expected to com-

plement and support those in the other. Alzheimer’s disease and Down syndrome

are characterized by dysfunction and loss of several biochemically and anatomi-

cally defined neuronal populations. The pathological involvement of hippocampus,

in particular, is an early feature of both disorders, as is the degeneration of neurons

whose axons innervate this region. Long, thin and poorly myelinated axons project

from a number of subcortical and brain stem nuclei to modulate hippocampally

mediated cognitive functions. In studies on mouse models of Down’s syndrome, we

uncovered evidence for the involvement of a particular neuronal population heavily

innervating the hippocampus. In an extensive series of experiments, we found evi-

dence that failed retrograde transport of nerve growth factor signaling in cholinergic

neurons of the basal forebrain is linked to their vulnerability and that these changes

are caused by increased gene dose and overexpression of the gene for amyloid

precursor protein. These findings raise the possibility that intracellular trafficking

defects created by changes in amyloid precursor protein expression or processing

make an important contribution to pathogenesis and set the stage for studies to

explore the molecular mechanisms of degeneration of cholinergic neurons and to

define new therapeutic targets for these neurons. An important unanswered question

is whether or not similar mechanisms operate within other vulnerable populations,

innervating hippocampus to cause de-afferentation and dysfunction of this critical

brain region.
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1 Introduction

Age-related neurodegenerative disorders are characterized by degeneration of spe-

cific neuronal populations, i.e., the selective involvement of certain neurons. Before

cell death, degenerating neurons usually show shrinkage, reduction or loss of mark-

ers, as well as changes in the morphology of dendrites (Morrison and Hof 2002;

Belichenko et al. 2004). Axonal involvement is also often prominent. Indeed, it fea-

tures (1) synaptic dysfunction and loss; (2) axonal pathology, often severe; and (3)

the presence of proteinaceous inclusions composed of misfolded proteins. All of

these markers may significantly predate neuronal atrophy, degeneration and death.

In light of this chronology, it is important to explore the changes that occur early

in the course of neurodegeneration and to decipher their molecular pathogenesis.

Important additional sources of insight come from studies of the genetics of neu-

rodegeneration and from molecular and cellular studies to evaluate the effects of the

protein products of the responsible genes. Herein, we explore the hypothesis that

selective vulnerability is engendered, at least in part, in the failure of axons to trans-

port neurotrophic signals from axons in targets to the cell bodies of responsive neu-

rons. An emerging story that links increased gene dose for amyloid precursor protein

(APP) to axonal dysfunction and age-related degeneration in Down syndrome (DS)

may provide unique insights in the pathogenesis of Alzheimer’s disease (AD).

1.1 The Axon as a Focus of Attention

We have been interested in the genesis of synaptic and axonal pathology in neurode-

generation. The axon plays a unique and critical role in the biology of the neuron.

It represents the conduit for carrying anterogradely most if not all of the materials

needed to provide axon terminals with the molecular machinery needed to carry out

neurotransmission. In addition, it is the route by which retrograde transport carries

synaptic proteins for degradation. Most relevant to the current work, it is the link by

which neurotrophic signals produced in postsynaptic target neurons are sent to cell

bodies to instruct the neuronal nucleus to support continued maintenance of synap-

tic contacts and, thereby, the integrity of neuronal circuits. Remarkably, the axon

carries out these functions with space and time constraints that are quite extraordi-

nary. The length of an axon may be more than 1,000 times the diameter of its cell

body. It carries traffic over these long distances using a variety of motor proteins and

does so at speeds in the range of 1 to several μm/second (Howe and Mobley 2005).

1.2 Axons Carry Neurotrophic Signals

Retrograde trophic signaling is essential for the survival and differentiation of devel-

oping neurons and for the maintenance of function of mature neurons (Sofroniew
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et al. 2001). Recent studies in this and other laboratories have defined signaling

endosomes as important organelles for retrogradely transporting the neurotrophic

signals of nerve growth factor (NGF) and other neurotrophins (Heerssen and Segal

2002; Ginty and Segal 2002; Delcroix et al. 2004; Howe and Mobley 2005). The

“signaling endosome hypothesis” speaks to the mechanisms by which trophic sig-

nals are producedwithin and carried by this organelle. Neurotrophic factors released

from cells in the target of innervation diffuse to, bind, and activate their specific

receptors, and the complex thus formed is internalized. Interestingly, the endosome

that results bears on its surface most or all of the signaling proteins that are needed

for executing the activation of the mitogen-activated protein kinases (MAPKs, i.e.,

Erk1/2, Erk5), PI3k/Akt, and possibly the phospholipase C-γ (PLC-γ) pathways

(Heerssen and Segal 2002; Ginty and Segal 2002; Wu et al. 2007). Signaling endo-

somes are then transported via dynein-based transport along microtubules to the cell

body. There is compelling evidence that this endosome signals during transit as well

as upon arrival in the soma. What significance can be attached to signaling-in-transit

is unknown, but one can readily imagine that such signals could be used to inform

that axon of the status of its target.

1.3 Scaling Axonal Traffic to Appreciate the Dynamics

It is perhaps useful to scale these measures to demonstrate that movement is long-

range, rapid and vulnerable to failure. If we use its diameter of 100 nm to scale

an endosome scaling to the size of an automobile, it would travel in a tube of

about 100 ft in diameter at a rate of 80m/sec or 288 km/hr for a distance of about

∼3,500km over 12 hours. At this rate, it could travel from San Francisco to

New York City in about 17 hours. It would do so on an undulating roadway and

in the congested confines of a tube that contains a number of both relatively sta-

tionary (i.e., microtubules and assembled neurofilaments) and mobile elements. It

would pass or be passed by other mobile elements moving retrogradely and would

encounter oncoming anterograde traffic; the speed of convergence would be almost

600 km/hr. Local changes in the integrity of the roadway would be present. Cer-

tainly, inclusions could readily be envisioned to disrupt or stall traffic. Tangles could

nearly occlude the tube. Moreover, the transport would be continually dependent not

on an internal fuel supply but on power plants (i.e., mitochondria) distributed along

the axon. The tube itself would be drawing on this same source of energy as it car-

ried electrical signals (i.e., action potentials) at a speed that would be more than

1 million-fold faster than the speed of the endosome. Taken together, these find-

ings indicate that the retrograde traffic of trophic signals in axons is confronted by

substantial physiological barriers on a dynamic milieu.
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1.4 Axonal Dysfunction and Neurodegeneration

Several recent observations link genetic mutations to neurodegenerative disorders.

The following are caused by mutations in proteins that regulate axonal transport or

that act to disrupt transport as mutants. APP mutations and duplication have been

linked to familial AD (FAD). Studies from our laboratory and others have shown that

early endosomes (EEs) are abnormally enlarged and contain App and its C-terminal

fragments (Salehi et al. 2006). Very recently, two sets of single nucleotide polymor-

phism (SNPs) in SORL1 gene were linked to familial as well as sporadic forms of

AD (Rogaeva et al. 2007). SORL1 is a glycoprotein receptor that is believed to play

a major role in endosomal transport in neurons. Furthermore, it appears that SORL1

plays a significant role in APP metabolism and trafficking through the endocytic

compartment and trans Golgi network (Schmidt et al. 2007; see Table 1 for other

examples). Studies showing that alterations in axonal structure or function are early,

and significant markers of pathogenesis would bring new insights to bear on molec-

ular mechanisms and could provide novel methods and tools for the early diagnosis

and treatment of these disorders.

1.5 The Hippocampus: Evidence for De-afferentation in AD

The hippocampal formation plays a crucial role in a variety of higher cognitive

functions, including learning and memory. Proper function depends on integrity

of intrahippocampal circuits as well as projections from cortical and subcortical

regions. Its internal circuit structure includes (1) the dentate gyrus (DG), whose

activity is regulated by local networks of interneurons; (2) the CA3 region, whose

pyramidal neurons receive excitatory input from the DG; and (3) the CA1 region,

whose pyramidal neurons receive excitatory input from CA3 and send inputs to

the subiculum through the stratum oriens (Fig. 1). The main cortical input to the

hippocampus is the perforant pathway, whose axons originate in the entorhinal

cortex (EC layers II and III in the rat) and whose principal excitatory input is

delivered to the DG. The subcortical regions that send extensive projections to the

hippocampus in rodents include cholinergic neuron in the basal forebrain (BCFN;

the medial septal nucleus and diagonal bands, MSDB), noradrenergic neurons in

locus coeruleus (LC), serotoninergic neurons of raphe nuclei (RN), and neurons

of the supramamillary area (SUMA). These relatively large but numerically scarce

neurons project extensively to specific groups of neurons in the hippocampus. For

instance, the MSDB complex sends large projections from cholinergic as well as

GABA-ergic neurons to the hippocampus. In the hippocampus, the supragranular

region, ∼1/4− 1/3 of the molecular layer in the immediate vicinity of the DG

cell layer, receives the densest cholinergic projections making mostly symmetrical

synapses with the dendrites of DG cells. The majority of GABA-ergic terminals

in the DG end in the subgranular layer (e.g., GABA-ergic chandelier and basket

cells) and the polymorphic layer of the DG. LC is the sole source of noradrenergic
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Table 1

Gene Disease Sign & Symptoms Role of the Encoded Protein
in Transport

APP (1) Alzheimer’s
disease

Dementia TrkA-NGF signaling (2)

SORL (3) Alzheimer’s
disease

Dementia Endosomal transport, App
metabolism and transport (4)

ALS2 (5) ALS2 Muscular atrophy Rab5 activation, Endosomal
trafficking (6)

p150(glued)(7) dSBMA Muscular atrophy Vesicle transport (8)
TAU (9) FTDP-17 Behavioral, motor and

cognitive dysfunction
A cytoskeletal protein, Interaction

with p150(glued) (10)

HTT (11) Huntington’s
disease

Motor dysfunction and
cognitive impairment

Kinesin-mediated mitochondria
transport (12)

HSP27 (13) CMT2 Motor and sensory
neuropathy

Actin stabilization (14)

KIFIB (15) CMT Motor and sensory
neuropathy

Motor protein (16)

SNCA (17) Parkinson’s
disease

Motor and cognitive
dysfunction

Vesicle transport (18)

SODI (19) ALS Muscular atrophy Interaction with Dynein (20)
GAN (21) GAN Sensory motor neuropathy Interacting with cytoskeletal proteins

(22)
RAB7 (23) CMT Motor and sensory

neuropathy
Vesicle transport (24)

APP; Amyloid precursor protein, ALS, Amyotrophic lateral sclerosis, DSBMA, distal spinal and
bulbar muscular atrophy. SORL1; neuronal sortilin-related receptor, HTT, Huntingtin, ARSCCS;
autosomal recessive spastic ataxia of Charlevoix-Saguenay, CMT; Charcot-Marie-Tooth disease.
HSP27; heat shock protein 27, DHMN: Distal hereditary motor neuropathies SPG13. Hereditary
spastic paraplegia. SNCA, Synuclein alpha, GAN; giant axonal neuropathy.
(1) Goate et al., 1991. (2) Salehi et al., 2006. (3) Rogaeva et al., 2007. (4) Offe et al., 2006. (5) Yang
et al., 2001. (6) Kunita et al., 2007. (7) Puls et al., 2005. (8) Laird et al., 2008. (9) Hutton et al.,
1998. 10) Magnani et al., 2007. (11) The Huntington’s Disease Collaborative Research Group
(1993). (12) Orr et al., 2008. (13) Evgrafov et al., 2004. (14) Lavioe et al., 1995. (15) Kijima et al.,
2005. (16) Hirokawa and Takemura, 2003. (17) Polymeropoulos et al., 1997. (18) Gitler et al.,
2008. (19) Rosen et al., 1993. (20) Ström et al., 2008. (21) Bomont et al., 2000. (22) Yang et al.,
2007. (23) Meggouh et al., 2006. (24) Ng and Tang, 2008.

terminals in the hippocampus. These terminals end mostly in the DG and stratum

lucidum of the CA3 region. The serotoninergic innervation of the hippocampus orig-

inates mostly from dorsal raphe (DR) and median raphe nucleus (MRN). Projections

from the RN in the DG terminate in the subgranular area and in the polymorphic

layer, making synapses with GABAergic neurons. The calretinin-positive neurons

of the SUMA send major projections either directly or indirectly through the MSDB

to the DG of the hippocampus. The majority of these neurons terminate in the

supragranular region of the molecular layer in the immediate vicinity of DG cell

layer, making synapses with the primary dendrites of DG cells. Furthermore, the

pyramidal layer of the CA2 area also receives heavy innervations from SUMA

neurons. In humans, the SUMA together with tuberomamillary nuclei constitutes

the histaminergic tuberomamillary nuclear complex.
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Fig. 1 Schematic representation of the sagittal view of the mouse hippocampus with its main
afferents from (MSN and DB) MSDB complex, LC, SUMA, and RN

The integrity of the major inputs to the hippocampus plays a crucial role in its

normal physiology. It has been shown that lesions or inactivation of SUMA (Shahidi

et al. 2004), septum (Moreau et al. 2008), MRN (Borelli et al. 2005), and LC

(Compton et al. 1995) in rodents lead to impaired learning and memory.

The hippocampus is an early site of pathology in AD. Especially noteworthy is

the presence of neurofibrillary tangles. Indeed, it appears that only pathology in the

entorhinal cortex precedes that for hippocampus. Interestingly, extrahippocampal

regions undergo extensive degeneration in the course of AD (Braak et al. 1999).

Thus, in addition to entorhinal cortex, the nucleus basalis of Meynert, LC, RN and

neurons in the TM show extensive atrophy and degeneration and AD pathology.

Thus, the systems affected include, but are not limited to, specific sets of cholinergic,

serotoninergic, noreadrenergic, histaminergic, and dopaminergic neurons.

As yet undetermined is whether or not a unifying hypothesis can be proposed to

explain degeneration of these morphologically and functionally related populations.

Conceivably, simply their projection to the markedly affected hippocampus would

be enough to predispose them to degeneration. Synaptic dysfunction and disconnec-

tion can readily be envisioned to suffice. But it would be interesting and potentially

important to explore the possibility that other events preceding synaptic dysfunc-

tion play a role. In a search for features common to neurons whose axons extend

to hippocampus that are vulnerable in AD, we note that all these populations are

responsive and retrogradely transport neurotrophins (see Mufson et al 1999; Celada

et al. 1996). For instance, in rodents, it has been shown that BFCNs and SUMA

retrogradely transport NGF, whereas LC, RN, and EC transport BDNF (Mufson
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et al. 1999). It was noted earlier that all neurons with thin, poorly myelinated axons

that project for relatively large distances to their targets are prone to degeneration.

Indeed sensory primary and motor primary fields that are heavily myelinated are

scarcely affected by plaque and tangles. However, the entorhinal and hippocampal

regions, which are poorly myelinated, are generally heavily affected in AD (Braak

et al. 1999). Though hardly a unique set of relationships, as many other populations

with thin axons are dependent on neurotrophins, the convergence of these obser-

vations with the anatomy of neurodegeneration in AD point to the possibility that

failed neurotrophic signaling in the axons of afferent populations may contribute to

their degeneration.

1.6 Degeneration of BFCNs in AD: Evidence for Failed NGF
Transport and Signaling

Due to the facts that BFCNs invariably degenerate in the course of AD, leading

to cholinergic de-afferentation of the hippocampus, and that NGF signaling plays

a significant role in phenotypic maintenance of these neurons, much attention has

been devoted to studying the integrity of this system in AD.

While the mechanism(s) responsible for the degeneration of BFCNs is yet to be

defined fully, there is evidence in AD to support the assertion that NGF signaling

is implicated. As for rodents, the human hippocampus expresses the gene for NGF,

human BFCNs express TrkA, the receptor tyrosine kinase for NGF, and these neu-

rons respond to NGF in vitro and in vivo (Salehi et al. 2007a). In rodents, BFCNs

are dependent on NGF for survival in early development and for maintenance in

maturity (Sofroniew et al. 2001). Among the phenotypes that attend NGF depri-

vation in rodents is the atrophy of BFCN cell bodies. Furthermore, mouse models

producing antibodies to NGF demonstrate a variety of neuropathological features

of AD, including severe BFCN degeneration (Capsoni et al. 2000). In AD, NGF

protein levels are increased in the BFCN projection sites, i.e., the hippocampal and

cortical regions and, as evidenced through studies of immunostaining, are decreased

in BFCN cell bodies. This finding suggests a defect in NGF retrograde transport. As

might be expected, in view of the positive effect of NGF on the synthesis of its TrkA

receptor (Holtzman et al. 1992), the levels of this protein are decreased in BFCNs in

AD. Interestingly, in animal studies, NGF infusions reversed or limited the effects of

severing the fimbria-fornix, i.e., BFCN axons projecting to the hippocampus. These

and other studies have suggested the therapeutic potential for delivery of NGF to

nucleus basalis. Preliminary data have indicated beneficiary effects (Tuszynski et al.

2005).
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1.7 Using Mouse Models to Uncover the Molecular Mechanisms
of Cholinergic Hippocampal De-afferentation

DS in the most common cause of mental retardation in children (Salehi et al.

2008; Roizen and Patterson 2003) and is caused by complete or partial triplica-

tion of chromosome 21. Trisomy 21 is the most common viable form of trisomy in

humans. There are at least 364 known and predicted genes on HSA21 (Hattori et al.

2000). DS features include typical facial abnormalities, hypotonia, mental retarda-

tion, and cardiac abnormalities. Nervous system involvement, which affects patients

throughout the lifespan, results in deficits involving learning, memory and language.

Interestingly, after age 40, there is a striking similarity between AD and DS neu-

ropathology (Wisniewski et al. 1985), and a majority of people with DS have further

cognitive decline in their seventh decade (Chapman and Hesketh 2000). Thus, DS

consistently activates pathogenetic mechanisms that lead to AD.

A majority of HSA21 orthologues have been mapped to the distal end of mouse

chromosome 16 (MMU16). For this reason, a mouse has been developed that is

segmentally trisomic for this portion of MMU16, the Ts65Dn mouse. Ts65Dn mice

have three copies of a fragment of MMU16 extending from Gabpa to Mx1 (Salehi

et al. 2007b). In behavioral analyses, Ts65Dnmice reveal significant spatial learning

disabilities, as shown by hidden platform and probe tests in the Morris water maze

(Sago et al. 2000). Furthermore, Ts65Dn mice recapitulate a variety of DS morpho-

logical changes, including synaptic structural abnormalities in territories that receive

BFCN projections (Belichenko et al. 2004, 2007).

Our investigations showed that failed axonal transport in Ts65Dn mice precedes

BFCN degeneration. Young adult (6-month-old) Ts65Dn mice do show signs of

atrophy or loss of marker. However, these mice show a significant reduction in

the size and number of p75NTR-labeled BFCNs at the age of 12 months. We found

reduced NGF axonal transport in Ts65Dn mice as early as 3 months.

In a series of experiments, we studied the status of NGF gene expression and

signaling in Ts65Dn and their 2N controls. We found a dramatic reduction in the

retrograde transport of NGF in young adult Ts65Dn mice (Cooper et al. 2001). This

reduction appeared to be somewhat selective since there was no decrease in the

retrograde transport of fluorogold (Salehi et al. 2006), a molecule widely used to

examine non-specific retrograde transport (Wessendorf et al. 1991). Ts1Cje mice

are trisomic for a shorter segment of MMU16 that extends from Sod1 to Mx1 (∼100

genes homologous to those on HSA21). NGF transport in Ts1Cje mice is signif-

icantly improved relative to that in the Ts65Dn mouse. Correspondingly, unlike

Ts65Dn mice, NGF protein levels in Ts1Cje mice were similar to those of 2N

mice in the hippocampus and septum (Salehi et al. 2006). Importantly, no significant

changes could be found in the size or number of BFCNs in the MSN of these mice

even in old age (Fig. 2). Recent data from Chen and colleagues (2008) have sup-

ported these findings. Using quantitative magnetic resonance imaging (MRI) in 2N,

Ts65Dn and Ts1Cje mice, it was found that BFCN cell bodies in Ts65Dn, but not in
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Ts1Cje mice, generated a significantly reduced signal [transverse proton spin-spin

[T (2)] relaxation time].

These data prompted us to conclude that one or more genes in the segment

that distinguishes Ts65Dn and Ts1Cje mice are necessary for the dramatic reduc-

tion of NGF transport. Due to the following, we chose to study the role of App

overexpression in failed NGF transport.

1) a significant improvement in NGF transport in Ts1Cje mice monosomic for a

segment of MMU16 with App (Salehi et al. 2006).

2) APP mutations lead to a familial form of AD (Goate et al. 1991).

3) APP duplication leads to a familial form of AD with major vascular pathology

(Rovelet-Lecrux et al. 2006).

4) The need for the presence of the APP-containing region in HSA21 for devel-

opment of AD-related pathology in an elderly woman with DS (Prasher et al.

1998).

Based on these findings, we chose to study the effects of App overexpression on

axonal transport.

1.8 Role of APP in Failed NGF Axonal Transport

Comparing Ts65Dn mice trisomic (Ts65Dn: App+/+/+) with disomic (Ts65Dn:

App+/+/−) mice for App revealed that Ts65Dn mice, with only two copies App,
displayed a significant improvement in NGF transport. Thus, deleting one copy of

App markedly improvedNGF retrograde transport in Ts65Dnmice. These data were

supported by the finding of significant negative correlation between NGF trans-

port and hippocampal App-CTF levels. Thus, there is evidence that increased App
gene dosage is necessary for the decrease in transport and degeneration of BFCNs

(Fig. 2).

Our studies also provided evidence that NGF axonal transport was significantly

diminished in APPSwe mice and even more so doubly Tg mice. Furthermore, mice

expressing entire human wild type APP (Lamb et al. 1993) showed a similar decline

in transport. Thus, even a modest increase in the levels of APP leads to a significant

decline in NGF retrograde transport. These data are evidence that an increased App
gene dose is also sufficient for the decrease in NGF transport.

1.9 Early Endosomes and Their Role in Failed NGF Axonal
Transport

EEs are intracellular organelles with a diameter of 50 nm that are involved in NGF

retrograde transport (Delcroix et al. 2003). Moreover, increased EE size has been
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Fig. 2 (A) NGF transport in Ts65Dn: App +/ + /+ mice as compared to controls (2N); p <
0.0001). There was a significant improvement in NGF axonal transport in Ts65Dn: App +/+/−;
a highly significant change (p = 0.0005). (B) The BFCN atrophy in Ts65Dn: App +/+ /+ mice
was not present in Ts65Dn:App + /+ /− mice. Comparing the frequency distribution of BFCN
cell profile areas, there was a significant difference (p = 0.045) between Ts65Dn: App +/+ /+
and Ts65Dn: App +/+/−. (From Salehi et al. 2006, with permission from Elsevier)

reported in both DS and early AD (Cataldo et al. 2003; Cui et al. 2007). Accord-

ingly, we reasoned that EEs might be important in the pathogenesis of failed axonal

transport in Ts65Dn mice. Our previous studies indicated that NGF is found in EEs

in cholinergic terminals in the hippocampus. Furthermore, these NGF-containing

EEs are enlarged in BFCN terminals in the Ts65Dn hippocampus. At the present

time, we are developing methods (see below) to study whether or not abnormal EEs

are responsible for the defect in NGF transport and, if so, what role overexpression

of App plays in causing this abnormality.

1.10 Methods to Study NGF Transport in Living Cells

To gain insight into the mechanisms by which NGF signaling endosomes are traf-

ficked within axons, we have recently developed novel techniques to label NGF.

Dorsal root ganglia (DRGs) have NGF signaling similar to that of BFCNs, are read-

ily available for study and appear to be abnormal in people with DS. For these

reason, we studied NGF transport in DRGs.

To study axonal transport, we made use of innovative tools: (1) a compartmented

culture chamber (Fig. 3; Taylor et al. 2006) in which labeled NGF can be added

to the distal axon chamber, and (2) the trafficking of NGF-containing endosomes

tracked through the use of pseudo-total internal reflection fluorescence (pseudo-

TIRF) microscopy. Trafficking of NGF is visualized through the conjugation of

biotinylated NGF with Quantum dots (QD-NGF). Dissociated neurons are seeded in

the cell body chamber. Axons generally grow through the microgrooves and reach

the distal axon chamber. The culture system allows us to manipulate expression of
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Fig. 3 (A) Schematic representation of a compartmented micro-fluid chamber. Cell body, axons
and axon terminals are in different compartments. (B) A micrograph depicting DRGs in the
compartmented micro-fluid chamber

genes of interest (e.g., APP) and to determine effects on the pattern, rate and amount

of retrograde transport of NGF and NGF signaling.

QD605-NGF-containing endosomes often exhibit a pattern of movement that

features movement followed by pauses. Almost all movement was in the retrograde

direction. Examined across many examples, the movement of endosomes containing

NGF resembled multi-lane highway traffic. Most endosomes moved independently

of one another: fast moving ones passed those movingmore slowly or those that had

paused. We also noted examples in which paused endosomes appeared to obstruct

the advance of other endosomes. Occasionally, two or more endosomes located very

near one another travelled at the same speed for a few seconds before eventually

separating (Fig. 4).

The number of endosomes observed in a fixed length of axon increased signif-

icantly with increased QD605-NGF concentration, ranging from 5 to 500 ng/ml

(Fig 4), suggesting that the endosomal system has a capacity that exceeds that

which would be occupied by NGF at concentrations in the physiological range. We

detected no significant change in the stop-and-go pattern of movement, or the aver-

age speed of movement, of endosomes at increasing QD605-NGF concentrations.

QD605-NGF-containing endosomes were readily detected at 5 ng/ml, a concentra-

tion that induced a robust neurite outgrowth response in pheochromocytoma cells

(PC12) cells. The distance between adjacent QD605-NGF endosomes under this

condition averaged about 69μm. With increasing QD605-NGF concentration, the
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Fig. 4 Transport dynamics and concentration dependence of QD-NGF containing endosomes. (A)
Time-lapse video images of endosomes traveling on the same axon. Five endosomes were visible
at the beginning of the video recording, and the sixth endosome came into the field of view after
6 s. The white arrow indicates that direction of motion was toward the cell body. (B) Trajecto-
ries of 15 endosomes moving in the same axon through the same field of view. The majority of
endosomes moved independently (black circles). Endosomes moving together or passing another
endosome are shown in red and green for clarity. The blue arrows indicate the places where some

trajectories paused at the same axonal location. (C) The number of endosomes in a fixed length
of axon increases with QD-NGF concentration. (D) Average number of endosomes per 1mm of
axon increases with increased QD-NGF concentration ranging from 0.2 to 20 nM. (From Cui et al.
2007, with permission form PNAS)

number of endosomes traveling in the axon also increased (Fig. 4C). The number of

endosomes per 1mm of axon was estimated to be ∼14 at QD605-NGF concentra-

tion at 5 ng/ml,∼49 at 25 ng/ml,∼83 at 50 ng/ml and ∼252 at 500 ng/ml (Fig. 4D).

The photo-blinking property of QD605 fluorescence (Hohng and Ha 2004; i.e.,

on-off-on fluorescence emission) allowed us to determine the number of QD605-

NGF molecules per endosome. At our experimental conditions (532 nm green laser

excitation), QD605 spent about 5–10% of time in a dark state that did not emit flu-

orescent light. Endosomes containing a single QD605 were identified individually

by checking for the blinking events longer than 5 consecutive frames (0.5 s) dur-

ing their movement. For endosomes that did not blink, the number of QD605-NGF
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complexes present was determined by comparing the fluorescence intensity to that

for endosomes containing a single QD605-NGF that did blink. However, this num-

ber is an approximation, due to the variation in the fluorescence intensity of a single

QD605 (∼70%). Using these measures, the majority of endosomes seen when cul-

tures were treated with an effective concentration of NGF of 1 nM contained a

single QD605, of which 95% exhibited characteristic photo blinking. Importantly,

immunostaning of fixed cultures showed that NGF was transported, together with

its TrkA receptors, in EEs marked by Rab5, and with the activated form of Erk1/2.

These results point to the ability to reliably label moving EEs, to explore the dynam-

ics of their movement, to define their NGF content, and to interrogate their signaling

and delivery to the cell body. The ability to make such measurements will greatly

facilitate studies to define the mechanism(s) by which APP compromises endosomal

transport and to answer the questions posed above regarding its significance for the

degeneration of BFCNs and, perhaps, other neurons whose age-related degeneration

characterizes DS and AD.

1.11 Conclusions

Precise anatomical analyses of affected systems have revealed that all send extensive

projections to the hippocampus. A large number of experiments in animal models

have shown that lesions to the tracts linking subcortical systems to the hippocampus

lead to de-afferentation of the hippocampus, with serious anatomical, electrophys-

iological and behavioral consequences. During the last decade, our studies on AD

and DS have shown that failed trafficking of NGF signals represents an attractive

hypothesis to explain degeneration of BFCNs and perhaps other affected neurons

and the hippocampus, and these findings propose new therapies.
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Membrane Trafficking and Targeting
in Alzheimer’s Disease

Lawrence Rajendran( ) and Kai Simons

Abstract The key players in the processing of the amyloid precursor protein (APP),

i.e., α-, β-, γ-secretase and the substrate APP, are all membrane associated and hence

are subjected to regulation by the lipid environment and membrane trafficking. This

review focuses on how membrane-associated events regulate amyloidogenic pro-

cessing of APP and discusses ways to design membrane trafficking-based strategies

to interfere with the process.

1 Introduction

Two distinguishing features of Alzheimer’s disease (AD) are the presence of neu-

rofibrillary tangles and amyloid plaques. Amyloid plaques contain the β-amyloid

peptide (Aβ), which in either its plaque-associated form or a soluble oligomeric

form is thought to set in a cascade of events that eventually lead to neurodegen-

eration. Aβ is derived from a large type I transmembrane protein, the amyloid

precursor protein (APP; Selkoe et al. 1996). APP is cleaved sequentially by enzymes

termed β- and γ-secretase. β-Secretase activity is conferred by the enzyme, β-APP

cleaving enzyme (BACE-1, hereafter referred to β-secretase), which cleaves APP

in its luminal domain to generate a secreted ectodomain (sAPPβ) and a C-terminal

fragment of APP (β-CTF). The latter fragment subsequently becomes a substrate

for the membrane-bound enzymatic complex termed γ-secretase, which cleaves the

transmembrane domain of β-CTF to release the lumenal Aβ and a cytoplasmic sol-

uble fragment, termed AICD (APP intracellular domain; Annaert and De Strooper

2002; Selkoe et al. 1996; Small and Gandy 2006). γ-Secretase is a multiprotein

complex consisting of the catalytic presenilins-1 and -2 for activity (Annaert and
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De Strooper 2002) alongwith accessory proteins such as nicastrin, Aph-1, and PEN-

2 (De Strooper 2003; Edbauer et al. 2003). APP can also be alternatively cleaved by

a non-amyloidogenic, transmembrane enzyme called α-secretase that cleaves APP

inside the Aβ region, thus precluding the formation of Aβ (Kojro and Fahrenhol

2005). Thus, the core proteins involved in APP processing, i.e., APP, α-, β- and γ-
secretase, are all membrane associated and hence are subjected to regulation by the

lipid environment and membrane trafficking processes (Hooper 2005).

2 Role of Lipids in the Amyloidogenic Cleavage of APP

The enzymatic activity of membrane-associated enzymes is regulated mainly by the

pH of the lumenal aqueous environment, ionic strength and the nature of the lipids

that are found in its immediate neighborhood in the membrane plane. Membrane

lipids could serve either as cofactors or co-structures or could provide optimal bulk

membrane properties that in turn modulate the activity of the enzyme. β-Secretase
is no exception to this modulation, and the modulation is mainly mediated by a class

of lipids called raft lipids, i.e., cholesterol and sphingolipids. Rafts are lateral assem-

blies of sphingolipids and cholesterol within the membrane (Rajendran and Simons

2005). These lipids tend to assemble laterally in the membrane, thereby forming

ordered regions that segregate from the liquid-disordered matrix of the cellular

membrane. A fraction of β-secretase is associated with lipid rafts in a cholesterol-

dependent manner (Cordy et al. 2003; Ehehalt et al. 2003; Simons et al. 2001), and

it is in these domains that β-secretase is thought to cleave APP. Cholesterol deple-

tion, either by statins or cyclodextrin, reduced β-secretase activity (Ehehalt et al.

2003). However, upon inhibition of β-secretase activity by cholesterol depletion, the

activity of the non-raft-associated α-secretase was elevated, suggesting that, upon

disruption of raft domains, the fraction of non-raft APP was increased and became

more available for cleavage by α-secretase (Kojro et al. 2001). Studies with puri-

fied β-secretase reconstituted into proteoliposomes confirmed that cerebrosides and

cholesterol activate the enzyme (Kalvodova et al. 2005). These results led to the

interpretation that APP is present in two pools in the membrane, one associated

with lipid rafts, where β- and γ-cleavages of APP occur, and another outside of

rafts, where α-cleavage occurs. This model of lateral segregation offers an explana-

tion as to how the same protein, in this case, APP, can be processed in two different

mutually exclusive ways (Simons et al. 2001).

What about γ-secretase? γ-Secretase is also shown to partition into raft domains,

and its activity towards cleaving β-CTF is cholesterol dependent (Lee et al. 1998;

Vetrivel et al. 2004). By reconstituting γ-secretase complex and β-CTF in vari-

ous liposomes differing in lipid composition, Dennis Selkoe’s lab recently showed

that γ-secretase functioned best in a lipid environment that contained cholesterol

and sphingolipids, similar to our findings on β-secretase (Kalvodova et al. 2005;

Osenkowski et al. JBC 2008, in press). Hence one could envision that the entire

amyloidogenic pathway is somehow dependent on these cholesterol-enriched raft
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domains. Whether there are two pools of γ-secretase, one associated with rafts that

cleave β-CTF and another non-raft associated that cleaves α-CTF, is still unclear.

An equally interesting aspect to study is the raft dependence of γ-secretase towards

other substrates, Notch.

3 Site of Amyloidogenic Cleavages of APP in the Endocytic
Pathway

While lateral segregation is important in determining the accessibility of APP to sec-

retases, subcellular compartmentalization of the secretases also this phenomenon.

β-Secretase, owing to its low pH requirement, needs an acidic compartment for

its enzymatic activity whereas α-secretase is shown to be active at the plasma mem-

brane (Kalvodova et al. 2005). Hence APP at the plasma membrane could be cleaved

by α-secretase whereas the pool that reaches the intracellular acidic compartment

could be cleaved by β-secretase, and several reports support this hypothesis (Daugh-

erty and Green 2001; Ehehalt et al. 2003; Kinoshita et al. 2003; Kojro et al. 2001;

Refolo et al. 1995).

Site of β -cleavage: To identify the subcellular compartment in the endocytic path-

way where β-cleavage occurs, we used specific antibodies against the β-cleaved
ectodomain. By colocalizing the β-cleaved ectodomain along with endogenous

endocytic markers, we found that the β-cleaved ectodomain mainly co-localized

with an early endosomal marker, EEA-1. We also used GFP fusions of small

GTPase proteins called rab proteins as markers for the endosomes (rab5 for the

early endosomes, rab7 as a late endosome marker and rab11 for the recycling com-

partment). Colocalization studies suggested that early and late endosomes were the

earliest stations where β-cleaved products accumulated. To understand if cleav-

age could happen in early endosomes, we overexpressed the GTPase mutant of

rab5 (rab5Q79L), which inhibited cargo (in this case, APP and β-secretase) flow

from early to late endosomes (Rink et al. 2005) to confine the cargo in the early

endosomal compartment. Under these conditions, we observed that almost all of

the cellular β-cleaved ectodomain was sequestered in these enlarged early endo-

somes, consistent with the idea that the early endosomal sorting of APP/β-secretase
is sufficient for β-cleavage to occur. All these experiments were performed under

steady-state conditions. To specifically follow the endocytosis of plasma membrane-

associated APP and β-secretase, we performed induced endocytosis experiments,

where APP and β-secretase were labeled with antibodies at the cell surface and

internalized. After 5 minutes of internalization, APP and β-secretase co-localized

in rab5-positive early endosomes. Fluorescence resonance energy transfer (FRET)

measurements also confirmed that maximum intermolecular interaction between

APP and β-secretase occurred in the early endosomes (our unpublished results and

Kinoshita et al. 2003). These data and results from live imaging of surface-labeled
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APP and β-secretase suggested that early endosomeswere a major site of β-cleavage
(Rajendran et al. 2006).

Site of γ-cleavage: Aβ production from APP requires the additional enzymatic

cleavage by γ-secretase complex. To identify the compartment where γ-cleavage
of APP occurs, we used the β-CTF (C99 fragment) fused with GFP as a substrate

for γ-secretase. This GFP fragment, under normal conditions, showed localization

mainly to the Golgi complex and a diffused staining pattern all over the cell, due to

the fact that β-CTF was produced in the biosynthetic pathway, matured through the

Golgi and reached a post-Golgi compartment where it was cleaved by γ-secretase
to release the soluble fragment, AICD. Since GFP was fused to the C-terminal of

β-CTF, AICD harbored the GFP and hence a diffuse GFP signal was seen that per-

meated the whole cell (including the nucleus). However, once γ-secretase activity

was inhibited by DAPT, a γ-specific inhibitor, a dramatic difference in the β-CTF
staining was observed. β-CTF now showed a punctuated pattern, suggesting that,

under γ-secretase-inhibited conditions, the substrate accumulated in a particular

organelle where γ-cleavage would have otherwise occurred. This reasoning led us

to the identification of early endosomes as sites for γ-cleavage of APP. Our data

confirmed data from Christoph Kaether and Christian Haass, in Munich, who also

demonstrated that γ-cleavage of β-CTF occurred in early endosomes (Kaether et al.

2006).

Together, these results showed that early endosomes were a major cellular site

for Aβ production (Fig. 1). Hence mechanisms that control the cargo flow to and

away from the early endosomes should regulate APP processing. Interestingly, we

found that stimulation of recycling of cargo from the early endosome back to the

plasma membrane by overexpression of wild type rab4 (de Renzis et al. 2002)

decreased β-cleavage and Aβ secretion, suggesting that reducing the residence time

of APP and/or β-secretase in early endosomes reduced β-cleavage (Rajendran et al.

2006). Proteins that belong to the retromer family retrieve cargo from early endo-

somes to Golgi and have been recently implicated in AD (Small and Gandy 2006).

Mutations in SorLA lead to the failure of retrieving APP from early endosomes

and consequentially increase Aβ production (Andersen et al. 2005; Rogaeva et al.

2007). On the other hand, proteins of the GGA family have been shown to trans-

port β-secretase from endosomes to Golgi, and depletion of GGA proteins leads

to increased amyloidogenic processing of APP (He et al. 2005; Tesco et al. 2007).

Evidently membrane trafficking to and away from early endosomes regulates the

residency of the cargoes (i.e., of APP, β-secretase and the components of γ-secretase
complex), and regulators of this process play an important role in amyloidogenic

processing. In fact, a recent work from John Cirrito and David Holtzman group (Cir-

rito et al. 2008) showed that around 70% of Aβ is produced by the endocytic route in

vivo. Identification of all components that regulate trafficking of APP and the secre-

tase would greatly aid our understanding of the role of all the membrane-trafficking

events in APP processing and bear relevance for AD diagnosis and therapy.
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Fig. 1 Membrane-trafficking events in the amyloidogenic processing of APP. APP and β-secretase
are internalized in a specialized, clathrin-mediated endocytic pathway that requires preclustering
of APP via cholesterol and flotillins (Schneider et al. 2008). Internalized APP and β-secretase are
sorted to early endosomes, where β-cleavage of APP occurs, to produce the soluble β-cleaved
ectodomain and the c-terminal fragment, β-CTF. The latter becomes a substrate for γ-cleavage to
produce Aβ and AICD. Aβ is then sorted to the multivesicular bodies, which fuse with the plasma
membrane to release the intraluminal vesicles as exosomes. Some exosomes contain Aβ. Several
trafficking routes going away from early endosomes are indicated

4 The Release of Aβ via Exosomal Pathway

Having shown that Aβ production occurred predominantly in early endosomes, we

then addressed the question of Aβ secretion from these intracellular compartments.

How does such an intracellularly generated, fairly hydrophobic Aβ released outside

the cell contribute to the extracellular pool responsible for plaque formation? Some

basic cell biology offered key insights to this process.

Proteins that are destined for lysosomal degradation are sorted from the early

endosomes to the intraluminal vesicles (ILVs) of the multivesicular bodies (MVBs)

or late endosomes. These multivesicular endosomes can then either fuse with
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lysosomes and degrade the cargo or fuse with the plasma membrane to release the

ILVs as exosomes (Pelchen-Matthews et al. 2004). Since Aβ is generated in early

endosomes in the endocytic route and is found in MVBs (Rajendran et al. 2006;

Takahashi et al. 2002), we speculated that fusion of these MVBs with the plasma

membrane could release Aβ complexedwith exosomes (Raposo et al. 1996). By iso-

lating exosomes from cell culture supernatants of cells that stably expressed either

the wildtype or Swedish mutant of APP, we could show that indeed a small frac-

tion of extracellular Aβ was associated with exosomes. Co-immuno-gold labeling

with raft markers such as flotillin-1 and the ganglioside, GM1, showed that Aβ not

only co-fractionated with exosomes but actually was also released in association

with these vesicles (Rajendran et al. 2006). Since we observed only a small fraction

being released via exosomes, we resorted to investigating two questions: (1) is there

significance to the small fraction of Aβ that is released in association with these

vesicles, and (2) how is the bulk of Aβ released?

When we performed immunohistochemistry analysis with antibodies against

exosomal proteins on brain sections from AD patients, we observed an enrichment

of exosomal proteins in the plaques. This observation was in agreement with our

findings that Aβ peptides can be released complexed with exosomes from multi-

vesicular bodies and led us to hypothesize that exosome-associated Aβ could be

involved in plaque formation. Whether and how exosome-associated Aβ is causally

linked to the pathogenesis of AD remains to be studied. But one can make some

predictions based on data found in the literature. Since exosomes are enriched in

glycolipids, raft lipids and raft-associated proteins such as GPI-anchored proteins

(Fevrier et al. 2004; Thery et al. 2001), raft-bound Aβ could be incorporated into

exosomes. The ganglioside, GM1-associated Aβ, has been shown to act as an amy-

loid seed for Aβ fibrillation (Hayashi et al. 2004), and the presence of GM1 and

raft lipids (de Gassart et al. 2004) in exosomes bolsters the idea that exosomes can

act as nucleation centers for plaque formation (Rajendran et al. 2006). In fact, work

from Yanagisawa’s lab recently showed that incubating Aβ with exosomes that con-

tained the ganglioside, GM1, induced Aβ aggregation (Yuyama et al. 2008), thereby

providing evidence that exosome-associated Aβ could act as a seed for plaque for-

mation. The presence of certain lipids or proteins in the exosomes might aid in the

oligomerization of Aβ. The case of a natural amyloid protein, Pmel17, is relevant

for AD and worth mentioning here. This natural amyloid, found in melanosomes, is

comprised of Pmel17, which is proteolytically processed in endosomes and the pro-

cessed ectodomain (Mα) undergoes fibril formation in the lumen of MVBs. These

MVBs are similar to those responsible for carrying exosomes (ESCRT independent;

Raposo and Marks, 2007) and differ from those that carry cargoes for lysosomal

degradation. In fact, it was recently shown that exosomal MVBs are enriched in

ceramide, a lipid that also has its own relevance to AD, and are ESCRT independent

(Trajkovic et al. 2008). Since Aβ is sorted to exosomal MVBs, we believe that these

MVBs are similar to those in which Pmel17 undergoes amyloid formation, and the

luminal vesicles (exosomes) could provide the right environment for Aβ to undergo

fibril formation.
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To address the issue of how the bulk of Aβ is released, we collaborated with Uwe

Konietzko and Roger Nitsch, in Zurich. In early 2006, the Zurich team developed

transgenic mice that expressed both the Swedish and Artic mutations in a single

APP gene. They showed that these mice produced robust amounts of Aβ but did

not exhibit any extracellular plaques; nevertheless, they exhibited cognitive distur-

bances (Knobloch et al. 2007). This finding gave us a handle to question where

the bulk of Aβ was sequestered in the absence of the extracellular plaques. What we

found was that much of the Aβ was localized to multivesicular bodies that were pos-

itive for the lipid raft-associated protein, flotillin-1 (Rajendran et al. 2007). On the

one hand, these results showed that, preceding the detection of extracellular plaque

formation, Aβ accumulated intracellularly and was sufficient to cause cognitive dis-

turbances. On the other hand, they suggested that the bulk of Aβ that is produced

in early endosomes was sorted to the multivesicular bodies to be released via the

exosomal pathway. This pathway released a fraction of Aβ in association with exo-

somal vesicles and the remainder as soluble pool (Fig. 1). What causes Aβ to be

released from the membrane plane is still not understood. After γ-cleavage, a nega-

tive charge is introduced at the C-terminus of Aβ that lies buried in the membrane.

This charge introduction could make Aβ energetically unstable in the hydrophobic

environment of the membrane and thus release it out of the membrane. Whether this

release happens after the γ-cleavage in the early endosomes or outside the cell (due

to pH differences, differences in the ionic strength in the extracellular milieu, etc.) is

not yet understood. On the other hand, the soluble Aβ that is released from the cells

could also hitch on exosomes in the extracellular milieu to mediate its intercellular

transfer via exosomes.

5 Membrane Targeting for AD Therapy

Since β-cleavage of APP occurs in early endosomes, we reasoned that targeting

active β-secretase in these endosomes would be a more efficient approach to inhibit

the enzyme. As explained before, the pH of endosomes (pH 4.0–5.0) is optimal

for β-secretase activity, which probably explains the requirement for endocytosis.

Moreover, in view of the multiple functions of γ-secretase, β-secretase is still the

preferred target for therapy (Vassar 2002). Several transition-state inhibitors have

been designed to inhibit the active site of the enzyme (Hong et al. 2000; Tung

et al. 2002), and since transition-state inhibitors recognize, bind to and inactivate

only the active conformation of the enzyme, we speculated that, in order for these

inhibitors to inhibit the active β-secretase found in the endosomes, we have to target

the inhibition to these intracellular compartments. Hence we tested this hypothesis

by examining the efficiency of a membrane-tethered version of an otherwise sol-

uble inhibitor that is now targeted to endosomes via endocytosis (Rajendran et al.

2008). Membrane anchoring was achieved by linking the inhibitor to a cholesterol-

like moiety via a linker. The linker length was chosen to be around 90Å, based

on the β-cleavage site of APP. The results were clear: the free or anchorless
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inhibitor (the one that still contained the linker molecule but not the sterol) inhibited

β-secretase in a cell-free enzymatic assay but did not inhibit β-cleavage in cells.

On the other hand, β-secretase was effectively inhibited by the membrane-bound

inhibitor, both in vitro and in vivo (transgenic flies and mice). Since β-secretase is

also present on the plasma membrane but is active only when it gets internalized to

the endosomes, the free inhibitor could not recognize the plasma membrane pool

of the enzyme. Membrane anchoring, on the other hand, targeted the very same

inhibitor to the endosomes. To demonstrate that the membrane-anchored inhibitor

indeed gained access to the endosomes, we fluorescently labeled the free, anchor-

less inhibitor and the membrane-anchored inhibitor. After incubation of cells with

the fluorescent inhibitors, we found that the membrane-anchored inhibitor read-

ily partitioned into the membrane and subsequently internalized to endosome-like

structures, whereas no internalization or membrane partitioning was observed in

the free inhibitor. Subcellular localization revealed that this compartment is in the

early endosomes and co-localization with internalized APP and β-secretase showed

that the membrane-anchored inhibitor internalized to those endosomes where APP/

β-secretase localized. This finding clearly showed that the transition-state inhibitor

did not recognize the plasma membrane-associated β-secretase, and membrane

anchoring rendered it endocytosis competent. These data confirmed the hypoth-

esis that efficient inhibition of β-secretase requires targeting the inhibitors to the

endosomes that house the active form of the enzyme (Rajendran et al. 2008).

The reasons why we used cholesterol-like anchor to promote inhibitory activity

were two-fold: (1) membrane anchoring via sterol readily partitioned the inhibitor

into the membrane plane, thereby trafficking the inhibitor to the endosomes, and (2)

since β-secretase is enriched in cholesterol-raft domains, we speculated that link-

ing the inhibitor to cholesterol would enrich the inhibitor in these domains. In this

way, we wanted to address the issue of domain specificity. To determine whether

targeting to raft domains promoted the inhibitory effect or if it was sufficient to

localize the inhibitor in the membrane, we synthesized the inhibitors with differ-

ent acyl anchors - palmitoyl, myristoyl and oleyl - that have different affinities for

membranes and raft domains (Resh 2004). We measured the raft affinities of differ-

ent anchored inhibitors using scanning fluorescence correlation spectroscopy and

avalanche photodiode imaging on supported lipid bilayers (a model membrane sys-

tem to study phases) that showed phase separation. We found that sterol-anchored

inhibitors partitioned most to the raft-like structures, followed by palmitoyl- and

oleyl-linked inhibitors. In agreement with our working hypothesis, sterol-linked

inhibitors inhibited β-secretase most efficiently, followed by palmitoyl-, myristoyl-

and then oleyl-linked inhibitors, suggesting that the higher the raft affinity, the

more effective the inhibitors were. These results demonstrated that, by directing

β-secretase inhibitors to raft microdomains within the endosomes, their inhibitory

potential was enhanced (Rajendran et al. 2008).

Membrane anchoring thus dramatically increased the potency of a β-secretase
inhibitor; we believe that this is primarily due to two reasons: (a) the inhibitor

became endocytosis competent upon membrane anchoring and gained access to

the endosomal β-secretase, and (b) we reduced the dimensionality of the otherwise
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soluble inhibitor. The free inhibitor is a soluble molecule that permeates the 3D

space whereas membrane anchoring reduces its dimensionality to the 2D mem-

brane plane, thereby increasing the effective concentration of the inhibitor in the

target membrane. The reduction in the dimensionality of the inhibitor also enhanced

the interaction between the inhibitor and the enzyme (Adam 1968). By confining

the membrane anchor in the raft domains due to the sterol anchoring, we further

enriched the inhibitor in the vicinity of raft-associated β-secretase, thus enhancing
the interaction. The enhanced potency of the sterol-linked inhibitor supported our

previous work, where we showed that both lipid environment and the subcellular

localization of β-secretase regulated its activity (Ehehalt et al. 2003; Kalvodova

et al. 2005; Rajendran et al. 2006).

We believe that these data open up the possibility that this approach could be used

to design more effective β–secretase inhibitors for the treatment of AD. Whether

these rational-based membrane-anchored inhibitors can pass the blood-brain barrier

and therefore become potential drugs is still an open issue. One has to understand

that we used a transition-state analogue against β-secretase and hence it was imper-

ative, in our case, to target the inhibitor to endosomes where the enzyme was active.

However, the reduction in dimensionality and subcellular targeting can now also

be used as principles to design strategies to develop drugs against other mem-

brane protein targets that are active at the plasma membrane and/or in intracellular

compartments.
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Huntington’s Disease: Function and Dysfunction
of Huntingtin in Axonal Transport

Frédéric Saudou( ) and Sandrine Humbert

Abstract Huntington’s disease is a neurodegenerative disorder characterized by the

dysfunction and death of striatal neurons in the brain. The mutation that causes

Huntington’s disease is an abnormal polyglutamine (polyQ) expansion in the hunt-

ingtin protein. One key, early pathogenic event in the disease is the alteration of

axonal transport. This alteration is linked, at least in part, to a defect in hunt-

ingtin function in transport. Huntingtin is found on microtubules and is associated

with proteins of the molecular motor machinery, including dynein and huntingtin-

associated protein-1 (HAP1), which interacts with p150Glued and kinesin-1. Wild-

type huntingtin promotes the vesicular transport along microtubules. In contrast, the

abnormal expansion in polyQ-huntingtin alters the HAP1-p150Glued complex, lead-

ing to the molecular motors being depleted from the microtubules and to a decreased

transport. Given the importance of transport in the nervous system, reduced trans-

port leads to neuronal toxicity, and strategies to restore axonal transport could

therefore be of therapeutic interest in Huntington’s disease.

1 Introduction

Huntington’s disease (HD) is a fatal neurodegenerative disorder that affects 1

in 10,000 to 25,000 individuals of European origin (Martin and Gusella 1986;

Borrell-Pages et al. 2006a). HD is characterized by uncontrolled movements

(chorea), personality changes, and dementia and causes the death of patients within

10 to 20 years of the appearance of the first clinical symptoms. Pathologically, it

causes the specific dysfunction and death of neurons from the striatum. The defec-

tive IT15 gene in HD contains a trinucleotide CAG repeat expansion within its

coding region that expresses a polyglutamine (polyQ) repeat in the N-terminus of
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the 350 kD protein huntingtin (HDCRG 1993; Snell et al. 1993). When the number

of glutamine repeats exceeds 36, the gene encodes a version of huntingtin that leads

to the disease. Although the mechanisms that cause disease are not fully understood,

several studies have revealed a series of events that may ultimately lead to neuronal

death in the brain.

Huntingtin is an indispensable protein that has anti-apoptotic properties. The pro-

tein is widely expressed in all tissues, with the highest levels being found in the

testis and brain (DiFiglia et al. 1995; Gutekunst et al. 1995; Trottier et al. 1995).

Studies in huntingtin knock-out mice have shown that huntingtin is required for

normal embryonic development and neurogenesis: mice lacking huntingtin show

extensive embryonic ectoderm cell death at E7.5 (Duyao et al. 1995; Nasir et al.

1995; Zeitlin et al. 1995; White et al. 1997). Huntingtin also plays an essen-

tial role postnatally, as the inactivation of the gene in the brain in adults leads

to neurodegeneration (Dragatsis et al. 2000). Furthermore, the wild-type protein

protects against polyQ-huntingtin-induced cell death in vivo and against neurode-

generation after ischemia (Rigamonti et al. 2000; Cattaneo et al. 2001; Ho et al.

2001; Leavitt et al. 2001; Zhang et al. 2003b). Huntingtin overexpression also

increases the survival of serum-deprived or 3 nitropropionic acid (3-NP)-treated

striatal cells (Rigamonti et al. 2001). Finally, the anti-apoptotic effect of hunt-

ingtin is supported by the observation that huntingtin downregulates activation of

the procaspase 8 apoptotic pathway by sequestering HIP-1 (Hackam et al. 2000;

Gervais et al. 2002). In contrast, when huntingtin contains an abnormal polyQ

expansion, it becomes toxic. It induces the formation of neuritic and intranuclear

inclusions, dysfunction of neurons and finally their death. The precise mechanisms

underlying these phenomena are hardly understood, and how increased neuronal

death in the brain relates to huntingtin function and dysfunction is still under

debate.

We review here the newly discovered function of huntingtin in intracellular

transport along microtubules. A better understanding of huntingtin biology has

allowed the emergence of new concepts for the disease. First, neuronal dysfunc-

tion plays an important role in the appearance and progression of the clinical

symptoms. HD should thus not simply be considered a disease of neuronal death.

Second, it becomes clear that both the gain of a new toxic function of the mutant

protein and the loss of the protective functions of wild-type huntingtin partici-

pate in the disease mechanisms that ultimately lead to the death of neurons in

the brain.

2 Huntingtin and intracellular transport

Transport efficiency is of particular importance in neurons. To allow efficient

communication between cell bodies and axon termini, molecular motor proteins

continuously shuttle vesicles and organelles. The axonal transport process mostly

involvesmicrotubules andmolecular motors that are considered to be unidirectional.
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Dynein complexes are connected to retrograde transport, whereas kinesins are

connected to anterograde transport.

Within cells, huntingtin is found in the cytoplasm, in neurites and, in particular,

on microtubules (MTs; Gutekunst et al. 1995; Engelender et al. 1997; Gauthier et al.

2004). Huntingtin directly interacts with ß-tubulin (Hoffner et al. 2002). It associates

with proteins of the molecular motor machinery, such as dynein and the huntingtin-

associated protein-1 (HAP1). HAP1 itself associates with the p150Glued subunit of

dynactin and to the kinesin light chain 2, a subunit of kinesin-1 complex. In addition

to the indirect association of huntingtin with dynactin through HAP1, huntingtin

also interacts with the dynein intermediate chain of the dynein complex (Gutekunst

et al. 1995; Engelender et al. 1997; Li et al. 1998; Gauthier et al. 2004; McGuire

et al. 2006; Caviston et al., 2007).

Huntingtin is found colocalizing with vesicles including those containing brain-

derived neurotrophic factor (BDNF; Gauthier et al. 2004). BDNF is particularly

important in HD. Indeed, it is produced in the cortex and is transported to the stria-

tum, the major site of degeneration in HD, where it supports neuronal differentiation

and survival (Altar et al. 1997; Saudou et al. 1998; Zuccato et al. 2001; Baquet

et al. 2004; Gauthier et al. 2004). BDNF inhibits polyQ-huntingtin-inducedneuronal

death and its level is abnormally low in HD patients. BDNF is synthesized from

the large precursor protein pre-pro-BDNF, which is proteolytically processed and

moves through the Golgi apparatus to the trans-Golgi network, where it is packaged

into vesicles (Thomas and Davies 2005). BDNF-containing vesicles are then trans-

ported along MTs to the plasma membrane and subsequently released through the

regulated secretory pathway. BDNF-containing vesicles are immunopositive for the

classical markers of secretion, and their activity-dependent release requires an intact

MT network, as it is blocked by nocodazole, a MT-depolymerizing agent (Gauthier

et al. 2004).

Using BDNF as a marker of intracellular trafficking in cells, we showed that

expression of huntingtin in neuroblastoma cell lines and in neurons enhances the

velocity of BDNF-containing vesicles while reducing the percentage of time they

spent pausing (Gauthier et al. 2004). In support of a positive role of huntingtin

in stimulating axonal transport of vesicles that contain BDNF, downregulation of

huntingtin by RNAi approaches leads to a decrease in the velocity of moving vesi-

cles and an increase in the percentage of time spent pausing. These results are in

agreement with Drosophila studies showing that a reduction in huntingtin protein

level by RNAi approach results in axonal transport defects in larval nerves and neu-

rodegeneration in adult eyes (Gunawardena et al. 2003). This huntingtin-dependent

transport of BDNF vesicles alongMTs is bidirectional, as huntingtin stimulates both

anterograde and retrograde transport in axons (Gauthier et al. 2004; Dompierre et al.

2007).

The stimulatory effect of huntingtin on intracellular transport involves the direct

interaction of huntingtin with dynein intermediate chain and with HAP1, which

interacts with the p150Glued subunit of dynactin and kinesin (Gauthier et al. 2004).

Furthermore, short N-terminal fragments of huntingtin that do not contain the

HAP1-interacting region are unable to stimulate intracellular transport. Also, BDNF
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transport is reduced after downregulation of HAP1 protein and, under these condi-

tions, huntingtin is unable to enhance BDNF trafficking.

Although these studies revealed a role for huntingtin in axonal transport, more

work needs to be done to establish the extent to which axonal transport depends

on huntingtin. Huntingtin stimulates the dynamic of BDNF-containing vesicles;

however, whether other types of vesicles are regulated by huntingtin remains to be

established. The observations that transport of amyloid precursor protein vesicles

depends on HAP1 and that downregulation of huntingtin alters the general axonal

transport in Drosophila strongly suggest that huntingtin regulates the transport of

other small vesicles (Gunawardena et al. 2003; McGuire et al. 2006). Milton, a

Drosophila ortholog of HAP1, participates in the axonal transport of mitochondria,

thus raising the possibility that huntingtin and HAP1 could also regulate the trans-

port of mitochondria (Glater et al. 2006). However, the velocity of mitochondria is

not regulated by huntingtin and, whereas HAP1 overexpression leads to the redis-

tribution of BDNF vesicles in cells, it has no effect on mitochondria. Conversely,

Milton, though known to redistribute mitochondria in cells (Stowers et al. 2002), has

no effect on BDNF vesicles (Gauthier et al. 2004 and data not shown). Therefore,

HAP1 and Milton show specificity in the type of cargoes they are transporting.

3 Transport Deficit in HD

In disease, the presence of an abnormal polyQ expansion in huntingtin leads to a loss

of the stimulatory function of huntingtin in transport (Gauthier et al. 2004). Indeed,

while expressing wild-type huntingtin increases the mean velocity of BDNF vesi-

cles, polyQ-huntingtin has no effect, and cells homozygous for mutant huntingtin

show a reduced BDNF transport. The physiological consequence of an altered trans-

port is a reduced BDNF support and a higher susceptibility of striatal neurons to

death. Furthermore, BDNF levels are reduced in the striatum of HD patients.

What are the underlying molecular mechanisms? When huntingtin contains the

pathological polyQ expansion, it interacts more strongly with HAP1 and p150Glued

(Li et al. 1995; Li et al. 1998; Gauthier et al. 2004), which directly modifies the

huntingtin/HAP1/p150Glued complex, as revealed by sucrose gradient fractionation

and immunoprecipitation experiments. As a result, the molecular motors detach

from the MTs and the processivity of vesicles along the MTs is reduced. As

discussed earlier, a reduction in huntingtin levels or in the expression of mutant hunt-

ingtin reduces transport (Gunawardena et al. 2003; Gauthier et al. 2004). Therefore,

in early stages of HD, the disruption of huntingtin (soluble form)/HAP1 interaction

causes huntingtin to no longer play a role in transport.

In later stages of the disease, in addition to nuclear aggregation, N-terminal

huntingtin fragments form aggregates that accumulate in axonal processes and ter-

minals (Li et al. 2000). N-terminal huntingtin polypeptide fragments containing the

polyQ expansion cause axonal transport defects in cellular and Drosophila mod-

els of HD (Li et al. 2000; Gunawardena et al. 2003; Szebenyi et al. 2003; Lee
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et al. 2004; Trushina et al. 2004; Orr et al. 2008). These defects subsequently par-

ticipate in neuronal death. Aggregation is involved in alterating axonal transport,

with aggregated polyQ-proteins accumulating in axons and titrating motor proteins,

particularly p150Glued and kinesin heavy chain (KHC), from other cargoes and path-

ways. These aggregates also physically block the circulating vesicles or organelles

such as mitochondria (Orr et al. 2008).

4 Rescuing the Deficient BDNF Dynamics as a Therapeutic
Approach

In the case of HD, as huntingtin directly controls transport of the pro-survival factor

BDNF, enhancing transport or more generally rescuing the defective BDNF dynam-

ics might be a promising therapeutic approach. In this regard, we identified two

pathways of interest.

Cystamine, a compound described as a transglutaminase (TGase) inhibitor, is

one of the few candidate drugs being considered for the treatment of HD, as

it is neuroprotective in several HD mice models (Dedeoglu et al. 2002; Karpuj

et al. 2002; Mastroberardino et al. 2002; Wang et al. 2005). TGase is a calcium-

dependent enzyme that catalyzes the formation of ε (α-glutamyl)lysine isopeptide

bonds between a polypeptide-bound glutamine and a lysine of the protein substrate

(Melino and Piacentini 1998; Lesort et al. 2000). Given their enzymatic properties,

TGases might promote aggregate formation in HD. However, cystamine treatment

of HD mice does not necessarily result in fewer neuronal intranuclear inclusions

(NIIs) (Karpuj et al. 2002), and an increase in NIIs is observed in HD mice that

are deficient for one of the TGase isoenzymes, tissue transglutaminase 2 (TGase

2; Mastroberardino et al. 2002; Bailey and Johnson 2005). Thus the mechanims

by which cystamine is neuroprotective in HD are unclear. We demonstrated that

part of the neuroprotective effect of cystamine is due to its promotion of secretion

of BDNF (Borrell-Pages et al. 2006b). Cystamine has two quite distinct actions to

induce BDNF secretion. First, it increases the steady-state levels of the heat shock

protein, HSJ1b mRNA, which stimulates the secretory pathway through its action

on clathrin-coated vesicle formation, and second, it inhibits transglutaminase, which

has a negative effect on BDNF sorting. Interestingly, we also showed that cys-

teamine, the FDA-approved reduced form of cystamine, is neuroprotective in HD

mice by enhancing BDNF levels in brain.

Among other molecules of therapeutic interest are HDAC inhibitors such as

suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA), which have

shown neuroprotective effects by inhibiting the HDAC1 enzyme (Butler and Bates

2006). These drugs are not specific for a given HDAC but also act on other HDACs,

such as HDAC6 (Haggarty et al. 2003). Unlike other histone deacetylases, HDAC6

is a cytoplasmic enzyme that interacts with and deacetylates MTs in vitro and

in vivo (Hubbert et al. 2002; Matsuyama et al. 2002; Zhang et al. 2003a). We

demonstrated that HDAC inhibitors that selectively enhance tubulin but not histone

acetylation lead to the stimulation of MT-dependent transport of BDNF and prevent
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the alteration observed in HD mutant cells (Dompierre et al. 2007). This effect is

specific to HDAC6 inhibition and to the acetylation of α-tubulin at lysine 40. Using

in vitro experiments, we showed that purified cytoplasmic dynein and recombinant

kinesin-1 bound more effectively to acetylated MTs. Enhancing MT acetylation led

to the recruitment of molecular motors kinesin-1 and cytoplasmic dynein to MTs,

thereby stimulating anterograde and retrograde transport. As a consequence, this

increased transport enhanced the anterograde flux of vesicles and the subsequent

release of BDNF in normal and pathological conditions.

Therefore, by stimulating BDNF secretion from the Golgi to the cytoplasm or by

directly targeting the microtubules, BDNF dynamics are stimulated and the deficit

observed in HD is rescued. As stated above, BDNF is depleted in HD human brains

(Gauthier et al. 2004). In mouse models of HD, BDNF brain and blood levels are

low and can be increased by injection of cysteamine (Borrell-Pages et al. 2006b).

Similarly, in primate HD models, the low levels of BDNF in blood can be increased

by cysteamine treatment, suggesting that blood BDNF could be used to follow dis-

ease progression and validate the neuroprotective effects of drugs aiming to restore

the defective intracellular vesicular dynamics in HD.

5 Conclusion

Since the discovery of the abnormal polyglutamine expansion in huntingtin as the

dominant mutation responsible for HD, most studies in the field have focused on

understanding the gain of the toxic function elicited by this mutation. The role of

huntingtin as a stimulator of BDNF intracellular transport is in agreement with

findings that huntingtin possesses anti-apoptotic properties, which are also origi-

nally linked to an increased BDNF transcriptional activity (Zuccato et al., 2001).

These anti-apoptotic properties are lost in disease and also contribute to patho-

genesis, further supporting the importance of studying normal huntingtin function.

Furthermore, understanding normal huntingtin function not only leads to the discov-

ery of new pathways of pathological importance but also outlines new therapeutic

targets. In the case of axonal transport, compounds such as cystamine/cysteamine

and HDACs inhibitors that enhance intracelular dynamics are of therapeutic inter-

est. This approach is of utmost importance, as no treatment currently exists for this

devastating disorder.
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The Role of Retromer in Neurodegenerative
Disease

Claire F. Skinner and Matthew N.J. Seaman( )

Abstract Bi-directional membrane traffic between the Golgi and endosomes plays

a vital role in the biogenesis of lysosomes and the localisation of many mem-

brane proteins with diverse physiological functions. The receptors that mediate

sorting of lysosomal hydrolases at the Golgi traffic rapidly between the Golgi and

endosomes to deliver newly synthesised hydrolases to a pre-lysosomal endosome

before returning to the Golgi to repeat the process. The mislocalisation of endo-

somal and/or lysosomal proteins due to aberrant protein sorting can give rise to a

range of pathologies, and there are emerging strands of evidence that defects in the

endosome-to-Golgi retrieval pathway contribute significantly to neurodegenerative

diseases such as Alzheimer’s disease. The retromer complex that is conserved from

yeast to humans plays a major role in endosomal protein sorting and is required

for endosome-to-Golgi retrieval. In this review we will discuss the identification,

assembly, membrane association and function of the retromer complex and will

describe recent evidence linking retromer function with neurodegenerative disease.

1 Introduction

Biosynthetic transport of soluble hydrolases to the lysosome/vacuole is a receptor-

mediated process conserved from simple eukaryotes like yeast to higher eukaryotes

such as mammals. In the yeast Saccharomyces cerevisiae, Vps10p, a type I trans-

membrane protein binds hydrolases such as carboxypeptidase Y (CPY) in the

late-Golgi and is sorted into vesicles for delivery to the prevacuolar compartment

(PVC) by the Golgi-associated, γ-ear containing, ARF binding (GGA) proteins

(Marcusson et al. 1994; Cereghino et al. 1995; Cooper and Stevens 1996; Costaguta
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et al. 2001). After delivery to the PVC, Vps10p and ligand dissociate, leaving the

receptor free to be recycled back to the late-Golgi. This process is mirrored in

mammalian cells with the exception that the receptor that sorts lysosomal hydro-

lases is the mannose-6-phosphate receptor (MPR). There are two distinct MPRs, the

46 kDa cation-dependent-MPR (CD-MPR), and the ∼300kDa cation-independent-

MPR (CI-MPR), which share some homology in their respective lumenal domains

(Kornfeld 1992). Both MPRs have acidic di-leucine motifs in their cytoplasmic tails

that are recognised by the mammalian GGA proteins to mediate sorting of theMPRs

into trans-Golgi-network (TGN)-derived, clathrin-coated vesicles for delivery to an

endosomal compartment (Dell’Angelica et al. 2000; Shiba et al. 2002; Misra et al.

2002). As in yeast, the two MPRs traffic in a cyclical manner between the TGN and

endosomes, thus maintaining the forward transport of newly synthesised hydrolases

to the lysosome.

In mammals, lysosomes play a vital role in the degradation of endocytosed

macromolecules (e.g., low-density lipoprotein – LDL), downregulation of activated

tyrosine kinase receptors, antigen presentation, phagocytosis and autophagy, and

there are many examples of genetic disease caused by mutations to the lysoso-

mal hydrolases that perform degradative functions in lysosomes. These diseases are

usually grouped together under the umbrella term “lysosomal storage disorders”

(LSDs), but most share a common pathology of progressive neuronal degenera-

tion. For example, Tay-Sachs disease results from loss of β-hexosaminidase func-

tion, which leads to an accumulation of GM2 gangliosides in the nervous system

(Ni et al. 2006). Other lysosomal storage disorders result from mutations to mem-

brane proteins; for example, Niemann-Pick type C disease, which results from

mutations to the NPC1 gene, causes an accumulation of cholesterol in lysosomes

(Sturley et al. 2004). Whilst it has been well established that sorting and delivery

of lysosomal hydrolases have important roles to play in neurodegenerative dis-

ease such as LSDs, there has been relatively little attention directed towards the

endosome-to-Golgi retrieval pathway and its importance in lysosome biogenesis

and neurodegenerative disease. However, there is now compelling evidence that the

function of the retromer complex in endosome-to-Golgi retrieval plays a significant

role in sorting proteins involved in neurodegenerative disease.

2 Identification of the Retromer Complex

Genetic screens in yeast have proven invaluable in identifying the key participants in

many membrane trafficking pathways, and transport between the Golgi and the vac-

uole (which is equivalent to the mammalian lysosome) is no exception. The VPS10
gene is one of more than 60 vacuole protein-sorting genes discovered through the

analysis of mutants that are defective in trafficking to the vacuole (Bryant and

Stevens 1998). Detailed examination of the phenotype of the vps10 mutants revealed

that, whilst Vps10p is essential for transport of CPY to the vacuole, the receptor is

apparently not necessary for transport of another soluble hydrolase, namely pro-
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teinase A (PrA; Westphal et al. 1996). This observation led to the search for other

vps mutants that displayed a similar cargo-selective defect in vacuolar protein sort-

ing, with the rationale being that mutants with a similar phenotype to vps10 mutants

would be likely to encode genes required for the trafficking/function of Vps10p.

Three vps genes were identified - VPS29, VPS30 and VPS35 - all of which had

phenotypes similar to vps10 mutants (Seaman et al. 1997). All three encoded sol-

uble hydrophilic proteins that were able to associate peripherally with membranes.

Deletion of any of the three genes resulted in Vps10p becoming mislocalised to

the vacuolar membrane. Strikingly, it was observed that Vps35p would “follow”

Vps10p to the vacuolar membrane in a vps29Δ mutant. These data hinted that

Vps35p might be able to physically associate with Vps10p, presumably via the

large cytoplasmic tail of Vps10p. This predictionwas subsequently proved to be true

through the analysis of mutant alleles of vps35 and the use of biochemical exper-

iments that demonstrated that Vps35p could interact directly with cargo proteins

such as Vps10p (Nothwehr et al. 1999, 2000).

Epistasis experiments designed to determine the site of function of Vps35p sug-

gested that Vps35p operated at the endosomal membrane. Loss of VPS35 would,

therefore, cause a defect in the retrieval of Vps10p from the endosome, result-

ing in mislocalisation to the vacuolar membrane. Once delivered to the vacuole,

Vps10p had no means of escape and, consequently, there would be insufficient

Vps10p in the late-Golgi to carry out the job of sorting newly synthesised CPY

(Seaman et al. 1997). This hypothesis was supported by data from an experiment

in a strain carrying a temperature-sensitive allele of vps35p. CPY sorting at the

permissive temperature was normal, but upon shifting to the non-permissive temper-

ature, there was a steady increase in the missorting and secretion of CPY over time.

This phenotype coincided with the appearance of Vps10p in the vacuolar membrane

fraction.

A direct interaction between Vps35p and Vps29p was demonstrated by co-

immunoprecipitation following stabilisation by crosslinking. Three additional bands

were observed in these crosslinking experiments, and these were subsequently iden-

tified as Vps5p, Vps17p and Vps26p (Seaman et al. 1998). Vps5p was localised to

the endosome by both immunofluorescence and immuno-gold electron microscopy

(EM) and was shown to be important for the proper localisation of Vps10p (Horaz-

dovsky et al. 1997; Nothwehr and Hindes 1997). The complex of five Vps proteins

- Vps5p, Vps17p, Vps26p, Vps29p and Vps35p - was subsequently named retromer

to underline its role in retrieval from the endosome (Seaman et al. 1998). Interest-

ingly, Vps30p was found to not be part of retromer. The role that Vps30p plays in

endosome-to-Golgi retrieval is discussed in detail later.

The components of retromer are conserved through evolution (Renfrew-Haft

et al. 2000). The homologues of yeast retromer were initially identified indepen-

dently of each other. The mammalian VPS35 gene was identified as a maternally

enriched messenger RNA and was designated Mem3 (Hwang et al. 1996). The

homologue of Vps26p was first cloned through a transgenic mouse screen for genes

essential for embryogenesis and was named Hβ58 (Lee et al. 1992). A homologue

of Vps29p was identified by searches of the EST database (Seaman et al. 1997),
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whereas the mammalian homologue of Vps5p was found to interact with the cyto-

plasmic tail of the epidermal growth factor receptor (EGFR) in a yeast two-hybrid

screen and named sorting nexin-1 (SNX1; Kurten et al. 1996). The one exception

to the conservation of yeast retromer is Vps17p, which does not have an obvious

homologue in mammalian cells. SNX2 has been shown to associate with SNX1 and

has, therefore, been proposed to function as the Vps17p ortholog (Renfrew-Haft

et al. 2000).

3 Assembly of the Retromer Complex

Initial studies of retromer in yeast were directed towards understanding how the

complex assembles and assigning functions to the individual components. By both

biochemical and phenotypic criteria, retromer could be essentially dissected into

two subcomplexes: the Vps35p/29p/26p complex and the Vps5p/17p complex

(Seaman et al. 1998). Vps5p was identified as a binding partner of Vps17p inde-

pendently of the discovery of retromer (Horazdovsky et al. 1997). The phenotypes

of vps5 and vps17 mutants are virtually indistinguishable from each other, indicat-

ing that the two proteins are likely to interact (Kohrer and Emr 1993; Horazdovsky

et al. 1997; Nothwehr and Hindes 1997). In fact, Vps5p/17p form a very stable

dimer. Loss of Vps5p results in Vps17p becoming unstable and being degraded with

a half-life of approximately 45mins. Absence of Vps17p does not cause Vps5p to

be degraded but results in Vps5p being unable to interact with the other components

of retromer (Seaman and Williams 2002).

Retromer can be dissociated into its two subcomplexes by treatment with high

salt buffers. The two subcomplexes can be separated from each other by gel filtration

chromatography. Removal of the salt by dialysis allows the complex to reassemble

(Seaman et al. 1998). Gel filtration and native immunoprecipitation studies indi-

cated that Vps29p played a vital role within the complex, being necessary for the

interaction between Vps35p and Vps5p/17p. Absence of the Vps29 protein did not,

however, prevent the interaction between Vps35p and Vps26p. Loss of Vps26p did

not have the same effect with the remaining four members of retromer being able to

associate with each other, albeit rather weakly. Deletion of both VPS29 and VPS26
results in Vps35p becoming unstable, revealing that Vps35p requires interaction

with either Vps29p or Vps26p for its correct folding (Seaman et al. 1998; Reddy

and Seaman 2001).

Even though Vps35p/29p/26p are conserved in evolution, the primary structure

of the Vps35, Vps29 and Vps26 proteins did not offer any clues regarding the

function of any of these proteins, as there were no obvious domains of predicted

secondary structure. In contrast, both Vps5p and Vps17p have regions predicted to

form coiled-coils in their carboxyl-terminal halves. Vps5p and Vps17p are members

of the sorting nexin (SNX) family of proteins. Defining features of SNX proteins are

the phox homology (PX) domains. These are conserved lipid-binding domains that

have been shown to be important for binding to phosphotidyl inositol 3-phosphate
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(Ptd Ins-3P; Yu and Lemmon 2001). Vps5p and Vps17p both have PX domains

and, therefore, could potentially bind Ptd Ins-3P. Therefore, by exploiting the dif-

ferent domain boundaries of Vps5p and Vps17p, the interactions of these proteins

were studied in detail through the generation of various truncation constructs of both

Vps5p and Vps17p. It was shown that Vps5p and Vps17p interact with each other

through their respective carboxyl-terminal regions that have predicted coiled-coil

domains. The amino-terminal domain of Vps5p is both necessary and sufficient to

interact with the Vps35p/29p/26p subcomplex, but this interaction is facilitated in

vivo through the interaction of Vps17p with Vps5p (Seaman and Williams 2002).

In addition to being able to interact with Vps17p and also the Vps35p/29p/26p

complex, Vps5p displayed self-assembly activity in vitro. Recombinant Vps5p ex-

pressed in bacteria can assemble into large (>1.5MDa), homogeneous, oligomeric

particles that are 15–20 nm in diameter (Seaman et al. 1998). This self-assembly

activity has also been observed for SNX1, the mammalian Vps5p homologue

(Kurten et al. 2001). The physiological importance of this self-assembly activity

is discussed in more detail later.

The data gathered in yeast have been complemented by studies on assembly of

mammalian retromer using the yeast two-hybrid system. By this approach, the bind-

ing sites for hVPS26 and hVPS29 on hVPS35 have been mapped to the amino- and

carboxyl-termini, respectively (Renfrew-Haft et al. 2000). Mutations to a conserved

motif in Vps35p blocked the interaction with Vps26p and caused a dominant nega-

tive phenotype, whereas analogous mutations in the mammalian VPS35 resulted in

VPS35 being unable to bind VPS26 and be recruited to the endosomal membrane

(Gokool et al. 2007a; Zhao et al. 2007; Restrepo et al. 2007). The amino-terminus

of hVPS35 also demonstrated an affinity for SNX1, the homologue of Vps5p

(Renfrew-Haft et al. 2000). The assembly of retromer is shown schematically in

Fig. 1. Further understanding of the assembly of retromer and the roles of the indi-

vidual components has been accelerated by the determination of the crystal structure

of retromer.

4 Insights from Structural Studies

The crystal structures of human and mouse VPS29 have been solved and, due to the

high degree of identity between the two proteins, the structures are virtually identi-

cal. VPS29 in human and mouse is composed of a mixed α/β structure and consists

of a central β-sandwich of 2 β-sheets, one surrounded by 2 α-helices and a single

α-helix extending from the other β-sheet (Collins et al. 2005; Wang et al. 2005).

Analysis of both mouse and human VPS29 crystal structures determined that they

have a structural resemblance to phosphoesterases, in particular to a family of diva-

lent, metal-containing phosphoesterases (DMPs), including serine/threonine PPP

phosphatases, all of which contain a conserved active site that binds divalent metal

ions (Collins et al. 2005). The active site of mouse and humanVPS29 closely resem-

bles a phosphodiesterase from Archaea called MJ0936 (Collins et al. 2005; Wang



130 C.F. Skinner and M.N.J. Seaman

Fig. 1 A schematic diagram of endosomal protein sorting and the retromer complex. In mam-
malian cells, retromer is recruited to the endosome partly through the action of the PX domains
in the sorting nexin proteins SNX1 and SNX2, which drive membrane tubulation through their
BAR domains and self-assembly activity. VPS35/29/26 interact to sort cargo proteins such as
the CI-MPR, sortilin and SorLA, which traffic between endosomes and the Golgi/trans-Golgi
network (TGN)

et al. 2005). The PPP phosphatases have a high degree of conservation around the

metal-binding site, with both the metal-binding residues and the phosphate-binding

residues conserved (Barton et al. 1994).

The active site of mouse VPS29 was crystallised bound to two Mn2+ ions

through conserved histidine, asparagine and aspartate residues like other DMPs, but

in mouse VPS29, the metal bridging residues for each Mn2+ ion coordinated were

found to be reversed compared to known DMPs. Both mouse and human VPS29

could coordinate metal ions in their active site pockets (Collins et al. 2005; Wang

et al. 2005). The conserved exterior hydrophobic patches present on human VPS29

may be integral to VPS29 interacting with other retromer components (Wang et al.
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2005), and when these residues were mutated in either yeast Vps29p (V109) or

mammalian VPS29 (V90), the resulting mutants were unable to bind Vps35p or

VPS35, respectively (Collins et al. 2005).

The crystal structure of human VPS26 has been recently solved and was demon-

strated to bear a structural resemblance to a group of proteins called arrestins (Shi

et al. 2006; Collins et al. 2008). Equivalent to known arrestin structures, hVPS26 is

composed of two β-sandwich domains, both of which are heavily curved and have a

polar core in the middle. Human VPS26 also contains a conserved basic patch and

two acidic patches. Mutations were made in hVPS26 to identify the binding site for

hVPS35, and mutation of I235 and M236 or loss of amino acid residues 238–246

(forming a loop on the far carboxyl-terminal end of the hVPS26 structure) caused

a loss of interaction with VPS35 in the yeast 2-hybrid system. The relevance of the

loop section was confirmed by immunoprecipitation studies, where tagged mutant

VPS26 missing the loop residues or I235/M236 could not co-precipitate hVPS35

like wild-type VPS26 (Shi et al. 2006). Mutation of the equivalent yeast Vps26p

residues caused a defect in the ability of these mutants to complement the CPY

sorting defect seen in vps26Δ yeast. These data therefore suggest the loop section

on the carboxyl-terminus is crucial for VPS26 function as part of retromer in both

yeast and humans.

5 Membrane Association of Retromer

Retromer is peripherally associated with endosomal membranes. The mechanisms

that underlie this association are not yet fully understood. The PX domains in

Vps5p/Vps17p and their mammalian counterparts, SNX1/SNX2, are believed to

be important in promoting membrane recruitment or targeting. Experiments in

yeast have shown that the phosphotidyl inositol 3-kinase (Ptd Ins-3 kinase) enzyme

encoded by the VPS34 gene plays an important role in targeting/recruitment of

Vps5p/Vps17p to the endosomal membrane (Burda et al. 2002). The activity of

the Vps34 protein is regulated by the Vps30p/Vps38p complex, which binds to

Vps34p, stimulating production of Ptd Ins-3P and thereby facilitating recruitment

of Vps5p/Vps17p (Kihara et al. 2001; Burda et al. 2002). Similarly, in mammalian

cells, treatment with the drug wortmannin, which inhibits mammalian PI-3 kinases,

results in redistribution of SNX1 and SNX2 to the cytoplasm, indicating a require-

ment for Ptd Ins-3P in regulating membrane targeting/recruitment of SNX1 and

SNX2 (Kurten et al. 2001; Cozier et al. 2002).

A curious aspect of the membrane recruitment of Vps5p/Vps17p is that, in yeast,

Vps30p has a dual function, being required for not only vacuole protein sorting

but also autophagy (Kametaka et al. 1998). In autophagy, Vps30p also regulates

the activity of Vps34p, but this time Vps30p is complexed with a different pro-

tein, namely Atg14p (Kihara et al. 2001). Vps30p is conserved and the mammalian

homologue, Beclin-1, has been shown to function in autophagy in mammalian cells.

Beclin-1 can rescue the autophagy defect in vps30Δ yeast but cannot rescue the
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vacuole protein-sorting defect (Liang et al. 1999) suggesting that the role of Vps30p

in autophagy is conserved in evolution but its role in vacuole protein sorting is not.

It is noteworthy that Vps38p is not conserved, with no clear homologues present in

higher eukaryotes such as mammals. It is possible, therefore, that the regulatory role

of the Vps30p/Vps38p complex is unique to S. cerevisiae.
How the Vps35p/29p/26p subcomplex is recruited to the membrane is less clear.

These proteins do not possess PX domains or any other obvious lipid-binding

domains. In yeast, deletion of VPS35 causes Vps29p to become cytoplasmic, and

deletion of VPS26 results in Vps35p becoming partly soluble, suggesting that the

interaction between Vps35p and Vps26p can facilitate the membrane association

of the Vps35p/Vps29p/Vps26p complex (Seaman et al. 1998; Reddy and Seaman

2001). As Vps26p can remain on the membrane after deletion of VPS35 and/or

VPS29, it seems likely that Vps26p can interact directly with the endosomal mem-

brane, although the molecular mechanisms that govern this interaction have yet to

be determined.

6 Retromer Functions in Endosome-to-Golgi Retrieval

The studies conducted on retromer mutants in yeast strongly suggested that retromer

functions in endosome-to-Golgi retrieval, being required for the proper recycling of

the Vps10 protein. However, there is no direct assay for endosome-to-Golgi retrieval

in yeast, only assays that can measure the consequences of a lack of retrieval. For

example, the CPY sorting defect in a retromer mutant is believed to be the result of a

lack of Vps10p in the late-Golgi. Studies conducted in mammalian cells have more

directly addressed the issue of the role of retromer in endosome-to-Golgi transport

(Seaman 2004; Arighi et al. 2004).

Firstly, retromer has been localised to endosomes in mammalian cells. Signifi-

cant colocalisation of hVPS26 with the early endosomal markers, rab5 and EEA1,

was observed by immunofluorescence (Seaman 2004). Using the greater resolving

power of immuno-gold EM, both hVPS26 and SNX1 were found on multivesicular

body endosomes. In some instances, the structures labelled with anti-retromer anti-

bodies were found to be tubular (Seaman 2004; Arighi et al. 2004). Recent detailed

EM studies have shown that retromer is localised to “exit sites” at early endosomes

(Popoff et al. 2007). Mouse cells derived from a transgenic VPS26 (Hβ58)− /−
knock-out have swollen lysosomes and accumulate unesterified cholesterol, which

is similar to the defect in cells lacking the function of the Niemann-Pick protein,

NPC1 (see Fig. 2).

Analysis of the VPS26 (Hβ58)− /− cells and studies conducted using small

interfering (si) RNA to “knockdown” expression of hVPS26 demonstrated that loss

of retromer function results in mislocalisation of the CI-MPR to either lysosomes

or the plasma membrane (Seaman 2004; Arighi et al. 2004). Failure to retrieve

the CI-MPR from endosomes would be predicted to result in either degradation

in lysosomes or increased localisation to the cell surface, so the observations made
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Fig. 2 Loss of retromer function leads to aberrant lysosome morphology and cholesterol accumu-
lation. A and B. Electron micrographs of BSA-gold- (indicated with ∗) loaded lysosomes labeled
with antibodies against Lamp-1 (arrows). Cells were incubated with BSA-gold for four hours and
chased overnight before fixation and processing for cryo-electron microscopy. In A, cells from a
transgenic VPS26 −/− mouse were used whereas in B wildtype cells were analysed. The scale
bar is 200 nm in both micrographs. Cells lacking VPS26 display massively enlarged lysosomes. In
C and E, lysosomes labeled with Lamp-1 antibodies are shown in wildtype and VPS26 −/− cells,
respectively; in D and F, cholesterol is visualized using filipin. Loss of retromer function due to
knockout of VPS26 results in an accumulation of cholesterol in lysosomes, a phenotype observed
in some lysosomal storage disorders

in VPS26 (Hβ58)−/− cells and after siRNA knockdown of hVPS26 are consistent

with retromer functioning in endosome-to-Golgi transport. Loss of retromer func-

tion also results in a failure to properly mature the lysosomal hydrolase, cathepsin

D (Seaman 2004; Arighi et al. 2004), mirroring the results obtained in yeast, where

retromermutants display strong CPY sorting defects. Studies on SNX1 revealed that

it is required for the endosome-to-Golgi retrieval of the CI-MPR and acts in concert
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with two other sorting nexins, SNX5 and SNX6 (Carlton et al. 2004; Wassmer et al.

2007).

Using reporter constructs based upon the T-cell marker, CD8, the trafficking

of two chimeras was studied in control and retromer knockdown cells. The two

chimeras were CD8-CI-MPR and CD8-furin. These reporters had identical lumenal

and transmembrane domains but differed in their respective cytoplasmic domains,

having the cytoplasmic tails of the CI-MPR and furin, respectively. As both these

proteins cycle between the Golgi and endosomes, they are obvious candidates for

trafficking in a retromer-mediated pathway. Using an antibody uptake assay, the

trafficking of the CD8-CI-MPR and CD8-furin reporters was examined in both con-

trol and hVPS26 knockdown cells. Loss of hVPS26 expression resulted in a block

in endsome-to-Golgi transport of the CD8-CI-MPR, consistent with the findings

for the endogenous CI-MPR. Interestingly, the trafficking of the CD8-furin reporter

did not appear to be affected after loss of retromer, suggesting that retromer plays

a cargo-selective role in endosome-to-Golgi trafficking (Seaman 2004). Indeed, a

direct interaction between the cytoplasmic tail of the CI-MPR and hVPS35 was

detected using the two-hybrid system, confirming that retromer plays a crucial role

in the endosome-to-Golgi retrieval of the CI-MPR (Arighi et al. 2004).

Exploiting the CD8-reporter protein system to investigate the retrieval of the

CD8-CI-MPR reporter, a conserved hydrophobic motif (Trp-Leu-Met) present in

the CI-MPR tail was shown to be necessary for its endosome-to-Golgi retrieval and

for in vivo association with retromer, as determined by native immunoprecipitation

(Seaman 2007). As the CI-MPR is present in Golgi membranes, endosomes and the

plasma membrane, the binding of hVPS35 to the CI-MPR tail must somehow be

regulated. How this is achieved is currently unknown.

Using the CD8-reporter system, it was observed that a CD8 chimera carrying

the tail of the transmembrane protein, sortilin, is also dependent upon retromer

for its endosome-to-Golgi trafficking (Seaman 2004), and similar observations have

been made for the native sortilin protein (Canuel et al. 2008). Sortilin is the clos-

est mammalian homologue to Vps10p and, therefore, might be expected to traffic

in a retromer-dependent fashion. These data conclusively demonstrate that retromer

is required for the endosome-to-Golgi transport of the CI-MPR and other proteins

such as sortilin. Interestingly, the cytoplasmic tail of sortilin contains a motif, Phe-

leu-Val, which is similar to the Trp-leu-Met motif in the CI-MPR and which is also

necessary for the retrieval of a CD8-sortilin reporter (Seaman 2007).

More recently, retromer has been shown to mediate the trafficking of SorLA,

another member of the sortilin family of type I membrane proteins (Nielsen et al.

2007). SorLA (which is also known as SORL1) binds to the amyloid precursor

protein (APP) and is required to prevent cleavage of APP to the neurotoxic pro-

aggregatory Aβ peptide that is responsible for Alzheimer’s disease (Andersen et al.

2005). Retromer can co-immunoprecipitatewith a CD8-SorLA reporter protein, and

loss of retromer function by siRNA knockdown of VPS26 results in a defect in

the endosome-to-Golgi retrieval of CD8-SorLA (see Fig. 3). The role of retromer

in mediating the trafficking of SorLA has, therefore, firmly established retromer

and endosome-to-Golgi retrieval as an important process in the development of
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Fig. 3 Retromer is required for proper trafficking of the SorLA protein. A. Cells expressing CD8-
reporter proteins were lysed and the CD8 reporter was immunoprecipitated using anti-CD8. The
retromer proteins VPS35 and VPS26 co-immunoprecipitate with CD8 reporters carrying the tail
of the CI-MPR or SorLA but not with native CD8 or a mutant of the CI-MPR tail (WLM-AAA)
that does not bind retromer and does not retrieve from endosomes to the Golgi (Seaman 2007).
B. Cells expressing CD8-SorLA were subjected to siRNA knockdown (KD) of VPS26 and an anti-
body uptake assay was used to evaluate endosome-to-Golgi retrieval of the CD8-SorLA protein.
In control cells, the CD8-SorLA construct can traffic from endosomes to the Golgi (shown by
TGN46 protein) but, after loss of VPS26 expression, the CD8-SorLA protein accumulates within
endosomes that are positive for the SNX1 protein. Therefore, efficient retrieval of the CD8-SorLA
protein requires retromer

Alzheimer’s disease. A reduction in retromer expression has been demonstrated in

neuronal tissue from Alzheimer’s patients, further establishing retromer as a key

player in the pathogenesis of Alzheimer’s (Small et al. 2005).

Exactly how retromer mediates the retrieval of proteins from endosomes to the

Golgi is currently unknown. In many respects, retromer possesses the defining char-

acteristics of a vesicle coat. Retromer can bind to cargo (e.g., the CI-MPR) and

can also self-assemble through the action of the Vps5 protein (in yeast) or SNX1

and associated sorting nexins (in mammalian cells). To date, however, there is no

conclusive evidence that retromer mediates the budding of vesicles in a similar

way to clathrin coats. One possibility is that retromer-mediated endosome-to-Golgi
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retrieval occurs via tubules rather than discrete vesicles. The SNX1 and SNX2

proteins have been shown to associate with thread-like tubules that emanate from

endosomes. Using green fluorescent protein (GFP)-tagged SNX1, these tubules

were found to be highly dynamic and were observed “growing” from endosomes

(Carlton et al. 2004; Arighi et al. 2004). SNX1 and SNX2 have Bin/Amphiphysin/

Rvs (BAR) domains in their carboxyl-terminal halves (Peter et al. 2004). BAR

domains have the ability to cause tubulation of liposomes in vitro, raising the

prospect that SNX1 with SNX2 could be promoting tubulation of endosomal mem-

branes through the combined action of self-assembly and the BAR domain. The

observation that the tubules are often several microns long and very straight hints

at a requirement for the cytoskeleton in maintaining/stabilising the tubules. It has

been demonstrated that endosome-to-Golgi retrieval of the CI-MPR is facilitated by

microtubules (MTs; Itin et al. 1999), but it is currently unknown if retromer has any

direct interaction with MTs or MT-associated proteins.

Contributing to retromer function in endosome-to-Golgi retrieval are accessory

proteins that interact with retromer. So far, two such accessory proteins have been

identified. Firstly, in yeast, Grd19p is a member of the sorting nexin family and

is homologous to SNX3 in mammals. The Ftr1p protein that is required for iron

homeostasis in yeast is recognised by Grd19p, which also interacts with retromer

to direct Ftr1p into the retromer-mediated endosome-to-Golgi pathway (Strochlic

et al. 2007). Grd19p therefore functions as a cargo-specific adaptor, expanding the

repertoire of retromer in yeast beyond Vps10p.

In mammalian cells, the second retromer accessory protein, EHD1, interacts

with retromer to facilitate endosome-to-Golgi retrieval by stabilising SNX1-positive

tubules. EHD1 is upregulated in cells derived from the mouse VPS26 (Hβ58)−/−
knockout cells and partially colocalises with retromer on endosomes. Loss of

EHD1 expression by siRNA inhibition causes a kinetic delay in endosome-to-Golgi

retrieval and reduces the number of SNX1-positive tubules by∼60%, whereas over-

expression of dominant negative EHD1mutants causes retromer to redistribute from

endosomes and potently blocks endosome-to-Golgi retrieval (Gokool et al. 2007b).

There are likely to be further discoveries of retromer-interacting accessory pro-

teins in the near future, some of which may play a direct role in neurodegenerative

disease.

7 The Unanswered Questions

Studies on retromer are currently ongoing and there are many questions that remain

to be answered. How retromer and its function in endosome-to-Golgi traffic are

regulated is currently unknown. Regulation of membrane recruitment could pro-

vide one level of regulation. There is a requirement for Ptd Ins-3P in the targeting/

recruitment of the Vps5p/Vps17p, SNX1/SNX2 component of retromer. There-

fore, the regulated production of Ptd Ins-3P by a Ptd Ins 3-kinase is one poten-

tial avenue of regulation. There may be a requirement for phosphorylation in
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regulating retromer activity. Both Vps5p and Vps17p are phosphoproteins

(Horazdovsky et al. 1997; Kohrer and Emr 1993); however, what role the phos-

phorylation of Vps5p/Vps17p plays in regulating retromer function is not presently

known.

Additionally it is unknown whether retromer is functioning in the same pathway

as other proteins that have been previously shown to function in endosome-to-Golgi

retrieval. The small GTPase rab9 has a well-established role in the retrieval of the

CI-MPR (Riederer et al. 1994). Currently, however, it is not knownwhether retromer

and rab9 function together. No clear colocalisation was observed between retromer

and rab9 (Seaman 2004); therefore, if they do function in the same pathway, it seems

likely that they may be acting sequentially. Retromer acts to select cargo into the

vesicles/tubules for retrieval; rab9 would then act to regulate docking and fusion of

the vesicle/tubule with the TGN.

In summary, retromer has been characterised both in yeast and mammalian cells

and has been shown to play a vital role in the endosome-to-Golgi retrieval of

vacuole/lysosome hydrolase receptors. Other proteins that traffic in the post-Golgi

endocytic system, such as SorLA, are also recognised by retromer, placing retromer

at the heart of the cellular machinery that regulates APP localisation and process-

ing, with clear implications for the pathogenesis of Alzheimer’s disease. Retromer

is still a relatively new “coat” complex and there remains much to learn about how

retromer performs its task. With studies ongoing in many labs, it will be interesting

to see how this story develops and what new results are published in the coming

years. It seems likely that additional accessory proteins that interact with retromer

will be identified, and these may provide further insights into the role of retromer in

endosome-to-Golgi retrieval and neurodegenerative disease.
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Regulation of Endocytic Trafficking of
Receptors and Transporters by Ubiquitination:
Possible Role in Neurodegenerative Disease

Alexander Sorkin

Abstract Ubiquitination has recently emerged as the major regulatory mechanism

of endocytic trafficking of transmembrane proteins. Ubiquitin-controlled trafficking

and endocytosis regulate the function of various receptors, channels and transporters

in neurons, and deregulation of the ubiquitination system is associated with neurode-

generative diseases. Hence, we will focus on recent advances in understanding the

mechanisms and functional roles of ubiquitination of two families of transmembrane

proteins: (1) receptor tyrosine kinases, using the receptor for epidermal growth fac-

tor (EGFR) as a prototypic member of the family; and (2) monoamine transporters,

using an example of the plasma membrane dopamine transporter (DAT). Both these

families of receptors and transporters are intimately involved in brain development,

regulation of survival signaling in adult neurons, neurotransmission, neuronal cyto-

toxicity and neurodegeneration. Endocytosis regulates the duration and intensity of

the EGFR signaling. Endocytosis of DAT controls the re-uptake of dopamine in

dopaminergic neurons, thus regulating dopamine neurotransmission in the brain.

Our recent studies revealed unexpected similarities in the regulation of endocyto-

sis of these two structurally distinct families of proteins by ubiquitination. We have

mapped ubiquitin conjugation sites in the EGFR and demonstrated that mutation

of these sites results in inhibition of the lysosomal targeting and degradation of

EGFR. However, EGFR ubiquitination appears not to be essential for the internal-

ization step of the EGFR trafficking. Surprisingly, we have recently found that DAT

is also ubiquitinated and the extent of its ubiquitination is dramatically increased

upon activation of protein kinase C (PKC). The ubiquitination sites in DAT were

also mapped by mass spectrometry. Mutations of a cluster of three lysines in the N-

terminal tail of DAT blocked the clathrin-mediated endocytosis of DAT. Screening

of the library of small interfering RNAs revealed that NEDD4-2 is an E3 ubiquitin

ligase responsible for ubiquitination of DAT and necessary for PKC-dependent DAT

endocytosis. Thus, our studies revealed that both EGFR and DAT are ubiquitinated
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at the plasma membranes and endosomes, and this ubiquitination regulates their

turnover and subcellular localization. Interestingly, both EGFR and DAT are modi-

fied by Lys63-linked poly-ubiquitin chains. We hypothesize that short, Lys63-linked

chains are the major ubiquitin-based molecular signals operating during endocytic

trafficking in mammalian cells.

1 Introduction

The activities of neuronal cells and their survival are controlled by various recep-

tor, channel and transporter proteins present at the surface of these neurons, where

they interact with their ligands and substrates. Various classes of transport proteins

essential for synaptic transmission and neuronal signaling function in the intracellu-

lar compartments, such as synaptic vesicles and endosomes. For example, receptor

tyrosine kinases (RTKs), such as TrkA receptors for the nerve growth factor, require

endocytosis at the distal axonal processes and an axonal transport of TrkA signal-

ing complexes in endosomes for the retrograde survival signaling in the neuronal

soma (Zweifel et al. 2005). Endocytosis of APP appears to be necessary for the

neuronal activity-dependent extracellular accumulation of the amyloid-β peptide

(Cirrito et al. 2008). Thus, aberrant endocytic trafficking leading to mis-localization

of transmembrane proteins within the neuronal cell often underlies the mechanisms

responsible for the development of the neurodegenerative disease.

Rapid and dynamic regulation of the amounts of receptors and transport proteins

at the plasma membrane and intracellular membrane compartments in the synapse

and extrasynaptically is achieved by means of selective endocytosis and recycling of

these proteins. Many receptors and transport proteins are rapidly endocytosed in a

constitutive or stimuli-dependent manner. Subsequently, the internalized transmem-

brane proteins (i.e., cargo) are either recycled back from endosomes to the plasma

membrane, or accumulate in specialized compartments, such as synaptic vesicles

and endosomes, or are sorted to lysosomes for degradation. The mechanisms of

endocytosis and post-endocytic trafficking of membrane proteins have been exten-

sively studied over the last 30 years; however, molecular details of many steps of

these processes remain poorly understood.

Posttranslational modification of transmembrane proteins by the covalent attach-

ment of ubiquitin has recently emerged as the major regulatory mechanism of

endocytic trafficking of these proteins. Many of the original observations of ubiqui-

tination of the endocytic cargo and regulation of endocytosis by ubiquitination were

made in yeast (Hicke and Riezman 1996; Kolling and Hollenberg 1994). Among

mammalian ubiquitinated cargo are RTKs; Notch and its transmembrane ligands,

cytokine and interferon receptors; various channels and transporters; G protein cou-

pled receptors (GPCR); and other types of transmembrane proteins (Hicke and Dunn

2003; Staub and Rotin 2006). Our laboratory is focusing on the mechanisms and

functional roles of ubiquitination of two classes of molecules: (1) RTKs, using a pro-

totypic member of the family, the epidermal growth factor (EGF) receptor (EGFR)
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as an experimental model; and (2) plasma membrane solute transporters, using the

plasma membrane dopamine transporter (DAT) as an experimental model.

2 Modification of Proteins by Ubiquitin

Ubiquitination is a posttranslational modification that mediates the covalent con-

jugation of ubiquitin, a highly conserved protein of 76 amino acids, to protein

substrates. Ubiquitination was originally thought to target proteins for degrada-

tion by the 26S proteasome (Hershko and Ciechanover 1992). However, the role of

ubiquitination in many non-proteosomal processes in the cell, including membrane

trafficking, DNA repair, and transcription, has been recently revealed (Mukhopad-

hyay and Riezman 2007; Pickart and Fushman 2004). The observations of an

abnormal enrichment of inclusion bodies with ubiquitin in Huntington’s disease

andmany other neurodegenerativedisorders, includingAlzheimer’s and Parkinson’s

diseases (Lowe et al. 1988; Mayer et al. 1989), have suggested that dysfunction in

ubiquitin metabolism may contribute to the pathogenesis of these diseases (DiFiglia

et al. 1997; Ross and Pickart 2004).

The mechanism of ubiquitination involves the sequential action of several

enzymes. In the initial step, the E1 ubiquitin-activating enzyme forms a thioester

bond between its catalytic cysteine and the carboxyl group of Gly76 of ubiqui-

tin in an ATP-dependent manner. The ubiquitin molecule is then transferred to

an E2 ubiquitin-conjugating enzyme, which also forms a thioester bond between

its cysteine and ubiquitin. Finally, ubiquitin is transferred to a lysine residue of

the substrate with the help of an E3 ubiquitin ligase. The family of isopeptidases

responsible for the removal of ubiquitin from the substrate is called deubiquitination

enzymes (DUBs; Millard and Wood 2006).

Attachment of a single ubiquitin moiety to a single lysine on a substrate results

in monoubiquitination (Fig. 1). Monoubiquitin can be conjugated to several lysine

residues on the same substrate molecule, resulting in multi-monoubiquitination.

Additional ubiquitin molecules can be attached to the lysine residues in ubiquitin

itself, leading to the formation of di-ubiquitin and polyubiquitin chains conjugated

to a single lysine of the substrate. Although ubiquitin contains seven lysine residues,

all capable of conjugating ubiquitin, Lys48- and Lys63-linked chains are the most

abundant. The majority of published studies suggest that Lys48-linked chains serve

as the recognition signal by the proteasome and target proteins for proteasomal

degradation (Pickart and Fushman 2004). In contrast, Lys63-linked ubiquitin chains

do not target proteins to proteasome but mediate interactions with protein machiner-

ies involved in endocytic trafficking, inflammatory response, protein translation,

and DNA repair (Pickart and Fushman 2004). Similarly, it is widely accepted that

monoubiquitinationdoes not target proteins to the proteasome but serves as a molec-

ular recognition signal in membrane trafficking, regulation of endocytic machinery,

and possibly other cellular processes (Staub and Rotin 2006). Interestingly, the

impairment of the ubiquitin-mediated protein degradation and proteosomal function
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Fig. 1 Types of ubiquitin conjugation. The last residue of ubiquitin (Gly76) is covalently attached
to the ε-amino group of lysines in the substrate. Substrates can be modified with a single ubiquitin
molecule at single (monoubiquitination) or multiple (multi-monoubiquitination) lysine residues.
Further ubiquitin conjugation to the lysine residues of the ubiquitin molecule results in the attach-
ment of di-ubiquitin to the substrate or a substrate polyubiquitination. The main functions of
monoubiquitination and the most frequently detected ubiquitin chains linked through Lys63 or
Lys48 of ubiquitin are listed. Lys48- or Lys63-linked chains are shown in a “closed” or “extended”

conformation, respectively, resulting in different mechanisms of recognition of these chains by
ubiquitin binding domains (UBDs). Ubiquitin chains linked to other lysines of the ubiquitin have
been implicated in the proteosomal and non-proteosomal processes

in neurodegenerative diseases leads to the accumulation of proteins containing

mainly Lys48-linked polyubiquitin chains but also Lys63- and Lys11-linked chains

(Bennett et al. 2007).

All functions of ubiquitin are accomplished through specific interactions of the

ubiquitin moiety with the ubiquitin-binding domains (UBDs) found in many pro-

teins (Hicke et al. 2005). All of the helical UBDs interact with hydrophobic Ile44

in ubiquitin, although there are several types of UBD that have different modes

of recognition of mono- and poly-ubiquitin (Hurley et al. 2006). Structural stud-

ies demonstrated that Lys48-linked di-ubiquitin has a closed conformation, whereas

Lys63-linked di-ubiquitin has an extended conformation, thus implying their selec-

tive recognition by different types of UBDs (Raasi et al. 2005; Varadan et al.

2004, 2005).

3 Regulation of Endocytosis of EGFR by Ubiquitination

EGFR regulates growth and survival signaling in many types of cells. EGFR signal-

ing via the Akt pathway plays a key role in the protection of dopaminergic neurons

from neurodegeneration in Parkinson’s disease (Inoue et al. 2007; Iwakura et al.

2005). Binding of EGF or other ligands to the surface EGFR leads to activation

of the receptor kinase and phosphorylation of C-terminal tyrosine residues, which

results in recruitment of adaptor proteins and enzymes to the receptor and initiation

of several signaling cascades. Activation of EGFR also causes rapid internalization
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of ligand-occupied EGFR through clathrin-coated pits into endosomes and subse-

quent efficient sorting of these complexes to the lysosome degradation pathway.

Endocytosis of EGFR has a key role in the control of the intensity and duration

of signaling by the receptors by down-regulating the activated EGFRs. Endocyto-

sis is also orchestrating signaling processes by localizing EGFR and down-stream

signaling effectors to various intracellular compartments. However, the molecular

mechanisms of endocytosis and post-endocytic sorting of EGFR and other RTKs

remain elusive.

The first clue to the mechanism of EGFR internalization came from RNA inter-

ference (RNAi) experiments in which siRNA knock-down of the GrbB2 adaptor

protein demonstrated that this protein is essential for the clathrin-mediated endocy-

tosis of EGFR. Dominant-negative mutants of Grb2 and mutation of Grb2 binding

sites in EGFR reduced the internalization of EGFR. Grb2 was present in clathrin-

coated pits in EGF-stimulated cells. All this evidence strongly indicated that Grb2

is important for the internalization of EGFR.

Grb2 binds to EGFR via its SH2 domain and functions as a link to bring to the

receptor other proteins that are associated with the SH3 domains of Grb2 (Fig. 2).

One family of proteins called Cbls that interact with Grb2 has been previously

implicated in EGFR endocytosis and degradation, and we therefore tested the impor-

tance of Grb2-Cbl interaction in EGFR internalization. The human Cbl family of

proteins consists of three isoforms, c-Cbl, Cbl-b and Cbl-c (Thien and Langdon

2001). Cbls are the E3 ubiquitin ligases. All three Cbls have an N-terminal tyrosine

kinase binding (TKB) domain connected (with a linker segment) to a RING finger

domain. c-Cbl and Cbl-b each have an extended C-terminal tail containing proline-

rich motifs capable of binding to SH3 domains. The TKB domain directly binds

to the specific phosphotyrosine-containing motifs in EGFR and other RTKs. The

RING domain of the E3 ubiquitin ligase recruits an E2 enzyme and positions it so

that the ubiquitin moiety can be transferred from E2 to the substrate. In our exper-

iments, mutants of Cbl lacking Grb2 binding sites or RING domain activity have

imposed a dominant-negative effect on EGFR internalization, suggesting the role of

Cbl and its functional domains in EGFR internalization. This hypothesis was sup-

ported in experiments where knockdown of two Cbls (c-Cbl and Cbl-b) that interact

with Grb2 by siRNA blocked internalization of EGFR.

Our studies using FRET demonstrated that the Grb2-Cbl complex is recruited to

activated EGFR. The TKB domain of Cbl also directly binds to the receptor phos-

phorylated Tyr1045. Both direct and Grb2-mediated interactions of Cbl with the

EGFR are necessary for the full ubiquitination of EGFR (Huang and Sorkin 2005;

Jiang and Sorkin 2003; Levkowitz et al. 1999). This putative mechanism of dual Cbl

interaction with an RTKwas also demonstrated for another RTK, HGF/c-Met recep-

tors (Peschard et al. 2001).Mutation of Tyr1045 did not affect EGFR internalization,

suggesting that the direct interaction of Cbl with EGFR and full ubiquitination of

the receptor are not necessary for internalization. Because the Y1045A mutant of

EGFR still has residual (10–20%) ubiquitination, the question was whether this

minor ubiquitination mediates internalization of EGFR.
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Fig. 2 Interactions of the EGF receptor leading to receptor ubiquitination and the hypothetic model
of EGFR endocytosis. EGF binding activates the receptor tyrosine kinase and results in the phos-
phorylation of Tyr1045, Tyr1068, and Tyr1086 in the C terminus of EGFR. The SH3 domains
of Grb2 are associated with the C-terminus of c-Cbl or Cbl-b. A Grb2-Cbl complex binds to the
receptor by means of the interaction of the SH2 domain of Grb2 with phosphorylated Tyr1068
or Tyr1086, and the interaction of the tyrosine kinase binding (TKB) domain of c-Cbl/Cbl-b with
phosphoTyr1045. Recruitment of E2 enzymes to the RING domain of Cbl results in the cova-

lent attachment of mono-ubiquitin and poly-ubiquitin chains to the kinase domain of the receptor.
EGFR is internalized via clathrin-coated pits with participation of Grb2 and Cbl by an unknown
mechanism (1) or by means of the interaction of ubiquitin attached to the receptor kinase domain
with the proteins containing UBD domains and located in coated pits (Eps15/Eps15R/epsin).
The latter proteins can interact with the AP-2 complex or directly with clathrin. After fusion of
clathrin-coated vesicles with early endosomes, EGFR can either recycle directly back to the plasma
membrane or remain in the maturing endosome that acquires ESCRT complexes. Ubiquitinated
receptors bind to the UBD of the ESCRT-0 complex (HRS) and eventually become trapped in the
intralumenal vesicles of MVB. Non-ubiquitinated receptors can recycle back to the cell surface
through the tubular extensions of MVB

To directly address the role of EGFR ubiquitination, we used mass-spectrometry

analysis to map ubiquitination sites in the EGFR. Surprisingly, this analysis revealed

that all the major sites of EGFR ubiquitination were located within the conserved

kinase domain of the receptor (Huang et al. 2006). Additionally, in the absence

of the major conjugation sites, other lysines became ubiquitinated, suggesting

that EGFR ubiquitination sites were highly redundant. Importantly, quantitative
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mass-spectrometry analysis showed that EGFRs contained approximately 50% of

mono-ubiquitin and 50% of poly-ubiquitin and that the most abundant type of

polyubiquitination was the Lys63-linked chains (Huang et al. 2006).

Mutation of the major ubiquitination sites in the EGFR (lysine-to-arginine; KR

mutations) had no effect on its internalization (Huang et al. 2006). However, the pos-

sibility remained that a residual cryptic ubiquitination of EGFR KR mutants was

sufficient for their internalization. Therefore, in recent studies a number of other

lysine residues in the EGFR kinase domain were mutated. Some lysines could not

be mutated due to the loss of receptor kinase activity. However, a mutant in which

15 lysines were mutated possessed normal kinase activity but very little if any ubiq-

uitination (about 1% of wild-type EGFR). This mutant was normally internalized,

indicating that EGFR ubiquitination was not essential for internalization.

One of the multi-KR mutants, 16KR, displayed a low internalization rate. How-

ever, it was found that this mutant had reduced tyrosine kinase activity. Because

tyrosine kinase activity is critical for EGFR internalization, reduced activity could

explain the low rate of internalization of this mutant. However, when two major

ubiquitination sites were added back by mutating two arginines back to lysines

(16KR/2RK mutant), the resulting mutant was partially ubiquitinated and internal-

ized at a rate comparable to wild-type EGFR, despite its partially reduced kinase

activity. These data suggested that ubiquitination of the receptor might mediate its

internalization even in the absence of the full kinase activity. Altogether, the EGFR

mutagenesis experiments suggested that there were at least two redundant mecha-

nisms of EGFR internalization through clathrin pathway. One mechanism required

a full kinase activity of the receptor but did not require ubiquitination. Another

mechanism utilized ubiquitination of the receptor.

4 Role of Ubiquitination in the Endosomal Sorting of EGFR

After internalization into early endosomes, receptors are either recycled back to

the plasma membrane or sorted to late endosomes and lysosomes (Fig. 2). After

15–20min of continuous EGF-induced endocytosis, EGF and EGFR accumulate

in the intralumenal vesicles of multi-vesicular endosomes or bodies (MVBs) that

are mostly located in the perinuclear area of the cell (McKanna et al. 1979; Miller

et al. 1986). EGFRs that are incorporated into intralumenal vesicles cannot recycle.

MVBs have tubular membrane extensions that are thought to be responsible for

recycling of receptors not incorporated into internal vesicles (Hopkins 1992).

When the degradation rates of ubiquitination-deficient EGFR mutants were

analyzed, it was found that receptor degradation was significantly decreased in

all mutants of EGFR in which ubiquitination was reduced (Huang et al. 2006).

Moreover, fluorescence microscopy analysis demonstrated that these mutants were

inefficiently delivered to late endosomes. Finally, preliminary electron microscopy

studies showed that ubiquitin-deficient EGFR mutants accumulated at the limiting

membrane of MVB and in recycling endosomes whereas their incorporation into
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intralumenal vesicles of MVBs was significantly reduced as compared to wild-type

EGFR. Therefore, ubiquitination is critical for the efficient sorting of EGFR inMVB

and lysosomal targeting of the receptor.

These studies support the model whereby the ubiquitinated EGFR in endosomes

interacts with the UBD of the hepatocyte growth factor receptor phosphorylation

substrate (Hrs) that is associated with another UBD-containing protein, STAM1/2

(ESCRT, endosomal sorting complex required for transport, −0 complex; Bache

et al. 2003; Hurley and Emr 2006). It is hypothesized that multiprotein ESCRT-

I, II and III complexes surrounding cargo associated with ESCRT-0 then generate

inward invagination of the limiting membrane of MVBs, thus capturing EGFR in

the forming intralumenal vesicle (Babst et al. 2000; Bache et al. 2006; Bowers et al.

2006; Hurley and Emr 2006; Slagsvold et al. 2006).

Degradation of EGF and the EGFR is completely blocked by lysosomal

inhibitors, suggesting that it occurs in lysosomes (Carpenter and Cohen 1976;

Stoscheck and Carpenter 1984). Although the use of proteasomal inhibitors can also

reduce EGFR degradation (Longva et al. 2002), these inhibitors may affect the activ-

ity of lysosomal enzymes and turnover of ESCRT proteins, or reduce the ubiquitin

pool in the cell. Therefore, the effects of proteasomal inhibitors on EGFR degra-

dation are likely indirect. The current model suggests that proteolytic enzymes are

delivered to MVBs through fusion with “primary” lysosomal vesicles, which leads

to the formation of mature lysosomes and proteolysis of the intralumenal content of

these organelles (Miller et al. 1986).

A number of proteins have been proposed to modulate the process of EGFR

targeting to the lysosome degradation pathway, mainly through affecting Cbl and

Cbl-mediated ubiquitination of EGFR. Interestingly, EGFR degradation is regulated

by the protein called Spartin, which is mutated in Troyer syndrome, an autoso-

mal recessive hereditary spastic paraplegia. Thus, impaired endocytosis of EGFR

or similar RTKs may underlie the pathogenesis of Troyer syndrome.

Importantly, regulation of the endocytic trafficking and stability (turnover rates)

by ubiquitination is a common feature of several families of RTKs, including RTKs

that are critical for the neuronal development and the survival signaling in adult

neurons. For example, ubiquitination of the receptor for the nerve growth factor,

TrkA, has been recently reported and implicated in the regulation of TrkA endo-

cytosis (Arevalo et al. 2006; Geetha et al. 2005). There is disagreement as to what

E3 ubiquitin ligase is involved. One study proposed that TrkA is ubiquitinated by

the TRAF6 ubiquitin ligase and that this process requires the interaction of TrkA

with the p75NTR co-receptor (Geetha et al. 2005). It is noteworthy that, similar to

the EGFR, the TrkA was proposed to be polyubiqutinated by Lys63-linked chains,

which was shown to be critical for endocytosis (Geetha et al. 2005). In contrast,

another study claimed that TrkA is ubiquitinated by another E3 ligase, termed neu-

ronal precursor cell expressed developmentally downregulated (NEDD4-2), which

contains a HECT (homologous to E6-AP C-terminal) domain (Arevalo et al. 2006).

Although the data regarding the TrkA-specific ubiquitin ligase are conflicting, both

studies suggest that ubiquitination mediates endocytosis of TrkA and therefore

affects signal transduction by this RTK. Examples of other RTKs that regulate
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survival signaling in the central nervous system and that are regulated by ubiquitina-

tion are the platelet-derived growth factor receptor (PDGFR; Mori 1993), ErbB3 and

ErbB4 (Cao et al. 2007) and the insulin-like growth factor 1 receptors (Vecchione

et al. 2003).

5 Regulation of DAT by Ubiquitination

Plasma membrane neurotransmitter transporters of the SLC6 family play important

roles in neuronal cytotoxicity, development of neurodegenerative disorders such as

Parkinson’s disease, and drug abuse (Gainetdinov and Caron 2003; Gether et al.

2006). Hence, we will focus on our recent studies of one of the members of this

family, DAT.

DAT is expressed in dopaminergic neurons, most of which project from the sub-

stantia nigra and ventral-tagmental area to the striatum, nucleus accumbens and

prefrontal cortex. DAT functions to terminate dopamine (DA) neurotransmission

via the reuptake of released DA into dopaminergic neurons. Several psychostim-

ulants and neurotoxins, such as amphetamines, 6-hydroxydopamine (6-OHDA)

and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), are transported into the

dopamine neuron by DAT, which can lead to dopaminergic neurodegeneration, pre-

sumably due to the accumulation of cytosolic dopamine and its oxidation into toxic

dopamine-quinones (German et al. 1996; Hanrott et al. 2006; Lotharius and Brundin

2002; Sonsalla et al. 1996; Xu et al. 2005). DAT is shown to directly interact with

α-synuclein, a protein involved in the development of Parkinson’s disease (Lothar-

ius et al. 2002; Lotharius and Brundin 2002), which results in reduced DAT surface

expression (Lee et al. 2001).

DAT has 12 transmembrane domains and intracellular N- and C-termini (Gether

et al. 2006). There are no conventional endocytosis sequence motifs in the DAT

molecule. RNAi analysis showed that DAT is internalized via a clathrin-mediated

pathway (Sorkina et al. 2005). Using HeLa cells expressing human DAT tagged with

two epitopes at the N-terminus, we have been able to purify a sufficient amount of

DAT protein to perform a mass-spectrometry analysis of purified DAT. This analy-

sis revealed that DAT was constitutively ubiquitinated and that activation of protein

kinase C (PKC) substantially increased DAT ubiquitination (Miranda et al. 2005).

Furthermore, mass spectrometry also revealed the presence of Lys63-linked polyu-

biquitin chains in DAT. Interestingly, Western blot analysis of wild-type DAT and

various lysine mutants of DAT predicted that each DAT molecule was conjugated at

any given time with a single short chain of three ubiquitins.

To examine which proteins regulate PKC-induced endocytosis of DAT, we per-

formed a large-scale RNAi screen using a reverse-transfection library of siRNAs

that targeted 53 proteins implicated in endocytosis. This screen revealed that PKC-

dependent DAT endocytosis required NEDD4-2 (Sorkina et al. 2006), which is an

E3 ubiquitin ligase that has been implicated in the ubiquitination of various trans-

port proteins (Miranda and Sorkin 2007). NEDD4-2 has been most well studied as



150 A. Sorkin

an E3 ligase controlling the ubiquitination and endocytosis of ENaC channels (Staub

et al. 1996). Furthermore, siRNA to NEDD4-2 dramatically decreased PKC-induced

ubiquitination of DAT, suggesting that NEDD4-2 could be an E3 ligase for DAT. The

NEDD4 family of proteins has a catalytic C-terminal HECT domain, the N-terminal

C2 domain that binds phospholipids in a Ca2+-dependent manner, and two to four

WW domains that bind to the PxY (PY) motif (x is any amino acid) in the target

protein (Staub and Rotin 2006). Such PY motifs are found in the C-terminal tails of

various transmembrane proteins. However, a number of transporters that are regu-

lated by NEDD4-2, including DAT, lack the PY motif. It is possible that NEDD4-2

binds indirectly to DAT, in a manner similar to that described for the IGF-1 receptor

(Boehmer et al. 2006). Another possibility is that NEDD4-2 may regulate another

E3 ligase that directly ubiquitinates DAT.

PKC-induced DAT ubiquitination takes place initially at the plasma membrane

and continues after endocytosis. The major ubiquitination sites in the amino- and

carboxyl-termini of DAT were mapped by mass spectrometry (Miranda et al. 2005).

Mutagenesis of lysines in the DAT revealed that a cluster of three N-terminal lysines

(Lys19, 27 and 35) is essential for PKC-dependent endocytosis of DAT (Miranda

et al. 2007). PKC-induced internalization of DAT was dramatically inhibited by

mutation of the ubiquitination sites (Miranda et al. 2007).

Finally, an siRNA screen revealed that the PKC-dependent internalization of

DAT required the adaptor proteins epsin, Eps15, and Eps15R, which are located in

clathrin-coated pits and possess UBDs (Fig. 3; Sorkina et al. 2006). Similarly, epsin

and Eps15 have been recently shown to be involved in the NEDD4-2 dependent

internalization of ENaC (Wang et al. 2006).

The existing methods of measuring the rate parameters of endocytic trafficking

of DAT do not allow the quantification of internalization rates without the contri-

bution of recycling. Therefore, the steps of endocytic trafficking of transporters that

are regulated by ubiquitination cannot be precisely defined. Whereas several sets

of data suggest that activation of PKC results in the accelerated internalization of

DAT in a ubiquitin-dependent manner, it also leads to the accelerated degradation

of DAT in lysosomes (Daniels and Amara 1999; Miranda et al. 2005). Therefore,

it is likely that DAT ubiquitination also mediates the sorting of DAT to the degra-

dation versus recycling pathway. As described above for the EGFR model (Fig. 2),

this sorting probably involves incorporation of the transporters in the intralumenal

vesicles of MVB. The observations of the co-localization of DAT with HRS in endo-

somes (Miranda et al. 2005; Sorkina et al. 2003) and the detection of DAT inside

MVBs in DA neurons support this hypothesis (Hersch et al. 1997). It is likely that

lysosomal sorting of DAT occurs mainly in the somatodendritic compartment of

the dopaminergic neurons where MVBs and lysosomes are easily detected, whereas

endocytic trafficking of DAT at the axonal processes in the striatum could be limited

by cycling between plasma membrane and early endosomes (Fig. 3). Overall, more

detailed structure-function and electron microscopy studies should be performed

to characterize the role of NEDD4-2 and ubiquitination in the intracellular sorting

of transporters. However, a striking similarity in the regulation of these processes

among various receptor and transporter proteins is already quite evident (Miranda

and Sorkin 2007).
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Fig. 3 Hypothetic model of endocytosis and endosomal sorting of DAT. In the somatodendritic
part of DA neurons, the activation of PKC results in the NEDD4-2-mediated ubiquitination of DAT.
PKC activation can facilitate the NEDD4-2-mediated ubiquitination of DAT either by phosphory-
lating DAT or DAT-interacting proteins or by activating NEDD4-2. Ubiquitinated DAT is recruited
into clathrin-coated pits (CCP) by means of interaction with the UBD-containing proteins, such as
Eps15/Eps15R and epsin, bound to AP-2 and clathrin in coated pits. After internalization via coated
vesicles (CCV), DAT is sorted in early endosomes (EE) and MVB to lysosomes (Lys), presumably
by a mechanism similar to that of the EGFR (Fig. 2). In the synapses of the distal axonal processes,
DAT is internalized and recycled in a manner similar to that in the neuronal soma, although there
is likely no sorting to late endosomes in axonal varicosities because distal axons of dopaminergic
neurons lack these late endosomal compartments

6 Conclusions and Outstanding Issues

Ubiquitination has recently emerged as a critical post-translation modification that

controls subcellular localization and turnover of transmembrane proteins, many of

which are implicated in human neurodegenerative disease and may represent impor-

tant therapeutic targets. The general consensus is that ubiquitination of the integral

membrane proteins mediates the post-endocytic sorting of these proteins to lyso-

somes. In contrast, the role of ubiquitination in the internalization step of trafficking

has been directly demonstrated only for a few endocytic cargoes in mammalian

cells. The view that the regulatory functions of ubiquitination in endocytic traffick-

ing are mediated exclusively by mono-ubiquitination has now been questioned. It is

now clear that Lys63-linked polyubiquitination is the commonmodification of many

types of transmembrane proteins. It can be proposed that, whereas monoubiquitin

binds to most UBDs with low affinity, the linear conformation of Lys63 ubiqui-

tin chains allows multivalent interactions of the same UBD-containing proteins

with Lys63-polyubiqutinated cargo, thus increasing the avidity of the interaction,

as compared to the interaction with mono-ubiquitin. Further investigation is needed

to examine the precise role of Lys63-linked chains in endocytic trafficking.
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The role of Lys63-linked polyubiquitination in neurodegenerative disease is

emerging. Parkin, a protein frequently mutated in Parkinson’s patients, is an E3

ubiquitin ligase that mediates formation of Lys63-ubiquitin chains, and it has been

suggested that the aberrant regulation Lys63-linked polyubiquitinationmay result in

Parkinson’s disease (Doss-Pepe et al. 2005). In light of the possible role of Lys63-

chains in the sorting process in the MVB, it would be interesting to investigate the

relationship of the Lys63-ubiquitination and autophagy in neurons. On one hand,

several studies demonstrated the important role of MVB and ESCRT complexes

in autophagy (Filimonenko et al. 2007; Lee et al. 2007). These data indicate that

efficient autophagic degradation requires functional MVBs and provide a possi-

ble explanation to the observed neurodegenerative phenotype seen in patients with

mutations in the CHMP2B protein a part of the ESCRT III complex. On the other

hand, Lys63-linked ubiquitination was found to selectively facilitate the clearance

of inclusions via autophagy (Tan et al. 2008). These data indicate that Lys63-linked

ubiquitin chains may represent a common modulator of inclusions biogenesis, as

well as a general molecule signal targeting cargo to the autophagic system. Since

autophagy has a key role in the prevention of the formation of the inclusion bodies

in neurodegenerative disease, it is likely that interactions with the ESCRT com-

plexes mediated by the Lys63-polyubiquitin chains in MVBs may be an important

step that can be affected during the development of the disease.
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The Sortilin-Related Receptor SORL1
is Functionally and Genetically Associated
with Alzheimer’s Disease
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Abstract The recycling of the amyloid precursor protein (APP) from the cell

surface via the endocytic pathways plays a key role in the generation of amy-

loid β-peptide (Aβ), the accumulation of which is thought to be central to the

pathogenesis of Alzheimer’s disease (AD). Inherited variants in the SORL1 neu-

ronal sorting receptor have been reproducibly associated with late-onset AD. These

variants occur in intronic sequences and may regulate tissue-specific expression of

SORL1, which directs trafficking of APP into recycling pathways. When SORL1 is

under-expressed, APP is sorted into Aβ-generating compartments. These data lead

to the conclusion that inherited or acquired changes in SORL1 gene expression or

function are mechanistically involved in causing AD.

1 Introduction

The accumulation of amyloid β-peptide (Aβ), a neurotoxic proteolytic derivative

of the amyloid precursor protein (APP) is a central event in the pathogenesis of

Alzheimer’s disease (AD; Mattson 2004). Thus, inherited variants in the amyloid

precursor protein (APP; Goate et al. 1991), presenilin 1 (PS1; Sherrington et al.

1995) presenilin 2 (PS2; Rogaev et al. 1995) and apolipoprotein E (APOE) all

cause Aβ accumulation in the brain (Saunders et al. 1993; Bales et al. 1997).

The generation of Aβ occurs in several subcellular compartments, but a principle

location is during the re-entry and recycling of APP from the cell surface via the

endocytic pathway (Golde et al. 1992; Haass and Selkoe 1993; Bayer et al. 2003;
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Kinoshita et al. 2003; Vetrivel et al. 2005). We reasoned that inherited variants in

these pathwaysmight modulate APP processing and thereby affect risk for AD. This

concept is supported by prior reports that 1) the expression of several candidate pro-

teins within these pathways (e.g., SORL1; Scherzer et al. 2004; VPS35; Small et al.

2005) is reduced in AD brain tissue; and 2) reductions in the expression of some

of these proteins is associated with increased Aβ production (Andersen et al. 2005;

Small et al. 2005; Offe et al. 2006). However, it is unclear whether these changes

are causal or are simply reactive to the AD process.

To address this question, we investigated genetic associations between AD and

single nucleotide polymorphisms (SNPs) in selected members of the vacuolar

protein sorting (VPS) gene family, including VPS35 (16q12); VPS26 (10q21);

sortilin - SORT1 (1p21-p13); sortilin-relatedVPS10 containing receptors - SORCS1

(10q23-q25), SORCS2 (4p16), and SORCS3 (10q23-q25); and sortilin-related

receptor, low density lipoprotein receptor class A repeats-containing - SORL1

(11q23-q24; also identified as LR11 or SORLA). The inheritance of SNPs from

these genes was explored in six independent datasets that had sufficient power to

detect modest gene effects (λ s= 1.5; see reference for details (Rogaeva et al. 2007).

2 SNPs in SORL1 are Associated with Late-Onset AD

This survey failed to uncover any significant allelic associations with VPS26,

VPS35, SORCS3, or SORT1. However, six SNPs in two clusters at the 5′ and 3′ ends
of the SORL1 gene showed significant association with AD in at least one discovery

dataset and also in at least one replication dataset (Fig. 1; 0.0031≤ p≤ 0.014).More

importantly, for five of these SNPs, the association was observed with identical alle-

les in the discovery and replication datasets. Thus, AD was associated with the “C,”

“G” and “C” alleles at SNPs 8, 9 and 10, respectively, in three datasets, whereas

AD was associated with the “G” and “T” alleles at SNPs 19 and 23, respectively,

in two datasets. Haplotypic analyses using the sliding window method (Lin et al.

2004) and a window size of three contiguous SNPs confirmed the single SNP anal-

yses, demonstrating replicated haplotypic associations in two regions of SORL1 in

different datasets.

3 Subsequent Replications in other Datasets

These results have now been tested in eight independent reports on at least seven

non-overlapping datasets comprised of AD-affected individuals (the TGEN datasets

are partially overlapping). One dataset (Li et al. 2008), comprised of cases and con-

trols drawn frommultiple ethnic origins across Canada and UK (GenADA), failed to

show any association at any SNP in SORL1 (but also failed to show significant asso-

ciation at any other locus except APOE, suggesting that this study was likely to have
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Fig. 1 Top panel: Genomic map of SORL1 gene showing the location of SNPs genotyped in
the original study (Rogaeva et al. 2007). Orange bars represent the 5′UTR and 3′UTR; red bar
represents intragenic regions; vertical bars represent each of the 48 exons; SNPs 1, 28 and 29
are located in extragenic intervals. The backgrounds of the flags for each SNP name are coloured
to depict the dataset generating the positive result. Multiple colours reflect significant results in
multiple datasets. White = no associations reported. Bottom panel: Colour codes for the ethnic
origins of the datasets reported to date. ∗ - datasets in the original publication (Rogaeva et al. 2007)

been confounded by allelic and/or non-allelic heterogeneity amongst its component

ethnic groups). The remaining seven independent reports generated nominally sig-

nificant associations, and the associated SNPs tended to cluster into the same two

regions (Fig. 1 and Table 1; Lee et al. 2007a, 2008; Meng et al. 2007; Tan et al.

2007; Bettens et al. 2008; Li et al. 2008; Webster et al. 2008).

In addition, associations with SORL1 have been reported with risk for AD in

subjects with Down’s syndrome (Lee et al. 2007b) and with cognitive decline in the

Framingham cohort study of normal aging (p = 3×10−6; Seshadri et al. 2007).

Finally, the same SORL1 variants previously associated with AD have also now

been shown to be associated with cerebral spinal fluid (CSF) endophenotypes and

with brain magnetic resonance imaging (MRI) and neuropathological endopheno-

types of neurodegenerative and cerebrovascular diseases. Specifically, in a study

of CSF Aβ levels, a three-marker SORL1 haplotype consisting of SNP19 T-allele,

SNP21 G-allele and SNP23 A-allele (T/G/A) was associated with reduced Aβ42
CSF levels in AD patients (p= 0.003; Kolsch et al. 2008). In a separate study of clin-

ically diagnosed AD cases assessed by MRI- and autopsy-confirmed cases, SNPs

16–18 were associated with AD in the clinical cohort (global p = 0.031; Cuenco
et al. 2008). SNPs 8–10 were associated with fewer white matter hyper-intensities

(WMH) in both the clinical (p = 0.0005) and autopsy (p = 0.02) series. In addition,

general cerebral atrophy and hippocampal/mesial temporal atrophy were associated
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with markers from the 5′ region, including SNPs 21–26, in both datasets (Cuenco

et al. 2008). Examination of specific 3-SNP haplotypes from these two regions

in the autopsy-confirmed AD cases showed association of white matter disease

with SNPs 8–10 and association of hippocampal atrophy and parenchymal vascular

lesions with SNPs 22–24. Of note, the same SNP 8–10 haplotype (CGC) was asso-

ciated with decreased WMH in AD cases in the clinical (p = 0.0005) and autopsy

(p = 0.02) samples. The observation that SORL1 variants are associated both with

AD itself and with disease-relevant endophenotypes, such as CSF Aβ levels, brain

imaging changes and cognitive impairment in aging, supports both the hypothesis

that multiple regions of the SORL1 gene are functionally important and the hypoth-

esis that selected individual SORL1 variants may have different effects on SORL1

expression. These different effects may selectively alter SORL1 activity in individ-

ual cell types (e.g., neurons versus endothelial cells) and/or in particular regions of

the brain.

4 Cell Biology of SORL1

The SNPs and haplotypes tested to date are unlikely to be the actual AD-causing

variants. Sequencing of the exons and intron-exon boundaries in carriers of the

disease-associated haplotypes at SNPs 8–10 or SNPs 22–24, and investigation of

SORL1 splice forms recovered by RT-PCR, both failed to identify any potentially

pathogenic sequence variants that were significantly enriched in AD cases over con-

trols. It is therefore likely that the associations reflect the presence of pathogenic

variants within the intronic sequences nearby the intervals containing SNPs 8–10

and 22–24. We have speculated that these putative intronic variants might modulate

cell type-specific transcription or translation of SORL1 in neurons of carriers of the

AD-associated haplotypes, but directly testing this hypothesis is difficult (Rogaeva

et al. 2007). The view that primary reductions in SORL1 might be causally linked to

AD is supported by previous reports that SORL1 expression is reduced in neurons in

some cases of sporadic AD (where the cause was unknown) but not in PS1-mutant

familial AD (FAD; where the disease arises from mutations in PS1; Scherzer et al.

2004; Dodson et al. 2006).

The conclusion that SORL1 might be involved in the pathogenesis of AD is also

supported by cell biological experiments that demonstrate that SORL1 specifically

regulates APP trafficking into the endocytic or recycling pathways. Thus, SORL1

physically interacts with the APP holoprotein (Fig. 2) and with the VPS35 (which

drives cargo selection in the retromer via VPS10-containing proteins like SORL1;

Seaman 2005). These protein-protein interactions are specific because SORL1 does

not bind to other Type 1 membrane proteins (e.g., BACE1; He et al. 2005; or VPS26,

which links VPS35 to the other structural elements of the retromer; Seaman 2005).

SORL1 also does not bind to APP fragments produced by α, β- or γ-secretase
cleavage. Furthermore, over-expression of SORL1, which would be predicted to

divert APP holoprotein into the retromer recycling pathway, results in decreased Aβ
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Fig. 2 Diagram of APP processing pathways. APP holoprotein is synthesized in the endoplas-
mic reticulum (ER) and Golgi. Proteolytic cleavage through the Aβ peptide domain by ADAM17
and other α-secretase enzymes generates N-terminal soluble APPsα and membrane-bound APP-
CTFα fragments. Sequential cleavage by BACE1 (β-secretase) generates N-terminal APPsβ
and membrane-bound APP-CTFβ fragments. The latter undergo presenilin-dependent γ-secretase
cleavage to generate Aβ and amyloid intracellular domain (AICD). SORL1 binds both APP holo-
protein and VPS35 (not shown) and acts as a sorting receptor for APP holoprotein. Absence
of SORL1 switches APP holoprotein away from the retromer recycling pathway and instead
directs APP into the β-secretase cleavage pathway, increasing APPsβ production, and then into
the γ-secretase cleavage pathway to generate Aβ. Blockade of the retromer complex (RC) by
inhibiting retromer complex proteins such as VPS26 or VPS35, or Golgi-localized gamma-ear-
containing ARF-binding (GGA) adaptor proteins, has a similar effect, also increasing APPsβ and
Aβ production

production (82 % of control value, p < 0.05). Conversely, siRNA suppression of

SORL1 expression, which results in deflection of APP holoprotein away from the

recycling retromer pathway and into the late endosome-lysosome pathway, causes

(1) over-production of the APPsβ ectodomain and (2) over-production of Aβ by the

subsequent γ-secretase cleavage of the APP C-terminal stub generated by BACE1

(Aβ40 = 189% of control; Aβ42 = 202% of control, p < 0.001; Andersen et al.

2005; Offe et al. 2006; Rogaeva et al. 2007).

5 Discussion

Taken together, the genetic and cell biological results from an increasing number of

independent groups suggest that genetic and/or environmentally specified changes

in SORL1 expression or function are causally linked to the pathogenesis of AD and

have a modest effect on risk for this disease. The precise identity of the genetic effec-

tors in SORL1 remains to be determined. However, the results described here imply
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that (1) there are several different allelic variants in distinct genomic regions of the

SORL1 gene in different populations, (2) these variants are likely to be in intronic

regulatory sequences that might govern cell-type or tissue-specific expression of

SORL1, and (iii) these variants affect disease risk by altering the physiological role

of SORL1 in the processing of APP holoprotein.

The observations that (1) no single SORL1 SNP or haplotype is associated with

risk for AD in all datasets and (2) some datasets fail to show any association con-

trast sharply with APOE [where there is an association of AD with a single APOE

allele (i.e., APOE ε4) in most datasets (Farrer et al. 1997)]. However, it is impor-

tant to note that the association of disease with a single allele in all datasets (i.e.,

an APOE ε4-like association) is not a universal observation for either complex or

monogenic diseases (Pritchard and Cox 2002). Thus, the occurrence of pathogenic

mutations across multiple domains of disease genes (i.e., allelic heterogeneity), and

the absence of these variants in some datasets (i.e., locus heterogeneity) are not

unusual in either monogenic or complex traits (Owen et al. 2005; Vermeire and

Rutgeerts 2005). In addition, several points affirmatively mitigate concerns that the

association between SORL1 and AD is spurious. First, the association was initially

identified using conservative family-based association tests, which are less sensi-

tive to confounding due to population stratification (Rabinowitz and Laird 2000).

Second, the results have now been replicated in multiple unrelated datasets drawn

from ethnically different origins

The work summarized here argues that (1) variants in SORL1 increase risk for

AD and for selected endophenotypes, (2) the reduction in SORL1 expression previ-

ously observed in AD is likely to be a primary and pathogenic event, and (3) SORL1

plays a key physiological role in the subcellular sorting of APP holoprotein.
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Regulation of Transport and Processing
of Amyloid Precursor Protein by the Sorting
Receptor SORLA
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Abstract Trafficking of the amyloid precursor protein (APP) through intracellular

compartments where the various secretase activities reside is a regulatory step that

determines APP processing fates and is likely to play a role in pathological pro-

cesses leading to Alzheimer’s disease (AD). SORLA is a member of a novel class

of intracellular sorting proteins and acts as a neuronal receptor for APP, controlling

transport and proteolytic processing of the precursor protein into amyloidogenic

and non-amyloidogenic products. Substantial experimental evidence from epidemi-

ological, cell biological and animal studies points to a model whereby SORLA

determines trafficking of APP into cellular compartments less favorable for process-

ing. Consequently, high levels of SORLA expression are associated with reduced

APP processing rates, whereas low levels of the protein, as in patients with spo-

radic AD, may predispose to accelerated APP breakdown and enhanced senile

plaque formation. This article discusses the molecular mechanisms that govern

SORLA-mediated APP transport and processing and their potential relevance for

neurodegenerative processes.

1 Introduction

In 1996, Petersen and colleagues and Yamakazi et al. independently identified

a novel gene product from human and rabbit tissues that they termed sorting

protein-related receptor with low-density lipoprotein (LDL) receptor class A repeats

(SORLA; Jacobsen et al. 1996) or LDL receptor relative with 11 binding repeats

(LR11; Yamazaki et al. 1996), respectively. At that time, the race had been on to find

novelmembers of a newly discovered gene family of LDL receptor-related receptors
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(LRPs), a group of multifunctional endocytic receptors with structural homology to

the LDL receptor (Nykjaer and Willnow 2002).

Indeed, SORLA did harbor some of the unifying motifs that characterize LRPs,

including complement (or A)-type repeats, epidermal growth factor-type repeats,

and β-propellers (Fig. 1). However, the SORLA polypeptide also contained addi-

tional structural features not seen in LRPs before. These motifs included six fibro-

nectin type III elements as well as a 700-amino acid module that was initially

identified in the vacuolar protein sorting 10 protein (VPS10p), a sorting receptor

in Yeast that directs carboxypeptidase Y from the trans-Golgi network (TGN) to the

vacuole (the Yeast homologue of the lysosome; Marcusson et al. 1994).

Subsequent cloning efforts uncovered even more eukaryotic gene products char-

acterized by the VPS10p domain, including the pro-nerve growth factor receptor

sortilin (Nykjaer et al. 2004; Petersen et al. 1997), the Hydra head activator binding

protein (Hampe et al. 1999, 2000), and the neuronal receptors, SORCS1, SORCS2,

and SORCS3 (Hampe et al. 2001). Because all of the latter proteins lack any obvi-

ous homology to the LDL receptor, it is now generally accepted that SORLA

represents the founding member of a separate class of VPS10p-domain receptors

that are both structurally and functionally distinct from LRPs. In particular, a pre-

dominant localization of VPS10p-domain receptors in intracellular compartments

suggests a function in protein sorting rather than endocytosis. This assumption

was supported by early evidence that some of the receptors interacted with GGA-1

and -2 (Golgi-localizing, γ-adaptin ear homology domain, ARF-interacting proteins;

Jacobsen et al. 2002; Nielsen et al. 2001), which are adaptors that direct pro-

teins between trans-Golgi network (TGN) and early endosomes (Bonifacino 2004;

Bonifacino and Traub 2003; Zhu et al. 2001). Although the regular trafficking route

of SORLA had not been established at that time, related members of the gene fam-

ily were shown to move to the cell surface, internalize once, and thereafter shuttle

between endosomal compartments and TGN (Nielsen et al. 2001).

In the mammalian organism, SORLA is found primarily in neurons of the cen-

tral and peripheral nervous system (Hermans-Borgmeyer et al. 1998; Motoi et al.

1999), where it localizes to the plasma membrane and to various intracellular com-

partments, such as Golgi and early endosomes (Hampe et al. 2000; Jacobsen et al.

2001). In the brain, the receptor is widely expressed throughout the cortex, hip-

pocampus, and cerebellum (Hermans-Borgmeyer et al. 1998; Motoi et al. 1999).

Furthermore, significant expression has been documented in non-neuronal tissues,

including kidney, testis, and liver (Jacobsen et al. 1996; Yamazaki et al. 1996).

The functions that SORLA may have at these sites remain largely unclear, but

some studies suggested a role as cellular receptor for apolipoprotein E (Taira et al.

2001), platelet-derived growth factor BB (Gliemann et al. 2004), or glia-derived

neurotrophic factor (Westergaard et al. 2004). Also, a possible role as regulator of

smooth muscle cell migration has been considered (Zhu et al. 2004).
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Fig. 1 Structural organization of SORLA and related receptors. The figure depicts common struc-
tural motifs in SORLA, low-density lipoprotein receptor related protein 1 (LRP1), head activator
binding protein (HAB), and vacuolar protein sorting 10 protein (VPS10p). Complement-type
repeats represent ligand binding sites, whereas β-propellers are involved in release of receptor-
bound macromolecules in endocytic compartments. The significance of other protein domains in
the context of receptor function (e.g., 10CC, fibronectin type III) is unclear at present
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Fig. 2 Loss of SORLA expression in patients with the sporadic form of Alzheimer’s disease (AD).
(A) Brain specimens from three individuals with sporadic AD and two control subjects were sub-
jected to Western blot analysis using antibodies directed against SORLA, sortilin, and the neuronal
marker, synaptophysin. Loss of expression in AD is specific for SORLA and not seen for sortilin
or synaptophysin. (B) Densitometric scanning of replicate Western blots (as in A) indicates a 40%
reduction in SORLA levels in AD patients compared to healthy controls

2 Expression of SORLA is Lost in Patients with Sporadic
Alzheimer’s Disease

Amajor breakthrough in functional characterization of SORLA came with an obser-

vation made by Scherzer et al. (2004), who used gene expression profiling to

uncover a reduction of SORLA mRNA levels in lymphoblasts from Alzheimer’s

disease (AD) patients. Almost complete absence of receptor expression in individ-

uals with AD was confirmed by Western blot and immunohistological analyses of

brain autopsies (Andersen et al. 2005; Dodson et al. 2006; Scherzer et al. 2004;

Fig. 2). Intriguingly, a reduction of SORLA levels was specifically documented in

patients suffering from late-onset AD but not in individuals with familial forms of

the disease (Dodson et al. 2006). These observations linked SORLA through a yet

unknown activity to neurodegenerative processes. In particular, the data suggested

low levels of SORLA as a primary cause of sporadic AD rather than a secondary

consequence of the neuronal cell loss in AD patients.

3 SORLA Acts as a Neuronal Sorting Receptor for Amyloid
Precursor Protein

What might be the molecular mechanism whereby SORLA affects AD processes in

the brain? Based on its structural homology to sorting receptors, a similar function

for SORLA in neuronal transport of amyloid precursor protein (APP) was proposed
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(Andersen et al. 2005). APP follows a complex, intracellular trafficking pathway

that influences processing to either a soluble fragment sAPPα (non-amyloidogenic)

or to sAPPβ and the insoluble amyloid β-peptide (Aβ), the principal component of

senile plaques (De Strooper and Annaert 2000). The rate of Aβ production is con-

sidered a major risk factor for onset of AD (De Strooper and Annaert 2000). En

route through the secretory pathway to the cell surface, most newly synthesized

APP molecules are cleaved into sAPPα by α-secretase whereas some precursor

molecules are re-internalized from the plasma membrane and delivered to endo-

cytic compartments for β-secretase (and subsequent γ-secretase) processing into

sAPPβ and Aβ (De Strooper and Annaert 2000; see model in Fig. 6). Accordingly,

the intracellular transport and localization of APP are crucial determinants of APP

processing and Aβ production. Yet considerable controversy exists regarding the

mechanisms that govern intracellular transport of the precursor protein.

A decisive role for SORLA in the intracellular trafficking of APP has now been

confirmed in a number of studies that demonstrated direct interaction between the

sorting receptor and APP in neurons. Binding to SORLA was shown for all three

major APP isoforms: APP770, APP751, and the neuronal variant APP695 (Fig. 3).

Interaction involves binding sites in the extracellular as well as in the cytoplas-

mic tail region of both proteins (Andersen et al. 2005, 2006; Spoelgen et al.

2006). In particular, fine-mapping identified a binding epitope within the cluster

of complement-type repeats in SORLA that forms a 1:1 stoichiometric complex

with the carbohydrate-linked domain of APP (Andersen et al. 2006). Interaction

of the two proteins mainly occurs in late-Golgi/TGN and in early endocytic com-

partments, as shown by confocal immunocytochemistry and fluorescence lifetime

imaging microscopy (Andersen et al. 2005, 2006; Spoelgen et al. 2006). Func-

tional interaction results in impaired transition of APP through the Golgi, effectively

reducing the number of precursor molecules that reach the plasma membrane. In

contrast, SORLA does not affect the rate of internalization of APP from the cel-

lular surface, in line with a presumed function in intracellular (but not endocytic)

transport processes (Spoelgen et al. 2006).

4 SORLA Impairs APP Processing

The central role of the Golgi in APP metabolism is well appreciated as it represents

the major site of APP concentration in the cell (Caporaso et al. 1994). More impor-

tantly, initial processing of APP by α- and β-secretases is intimately associated with

a post-Golgi compartment and requires efficient transit of the precursor through this

organelle (Haass et al. 1993; Yamazaki et al. 1995). Thus, disrupting Golgi transi-

tion of APP blocks processing (Khvotchev and Sudhof 2004; Peraus et al. 1997),

whereas phorbol ester treatment that enhances membrane shunt from the TGN to

the plasma membrane increases APP processing (Xu et al. 1995). Because SORLA

delayed APP exit from the Golgi, these observations suggested a mode of action

whereby SORLA-mediated sequestration of APP in the Golgi might impair access



172 T.E. Willnow et al.

Fig. 3 SORLA interacts with all major APP variants. Surface plasmon resonance analysis demon-
strates interaction of APP695 (A), APP751 (B), and APP770 (C) with the recombinant extracellular
domain of SORLA immobilized on the sensor chip surface. A concentration series of APP variants
at 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 μM was applied

of the precursor to the post-Golgi compartments where proteolytic processing by

secretases proceeded. Intriguingly, such a protective role for SORLA in the preven-

tion of APP processing was indeed confirmed in a number of studies in cultured

cell lines, including CHO, HEK293, as well as neuronal N2A and SH-SY5Y cells,

that demonstrated a significant reduction in APP processing when SORLA was

overexpressed (Fig. 4A, B; Andersen et al. 2005; Offe et al. 2006; Spoelgen et al.
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Fig. 4 Levels of SORLA expression affect APP processing rates. Western blot analysis (B) and
ELISA (A) were used to quantify levels of SORLA, soluble APPα (sAPPα), and Aβ in parental
neuronal cell line SH-SY5Y (SY5Y) or SH-SY5Y cells stably overexpressing SORLA (SY5Y-S).
sAPPα and Aβ levels were significantly reduced in SY5Y-S compared to parental SY5Ycells.
Detection of SORLA and sAPPα (D) and of Aβ (C) in hippocampal extracts from wild type
(Sorla+/+) and SORLA-deficient mice (Sorla−/−) indicates increased levels of APP processing
products in receptor-deficient animals

2006). The reduction in processing efficiency affected both amyloidogenic and non-

amyloidogenic pathways. Detailed analysis of APP processing products indicated

that the receptor exerted its inhibitory effect via blockade of α- and β-secretase
activities (Schmidt et al. 2007).

Recently, the significance of SORLA for APP processing was also confirmed by

studies in mice with targeted Sorla gene disruption. In this mouse model, loss of

receptor expression coincided with significantly higher levels of Aβ and sAPPα in

the brain compared to control animals (Fig. 4C, D), similar to the situation seen in

AD patients who lack receptor expression (Andersen et al. 2005).

5 SORLA Activity Requires Interaction with GGA and PACS-1

Similar to the mode of action of other sorting proteins (such as sortilin or mannose

6-phosphate receptors), functional expression of SORLA involves interaction with

cytosolic adaptor proteins. A number of cellular mechanisms target proteins to and
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from the Golgi/TGN, including interaction with sorting adaptors GGA and PACS-1

(Bonifacino and Traub 2003; Ghosh and Kornfeld 2004). Binding of GGA-1 and -2

to a tetrapeptide motif DVPM in the tail of SORLA had been demonstrated before,

but the functional relevance for receptor trafficking and activity had not been inves-

tigated (Jacobsen et al. 2002). In addition, an acidic cluster that may serve as

binding site for PACS-1 is also present in the cytoplasmic receptor domain. To

dissect regulatory elements in SORLA that convey Golgi/TGN targeting, Schmidt

et al. (2007) generated mutant forms of the receptor that lacked the presumed

GGA (SORLAgga) or PACS-1 (SORLAacidic) binding motifs, or the entire cyto-

plasmic domain (SORLAΔcd). When trafficking of these mutants was compared to

the wild type receptor in neuronal and non-neuronal cell types, both SORLAacidic

and SORLAΔcd failed to localize to the Golgi but were accumulated at the cell sur-

face. In contrast, SORLAgga was partially able to reside in the Golgi but unable

to efficiently recycle from endocytic compartments back to the TGN. Aberrant

trafficking of SORLA variants profoundly changed the processing pattern of APP

co-expressed with the mutants. Thus, trapping of APP in recycling compartments

(as with SORLAgga) stimulated processing by α-secretase (Fig. 5A) whereas shunt

to the cell surface (as with SORLAacidic and SORLAΔcd) massively accelerated

cleavage by β-/γ-secretases, likely by enhancing delivery of APP molecules into the

endocytic pathway (Fig. 5B). Intriguingly, ß-site APP-cleaving enzyme 1 (BACE-1)

has also been identified as a target of GGA-mediated trafficking in cells (von Arnim

et al. 2004). In line with observations that SORLA and BACE-1 localize in close

proximity in Golgi compartments of cultured neurons (Spoelgen et al. 2006), the

above finding suggests the existence of a supramolecular protein complex composed

of adaptors, sorting receptors, and secretases, as well as the substrate APP (through

interaction with SORLA), that may be central to the transport and processing of the

precursor protein.

6 Conclusion

Currently, all available experimental evidence points to a central role for SORLA

in control of APP transport to and from the Golgi/TGN (Fig. 6; Andersen and

Willnow 2006). Newly synthesized APP molecules may first encounter the recep-

tor when they enter the Golgi on their way through the secretory pathway to the

cell surface (step 1 in Fig. 6). SORLA-mediated retention of APP in this organelle

requires the activity of PACS-1 and delays entry of APP molecules into the non-

amyloidogenic (step 2) and amyloidogenic (step 3) processing pathways. Consistent

with this model, high levels of SORLA expression further reduce APP process-

ing rates (Fig. 4A, B), whereas low levels of receptor activity, as in mouse models

of SORLA deficiency, accelerate Golgi transit and increase processing efficiency

(Fig. 4C, D).

As well as APP, some SORLA molecules may reach the cell surface from

where they internalize via clathrin-coated pit endocytosis. From the early endocytic
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Fig. 5 Abnormal trafficking of SORLA alters APP processing rates. (A) Determination by semi-
quantitative Western blots of sAPPα levels in parental Chinese hamster ovary cells expressing APP
only (CHO-A) or APP with the wild type (CHO-A/Swt) or the GGA mutant form (CHO-A/Sgga)
of SORLA. (B) Quantification by ELISA of Aβ40 levels in the medium of CHO cells express-
ing human APP only (CHO-A), APP with the wild type (CHO-A/Swt), the PACS mutant

(CHO-A/Sacidic) or the tail-less form (CHO-A/SΔcd) of SORLA

compartments, SORLA molecules recycle back to trans-Golgi/TGN through the

action of GGAs (step 4). Endocytosis and recycling of SORLA do not affect

trafficking of APP in the endocytic compartments (Schmidt et al. 2007).

An additional regulatory mechanism in SORLA trafficking that is not fully

understood may involve the retromer, a multimeric protein complex responsible

for retrograde trafficking of proteins from late endosomes/lysosomes to the Golgi

(reviewed in Seaman 2004, 2005). VPS35 is the main component of the retromer

and is known to bind to Yeast VPS10p (Nothwehr et al. 1999). This observation led
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Fig. 6 SORLA function in APP transport and processing. Typically, nascent APP molecules tra-
verse the Golgi (1) en route to the plasma membrane where some are cleaved by α-secretase to
sAPPα (non-amyloidogenic pathway) (2). Non-processed precursors internalize from the cell sur-
face and traffic from early to late endosomes for cleavage into sAPPβ and Aβ (amyloidogenic
pathway) (3). SORLA acts as a sorting receptor that traps APP in the Golgi, thereby reducing
the number of precursor molecules that can be processed in post-Golgi compartments (1). Reten-
tion of SORLA (and of APP) in the Golgi entails functional interaction of SORLA with PACS-1.

Recycling of internalized SORLA molecules from the early endocytic compartment back to the
Golgi/TGN requires the activity of GGA (4)

to the suggestion that a similar interaction between retromer and SORLA may also

take place in mammalian cells (Small and Gandy 2006). Reducing retromer activity

by selective depletion of individual protein components from cells (e.g., VPS35)

leads to an increase in Aβ secretion, whereas overexpression of VPS35 reduces

Aβ levels (Small et al. 2005), similar to the effects of SORLA on APP processing

(Andersen et al. 2005).

Future studies should provide more insights into the molecular details of the

SORLA traffickingmachinery inneurons that seems central to the cellular catabolism

of APP. They may even uncover new molecular targets to modulate this pathway in

patients with AD and to interfere with pathological processes in this devastating

disorder.
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