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ABSTRACT

Neurodegenerative disorders are chronic, progressive, and often fatal disorders of
the nervous system caused by dysfunction, and ultimately, death of neuronal cells.
The underlying mechanisms of neurodegeneration are poorly understood, and
monogenic disorders can be utilised as disease models to elucidate the pathogenesis.

Juvenile neuronal ceroid-lipofuscinosis (JNCL, Batten disease) is a recessively
inherited lysosomal storage disorder with progressive neurodegeneration and
accumulation of autofluorescent storage material in most tissues. It is caused by
mutations in the CLN3 gene, but the exact function of the corresponding CLN3
protein, as well as the molecular mechanisms of INCL pathogenesis have remained
elusive. JNCL disease exclusively affects the central nervous system leaving other
organs unaffected, and therefore it is of a particular importance to conduct studies in
brain tissue and neuronal cells.

The aim of this thesis project was to elucidate the molecular and cell biological
mechanisms underlying JNCL. This was the first study to describe the endogenous
Cln3 protein, and it was shown that Cln3 localised to neuronal cells in the mouse
brain. At a subcellular level, endogenous CIn3 was localised to the presynaptic
terminals and to the synaptosome compartment, but not to the synaptic vesicles.
Studies with the CLN3-deficient cells demonstrated an impaired endocytic
membrane trafficking, and established an interconnection between CLN3,
microtubulus-binding Hookl and Rab proteins. This novel data was not only
important in characterising the roles of CLN3 in cells, but also provided significant
information delineating the versatile role of the Rab proteins. To identify affected
cellular pathways in JNCL, global gene expression profiling of the knock-out mouse
CIn3”" neurons was performed and systematically analysed; this revealed a slight
dysfunction of the mitochondria, cytoskeletal abnormality in the microtubule plus-
end, and an impaired recovery from depolarizing stimulus when specific N-type
Ca”" channels were inhibited, thus leading to a prolonged time of higher intracellular



Ca®". All these defective pathways are interrelated, and may together be sufficient to
iniate the neurodegenerative process. Results of this thesis also suggest that in
neuronal cells, CLN3 most likely functions at endocytic vesicles at the presynaptic
terminal, potentially involved in the regulation of the calcium-mediated synaptic
transmission.

Keywords: neurodegeneration, lysosomal storage disorder, neuronal ceroid
lipofuscinosis, lysosome, microtubulus, endocytosis, intracellular membrane
trafficking
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TIIVISTELMA

Hermoston rappeumasairaudet ovat kroonisia, etenevié ja usein kuolemaan johtavia
tauteja, jotka johtuvat hermosolujen toimintahdiridistd ja  kuolemasta.
Hermosolurappeuman tarkat mekanismit ovat huonosti tunnettuja ja yhden
geenivirheen aiheuttamat monogeeniset taudit voivat toimia tautimalleina
patogeneesin selvittdimisessi.

Juveniili neuronaalinen seroidi-lipofuskinoosi (JNCL, Battenin tauti) on peittyvasti
periytyvd lysosomaalinen kertymitauti, jonka tyypillisid piirteitd ovat etenevi
keskushermoston hermosolujen rappeuma ja autofluoresoivan materiaalin
kertyminen useimpiin kudoksiin. JNCL johtuu virheistd CLN3-geenissd, mutta
vastaavan CLN3-proteiinin toiminta ja JNCL-taudin syntymekanismit ovat
tuntemattomia. Taudin oireet keskittyvit yksinomaan keskushermostoon ja siksi on
tarkedd tutkia tautia aivokudoksessa ja hermosoluissa.

Tamén viitoskirjaprojektin  tavoitteena oli valottaa JNCL-taudin solu- ja
molekyylitason tautimekanismeja erilaisissa solumalleissa. Tydssd kuvailtiin
ensimmdistd kertaa hiiren CIn3-proteiinin paikantumista aivoissa ja hermosoluissa.
CIn3 paikantui kudostasolla hermosoluihin ja hermosoluissa pre-synaptiselle
alueelle, synaptosomiin, mutta ei varsinaisiin synaptisiin vesikkeleihin. Kokeet
CLN3-puutteisilla  soluilla  osoittivat ~ solutason  hdirion  endosyyttisessi
kalvoliikenteessd ja yhdistivdit CLN3-proteiinin solun mikrotubulus-tukirankaan.
Tutkimuksessa saatiin myds tiarkedd tietoa solun kalvoliikenteessd toimivien Rab-
proteiinien toiminnasta. JNCL-taudissa tdrkeitd metaboliareittejd tutkittiin
vertailemalla geeni-ilmentymistd poistogeenisen CIn3” hiiren hermosoluisssa ja
normaaleissa kontrolleissa mikrosiruanalyysin avulla. Loydokset viittasivat lievdin
alentumaan mitokondrion hengitysketjun toiminnassa ja poikkeavuuteen solun
tukirangassa. Lisdksi havaittiin hdirio kalsiumviélitteisen hermoimpulssin séddtelyssa,
miki voi johtaa pidentyneeseen korkeaan solunsisdiseen Ca’'-tasoon. Nimi
solunsisdiset metaboliareitit ovat liittyneet toisiinsa ja niiden yhtdaikainen



toimintahdirid voi johtaa hermosolujen rappeumamekanismien aktivoitumiseen.
Viitoskirjatyon tulokset viittaavat siihen, ettd CLN3 todenndkéisesti toimii
endosyyttisissd vesikkeleissd hermosolujen presynaptisella alueella ja mahdollisesti
osallistuu kalsiumvilitteisen hermoimpulssin séddtelyyn.

Avansanat: neurodegeneraatio, lysosomaaliset kertymétaudit, neuronaalinen seroidi-
lipofuskinoosi, lysosomi, mikrotubulus, endosytoosi, solunsisdinen kalvoliikenne,
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INTRODUCTION

Neurodegenerative disorders are a diverse group of acquired and inherited diseases
of the nervous system. They are chronic, progressive and cannot be curably treated;
thus they are associated with substantial morbidity, mortality, and great importance
medically, socially and financially. Pathologically, the neurodegenerative diseases
are characterised by the death of specific neuron populations at specific regions of
the central or peripheral nervous system, and the individual pattern of this
deterioration creates the specific clinical characteristics of each disease. There is,
however, little understanding of the underlying pathogenetic processes and
mechanisms of the neuronal death. Monogenic diseases, such as the lysosomal
storage disorders and the neuronal ceroid lipofuscinoses, serve as disease models for
studies on neuronal death in complex neurodegenerative disorders, and thus provide
novel avenues for therapeutic intervention.

Juvenile neuronal ceroid lipofuscinosis (JNCL, Batten disease, or Spielmeyer-Vogt-
Sjogren disease) is the most common neurodegenerative disease of childhood
(Santavuori, et al., 2000). This autosomal recessively inherited disease is caused by
mutations in the CLN3 gene, identified in 1995 by the International Batten Disease
Consortium (Consortium, 1995). It is particularly enriched in Finland, and is part of
the Finnish disease heritage (Norio, 2003). JNCL is classified as a lysosomal storage
disorder (LSD), and it also belongs to a group of at least eight inherited progressive
neurodegenerative diseases called neuronal ceroid lipofuscinoses (NCLs) (Haltia,
2003). NCL diseases are marked by two histopathological findings: degeneration of
nerve cells, foremost in the cerebral cortex, and accumulation of autofluorescent
ceroid-lipopigment in both neural and peripheral tissues (Goebel, 1997). In JNCL,
the ultrastructure of the autofluorescent inclusions resembles a fingerprint and the
major storage component is identified as mitochondrial ATP synthase subunit ¢
(Palmer, et al., 1992).

Clinical features of JNCL include visual failure, epileptic seizures and progressive
psychomotor degeneration, which lead to premature death at the age of 18-30 years
(Santavuori, 1988). Most patients carry a 1.0-kb deletion of the CLN3 coding
region; in addition 40 mutations and 2 polymorphisms have been characterised
(NCL Mutation Database). The corresponding CLN3 protein is an integral
membrane protein with 5-6 transmembrane domains and two lysosomal targeting
motifs (Ezaki, et al., 2003; Kyttala, et al., 2004). The function of CLN3 has

15



remained elusive, but its evolutionary conservation among species from yeast to
humans indicates a fundamental role in the cell metabolism.

JNCL disease specifically affects neuronal cells and leaves other organs clinically
unaffected, and hence it is of utmost importance to approach the disease mechanism
by studying the expression and localisation of CLN3 in the brain and neuronal cells.
The aim of this thesis was to elucidate the molecular and cell biological properties of
the CLN3 protein in neuronal and patient cells and tissues, with the ultimate goal of
enhancing the understanding of the vital function of CLN3, and the mechanisms of
neurodegeneration. This will provide the basis for the development of novel
treatment strategies for these devastating diseases.
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REVIEW OF THE LITERATURE

1. Intracellular membrane trafficking

1.1 Principles of intracellular membrane trafficking

Intracellular membrane trafficking can be divided into two distinct pathways; the
biosynthetic/secretory pathway and the endocytic pathway (Figure 1). In the
secretory pathway, the newly synthesized proteins, carbohydrates and lipids are
transported through the endoplasmic reticulum (ER) and Golgi to the cell surface
(constitutive secretory pathway), or to the endosomes/lysosomes. Endocytic
pathway accommodates the internalization of macromolecules, solutes or pathogens
into the cells, and will be discussed in detail below (Chapter 1.2). Transport routes
form connections between the biosynthetic/secretory and endocytic pathways at the
level of the Golgi apparatus and the endocytic compartments (Gruenberg and

Maxfield, 1995).

Facyciing
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Nuclous

ER oui s

[P

]
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mocrphory praruia
Wikl

Figure 1. Schematic representation of the major pathways in intracellular
membrane trafficking. The arrows represent known or presumed transport
routes. The coat complexes are indicated with colours; COPII (blue), COPI
(red), and clathrin (yellow). ECV/MVB, endocytic carrier
vesicle/multivesicular body. Modified from Bonifacino et al., 2004, and
Gruenberg, 2001.
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Characteristic of eukaryotic cells is their ability to compartmentalize functions into
membrane bound organelles. Transport between these organelles occurs via
membrane-enclosed transport intermediates, or vesicles. This vesicle-transport
hypothesis was formulated from early electron microscopy findings (Palade, 1975).
It postulated that vesicles bud off the donor compartment (vesicle budding) in a
process associated with molecular sorting (or protein sorting), which allows the
selective inclusion or exclusion of individual membrane and content proteins during
the formation of vesicle, and the ability to segregate the vesicular container from its
cargo after vesicle fusion. The transport vesicles are subsequently targeted to their
specific acceptor compartment (vesicle targeting), where they undergo fusion with
the acceptor membrane (vesicle fusion), and unload their cargo. The segregated
processes allow the consequent recycling or release of the components involved in
the vesicle formation and targeting, which may then be returned back to the donor
compartment (Bonifacino and Glick, 2004; Mellman and Warren, 2000).

The selective incorporation of cargo and the budding of transport vesicles are
mediated by protein coats. These coats deform the flat membrane sites into round
structures that are eventually released as coated transport vesicles. The coats also
actively participate in cargo selection, and potentially function in post-budding
events by recruiting accessory factors that mediate interactions with the cytoskeleton
and tethering factors (Bonifacino and Lippincott-Schwartz, 2003). The first coat to
be identified was clathrin (Pearce, 1975; Roth and Porter, 1964), that functions in
post-Golgi locations within the cells, including the plasma membrane, frans-Golgi
network (TGN), and endosomes. Clathrin binds to its target membranes in
conjunction with one of its several adaptor complexes. Arf-GTP and/or specific
phosphoinositides recruit the cytosolic clathrin adaptors in a specific combination to
a particular membrane, to which clathrin is consequently recruited to form the
spherical, cage-like lattice (Kirchhausen, 2000; Kirchhausen and Harrison, 1981).
Known adaptors of clathrin include the heterotetrameric adaptor proteins (AP),
monomeric GGAs (Golgi-localized, 7y-ear-containing, ADP-ribosylation factor-
binding proteins), Hrs (hepatocyte growth factor-regulated tyrosine kinase
substrate), Epsin 1 and Epsl5 (epidermal growth factor receptor substrate 15)
(Reviewed in (Bonifacino and Lippincott-Schwartz, 2003). Non-clathrin coats
typically facilitate vesicular transport in the early secretory pathway (Barlowe, et al.,
1994; Waters, et al., 1991). COPII is the best characterized of these, and it mediates
the anterograde transport from ER to either ER-Golgi intermediate compartment
(ERGIC) or the Golgi complex (Barlowe, et al., 1994). COPI functions mainly in the
retrograde transport within the Golgi complex and from the Golgi to the ER
(Letourneur, et al., 1994) but may also act at the level of endosomes (Oprins, et al.,
1993).
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The principle of vesicle targeting describes the process, in which the vesicles
emerging from the donor compartment bear “an address tag” that permits their
docking and fusion only with the appropriate acceptor compartment. The core
processes seem to be similar in all intracellular fusion with the exception of fusion
of mitochondria and peroxisomes, which proceed via different processes (Hermann,
et al., 1998; Sesaki and Jensen, 2001; Titorenko and Rachubinski, 2000). The first
step in intracellular vesicle fusion is to recognise the appropriate partner membrane,
and this process is variably called membrane attachment, or tethering and docking.
Central in membrane attachment are the Rab GTPases that are localised to specific
intracellular compartments and may serve as identity markers for them. Other
tethering factors have also been identified (Whyte and Munro, 2002). The Rab
GTPase family consists of over 60 members in humans and they cycle between the
active, membrane bound GTP- and the inactive, soluble GDP-bound states in
response to regulating factors (Stenmark and Olkkonen, 2001; Zerial and McBride,
2001). Rab proteins act directionally; they are localised to the donor membrane in
order to mediate its association to the target membrane. The GDP-bound Rabs form
soluble, cytosolic complexes with GDI (GDP dissociation inhibitor) (Araki, et al.,
1990). The GDP-Rab complexes are activated by the action of GEFs (guanine-
nucleotide exchange factor), which exchange the GDP to GTP; this is also
associated with the membrane attachment of Rabs via the hydrophobic
geranylgeranylgroups (Zerial and McBride, 2001). When donor and acceptor
membranes are brought to close proximity, the GTP-bound Rabs recruit their
specific effector molecules to form large complexes that facilitate the membrane
attachment. After the fusion, a Rab GTPase activating protein (GAP) activates the
hydrolysis of GTP, and the resulting GDP-bound Rab is recognised by the GDI,
which detaches it from the membrane (Dirac-Svejstrup, et al., 1997). Rab effectors,
that by definition bind only the active GTP-bound Rab proteins, form a structurally
heterogenous and fast-growing family. The variation and large number of the
effector molecules for individual Rabs indicate a high degree of specialization in
function for an individual organelle and transport process. In addition to membrane
attachment, the Rab proteins have been reported to function in vesicle budding, for
example Rab9 is required for the transport from late endosomes to TGN, and Rabl
may have a role in the vesicle budding from the ER (Barbero, et al., 2002; Nuoffer,
et al.,, 1994). Recently interactions with cytoskeletal components and Rab proteins
have been reported delineating the multifunctional role of the Rab protein family
(e.g. (Echard, et al., 1998; Nielsen, et al., 1999; Young, et al., 2005).

After the donor and acceptor membranes are attached, the fusion reaction is initiated
by interactions of the SNARE (SNAP receptor) and SM (Secl/Muncl8-like)
proteins. Remarkably, both the specific targeting and the fusion reactions rely on the
same class of proteins, the organelle-specific family of SNARE proteins (Rothman,
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1994). The original SNARE hypothesis stated that transport vehicles carry a specific
v-SNARE that binds to the cognate t-SNARE on the target membrane (Figure 2).
The SNARE family of proteins is variable in structure and size, but all bear a
homologous SNARE motif containing 60-70 aa that include typical coiled coil
repeats. Most SNAREs also contain a C-terminal transmembrane domain for
membrane attachment (Bock, et al., 2001). Pairing of the cognate v- and t-SNAREs
produces a very stable four helix bundle, a trans-SNARE complex that bridges the
fusing membranes (Hanson, et al., 1997; Lin and Scheller, 1997; Sutton, et al.,
1998). After the fusion, the SNAREs are present in the same membrane in a cis-
complex. The fusion complex is dissociated and the SNAREs are recycled by the
action of the NSF (N-ethyl-maleimide sensitive fusion protein) ATPase and the
soluble NSF-attachment proteins (SNAP) (Mayer, et al., 1996; Sollner, et al., 1993).
According to the SNARE model, one a-helix is contributed by the v-SNARE
(VAMP/synaptobrevin or a protein related to them) and the other three a-helices
come from the oligomeric t-SNARE (Sutton, et al., 1998). The t-SNARE usually
consists of three separate polypeptides, of which one is homologous to syntaxin, one
to the N-terminus of SNAP-25, and one to the C-terminus of SNAP-25. The
observation that the centre of the helix bundle is composed of four highly conserved
amino acids, three glutamines (Q) and one arginine (R), led to specific renaming of
the SNAREs to Q-SNAREs and R-SNARESs, which roughly correspond to the t- and
v-SNARES, respectively (Fasshauer, et al., 1998). Furthermore, it has become clear
that the original v- and t-SNARE model may be misleading and too simplistic to
explain all fusion reactions. For example, trans-SNARE complexes can also be
formed in fusion from two pairs of transmembrane SNAREs on both fusing
membranes (Cao and Barlowe, 2000). Thus, currently the SNARE components are
usually referred as R-SNAREs (VAMPs), Q,-SNAREs (syntaxins), Q,-SNAREs (N-
terminal SNAP-25 motif), and Q.-SNAREs (C-terminal SNAP-25 motif) (Figure 2).
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Figure 2. Schematic presentation of the formation of the SNARE complex.
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The SNARE proteins themselves are not sufficient, however, to trigger the
membrane fusion reaction. Studies with knock-out mice models revealed that the
deletion of the R-SNARE synaptobrevin/VAMP did not entirely abolish the synaptic
exocytosis (Schoch, et al., 2001), whereas the deletion of the Munc18-1 eliminated
the release completely (Verhage, et al., 2000). It therefore seems that the action of
the SM family (Secl/Muncl8-like proteins) is more fundamental to membrane
fusion. The SM proteins are cytosolic proteins of 650-700 residues (Jahn and
Sudhof, 1999), and most of them interact with the SNARE proteins by a direct
binding to their specific syntaxin (Q,-SNARE) (Toonen and Verhage, 2003). No
universal principle for the action of the SM proteins seems to exist, but most
evidence suggests that the SM proteins regulate the SNARE assembly in a manner
coupled to the membrane attachment (Jahn, et al., 2003). It is also likely that the SM
proteins function as a link between the SNARE complex and the Rab effectors and
other tethering factors (Kauppi, et al., 2004).

1.2 Pathways of endocytosis

Small essential molecules, such as amino acids, carbohydrates and ions, can pass the
plasma membrane through the action of their specific integral membrane channels or
pumps. In contrast, larger macromolecules must be internalized into the cells
through a process called endocytosis, in which the plasma membrane invaginates
and pinches off as transport vesicles. Two basic forms of endocytosis exist;
phagocytosis (“cell eating”) and pinocytosis (“cell drinking”, also called fluid phase
endocytosis) (Conner and Schmid, 2003; Mellman, 1996).

Phagocytosis refers to the internalization of large particles (diameter >0.5 pm),
usually pathogens (e.g. bacteria and yeast), or large debris (apoptotic cells, deposits
of fat) by specialized cells, such as macrophages, monocytes and neutrophils
(Aderem and Underhill, 1999). Phagocytosis is a cargo-stimulated process, in which
the particles to be ingested must first bind to specific plasma membrane receptors
that are capable of activating their own uptake in an actin-dependent manner. Rho-
family of GTPases are central players in the down-stream signalling cascades and
often also able to activate the cells” own inflammatory responses (Hall and Nobes,
2000). Under most circumstances the phagocytosed vesicles, phagosomes, fuse with
endosomes and/or lysosomes (Kielian and Cohn, 1980), which allows the lysosomal
degradation, and the presentation of the processed pathogen peptides on the cell
surface, in order to activate humoral immune response. Some pathogens are able to
utilize the phagocytotic pathway to enter the cells and replicate in the phagosomes.
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For example, mycobacteria are able to reproduce in the acidic phagosomes and
escape from the degradative pathway (Steele-Mortimer, et al., 2000).

Pinocytosis is divided into four basic types based on the entry mechanism;
macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis,
and clathrin- and caveolae-independent endocytosis. The macropinocytic vesicles
are generally over 1 um in diameter, while the other types of pinocytic vesicles are
considerably smaller (diameter <0.2 pm) (Mellman, 1996). Mechanistically,
macropinocytosis resembles phagocytosis in that it is actin-dependent and involves
the Rho-family of GTPases. However, the vesicle formation differs; in phagocytosis,
the plasma membrane “climbs up” to surround the cargo, whereas in
macropinocytosis the plasma membrane protrusions collapse and fuse back to the
membrane. Macropinocytosis is an effective way to internalise large volumes of
extracellular environment, however, the regulation and nature of this fusion is to a
great extent unclear. It can be transiently induced and may have a role in the down-
regulation of activated signalling molecules (Conner and Schmid, 2003). In addition,
dendritic cells use macropinocytosis to screen large volumes of extracellular milieu
(Mellman and Steinman, 2001).

Clathrin-mediated endocytosis is the best characterized of the endocytic pathways. It
was earlier referred to as “receptor-mediated endocytosis”, which turned out to be a
misnomer, as also other pinocytic pathways involve interactions of specific ligands
and receptors. Clathrin-mediated endocytosis is constitutive and occurs in all
mammalian cells. It functions in the continuous uptake of nutrients and signalling
molecules and is essential for tissue and organ development, and throughout the life
of an organism (Di Fiore and De Camilli, 2001; Mellman, 1996; Seto, et al., 2002).
Clathrin-mediated endocytosis is initiated when ligand-transmembrane receptor
complexes concentrate on the “coated pits” on the plasma membrane. The coated
pits are composed of clathrin triskelions assembled into a polygonal lattice,
accompanied by a heterotetrameric AP-2 adaptor complex. A multidomain GTPase
dynamin mediates the fission of the coated pit leading to the release of the clathrin-
coated vesicle (CCV). Dynamin is shown to be involved in a similar scission step
also in phagocytosis, caveolae-mediated endocytosis as well as in some clathrin- and
caveolae-independent pathways (Hinshaw, 2000; Sever, et al., 2000). Interactions
with the actin cytoskeleton are important but non-essential for clathrin-mediated
endocytosis in mammals (Fujimoto, et al., 2000). It has been suggested that the actin
network functions in spatial organisation of the “endocytic hotspots”, from which
CCVs emerge (Gaidarov, et al., 1999). Scaffolding proteins such as ampiphysin,
Eps15 and intersectin, comprise multiple domains for protein and lipid interaction,
and connect the endocytic machinery to the actin cytoskeleton and perhaps also to
other intracellular trafficking events. In addition, the clathrin-mediated endocytic
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pathway is regulated at least by phosphorylation, receptor signalling and lipid
modifications. A plethora of accessory factors have been implicated, and they are
extensively reviewed elsewhere (Brodsky, et al., 2001; Slepnev and De Camilli,
2000).

Caveolae, flask-shaped plasma membrane invaginations of 50-80 nm in diameter
(Palade, 1953) have been shown to be directly involved in one type of clathrin-
independent endocytosis, now referred to as caveolae-mediated endocytosis.
Caveolae are rich in cholesterol and sphingolipids, the “raft lipids” (Simons and
Toomre, 2000), and their major structural component is caveolin-1 (caveolin-3 in
muscle cells) (Rothberg, et al., 1992). The caveolins are essential for the formation
and integrity of caveolae, and caveolin knock-out animals are devoid of caveolae
(Drab, et al., 2001; Galbiati, et al., 2001; Razani, et al., 2001). They are however,
viable and fertile, which indicates an ability of an organism to compensate for the
loss of caveolae-mediated endocytosis. Caveolae-mediated endocytosis appears to
be an inducible pathway, and it can be triggered by clustering of lipid raft
components and MHC class I molecules on the plasma membrane, resulting in local
signal transduction pathway activation and depolymerization of the cortical actin
cytoskeleton (Pelkmans, et al., 2002). Subsequently, actin- and dynamin-dependent
invagination of caveolae occurs. Materials endocytosed via this pathway include
extracellular ligands (folic acid, albumin, interleukin-2), membrane components
(glycosphingolipids, glycosylphosphatidylinositol-anchored proteins), bacterial
toxins (cholera toxin, tetanus toxin), and several nonenveloped viruses (Simian virus
40, Polyoma virus, Echovirus 1) (Reviewed in (Pelkmans and Helenius, 2002). Live
cell imaging studies visualizing the cell entry of Simian Virus 40 (SV40) showed
that after internalization, the primary caveolar vesicles transfer their cargo to pre-
existing caveolin-1-positive organelles termed caveosomes (Pelkmans, et al., 2001).
The caveosomes receive cargo exclusively from the caveolaec-mediated pathway, but
from caveosomes the material can be distributed to the ER and the Golgi (e.g.
SV40).

Clathrin- and caveolae-independent endocytic pathways have also been discovered.
For example, interleukin-2 (IL-2) receptor on lymphocytes, associated with
detergent-resistant lipid domains (rafts), is internalized independent of both clathrin
and caveolin, but dependent of dynamin (Lamaze, et al., 2001). Similarly, analysis
of SV40 trafficking in cells devoid of caveolin-1, demonstrated a rapid, novel
pathway independent of caveolae, clathrin and dynamin II but dependent of
cholesterol (Damm, et al., 2005). The internalized virus bypassed the conventional
endocytic organelles (see paragraph below), and was transported in apparently novel
non-endosomal, cytosolic organelles to the ER. The novel pathway merged with the
caveolar pathway at the level of the caveosomes. The exact mechanisms and
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physiological functions of these novel endocytic pathways are yet to be determined;
however, it is clear that they provide an important alternative to the clathrin- and
caveolae-mediated pathways. It has been proposed that the different endocytic
pathways have evolved due to the need to regulate and coordinate pinocytosis
precisely in terms of the more complex cellular physiology, such as signal
transduction, development and modulation of the cell’s responses to and interaction
with its environment (Conner and Schmid, 2003).

After internalization, most of the endocytosed cargo is delivered to the early
endosomes (EE), which serve as the first sorting station. From EEs they can either
be recycled back (recycling endocytosis) to the PM via the recycling endosomes
(RE). Classic examples of this route are the recycling of the transferrin receptor
(TfR) (Bleil and Bretscher, 1982) and low-density lipoprotein receptor (LDLR)
(Brown and Goldstein, 1979). Alternatively, cargo destined to degradation is
delivered via the multivesicular carrier vesicles (ECVs/MVBs) and late endosomes
(LE) to the lysosomes (degradative pathway), exemplified in the trafficking of the
low-density lipoprotein (LDL) (Goldstein, et al., 1975) and epidermal growth factor
(EGF) (Carpenter and Cohen, 1976). The transport after the actin-dependent
internalization is primarily microtubule-dependent (Qualmann and Kessels, 2002).

According to the classic vesicle-transport hypothesis (Griffiths and Gruenberg,
1991; Palade, 1975), the endocytic organelles remain as stable compartments that
exchange cargo while retaining their identity. Alternative maturation model depicts
the organelles as mosaics of membrane domains that progressively change in
composition (“mature”) as they traffic downstream the pathway (Helenius, et al.,
1983; Murphy, 1991). In vivo live cell microscopy experiments have shown that
Rab GTPases are central in organizing the endocytic pathway into a mosaic of
biochemically and functionally distinct domains that co-operate with their effectors
to create a restricted environment on the vesicle membrane. The recycling pathway
is composed of three major populations of endocytic vesicles: one containing only
Rab5, a second with Rab4 and Rab5, and a third containing Rab4 and Rabll
(Sonnichsen, et al., 2000). Similarly, late endosomes contain both Rab7 and Rab9
that occupy distinct and separate domains (Barbero, et al., 2002), and the cargo in
the degradative pathway is first present in the Rab5-positive early endosomes and
later appears in the Rab7-positive late endosomes. Some reconciliation of the two
models, vesicle-transport and maturation, was brought by a recent study that showed
that the progression from early endosomes to late endosomes was mechanistically
achieved by a Rab replacement from Rab5 to Rab7 on the endosomal membrane,
powered by a Rab7 GEF, the class C VPS/HOPS complex (Rink, et al., 2005).
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1.3 Specific features of transport in neurons

The essence of the nervous system is to function in signalling, or information
transfer both intracellularly from one part of the cell to another, and intercellularly
between cells. Neuronal cells have unique, highly polarized structure to
accommodate these functions (Figure 3). A typical neuron consists of a cell body
(soma), several thick, narrowing dendrites that are often branched, and a thin, long
axon. The length of an axon can vary from micrometers to meters before terminating
at a synapse (derived from a Greek word for “connect”), a specialized structure for
the intercellular communication (Levitan and Kaczmarek, 1997).

Soma .
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>
Axon o)
<
Retrograde
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Figure 3. Schematic drawing of the typical features of a neuronal cell.
Structures and organelles that are common to all cell types, such as the ER,
Golgi complex, and mitochondria are not shown.

Most of the proteins needed in the axon and synaptic terminals are synthesized in the
soma and transported along the axon in membranous organelles or protein
complexes (Grafstein and Forman, 1980). Correct intraneural transport is
fundamental to neuronal morphogenesis, function and survival, and many proteins
are selectively transported either to the axons or dendrites (Hirokawa and Takemura,
2005). In addition, several specific mRNAs are transported in large protein-RNA
complexes into the dendrites to support local protein synthesis (Job and Eberwine,
2001). Fast axonal transport at ~400 mm/day is utilized to transport membranous
organelles, whereas cytoskeletal proteins are transported by slow axonal transport at
~0.2-2.5 mm/day (Brady, 1985). Axonal transport vesicles and macromolecular
complexes are mainly transported along microtubules, long polymers of a- and B-
tubulin of a diameter of 25 nm that run in longitudinal orientations (Hirokawa,
1998). The microtubules in axons harbour an intrinsic polarity with the growing
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“plus ends” pointing in the direction of the synapses. In contrast, the microtubules in
the dendrites have mixed polarity (Baas, et al., 1988; Burton and Paige, 1981). Actin
filaments are abundant near the the plasma membrane and especially in the growth
cones (Dillon and Goda, 2005). In addition to the microtubules, particularly large
axons contain neurofilaments, intermediate filaments with a diameter of 10 nm
(Hirokawa and Takemura, 2004). Kinesin and dynein superfamily proteins function
as molecular motors and facilitate the movement along the microtubules.
Anterograde transport, from cell body to axons and dendrites towards the plus-end
of microtubules, is mainly carried out by the kinesin superfamily of proteins (KIFs)
(Aizawa, et al., 1992). In contrast, the retrograde transport, from the axonal and
dendritic terminals to the cell body is mostly facilitated by the cytoplasmic minus-
end directed motors of the dynein family (Harada, et al., 1998; Vallee, et al., 1988).

Neuronal polarity is dependent of selective transportation of cargoes to axons and
dendrites. Several specific targeting mechanisms and signals have been identified.
Palmitoylation of cysteine residues is sufficient for axonal targeting of GAP-43
(growth-associated protein 43) (El-Husseini Ael, et al, 2001) and GADG65
(glutamate decarboxylase 65), which synthesizes y-aminobutyric acid (GABA)
(Kanaani, et al., 2002). Axonal targeting of the shaker (Ky1) family of voltage-gated
potassium channels requires a conserved T1 tetramerization domain, also required
for the formation of the central pore of the channel (Gu, et al., 2003). Transport to
dendrites has been suggested to be analogous to the basolateral transport in polarized
epithelial cells (Mostov, et al., 2003). For example, the tyrosine-based motifs at the
cytoplasmic tails of the low-density lipoprotein (LDL) receptor and the transferrin
receptor (TfR) function as signals for basolateral targeting in polarized epithelial
cells as well as for dendritic targeting in cultured neurons (Burack, et al., 2000;
Jareb and Banker, 1998). An evolutionarily conserved dileucine-based motif has
also been identified as the dendritic targeting signal for the Ky4 (Shal) family of
voltage-gated potassium channels (Rivera, et al., 2003). In addition to the selective
transportation, selective retention has been proposed as a means for maintaining
polarity. According to this model, cargoes are transported non-selectively to both
axons and dendrites, but selective endocytosis eliminates the undesired molecules.
Conversely, the inhibition of the selective endocytosis keeps the desired cargo
retained. For example, VAMP?2 is first distributed to the surfaces of both axons and
dendrites of cultured hippocampal neurons, but is then endocytosed from the
dendritic membrane (Sampo, et al., 2003). The endocytotic signal at the cytoplasmic
domain is responsible for the selective removal by endocytos