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ABBREVIATIONS

Asp aspartic acid

ATP adenosine triphosphate

BHK baby hamster kidney

CD-MPR cation-dependent mannose-6-phosphate receptor

CI-MPR cation-independent mannose-6-phosphate receptor

CL curvilinear profile

CNS central nervous system
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E embryonic day

ER endoplasmic reticulum
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GAD 65/67 glutamic acid decarboxylase 65/67

GFAP glial fibrillary acidic protein

GROD granular osmiophilic deposit

hCTSD human cathepsin D

HEK human embryonic kidney

INCL infantile neuronal ceroid-lipofuscinosis

iNOS inducible nitric oxide synthase

JNCL juvenile neuronal ceroid-lipofuscinosis

kDa kilodalton

LAMP lysosome-associated membrane protein
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LIMP lysosomal integral membrane protein

LINCL late infantile neuronal ceroid-lipofuscinosis

L-NAME NG-nitro-L-arginine methylester

LSD lysosomal storage disorder

LTP long-term potentiation

M1 primary motor cortex

mCTSD mouse cathepsin D

M6P mannose-6-phosphate

MPR mannose-6-phosphate receptor

mRNA messenger ribonucleic acid

NCL neuronal ceroid-lipofuscinosis

NO nitric oxide

P postnatal day

PCR polymerase chain reaction

PPT1 palmitoyl protein thioesterase-1

RL rectilinear profile

RNA ribonucleic acid

Rt reticular thalamic

RT room temperature

SAP sphingolipid activator protein

S1 primary somatosensory cortex

S1BF primary somatosensory cortex, barrel field

SM Sec1/Munc18

SMT S-methyl-isothiourea

SNAP25 synaptosomal-associated protein of 25 kDa

SNARE soluble N-ethylmaleimide-sensitive factor-attachment

protein receptor

Sub c subunit c

SV synaptic vesicle

Syb synaptobrevin 2
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Syp synaptophysin

Syt synaptotagmin I

Syx syntaxin 1

TGN trans Golgi network

TPP1 tripeptidyl peptidase-1

TUNEL transferase-mediated dUTP-nick end labelling

VAMP2 vesicle-associated membrane protein 2

VPL ventral posterolateral

VPM ventral posteromedial
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ABSTRACT

Cathepsin D (CTSD) is a lysosomal protease, the deficiency of which is fatal

and associated with neurodegeneration. CTSD knock-out mice, which die at

the age of four weeks, show intestinal necrosis, loss of lymphoid cells and

moderate pathological changes in the brain. An active-site mutation in the

CTSD gene underlies a neurodegenerative disease in newborn sheep,

characterized by brain atrophy without any changes to visceral tissues. The

CTSD deficiences belong to the group of neuronal ceroid-lipofuscinoses

(NCLs), severe neurodegenerative lysosomal storage disorders.

The aim of this thesis was to examine the molecular and cellular mechanisms

behind neurodegeneration in CTSD deficiency. We found the developmental

expression pattern of CTSD to resemble that of synaptophysin and the

increasing expression of CTSD to coincide with the active period of

myelination in the rat brain, suggesting a role for CTSD in early rat brain

development. An active-site mutation underlying the congenital ovine NCL not

only affected enzymatic activity, but also changed the stability, processing and

transport of the mutant protein, possibly contributing to the disease

pathogenesis. We also provide CTSD deficiency as a first molecular

explanation for human congenital NCL, a lysosomal storage disorder,

characterized by neuronal loss and demyelination in the central nervous

system. Finally, we show the first evidence for synaptic abnormalities and

thalamocortical changes in CTSD-deficient mice at the molecular and

ultrastructural levels.

Keywords: cathepsin D, congenital, cortex, lysosomal storage disorder,

lysosome, mutation, neurodegeneration, neuronal ceroid-lipofuscinosis,

overexpression, synapse, thalamus
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1. INTRODUCTION

The lysosome is the cell’s main digestive compartment into which many kinds

of macromolecules are delivered for degradation. Defects in lysosomal

enzymes induce the accumulation of undegraded molecules in the

endosomal/lysosomal system. Despite the large number and clinical diversity

of lysosomal storage disorders, these diseases share some common features.

They are inherited in an autosomal recessive manner and manifest during early

childhood. Many of them affect the central nervous system (CNS) and have a

progressive neurological phenotype. Neuronal ceroid-lipofuscinoses (NCLs)

are a group of at least ten different neurodegenerative diseases that belong to

the lysosomal storage disorders (Haltia, 2003; III). NCLs are clinically

characterized by psychomotor retardation, epilepsy, blindness and premature

death and pathologically by progressive neuronal loss. The remaining neurons

are filled with an autofluorescent storage material, ceroid-lipofuscin, which

accumulates in lysosome-derived organelles. The proteinaceous ceroid-

lipofuscin is mainly composed of either mitochondrial adenosine triphosphate

(ATP) synthase subunit c (Sub c) or sphingolipid activator proteins (SAPs) and

shows different ultrastructural patterns, depending on the type of NCL disease.

Cathepsin D (CTSD; EC 3.4.23.5) is a lysosomal enzyme belonging to the

pepsin family of aspartic proteases. CTSD possesses two active-site aspartic

acid residues essential for catalytic activity. CTSD is widely distributed in

various mammalian cells (Barrett and Kirsche, 1981), and it participates in, for

example, tissue homeostasis. In addition to its role as a protease, CTSD may

have non-enzymatic functions.

A deficiency in CTSD, which is ultimately fatal, leads to congenital ovine

NCL, the first reported disease arising from a naturally occurring mutation in
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the CTSD gene (Tyynelä et al., 2000). Newborn CTSD-deficient sheep are

unable to rise or support their head, and they die within a few days. The

phenotype of affected sheep differs considerably from that of a genetically

generated CTSD knock-out (-/-) mouse. CTSD -/- mice are apparently normal

at birth, but they develop intestinal necrosis and a loss of lymphoid cells in the

spleen and thymus at around four weeks of age (Saftig et al., 1995). Affected

sheep, by contrast, show extreme brain atrophy without any changes to visceral

tissues (Tyynelä et al., 2000). In addition, axons in the white matter of CTSD-

deficient sheep are largely devoid of myelin (Tyynelä et al., 2000). In CTSD -/-

mice, the storage material contains mitochondrial ATP synthase Sub c, while in

CTSD-deficient sheep lysosomal SAPs accumulate in the lysosomes.

At present, the mechanisms by which CTSD deficiency causes neuronal death

are unknown. In this thesis, the effects of CTSD deficiency on

neurodegeneration were examined at the molecular and cellular levels. In the

review of the literature, the basic structures and functions of the lysosomes and

neurons, the key elements in neurodegenerative lysosomal diseases, are

introduced. The CTSD enzyme and CTSD deficiencies as members of NCLs

are then discussed. Finally, the potential mechanisms of neuronal death in

NCLs are described. After presenting the results of the studies, conclusions and

future prospects are provided concerning the possible role of CTSD in neuronal

vulnerability.
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2. REVIEW OF THE LITERATURE

2.1. LYSOSOMES

The term ‘lysosome’, Greek for ‘digestive body’, was first introduced 51 years

ago (de Duve, 1955). Lysosomes are membrane-surrounded cell organelles that

degrade macromolecules entering the lysosomes via autophagocytosis (from

the cytoplasm) or endocytosis (from the extracellular space) or through the

degradative or secretory pathway (Kornfeld and Mellman, 1989). Lysosomes

are identified by their acidic pH, hydrolases with acidic pH optimum and

specific highly glycosylated membrane-associated proteins. The size of

lysosomes varies between < 1 µm (as in neurons) and several microns (as in

macrophages). Lysosomes occur in all mammalian cells except red blood cells.

Different cell types show quantitative differences in the lysosomal

composition, macrophages having a larger fractional volume of lysosomes in

their cytoplasm compared with many other cell types (Steinman et al., 1976).

Recent studies, including proteomic analyses, have revealed that lysosomes

possess at least 50-60 soluble hydrolases (Journet et al., 2002; Sleat et al.,

2005), and a minimum of seven integral membrane proteins (Fig. 1; Eskelinen

et al., 2003). The absence of mannose-6-phosphate receptors (MPRs)

discriminates lysosomes from endosomes and other related vesicular structures.

Lysosomes function in the turnover of cellular proteins, down-regulation of

surface receptors, release of endocytosed nutrients, inactivation of pathogenic

organisms, repair of the plasma membrane and loading of processed antigens

onto major histocompatibility complex (MHC) class II molecules (Eskelinen et

al., 2003).
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Figure 1. Schematic drawing of the topology of the major lysosomal integral membrane

proteins (modified from Eskelinen et al., 2003, with permission of Elsevier). One neuronal

ceroid-lipofuscinosis-associated integral membrane protein (CLN3) and one soluble lysosomal

enzyme, cathepsin D (CTSD) are included. LIMP= lysosomal integral membrane protein,

LAMP= lysosome-associated membrane protein.

2.1.1. Lysosomal proteases

Lysosomal proteases belong to the family of serine, aspartic or cysteine

proteases. They are ubiquitously expressed, and in a tissue- or cell-specific

manner. Different cell types, the same cell types in different physiological

environments or even different endocytic compartments of the same cell

exhibit different expression patterns of lysosomal enzymes (Brix, 2005). As an

example, one set of lysosomal proteases are upregulated while the others are
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downregulated in cancer (Roshy et al., 2003). Lysosomal proteases are present

in all vesicles of the endocytic pathway (e.g. endocytic vesicles, early

endosomes, late endosomes, autophagic vacuoles and lysosomes). In certain

cell types, lysosomal proteases are secreted and have important functions at the

cell surface or in the pericellular environment (Andrews, 2000; Brix et al.,

2001; Linke et al., 2002; Roshy et al., 2003). Lysosomal proteolytic enzymes

catalyse the hydrolysis of proteins, usually working as endopeptidases that

cleave peptide bonds within a peptide chain. They participate in bulk protein

degradation within the lysosomes, antigen processing within the early

endosomes, proprotein processing in secretory vesicles and prehormone

processing and degradation of matrix material in the extracellular space.

Recently, lysosomal enzymes have been postulated to initiate apoptotic

processes within the cytosol (Kågedal et al., 2001). To function properly,

lysosomal enzymes have to be synthesized with a functional catalytic site and

must move along a precise intracellular pathway to reach their site of action. At

acidic pH, lysosomal proteases are processed to an active form. If a lysosomal

enzyme undergoes a mutation that prevents correct cellular targeting, it will

either be degraded or secreted from the cell. Lack of precise enzymatic activity

within the lysosome usually leads to a fatal lysosomal storage disorder (LSD),

which causes augmentation of the lysosomal apparatus.

Cathepsins are lysosomal hydrolases that degrade proteins in lysosomes at an

acidic pH [e.g. cathepsin D (CTSD); Fig. 1]. According to their active-site

amino acids, cathepsins are divided into three subgroups [i.e. cysteine (B, C, H,

F, K, L, O, S, V, W), aspartic (D, E) and serine (G) cathepsins; de Duve,

1983]. Cathepsins participate in general protein turnover and can also perform

specific functions in neovascularization (Nakagawa et al., 1998), cell growth

and tissue homeostasis (Saftig et al., 1995; Koike et al., 2000; 2003; Nakanishi

et al., 2001). Interestingly, cathepsins also have a role outside the lysosomes.

When cathepsins are secreted into the extracellular space, they participate in
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degradation of the extracellular matrix or induction of fibroblast invasive

growth, and when they are released into the cytosol they may execute a

programmed cell death (Koblinski et al., 2000; Fehrenbacher and Jäättelä,

2005; Laurent-Matha et al., 2005). CTSD will be discussed in more detail in

Section 2.3.1.1.

2.1.2. Intracellular transport of soluble lysosomal enzymes

Most lysosomal soluble enzymes are synthesized as N-glycosylated precursors

with a signal recognition sequence that guides them through the membrane of

the endoplasmic reticulum (ER; Lodish, 1999; Fig. 2, step 1). After removal of

the signal peptide, N-linked oligosaccharides undergo extensive processing

before completion of translation (Kornfeld and Kornfeld, 1985).

Monoglycosylated core glycans of a newly synthesized polypeptide bind to the

molecular chaperone calnexin until the protein is properly folded (von Figura

et al., 1998). When entering the Golgi apparatus, the oligosaccharide chains of

lysosomal enzymes are further trimmed and complex sugars and sulphate

groups are added. The mannose-6-phosphate (M6P) recognition marker is

created by N-acetylglucosamine-1-phosphotransferase (phosphotransferase:

Fig. 2, step 2) and by N-acetylglucosamine-1-phosphodieser α-N-

acetylglucosaminidase (uncovering enzyme; Fig. 2, step 3; Lazzarino and

Gabel, 1988).  After binding to the mannose-6-phosphate receptors (MPRs),

either to cation-dependent (46 Da; CD-MPR, MPR46) or cation-independent

(300 kDa; CI-MPR, MPR300) MPRs, receptor-ligand complexes exit the trans

Golgi network (TGN) in clathrin-coated vesicles and fuse with membranes of

the early or late endosomal compartment (Kornfeld, 1992; Fig. 2, steps 4 and

5). Low pH dissociates the lysosomal enzymes from the receptors, and the

enzymes are delivered to lysosomes (Fig. 2, step 6). MPRs recycle back to the

TGN to mediate further rounds of transport (Ghosh et al., 2003; Fig. 2, steps 7
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and 8). Some MPRs are translocated to the plasma membrane (Fig. 2, step 9),

where they can remain (Fig. 2, step 10), but then only CI-MPRs are capable of

binding and internalizing the M6P-containing lysosomal enzymes (Fig. 2, step

11). Variable amounts of newly synthesized lysosomal enzymes escape the

binding to MPRs in the Golgi apparatus and are secreted (Fig. 2, step 12).

Figure 2. Model of the intracellular transport of mannose-6-phosphate receptor (MPR) and

lysosomal enzymes (modified from Storch and Braulke, 2005). (1) Soluble lysosomal enzymes

are synthesized and translocated into the lumen of the endoplamic reticulum (ER). (2)

Mannose-6-phosphate (MP6) recognition marker is added to the enzymes in the Golgi

apparatus and (3) enzymes bind to MPRs. (4) The receptor-ligand complexes exit the trans

Golgi network (TGN) and (5) fuse with the membranes of the early endosomal (EE) or late

endosomal (LE) compartments. (6) Enzymes dissociate in an acidic pH and are transported to

the lysosomes (Lys). (7 and 8) MPRs recycle back to the TGN or (9) to the plasma membrane.

(10) Some MPRs stay on the plasma membrane, and (11) exogenous MP6-containing proteins

are transported via the endocytic pathway to lysosomes. (12) Lysosomal enzymes can escape

binding to MPRs and become secreted.



14

Several studies have provided evidence of the existence of an alternative,

MPR-independent mechanism of lysosomal targeting (Dittmer et al., 1999).

For example, intracellular trafficking of sphingolipid activator protein

precursor and the GM2-activator protein (the cofactor of β-hexosaminidase A)

to lysosomes is dependent on sortilin (Lefrancois et al., 2005). Sortilin is a

member of the type I Vsp10p superfamily, which comprises a family of

heterogeneous type I transmembrane receptors. In addition, the MPR-

independent pathway of proCTSD to lysosome is stronger in breast cancer cells

than in normal cells or other lysosomal enzymes (Capony et al., 1994).

2.1.3. Lysosomal membrane proteins

Lysosomal membrane participates in acidification of the lysosomal matrix,

mediation of fusion between lysosomes and other organelles, transport of

degraded products to the cytoplasm and sequestration of lysosomal enzymes.

Lysosomal membrane proteins are usually highly glycosylated, and they cover

the inner surface of the lysosomal membranes. Lysosome-associated

membrane proteins LAMP-1 and LAMP-2 as well as lysosomal integral

membrane proteins LIMP-1 and LIMP-2 are the most abundant (over 50% of

the lysosomal membrane mass) lysosomal membrane proteins (Fig. 1). The

heavy glycosylation of both LAMP proteins protects against degradation by

lysosomal hydrolases (Kornfeld and Mellman, 1989; Fukuda, 1991). Knock-

out mouse models of these proteins have revealed that LAMP-1, LAMP-2 and

LIMP-2 are very important for normal cell physiology and are involved in

several pathological conditions. Lysosomal membrane protein transport to the

lysosomes differs from that of the soluble enzymes. After synthesis, LAMPs

and LIMPs are transported from the TGN to endo/lysosomes mainly via an

intracellular pathway (Fukuda, 1991; Höning and Hunziker, 1995). The



15

lysosomal targeting depends on the sorting signal in the cytoplasmic tail

(Peters and von Figura, 1994; Hunziker et al., 1996; Le Borgne et al., 1998).

Less abundant lysosomal membrane proteins take part in acidification of the

vacuolar compartment (V-type H+-ATPase, vacuolar proton pump; Forgac,

1999; Fig. 1) and translocation of amino acids (cystinosin, the cystine

transporter; Fig. 1) and monosaccharides.

2.1.4. Lysosomal storage disorders

In principle, mutations in the genes that encode any of the 50-60 known

soluble lysosomal hydrolases or the seven known integral lysosomal membrane

proteins could cause a lysosomal storage disorder (LSD). At the moment, about

50 different LSDs have been identified in humans, over 40 of which involve

soluble hydrolases. LSDs result from the defective function of a specific

protein, which leads to accumulation of either undegraded substrate(s) or

catabolic products within the lysosome. Most LSDs are inherited in an

autosomal recessive manner, and the disease is progressive and the process

unremitting. LSDs are normally monogenic, but for most LSDs, several

mutations have been found in the same gene in different patients. The

frequency of LSDs is about 1 in 8000 live births (Meikle et al., 1999). LSDs

are classified according to the defective enzyme or protein, rather than on the

basis of the substrate accumulated. LSDs can be grouped as follows: 1)

sphingolipidoses, 2) mucopolysaccharidoses, 3) oligosaccharidoses and

glycoproteinosis, 4) diseases caused by defects in integral membrane proteins

and 5) others (Futerman and van Meer, 2004). Despite the variety of LSDs, the

CNS is involved in most of these. Typical for LSDs is progressive neurological

symptoms such as blindness, mental retardation and motor and sensory

problems (Jeyakumar et al., 2005). For example, mutations in the integral

membrane protein CLN3 and CTSD (Fig. 1) cause NCL, a severe
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neurodegenerative LSD. CTSD deficiency, the topic of this thesis, will be

discussed in more detailed in Section 2.3.1.

2.2. NEURONS AND SYNAPTIC CIRCUITS

The central nervous system (CNS) is composed of various types of cells,

including neurons and glial cells (astrocytes, oligodendrocytes and microglial

cells). Glial cells are more abundant in the brain than neurons (ratio 3:1). They

do not participate directly in synaptic interactions and electrical signalling, the

main functions of the nervous system, but they have supportive roles in

maintaining the signalling abilities of neurons and they help define synaptic

contacts. The main function of astrocytes is to provide an appropriate chemical

environment for the neurons and to regulate neurotransmission in synapses by

uptaking the released neurotransmitters. Oligodendrocytes form myelin around

axons, which have a role in rapid action potential conduction. Microglial cells

are a kind of scavenger cells that protects the brain against possible pathogens

and intruders and remove cellular material from the site of brain injury or

during normal cell turnover. Microglia and tissue macrophages are of the same

origin and share many properties.

Neurons vary enormously in size and configuration. They consist of a cell

body (soma), several thick dendrites and a long thin axon in the direction of

impulse propagation (Fig. 3). The dendrites together with the cell body provide

the major site for synaptic terminals made by the axonal endings of other nerve

cells. The axon is a unique extension of the neuronal cell body that may travel

a few hundred micrometers or further, depending on the type of neuron and the

species. Neurons contain many of the same organelles as other cells in the

body (Fig. 3). However, the axon lacks the protein synthesis machinery. All the

proteins needed in the axon and synapses must be transported along the axon in

membranous organelles or protein complexes from the cell body where the
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protein synthesis occurs (Grafstein and Forman, 1980). Intracellular transport

is very important for neuronal survival, function and morphogenesis, and the

proteins are selectively transported either to the axons or to dendrites

(Hirokawa and Takemura, 2005). Microtubules composed of the kinesin and

dynein superfamily proteins, serve as a rail for transported proteins. For

example, synaptic vesicle precursors containing synaptophysin (Syp),

synaptotagmin I (Syt) and vesicle-associated membrane protein 2 (VAMP2)

are synthesized and preassembled in the cell body and then transported via

kinesin motor proteins to the axonal terminal (Hirokawa, 1998). Intact fast

axonal transport is essential for normal function of synapses.

Figure 3. Schematic illustration of the cytoplasmic organization of a neuron with its four

defined regions: cell body, dendrites, axon and axon terminal (not to scale). ER= endoplasmic

reticulum.
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2.2.1. Neurotransmission

Synapses are functional contacts of neighbouring neurons in the CNS.

Synapses are defined as asymmetric junctions composed of a presynaptic

terminal, including neurotransmitter-containing vesicles, a synaptic cleft and a

postsynaptic apparatus with neurotransmitter receptors (Garner et al., 2000).

Synaptic neurotransmission starts when the action potential proceeds to the

presynaptic nerve terminals and induces neurotransmitter release (Katz, 1969).

An action potential triggers Ca2+ influx to the cell, which induces the release of

neurotransmitters from synaptic vesicles (SVs) of nerve terminals into the

synaptic cleft by regulated exocytosis (Südhof, 2004). However, only 10-20%

of action potentials trigger neurotransmitter release (Goda and Südhof, 1997).

After exocytosis, SVs undergo endocytosis, recycling and refilling with

neurotransmitters for a new round of exocytosis (Barker et al., 1972). Recently,

various extracellular and intracellular proteases have been suggested to be

involved in long-lasting regulation of synaptic transmission (Tomimatsu et al.,

2002). One of these is a tissue-type plasminogen activator, an extracellular

serine protease whose expression is induced in the hippocampus during long-

term potentiation (LTP: Qian et al., 1993; Baranes et al., 1998). Neuropsin,

another example of an extracellular matrix serine protease, also has a

regulatory effect on LTP in the hippocampus (Komai et al., 2000). An

intracellular cysteine protease, calpain, seems to play an important role not

only in necrotic and apoptotic cell death but also in axonal and synaptic

plasticity (Chan and Mattson, 1999).

2.2.2. Synaptic vesicles

The function of SVs (~20 nm radius) is to take up and release

neurotransmitters. The SVs that contain neurotransmitters are classified as



19

large dense-core vesicles and small SVs. Because of the small size, SVs

contain few and small proteins. Many of these proteins are present only on a

subset of vesicles or they bind transiently to the vesicles. The proteins in SVs

are involved in neurotransmitter uptake and/or they participate in SV endo- and

exocytosis and recycling. In the classical 'all-or-none' model of exocytosis, a

SV fuses with the presynaptic membrane and releases its content into the

synapse, followed by the recycling of the vesicle membrane (Wightman and

Haynes, 2004). Alternatively, a SV can form a transient fusion pore in the

presynaptic membrane and release only part of its content by 'kiss-and-run'

exocytosis. Small SVs in the nerve terminal undergo a trafficking cycle with

the following steps (Südhof, 2004; Fig. 4): (1) active transport of

neurotransmitters into SVs, (2) SVs’ clustering close to the active zone, (3)

SVs’ docking at the active zone, (4) SVs’ priming and (5) a conversion into a

state of competence for Ca2+-triggered fusion-pore opening. After the fusion-

pore opening, three alternative pathways for endocytosis and recycling of SVs

have been proposed (Richards et al., 2000): (1) “kiss-and-stay”; SVs’

reacidification and refill with neurotransmitters without undocking, thus

remaining in the readily releasable pool, (2) “kiss-and-run”; SVs’ undocking

and recycling locally to refill with transmitters and reacidify and (3) SVs’

endocytosis via clathrin-coated pits and reacidification and refill with

neurotransmitters directly. SVs can also be refilled via an endosomal

intermediate. Large dense-core vesicles primarily undergo ‘all-or-none’

exocytosis, rarely ‘kiss-and-run’ exocytosis. The active transport of all

neurotransmitters into the synaptic vesicles is accomplished by the action of a

vacuolar proton pump that couples ATP hydrolysis with proton translocation,

thus establishing an electrochemical gradient across the vesicle membrane

(Maycox et al., 1988).
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Figure 4. The synaptic vesicle cycle (modified from Südhof, 2004, with permission of Annual

Reviews). (1) Synaptic vesicles (SVs) are filled with neurotransmitters (NTs) and (2)

clusterized. (3) SVs dock at the active zone and (4) are primed for Ca2+ -triggered (5) fusion-

pore opening. After fusion-pore opening, SVs undergo endocytosis and recycling either via (6)

local reuse, (7) recycling without an endosomal intermediate or (8) clathrin-mediated

endocytosis with (9) recycling through endosomes.  Steps in exocytosis are indicated by black

arrows and steps in endocytosis and recycling by grey arrows. Insert: Schematic picture of

SNARE-interacting proteins; synaptosomal-associated protein of 25 kDa (SNAP25), syntaxin

1 (Syx), synaptobrevin 2 (Syb) and synaptotagmin (Syt) in a SV.

2.2.3. Soluble N-ethyl maleimide-sensitive factor attachment protein

receptors (SNAREs)

Synaptic vesicle fusion involves a highly conserved family of proteins termed
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receptors; Brunger, 2005; Fig. 4; insert). Formation of the SNARE complex,

composed of synaptobrevin (Syb), synaptosomal-associated protein of 25 kDa

(SNAP25) and syntaxin 1 (Syx), is essential for SV exocytosis (Lin and

Scheller, 2000). SNARE proteins can be classified into the t-SNARE (also

called Q-SNARE) proteins: Syx and SNAP25, and the v-SNARE (also called

R-SNARE) protein: Syb (Söllner et al., 1993). t-SNARE and v-SNARE are

located in opposing bilayers, and they interact in a circular array to form

conducting pores in the presence of Ca2+  (Cho et al., 2002). SNAREs are

directly linked to Ca2+-triggered exocytosis, most likely in conjunction with a

Ca2+ sensor, synaptotagmin I (Syt; Davis et al., 1999; Fernandez-Chacon et al.,

2001; Sakaba et al., 2005). The main steps in membrane fusion during

secretion are highly controlled and regulated events (Leabu, 2006). The

selective proteolysis of synaptic SNAREs accounts for the total block of

neurotransmitter release caused by clostridial neurotoxins in vivo (Humeau et

al., 2000; Schiavo et al., 2000).

The SNARE proteins themselves are not sufficient to trigger the membrane

fusion reaction. The action of Sec1/Munc18 (SM)-like proteins seems to be

more fundamental to membrane fusion (Verhage et al., 2000). Most of the SM

proteins interact with the SNARE proteins by binding to Q-SNARE (Toonen

and Verhage, 2003). SM proteins also appear to function as a link between the

SNARE complex and the Rab effectors and other tethering factors (Kauppi et

al., 2004).

Vesicle-associated membrane protein 2 (VAMP2; synaptobrevin; Syb) is an

integral membrane protein of 18 kDa (Trimble et al., 1988, Baumert et al.,

1989) that is palmitoylated at its cysteine residues (Veit et al., 2000). It forms

two mutually exclusive protein complexes, the SNARE complex (Lin and

Scheller, 2000) and a complex with synaptophysin (Syp; Washbourne et al.,

1995). The Syp/Syb complex can be considered a molecular marker for mature
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synapses (Yelamanchili et al., 2005). Syb can form multimers, but recent

studies have revealed that the homodimerization of Syb is very weak, and thus

Syb homodimers do not have a major role in SNARE complex

oligodimerization in vivo (Bowen et al., 2002).

In Syb knock-out mice, the rates of both spontaneous and Ca2+-triggered SV

fusion were decreased (Schoch et al., 2001), revealing the importance of Syb as

a part of neurotransmission. In Syb-deficient synapses, altered shape and size

of SVs were observed, and stimulus-dependent endocytosis was delayed (Deak

et al., 2004). The proteolysis of Syb by tetanus or botulinum neurotoxin types

B, D, F and G blocks neuroexocytosis (Schiavo et al., 1992, 1993a, 1993b,

1994).  Tetanus toxin cleaves Syb also while being bound to Syp or while

existing as a homodimer (Reisinger et al., 2004). Dissociation of the Syp/Syb

complex depends on an elevation of the intracellular Ca2+ concentration after

stimulation with an ionophore (Reisinger et al., 2004). An elevation of the

intracellular Ca2+ concentration does not, however, directly dissociate the

Syp/Syb complex, but requires a cytosolic factor, which is present in cultivated

neurons (Reisinger et al., 2004). Syp/Syb complex formation is dependent on

the presence of the transmembrane domain and C-terminal part of Syb

(Edelmann et al., 1995; Yelamanchili et al., 2005) and is sensitive to reducing

agents and high-salt conditions (Edelmann et al., 1995; Becher et al., 1999a).

The Syp/Syb interaction also strongly depends on the cholesterol content of the

membrane (Mitter et al., 2003). Chronic blockage of glutamate receptors

causes an increase in neurotransmitter release but a decrease in the Syp/Syb

complex (Bacci et al., 2001).

Synaptosomal-associated protein of 25 kDa (SNAP25) is a palmitoylated

membrane protein predominantly localized in the plasma membrane in neural

and neuroendocrine cells where it functions as a part of the SNARE complex

(Hess et al., 1992; Chen and Scheller, 2001). Palmitoylation of SNAP25 is
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important for initial membrane targeting of the protein (Gonzalo and Linder,

1998). SNAP25 is also found in intracellular membranes (Aikawa et al., 2006).

Intracellular SNAP25 localizes to the recycling endosome (RE) and TGN

compartments and has a role as a t-SNARE at a trafficking step in the

endosomal recycling pathway (Aikawa et al., 2006). Studies of SNAP25

knock-out mice showed that the nervous system of these mice developed

normally in utero even when SNAP25 was missing from the SNARE complex

(Washbourne et al., 2002). Axonal outgrowth, synaptic contact targeting and

action potential-independent, spontaneous transmitter release occurred in

SNAP25 mutant mice, whereas action potential-dependent neurotransmitter

release was totally abolished (Wasbourne et al., 2002). The proteolytic

cleavage of the amino-terminal domain of SNAP25 by calpain suppresses

neurotransmitter release, and calpain inhibitors enhance Ca2+-dependent

glutamate release (Ando et al., 2005).

Syntaxins 1-4 comprise a large family of membrane-associated proteins that

specifically associate with the plasma membrane and regulate trafficking for

exocytosis and/or for insertion of proteins into the plasma membrane (Bennett

et al., 1993; Gaisano et al., 1996; Scales et al., 2000).  Syntaxin 1 (Syx) is the

best studied of the syntaxins and the principal isoform associated with synapses

in the brain (Bennett et al., 1992, 1993). Several studies have demonstrated that

Syx interacts with multi-transmembrane proteins such as neurotransmitter

transporters (Deken et al. 2000; Geerlings et al. 2000; Zhu et al. 2005). It can

directly interact with Syb and SNAP25 (Calakos et al., 1994; Pevsner et al.,

1994). This interaction is mediated by a confined domain of Syx that is

adjacent to the transmembrane domain (Calakos et al., 1994). Recently, the

SNAP25/Syx complex has been shown to functionally modulate

neurotransmitter gamma-aminobutyric acid (GABA) reuptake (Fan et al.,

2006).
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2.2.4. Synaptophysin

Synaptophysin (Syp), with a molecular mass of 38 kDa, is one of the most

abundant SV proteins in brain and neuroendocrine tissue. It has a C-terminal

domain with nine pentapeptide repeats that are phosphorylated by tyrosine

kinases within the nerve terminal (Pang et al., 1988). Some evidence of the

importance of tyrosine phosphorylation in LTP has emerged (Purcell and

Carew, 2003; Kalia et al., 2004). The physiological role of Syp remains

unknown, but the role of Syp in a positive modulation of neuronal exocytosis

has been strongly postulated (Reisinger et al., 2004). Syp serves as a regulator

of the availability of Syb for the SNARE complex (Edelmann et al., 1995;

Becher et al., 1999a). An increase in the amount of the Syp/Syb complex was

observed in kindled rats with enhanced presynaptic activity that served as a

model of human epilepsy (Hinz et al., 2001). Formation of the Syp/Syb

complex increases during neuronal development (Becher et al., 1999a), and it

is absent in neuroendocrine cells and embryonic neurons (Becher et al.,

1999b). Syp knock-out mice do not develop phenotypic changes (Eshkind and

Leube, 1995; McMahon et al., 1996), showing that Syp is not necessarily

required for exocytosis. However, Syp plays a role in regulating activity-

dependent synapse formation (Tarsa and Goda, 2002).

Syp interaction with the GTPase dynamin I, whose activity is essential for SV

endocytosis, regulates clathrin-independent endocytosis of SVs in a Ca2+-

dependent manner (Daly et al., 2000; Marks et al., 2001). Additionally, Syp

functions as a cholesterol-binding protein, and thus, might help to maintain

membrane integrity of SVs during endo- and exocytosis (Thiele et al., 2000).

Syp can form multimers (Thomas et al., 1988; Fykse et al., 1993).
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2.2.5. Synaptic organization of the brain

Neurons with connecting synapses form circuits that mediate the specific

functional operation of different brain regions. As an example, the circuit that

defines the main thalamocortical loop of the rat somatosensory system is

presented in Fig. 5. The somatosensory information from the peripheral organs

enters the nervous system through the dorsal root ganglion (DRG) cells and is

conveyed to the spinal cord. The thalamus projects to the primary

somatosensory (S1) cortex, which in turn projects to other regions of the

cerebral cortex. Excitatory neurons in the ventral posteromedial (VPM)

thalamic nuclei project mainly to layer IV of the S1 cortex. On their way to the

cortex, the axons of VPM thalamic nuclei also project to the reticular thalamic

(Rt) nuclei. Descending projections in the thalamocortical system feed

information back from the cortex to the thalamus and originate primarily in

layer VI of the S1 cortex. On their way to VPM thalamic nuclei,

corticothalamic projections also send branches to the inhibitory neurons in the

Rt nuclei. Inhibitory neurons in Rt nuclei either project to the VPM nucleus,

activating GABA receptors, or interconnect locally within Rt nuclei.
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Figure 5. Schematic presentation of the rat thalamocortical system. The somatosensory

information travels from the periphery through the dorsal root ganglia (DRG) and spinal cord

to the thalamus. The ventral posteromedial (VPM) thalamic neurons send their axons to layer

IV in the primary somatosensory (S1) cortex (insert). Descending projections from layer VI of

the S1 cortex (insert) send branches to the reticular thalamic (Rt) nucleus and terminate on

neurons in the VPM nucleus. Arrows indicate the direction of information flow.

2.2.6. Abnormalities of presynaptic proteins in neuronal diseases

Several neurological disorders are characterized by abnormalities in

presynaptic proteins. In the cingulate cortex of schizophrenia patients, elevated

levels of Syx (Honer et al., 1997) and abnormalities in GABA receptors (Benes

et al., 1992) were observed.  Qualitative abnormalities in asymmetric synapses

and loss of vesicles with accumulation of abnormal membranous material were
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also detected (Miyakawa et al., 1972; Ong and Garey, 1993). Relatively more

SNAP25 and Syx were present in the heterotrimetric SNARE complex of

patients with schizophrenia who committed suicide (Honer et al., 2002). In

traumatic brain injury, increased levels of complexin I (a marker of

axosomatic inhibitory synapses) and complexin II (a marker of axodendritic

and axospinous excitatory synapses) were reported in association with neuronal

loss and the pathophysiology of cerebral damage (Yi et al., 2006). Complexins

are known to bind to SNAREs at the presynaptic terminal and therefore to

regulate neurotransmission (Pabst et al., 2000). In Alzheimer’s disease,

accumulation of SNAP25 immunoreactive material was found in axons,

strongly suggesting an impairment of axonal transport (Dessi et al., 1997).

Furthermore, in juvenile neuroaxonal dystrophy in a Rottweiler and in murine

scrapie, abnormal expression of synaptic proteins was observed (Siso et al.,

2001, 2002). Syp and SNAP25 accumulated in neurons, mainly in the

thalamus, midbrain and pons, and granular deposits of α-synuclein were

present in neurophils of the same areas in murine scrapie (Siso et al., 2002).

2.3. NEURONAL CEROID-LIPOFUSCINOSES (NCLs)

Neuronal ceroid-lipofuscinoses (NCLs) are a group of recessively inherited

lysosomal diseases characterized by progressive neurodegeneration and

premature death. NCLs are among the most common causes of encephalopathy

in children, with an incidence of 1:12500 live births worldwide (Banerjee et al.,

1992). NCL patients exhibit epileptic seizures, progressive mental retardation,

ataxia, myoclonus and visual failure, eventually leading to death (Santavuori et

al. 1998, Haltia, 2003). Based on age of onset, ultrastructural and genetic

findings and clinical characteristics, NCLs have been divided into subtypes.

Ten different NCL disease subtypes currently exist, some with an unknown

genetic background (Table 1). Mutations have been identified in seven distinct
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genes (Cooper, 2003; III), and the proteins are known as CLN proteins. Three

of these proteins are soluble lysosomal hydrolases (CLN1, CLN2 and CTSD),

and four are thought to be transmembrane proteins (CLN3, CLN5, CLN6 and

CLN8). To date, CLN4, CLN7 and CLN9 genes have not been identified.

Infantile neuronal ceroid-lipofuscinosis (INCL; Santavuori-Haltia disease) is

a lysosomal disorder caused by deficiency in the CLN1 gene encoding

palmitoyl protein thioesterase-1 (PPT1; CLN1; Vesa et al., 1995). PPT1

degrades palmitoylated proteins by deacylating cysteine thioesters, and the

latter accumulate in INCL (Hofmann et al., 2002). Late infantile neuronal

ceroid-lipofuscinosis (LINCL; Jansky-Bielschowsky disease) is a disease

caused by a deficiency in the CLN2 gene encoding tripeptidyl peptidase-1

(TPP1; CLN2; Sleat et al., 1997), a serine protease that cleaves tripeptides

from the amino terminus of small proteins. Juvenile neuronal ceroid-

lipofuscinosis (JNCL; Spielmayer-Vogt, Sjögren disease, Batten disease), the

most common of the NCLs worldwide, is caused by mutations in the CLN3

gene (International Batten Disease Consortium, 1995). CLN3 is an integral

membrane protein of 438 amino acids with 6-11 predicted transmembrane

domains, and it has recently been proposed to be an arginine transporter and to

participate in pH regulation (Pearce, 1999; Kim et al., 2003). CLN5 may exist

as an integral membrane protein or a soluble, glycosylated protein (Savukoski

et al. 1998; Isosomppi et al. 2002). CLN6 is a unique 311-amino acid protein

with 6-7 transmembrane domains (Gao et al., 2002; Wheeler et al., 2002).

CLN8 is a transmembrane protein with a putative function in lipid metabolism

(Ranta et al., 1999; Winter and Ponting, 2002).

Rare cases of congenital human neuronal ceroid-lipofuscinosis have been

reported (Norman and Wood, 1941; Brown et al., 1954; Sandbank, 1968;

Humphreys et al., 1985; Garborg et al., 1987; Barohn et al., 1992; Wisniewski

and Kida, 1992). Congenital human NCL cases were originally reported under

the diagnosis amaurotic familial idiocy. Typically, infants with congenital NCL
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developed epileptic seizures, decerebrate rigidity and abnormal respiration

patterns within hours after uneventful deliveries. The general autopsy findings

were normal, but the brains were extremely small and firm. Activated

astrocytes and microglia as well as neuronal loss were also detected in the

cerebral cortex of affected children. Some patients showed microcephaly, and

ultrastructural analysis of autopsy material revealed material consistent with

ceroid-lipofuscin, an autofluorescent hydrophobic material. Humphreys et al.

(1985) reported both granular and lamellar ultrastructure of autofluorescent

storage bodies, while Garborg et al. (1987) described only granular osmiophilic

deposits (GRODs).

The ceroid-lipofuscinoses also occur in animals; several forms have been used

extensively as models of analogous diseases in humans. The New Zealand

South Hampshire sheep disease, OCL6, is syntenic with CLN6 (Broom et al.,

1998). The motor neuron degeneration (mnd) mouse is syntenic with CLN8

(Ranta et al., 1999), and the nclf mouse with CLN6 (Bronson et al., 1998). Two

different PPT1 knock-out mouse models of INCL have been produced (Gupta

et al., 2001; Jalanko et al., 2005). Two CLN3 null mutant mice (Mitchison et

al., 1999; Katz et al., 2001) and one Cln3 ex7/8 knock-in mouse (Cotman et al.,

2002) also exist. Moreover, a mouse model of CLN2 has recently been

generated (Sleat et al., 2004). NCL disease has also been found in, for

example, dogs, cats, cattle and horses (Jolly and Walkley, 1997).

A feature common to all NCLs, whether in humans or animals, is the

accumulation ceroid-lipofuscin, mainly in the cytoplasm of neurons, but also to

a certain extent in other cells (Goebel and Wisniewski, 2004). Recently, there

has been discussion about the distinguishing features of lipofuscin and ceroid

(Seehafer and Pearce, 2006). Lipofuscin (“aging pigment”) accumulates in

aging cells, while ceroid (“lipofuscin-like lipopiment”) arises from

pathological condition such as cell stress, disease and malnutrition (Yin, 1996;
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Terman and Brunk, 1998). Lysosomes that have accumulated lipopigments are

called secondary lysosomes, cytosomes, residual bodies or dense bodies

(Seehafer and Pearce, 2006). Lipopigment storage bodies appear to be an

electron-dense mass surrounded by a typical lysosomal membrane.

Administration of lysosomal enzyme inhibitors, such as leupeptin, to brains of

young rats resulted in an accumulation of lipopigments in their brain,

suggesting that loss of lysosomal enzyme activity can precipitate lipofuscin

development (Ivy et al., 1984). In NCL diseases, the major component of

storage material is protein (Palmer et al., 1986). Depending on the NCL disease

type, the storage material is composed of either SAPs A and D or

mitochondrial ATP synthase Sub c Table 1). The ultrastructural pattern of

lysosomal storage materials in different NCL diseases also varies, being

GRODs, curvilinear profiles (CLs), fingerprint profiles (FPs) and/or rectilinear

profiles (RLs) (Elleder, 1991; Table 1).
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Table 1. Classification of human neuronal-ceroid lipofuscinoses (NCLs) based on defective

genes and proteins. The major components of storage material and ultrastucture of storage

bodies are also presented. INCL= infantile NCL, LINCL= late infantile NCL, JNCL= juvenile

NCL, ANCL= adult NCL, vLINCL= variant LINCL, NE= northern epilepsy, CTSD=

cathepsin D, PPT1= palmitoyl protein thioesterase-1, TPP1= tripeptidyl peptidase-1, SAPs=

sphingolipid activator proteins, Sub c= mitochondrial ATP synthase subunit c, GROD=

granular osmiophilic deposit, CL= curvilinear profile, FP= fingerprint profile and RL=

rectilinear profile.

Type Gene Protein Storage Ultrastructure

CLN1, INCL CLN1 PPT1 SAPs GROD

CLN2, LINCL CLN2 TPP1 Sub c CL

CLN3, JNCL CLN3 CLN3 Sub c FP, CL

CLN4, ANCL     -     - Sub c FP

CLN5, Finnish vLINCL CLN5 CLN5 Sub c RL, FP

CLN6, vLINCL CLN6 CLN6 Sub c RL, FP

CLN7, Turkish vLINCL     -    - Sub c RL, FP

CLN8, NE CLN8 CLN8 Sub c RL, FP

CLN9     -     -     -      -

CLN10, congenital NCL CTSD CTSD SAPs GROD

Potential mechanisms for the accumulation of lipopigments have recently been

discussed (Seehafer and Pearce, 2006). Lysosomal dysfunction has been

proposed to have an influence on ceroid accumulation. Missing or defective

enzyme can result in a block in a biochemical pathway, leading to the

accumulation of a particular enzyme substrate, lysosomal components or

intermediates that are autofluorescent or that aggregate with other

autofluorescent lysosomal compounds. A defective enzyme can also alter the
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environment of the lysosomes or the cell itself or disrupt the trafficking

pathway. Another possible mechanism for accumulation of lipopigments is

autophagy, which is known to contribute to protein and organelle turnover.

Autophagy has been shown to be decreased in adult mice with accumulated

lipopigments (Terman, 1995). Because the lipopigments contain lipid oxidation

products, oxidative damage has been postulated to be responsible for the

accumulation of storage material. Both autophagy and oxidative stress as

potential contributors to neuronal death in NCLs will be discussed in detail in

Section 2.3.2.

2.3.1. Cathepsin D (CTSD) deficiency

2.3.1.1. CTSD

Cathepsin D (CTSD; EC 3.4.23.5) is a lysosomal enzyme belonging to the

pepsin family of aspartyl proteases (Tang, 1979). It comprises approximately

11% of the total lysosomal enzymes (Dean and Barrett, 1976) and 90% of the

total brain acid proteinases (Marks and Lajtha, 1965). The expression level of

CTSD varies depending on the tissue, neurons in the CNS possessing abundant

CTSD (Whitaker and Rhodes, 1983; Reid et al., 1986). Like all lysosomal

proteinases, CTSD requires an acidic pH for its activity (Briozzo et al., 1988).

CTSD has been suggested to participate in various biological events such as

cellular protein turnover and degradation of several brain-specific antigens

(Banay-Schwartz et al., 1987). CTSD can activate precursors of biologically

active proteins in prelysosomal compartments of specialized cells (Diment et

al., 1989). The activity and localization of CTSD are changed during aging,

and CTSD is involved in certain pathological conditions, e.g. Alzheimer’s

disease (Matus and Green, 1987; Nakaniski et al., 1994, 1997; Cataldo et al.,

1995). In addition to its role as a protease, CTSD may also have non-enzymatic
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functions. For example, the inactive proCTSD zymogen functions as a mitogen

in some cancer cell lines (Fusek and Vetvicka, 1994). In the extracellular

space, CTSD may take part in such pathological processes as inflammation

(Barrett, 1977), tumour progression and formation of metastases (Tandon et al.,

1990; Mignatti and Rifkin, 1993). In contrast to other tissue proteases (e.g.

serine proteases and metalloproteinases), no endogenous CTSD tissue

inhibitors have been identified in mammals. However, pepstatin, a specific

inhibitor of aspartic proteases, has often been used for purification of CTSD

and also to study its function in some in vitro systems (Dean, 1975; Conner,

1989).

The mouse Ctsd gene consists of 11 kb of genomic deoxy-ribonucleic acid

(DNA). It is localized in chromosome 4 and contains 9 exons (size 99-823 bp)

and 8 introns (size 94 bp-3.2 kb) (Hetman et al., 1994). The human CTSD gene

is assigned to chromosome 11 (Hasilik et al., 1982). The exon-intron

organization of the CTSD gene is very similar between man and mouse

(Redecker et al., 1991). The main differences are found in promoter

organization and in the length of exons 1 and 9 (Hetman et al., 1994). CTSD,

like other housekeeping genes, is expressed in all tissues (Barrett, 1977), but

the expression level varies between tissues. The transcription factor c-myc, as

well as p53, regulates the transcription of CTSD (Blackwell et al., 1990; Wu et

al., 1998).

The sequence similarity of sheep CTSD is 85% compared with human protein

and 79% compared with mouse protein (Tyynelä et al., 2000; Fig. 6). CTSD

has a bilobed structure, consisting of two evolutionarily related lobes, mainly

made up of β sheets, and a deep active-site cleft. Each of these lobes contains a

key active-site aspartic acid residue (Asp32 and Asp215 in pepsin numbering)

and a single carbohydrate group (Metcalf and Fusek, 1993). Together these
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aspartates are thought to position and activate a water molecule, which then

hydrolyses the substrate peptide bond. Several studies have revealed that the

mutation of an active-site aspartate in CTSD is sufficient to inactivate the

enzyme without affecting protein processing (Wittlin et al., 1999).

CTSD is synthesized on the rough ER as an inactive prepro-enzyme which is

proteolytically processed to the active, mature form (Hasilik and Neufeld,

1980; Richo and Conner, 1994). An N-terminal signal sequence with length of

20 amino acids mediates the transport of prepro-CTSD across the ER

membrane (Erickson and Blobel, 1979). After removing this presequence, the

propeptide keeps the CTSD inactive during cellular transport (Erickson et al.,

1981). ProCTSD acquires cotranslationally two high-mannose oligosaccharide

chains (Takahashi et al., 1983). Each high-mannose carbohydrate chain

contributes approximately 2 kDa to the mass of the protein. One or both of the

high-mannose chains are phosphorylated in the early Golgi apparatus by

addition of N-acetylglucosamine 1-phosphate (Kornfeld and Mellman, 1989).

Removal of the N-acetylglucosamine in the TGN enables CTSD to bind to

MPRs, which mediate targeting to late endosomes (Kornfeld and Mellman,

1989). This MPR-dependent transport also requires interaction with prosaposin

(Gopalakrishnan et al., 2004). Alternatively, mouse proCTSD is membrane-

associated by a MPR-independent mechanism, for example, macrophages

(Diment et al., 1988).
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Figure 6. Protein sequence alignment of human, sheep and mouse cathepsin D (CD; Tyynelä

et al., 2000). N-terminal signal sequence and propeptide of prepro-CTSD is cleaved to a single-

chain enzyme, which is further processed into a two-chain form: an N-terminal light chain and

a C-terminal heavy chain. The proteolytic cleavage sites of human CTSD are indicated by

arrows and two catalytically important aspartic acid residues by arrowheads. Identical and

similar amino acids are highlighted in black; similar amino acids are separated from identical

amino acids by bolded white letters.

Endosomal/lysosomal cleavage of the propeptide generates an active single-

chain enzyme of approximately 44 kDa. In humans, but rarely in rodents, the

single-chain enzyme is subsequently cleaved to a two-chain form; to a 30-kDa
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heavy chain (carboxy-terminal domain) and a 14-kDa lightchain (amino-

terminal domain). The variation in cleavage between humans and rodents

results from species-specific protein sequence differences at the cleavage site

(Yonezawa et al., 1988). Depending on the cell type studied, 2-66% of a newly

synthesized CTSD fails lysosomal sorting and is secreted (Capony et al.,

1994). For instance, breast tumour cells secrete large amounts of proCTSD

(Godbold et al., 1998).

The mechanisms associated with the processing and activation of lysosomal

proteases, including CTSD, remain largely unknown (Ishidoh and Kominami,

2002). proCTSD is capable of acid-dependent autoactivation in vitro, removing

26 residues to yield an active form, designated pseudoCTSD, which is not a

processing intermediate in vivo (Hasilik et al., 1982; Richo and Conner, 1994).

Prosaposin and ceramide promote the autoactivation of proCTSD (Heinrich et

al., 1999; Gopalakrishnan et al., 2004). In vivo, CTSD undergoes several

proteolytic processing steps during biosynthesis (Hasilik and Neufeld, 1980;

Richo and Conner, 1994), mainly by cysteine proteases (Gieselmann et al.,

1985). Two lysosomal cysteine proteases, CTSB and CTSL, have been shown

to be involved in CTSD processing (Felbor et al., 2002; Wille et al., 2004;

Laurent-Matha et al., 2006). One mechanism proposed for the activation of

CTSD is a combination of partial autoactivation and enzyme-assisted

activation to yield a mature enzyme (Conner and Richo, 1992; Larsen et al.,

1993). Recently, however, the mechanism of CTSD maturation has been

demonstrated to be independent of its catalytic activity and autoactivation

(Laurent-Matha et al., 2006).

2.3.1.2. CTSD-deficient sheep

Congenital ovine NCL (CONCL) disease was found in a flock of white

Swedish landrace sheep, on an experimental farm in Northern Sweden (Järplid
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and Haltia, 1993). The newborn lambs were weak, trembling and unable to

raise and support their bodies. They died within a few days without bottle-

feeding. At autopsy, marked brain atrophy, accompanied by reduced thickness

of the cerebral cortex and a white matter largely devoid of myelin, was

observed (Tyynelä et al., 2000). Hippocampal pyramidal neurons were mostly

degenerated, and the deep layers of the cerebral cortex showed a massive loss

of neurons, reactive astrocytosis and infiltration of macrophages. Particularly

in the deeper layers, axonal enlargements and neurons with abundant storage

material commonly coincided with the most intense neuronal loss. The

thalamus appeared relatively normal, and the cerebellum was less affected,

showing increased thickness of the external granule cell layer. However, some

loss of cerebellar Purkinje cells and internal granular cells was apparent. The

remaining cortical neurons were filled with an autofluorescent storage material

with GRODs (Järplid and Haltia, 1993). The amounts of SAPs A and D were

elevated in CONCL neurons, whereas there was no accumulation of Sub c

(Tyynelä et al., 2000). Activities of many other lysosomal enzymes (e.g. TPP1,

CTSL and CTSB) were increased in the CONCL brain.

A deficiency in the CTSD gene was shown to be the cause of CONCL

(Tyynelä et al., 2000). A single nucleotide missense mutation in the CTSD

gene resulted in the conversion of an active-site aspartic acid residue (Asp 295

according to human CTSD numbering) to asparagine, which led to production

of an inactive but stable protein (Tyynelä et al., 2000). The steady-state level of

CTSD was higher in the CONCL brain than in the control brain (Tyynelä et al.,

2001), suggesting the preservation of a non-enzymatic role of CTSD in

affected sheep. CONCL sheep showed no pathological changes in their

lymphoid organs or gut, thus being in contrast to the findings in CTSD-

deficient mice.
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2.3.1.3. CTSD knock-out (-/-) mice

CTSD -/- mice were generated by Saftig et al. (1995) by introducing targeting

construct pCDneo4 to disrupt the Ctsd gene. The open reading frame of the

gene in exon 4 was interrupted, and the truncation led to the coding of only the

N-terminal quarter of mature CTSD. Affected mice were apparently normal at

birth. At approximately two weeks of age, CTSD -/- mice showed severe

neurological symptoms, including tremor, epileptic seizures and muscle

rigidity (Koike et al. 2000). CTSD -/- mice subsequently developed atrophic

changes in their lymphoid system and small intestine, dying prematurely at

about 26 days of age (Saftig et al., 1995). The spleen and thymus underwent

massive destruction, with a loss of T and B cells, and the overall architecture of

the ileal mucosa was altered. Apoptotic cell death in the thymus increased in

CTSD -/- mice after the age of two weeks. However, bulk protein degradation

was unchanged, suggesting a compensatory action of cysteine proteinases and

a role for CTSD in limited proteolysis (Saftig et al., 1995). At the terminal

stage, the mean weight of affected mice was only ~60% of that of their wild-

type littermates. Initially, no overt brain pathology was observed in CTSD -/-

mice (Saftig et al., 1995). However, CTSD -/- mice exhibit neuropathologically

many of the characteristics of NCLs, including neuronal deposition of

autofluorescent storage material with granular or fingerprint-type ultrastructure

and accumulation of Sub c (Koike et al., 2000). As in the CONCL brain, the

activities of TPP1 and CTSB were increased in CTSD -/- mouse brains (Koike

et al., 2000).

Recently, several explanations for the pathological changes in CTSD -/- mice

have been postulated. The observation that CTSD -/- mice are blind and the

selective loss of photoreceptor cells in the outer nuclear layer have led to

further investigation of cell death pathways in retinal atrophy of affected

animals (Koike et al., 2000). Results have revealed that CTSD deficiency
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induces apoptosis of the cells in the outer nuclear layer via caspase 9 and 3

activation, while the loss of the neurons in the inner nuclear layer is mediated

by nitric oxide (NO) from microglial cells (Koike et al., 2003).

Morphologically transformed microglia with large rounded cell bodies

appeared after postnatal day (P) 16 in the cerebral cortex and thalamus of

CTSD -/- mice, and correspondingly, macrophages in the intestine expressed

inducible nitric oxide synthase (iNOS) (Nakanishi et al., 2001). These results

suggest that NO production by microglia and peripheral macrophages

contributes to neuronal apoptosis and intestinal necrosis (Nakanishi et al.,

2001). Interestingly, CTSD -/- mice treated with the competitive NOS inhibitor

NG-nitro-L-arginine methylester (L-NAME) or the iNOS inhibitor S-methyl-

isothiourea (SMT) survived significantly longer than the control littermates and

showed no decrease in their body weight. Moreover, the number of transferase-

mediated dUTP-nick end labelling (TUNEL)-positive cells in the thalamus was

somewhat decreased after treatment. However, neither the L-NAME nor the

SMT treatment prevented the eventual death of affected mice. In addition,

CTSD -/- mice had increased phagocytic activity during the terminal stage. In

CTSD -/- mouse brains, double membrane-bound vacuoles containing part of

the cytoplasm were detected, indicating that these vacuoles are

autophagosomes or autolysosomes (Koike et al., 2000, 2005). This suggests

that autophagy is involved in the abnormal storage accumulation of CNS

neurons in CTSD -/- mice (Koike et al., 2005).

Recently, mechanisms underlying the epileptic seizures of CTSD -/- mice have

been also discussed (Shimizu et al., 2005). In hippocampal slices of CTSD -/-

mice at P20, spontaneous burst discharges were recorded from both the CA1

and CA3 pyramidal cells (Koike et al., 2000). Activated microglia were found

to accumulate in the pyramidal cell layer of the hippocampal CA3 subfield.

Dysfunction of GABAergic interneurons in this region was due to the

accumulation of glutamate decarboxylase (GAD) 67 degradation products in
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the lysosomes (Shimizu et al., 2005). However, numerical density of

GABAergic interneurons was not markedly changed.

2.3.1.4. Other CTSD deficiencies

American Bulldogs with young-adult-onset NCL exhibited ataxia,

psychomotor retardation and hypermetria, and they died before seven years of

age (Evans et al., 2005). Autofluorescent storage material was present in the

cytoplasm of the neurons throughout the brain and in retinal ganglion cells

(Evans et al., 2005; Awano et al., 2006). The storage bodies with membrane-

bound inclusions had coarsely granular matrices. Brain samples had 36% of

CTSD enzymatic activity left and had an increase (e.g. TPP1) or no change

(e.g. cathepsin H) in 15 other lysosomal enzymes (Awano et al., 2006). These

dogs also had a transition (c.597G>A) in exon 5 that predicts a p.M199I

missense mutation.

A Drosophila NCL model of CTSD deficiency was generated by inactivating

the conserved Drosophila CTSD homologue (Myllykangas et al., 2005).

CTSD-deficient flies exhibited the key features of NCLs. Neurons were filled

with autofluorescent storage inclusions that closely resembled the GRODs

found in human infantile and ovine congenital NCL forms (Myllykangas et al.,

2005). CTSD mutant flies also showed modest age-dependent

neurodegeneration.

2.3.1.5. CTSD in Alzheimer’s disease and cancer

CTSD has also been linked to other diseases such as Alzheimer’s disease and

cancer. In Alzheimer’s disease, alterations in the expression of CTSD occur in

the early phases of disease progression (Cataldo et al., 1995). Genetic variation

in CTSD is associated with an increased risk for Alzheimer’s disease
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(Papassotiropuolos et al., 2000). CTSD activity is elevated in Alzheimer’s

patients (Schwagerl et al., 1995), and CTSD, like the other cathepsins, is

present in association with amyloid deposits (Bernstein et al., 1989). β-

Amyloid, the main component of cerebral amyloid in Alzheimer’s disease

(Glenner and Wong, 1984; Masters et al., 1985), is formed through proteolysis

by β- and γ-secretases (Haas et al. 1995). CTSD has the specificity required for

both β- and γ-secretase (Ladror et al., 1994; Evin et al., 1995), and it can

degrade β-amyloid protein at a pH between 4 and 6 in soluble human brain

extracts (McDermott and Gibson, 1996). Based on these observations, CTSD

has been suggested to be a potential therapeutic target in Alzheimer’s disease

(Haass and De Strooper, 1999; Vassar et al., 1999).

Several members of the cathepsins, in particular CTSD, B and L, have been

implicated in cancer progression and metastasis (Rochefort and Liaudet-

Coopman, 1999; Koblinski et al., 2000; Joyce et al., 2004; Turk et al., 2004).

In breast cancer, CTSD proenzyme (52 kDa) is abnormally hypersecreted and

this overexpression increases the metastatic potential of the tumour by the

digestion of extracellular matrix (Rochefort, 1992; Ferrandina et al., 1997;

Foekens et al., 1999). High level of CTSD is strongly associated with poor

prognosis in patients with primary breast cancer (Wesley and May, 1996;

Foekens et al. 1999; Scorilas et al. 1999). CTSD mitogenic activity does not

require its catalytic activity (Glondu et al., 2001). The mitogenic response does

not result from MPRs or a putative receptor that is specific to the CTSD

profragment. CTSD has an essential role in the multiple steps of tumour

progression, in stimulating cancer cell proliferation, fibroblast outgrowth and

angiogenesis, as well as in inhibiting tumour apoptosis (Berchem et al., 2002).
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2.3.2. Postulated mechanisms of neurodegeneration in NCLs

The mechanisms of neuronal death in NCL diseases and in other

neurodegenerative diseases are widely discussed but rather poorly known.

Reasons for the neuronal vulnerability also remain obscure. Excitotoxicity,

dysfunction of mitochondria, oxidative stress and inflammation in NCL disease

progression have been considered to be contributors to neuronal death.

Accumulating data indicate that neurons may die via apoptotic or autophagic

mechanisms. Autophagic and apoptotic cell death processes can occur either

simultaneously or sequentially in degenerating neurons, and the mechanisms of

degeneration may also differ in different compartments of the cell.

2.3.2.1. Cell death mechanisms

Neuronal cell death occurs by at least three different mechanisms: apoptosis,

autophagy and necrosis (Yuan et al. 2003). Apoptosis, “programmed cell

death”, is a major mechanism for active cell death, playing an important role in

the elimination of surplus cells during embryogenesis and maintenance of

tissue cell number. Apoptosis is characterized morphologically by cell

shrinkage and nuclear chromatin condensation, fragmentation of cells into

apoptotic bodies and heterophagocytosis by neighbouring cells. Apoptosis is

defined by DNA laddering.

Apoptosis is regulated by many different intra- and extracellular events. During

apoptosis the cell is degraded through activation of proteases and

endonucleases. Caspases play a central role in the induction and execution of

apoptosis (Cohen, 1997). Lysosomal proteases, such as cathepsins, act as

mediators of apoptosis in several cell systems (Deiss et al., 1996; Ishisaka et

al., 1998; Guicciardi et al., 2000; Kågedal et al., 2001). The function of CTSD
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in apoptosis is not yet fully understood, but it has been postulated that CTSD

can either prevent or promote apoptosis induced by cytotoxic agents (reviewed

in Liaudet-Coopman et al., 2006). CTSD may mediate apoptosis induced by

oxidative stress (Kågedal et al., 2001). During oxidative stress-induced

apoptosis, mature 34-kDa CTSD is translocated from lysosomal structures into

the cytosol, leading in turn to the mitochondrial release of cytochrome c (Cyt

c) into the cytosol, activation of pro-caspases-9 and -3, in vitro cleavage of Bid

at pH 6.2 or Bax activation independently of Bid cleavage (Roberg et al.,

1999;2002; Liaudet-Coopman et al., 2006; Fig. 6). Cytosol is acidified to pH

6.7-7 in apoptosis (Gottlieb et al., 1996; Matsuyama et al., 2000). However,

CTSD can work at a pH of 6.2, but not above, in vitro (Capony et al., 1987).

Thus, the question about the ability of CTSD to cleave cytosolic substrate(s),

as implicated in the apoptotic cascade, remains still open. Deficiency of CTSD

activity did not alter cell death induction in CONCL fibroblasts (Tardy et al.,

2003). The postulated role of CTSD in apoptosis is presented in Fig. 7.
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Figure 7. One of the proposed roles of cathepsin D (CTSD) in apoptosis induction (modified

from Liaudet-Coopman et al., 2006). Upon induction of apoptosis, the mature form (34 kDa) of

CTSD is released from lysosomes into the cytosol. Mitochondrial cytochrome c (Cyt c) is

released into the cytosol, and when it binds to apoptosis protease-activating factor 1 (Apaf-1),

caspase-9 and caspase-3 are activated. On the other hand, upon induction of apoptosis, the

level of p53 (the transcription factor of CTSD) increases, leading to enhancement of the

activity of CTSD. The exact mechanism by which CTSD mediates apoptosis remains

unknown, but CTSD presumably destabilizes the mitochondrial membrane. It may truncate Bid

into tBid in the cytosol, and tBid/bax interaction may induce formation of the active Bax

conformation. This could lead to binding of Bax to the outer mitochondrial membrane and

release of Cyt c from the mitochondria into the cytosol. Alternatively, CTSD may trigger

apoptosis via Bax-mediated release of apoptosis-inducing factor (AIF) from the mitochondria

into the cytosol.

Apoptosis inducer

Mitochondria

Lysosome

CTSD (34 kDa)

Cyt c

Cyt c

Caspase -9 Apaf-1

Caspase -3

APOPTOSIS

AIF

Bax

Nucleus

p53

AIF

Bid −> tBid



45

Studies on cancer cell lines have shown that overexpressed CTSD prevents

tumour apoptosis in a manner dependent on its catalytic activity (Berchem et

al., 2002). Intriguingly, the same cell lines treated with chemotherapeutic

agents revealed a stimulation of apoptosis independently of CTSD catalytic

activity (Beaujouin et al., 2006). In addition to CTSD -/- studies, experiments

in other NCL mouse models support apoptosis as the main cell death

mechanism in the retina (Cotman et al., 2002; Seigel et al., 2002; Koike et al.,

2003). TUNEL-positive cells were seen in the cerebellum of PPT1-deficient

mice (Gupta et al., 2001). Apoptotic neurons have also been found in the brains

of INCL, LINCL and JNCL patients and in South Hampshire sheep (Lane et

al., 1996; Riikonen et al., 2000), but not in nclf (Bronson et al. 1998) or

CLN3( ex7/8)mice (Cotman et al., 2002).  CLN3 protein has been proposed to

have a role in programmed cell death, apparently in the regulation of ceramide

synthesis (Puranam et al., 1999).

Autophagy (“self-eating”), another mechanism leading to cell death, is a

lysosomal degradation pathway for cytoplasmic material. Autophagy has been

discussed as a subtype of apoptosis, although autophagy is believed to

participate in the protection of cells from death (Clarke, 1990). Earlier,

autophagy was described only as a stress condition, an adaptive response of

cells to nutrient deprivation. Autophagy has recently been associated with

much more complex cellular processes such as cellular differentiation, tissue

remodelling, growth control, cell defence and adaptation to adverse

environments (Cuervo, 2004a). Based on the ways that substrates enter the

lysosomal lumen, the following three different forms of autophagy have been

described in mammalian cells (Fig. 8): 1) macroautophagy, or simply

autophagy, 2) microautophagy and 3) chaperone-mediated autophagy (Seglen

and Bohley, 1992; Kim and Klionsky, 2000; Cuervo, 2004b). In

macroautophagy, autophagosomes fuse with lysosomal vesicles, resulting in

degradation of the cytoplasm (Arstila and Trump, 1968). During the maturation
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process, autophagosomes, also called initial autophagic vacuoles, develop into

late or degradative autophagic vacuoles that contain lysosomal membrane

proteins and enzymes and are acidic (Dunn, 1990). In microautophagy, the

cytoplasmic material is non-selectively uptaken by lysosomes (Ahlberg et al.,

1982; Kopitz et al., 1990) and in chaperone-mediated autophagy, the proteins

with a special signal sequence are transported through the lysosomal

membrane to the lumen of lysosomes (Cuervo and Dice, 1996).

Figure 8. Three forms of autophagy in mammalian cells: macroautophagy, microautophagy

and chaperone-mediated autophagy (modified from Cuervo, 2004a, with permission of

Elsevier). Cytosolic organelles indicated with circles and single proteins with strings.

Peroxisome-specific macroautophagy is called macropexophagy. The arrow with a broken line

indicates the degradation of peroxisomes by microautophagy (micropexophagy), which has

only been described in yeast.
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Programmed cell death, or autophagic cell death, has been described in

mammary carcinoma cells (Bursch et al., 1996). Changes in the lysosomal

compartment are linked to neuronal death in many neurodegenerative disorders

and transmissible neuronal pathologies (prion diseases) (Nixon et al., 2000;

Larsen and Sulzer, 2002; Liberski et al., 2002). Autophagy plays a role in

neuronal death in CTSD as well as in CTSB and CTSL double-deficient mouse

models of NCLs (Koike et al., 2005). Autophagy is activated and the

development of autophagic vacuoles is also disrupted in Cln3 ex7/8) mice

(Cao et al., 2006). In addition, a disturbance in autophagy may contribute to the

pathogenesis of cancer, liver and immune diseases, pathogen infection,

myopathies and such neurodegenerative disorders as Parkinson’s, Alzheimer’s

and Huntington’s disease (Kegel et al., 2000; Nixon et al., 2000; Stefanis et al.,

2001; Bursch and Ellinger, 2005). Activation of autophagy may facilitate the

removal of intracellular protein aggregates – a hallmark of neurodegenerative

diseases (Jellinger and Stadelmann, 2000; Larsen and Sulzer, 2002). The

increasing number of aggregates, their decreased susceptibility to degradation

by lysosomal enzymes and the maintained activation of autophagy might lead

to cell exhaustion and engagement in programmed cell death type II (Cuervo,

2004a).

2.3.2.2. Selectivity of cell death

Although accumulation of autofluorescent storage material is common for both

neurons and somatic cells of NCL patients (Hofmann and Peltonen, 2001), the

effects of the disease seem to be confined to the CNS. This selectivity may

arise from neurons being post-mitotic, and dysfunctional or dying neurons

having a very limited ability to renew (Mitchison et al., 2004). Another

explanation for selective neuronal vulnerability could be the existence of other

proteins or enzymes that can compensate for the missing gene product outside
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the CNS (Mitchison et al., 2004). As an example, the missing function of TPP1

can be compensated with cathepsin C in somatic tissue of LINCL (Bernardini

and Warburton, 2002). Alternatively, CLN proteins may play an important role

in synapses; at least PPT1 (Lehtovirta et al., 2001; Suopanki et al., 2002;

Ahtiainen et al., 2003) and CLN3 (Luiro et al., 2001) have been demonstrated

to co-localize with synaptic markers. Although Virmani et al. (2005) did not

observe PPT1 in synapses, they did find a decrease in the amount of synaptic

neurotransmitter vesicles in the neuronal cultures of PPT1 knock-out mice.

Synapse loss or a loss of neurons is also the key contributor to the onset and

progression of several other neurodegenerative diseases (Ironside and

Dearmond, 1994; Sasaki and Maryama, 1994; Selkoe, 2002; Li et al., 2003;

Coleman et al., 2004).

The most sensitive cell types for degeneration in NCLs seem to be the

GABAergic, inhibitory interneurons (Mitchison et al., 2004). GABAergic and

retinal neurons, cells that contain abundant mitochondria, degenerate first in

several NCL diseases, and the loss of GABAergic interneurons has been

detected in several NCL animal models (Cooper et al., 1999; 2002; Lam et al.,

1999; Mitchison et al., 1999; Oswald et al., 2001). In addition, the shape and

number of mitochondria in GABAergic cells of an affected English setter and

OCL6 lambs were altered (March et al., 1995; Walkley et al., 1995). Although

the number of GABAergic interneurons remained the same in CTSD -/- mice

compared with control mice, the amounts of GAD65 and GAD67, the enzymes

needed for GABA synthesis, were decreased in the hippocampus of affected

mice (Shimizu et al., 2005). Moreover, the presence of an auto-antibody to

GAD65 was also reported in CLN3 -/- mice (Chattopadhyay et al., 2002a) and

JNCL patients (Chattopadhyay et al., 2002a; 2002b).

The accumulation of Sub c in OCL6 lambs and other forms of ceroid-

lipofuscinosis first drew attention to a possible association between
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mitochondria and pathogenesis of NCL diseases. The mitochondrion is the

organelle that is most influenced by oxidative damage, and it is the major

source of free radicals in the cell. A dysfunction in mitochondria leads to

overproduction of free oxygen radicals and oxidative stress. Lysosomes are

involved in recycling or degradation of aged mitochondria via autophagy. The

involvement of mitochondria in NCL disease pathology has been the target of

interest in several studies, which have presented conflicting conclusions.

Mitochondria of OCL6 sheep showed normal oxidative phosphorylation

(Palmer et al., 1992), whereas oxidative phosphorylation was deficient in

muscles of JNCL patients (Majander et al., 1995). Impaired mitochondrial fatty

acid oxidation was found in fibroblasts of LINCL and JNCL patients (Dawson

et al., 1996). Protein glycoxidation was also observed in the brains of LINCL

patients (Hachiya et al., 2006). In addition, a mutation in a PPT1 homologue

affected the number and size of mitochondria and resulted in an abnormality in

mitochondrial morphology in C. elegans (Porter et al., 2005). mRNA and

protein expression of manganese-dependent superoxide dismutase (MnSOD), a

mitochondrial enzyme that helps to reduce the level of reactive oxygen species

(ROS), were significantly increased in CLN6 patients (Heine et al., 2003).

Calpain is a mediator of p53 induction, resulting in mitochondrial membrane

depolarization and caspase-dependent apoptosis (Chan et al., 2002; Sedarous et

al., 2003). Calpain is part of the excitotoxic mechanism linked to

overstimulation of synaptic glutamate receptors.

Chronic excitotoxicity has been postulated to account for selective neuronal

vulnerability in epilepsies and a number of neurodegenerative diseases,

including Alzheimer’s, Parkinson’s, Huntington’s and amyotrophic lateral

sclerosis (Beal, 1995; Hennebury, 1995; Schulz et al., 1995). The reasoning of

the “energy-linked excitotoxicity hypothesis” is that there is a compromise in

the neuron’s ability to produce ATP due to an inherited defect, an

environmental toxin or aging (Jolly and Walkley, 1999). The continued influx
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of Ca2+, because of the inadequate amount of ATP to maintain the ATPase

pumps, initiates a cascade of events leading to increased free radical formation

and neuronal death (Novelli et al. 1988; Beal, 1995; Hennebury, 1995). Partial

depolarization, the result of activation of glutamate receptor subtypes in a

neuron, relieves the voltage-dependent magnesium ion block in the N-methyl-

D-aspartate (NMDA) channel. There is variable glutamate input to neurons in

the cortex, but it is particularly strong in layer IV of the primate brain, the

major receiving zone of the cortex for excitatory thalamocortical input. This

layer also contains the majority of the cytochrome c oxidase immunoreactivity,

which is supposed to indicate a high metabolic activity (Wong-Riley, 1989).
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3. AIMS OF THE STUDY

Naturally occurring cathepsin D deficiency in sheep and genetically

manipulated cathepsin D knock-out mice have been described earlier. In this

study specific aims were to:

o Characterize the expression of cathepsin D during rat brain

development.

o Characterize the intracellular stability, processing and transport of

inactive mouse cathepsin D.

o Investigate cathepsin D deficiency as a cause of congenital human

neuronal ceroid-lipofuscinosis.

o Examine the neuropathology and molecular mechanisms of

neurodegeneration in cathepsin D knock-out mice.
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4. MATERIALS AND METHODS

Experimental animals and patient material used in this study

Wistar rats were kept in an animal care facility and treated according to the

ethics guidelines of the European Union. Two independent developmental

series [embryonic day (E)16-P64] of Wistar rat brain tissue and one (P1-P4) of

spleen were collected and analysed. The rat studies were approved by the

Institutional Ethics Committee of the University of Helsinki.

Heterozygous (+/-) CTSD mice were kindly provided by Professor Saftig

(University of Kiel, Germany; Saftig et al., 1995). CTSD knock-out (-/-) mice

were produced by mating. Mice were held in an animal care facility where the

food and water were available ad libitum and the light/dark cycle was 12/12

hours. The brains were dissected at around P24. The study plan was approved

by the Ethics Committee of the University of Helsinki.

Paraffin-embedded brain tissue samples of three human congenital NCL

patients were obtained at routine autopsies. An ethylenedia-minetetraacetic

acid (EDTA) blood sample from one congenital NCL patient was collected for

diagnostic purposes. Clinical data concerning foetal and postnatal development

were retrieved from medical charts. The controls for identified CTSD

mutations consisted of 92 CEPH (Centre d'Etude du Polymorphisme Humain)

individuals. The study plan was approved by an institutional review board of

Helsinki University Central Hospital.

The details of the other experimental methods and materials used are described

in the original publications (I-IV; Table 2). The primer sequences used in these

studies are available from the author on request.
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Table 2. List of the original publications with the materials and methods used. CTSD=

cathepsin D. * This method is described in Suopanki et al. (1999).

Materials and methods Original publication

Cell culture II, III

Confocal immunofluorescence microscopy II

Cloning of cDNAs II, III

Electron microscopy IV

Fluorimetric CTSD activity assay II, III

Histochemistry, stereology IV

Image analysis IV

Immunohistochemistry III, IV

Immunoprecipitation II

Metabolic labelling with [35S]methionine II

Mutation scanning in the CTSD gene III

Polymerase chain reaction II

Protein extraction I*, II, III, IV

Protein quantitation I*, II, III, IV

Reverse-transcriptase polymerase chain reaction I*, II

RNA extraction I*

Site-directed mutagenesis II, III

Transient transfection II, III

Western blotting I*, II, III, IV
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5. RESULTS AND DISCUSSION

5.1. Developmental expression of CTSD in the rat brain (I)

Defects in PPT1, TPP1 and CTSD cause NCLs, severe neurodegenerative

disorders, in early childhood. These NCL-associated proteins are all

ubiquitously expressed, showing a typical lysosomal punctuate staining

pattern, in immunohistochemically stained neurons (Ellis and Divor, 1979;

Bernstein et al., 1987; Isosomppi et al., 1999; Suopanki et al., 1999). The aim

of this study was to compare the developmental expression profiles of these

NCL-associated lysosomal enzymes in the rat brain (I). mRNA and protein

levels of PPT1, TPP1 and CTSD were followed to compare expression changes

to different maturation steps of the nervous system.

5.1.1. mRNA expression

CTSD and TPP1 mRNA expressions were relatively constant throughout brain

development (E16-P64; I, Fig. 1A). At early adulthood, CTSD mRNA

expression decreased slightly in the brain, whereas TPP1 mRNA expression

increased (I, Fig. 1A). In the spleen, CTSD and TPP1 mRNA expression

profiles were similar than those in the brain, showing a marginally higher peak

at P15 (I, Fig. 1B). However, only the PPT1 expression profile showed clear

development-dependent changes in both the rat brain and spleen (I, Fig. 1A,

B). mRNA expression of sphingolipid activator protein precursors (proSAPs),

the products of which accumulate in PPT1 deficiency and CTSD deficiency in

sheep and humans, increased throughout the brain development, as previously

reported in mice (I, Fig. 1A; Kreda et al., 1994). By contrast, mRNA level of

proSAP revealed no major changes during the development of the rat spleen (I,

Fig. 1B).
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CTSD deficiency is found in humans, mice, sheep and dogs. Both rats and

mice have a gestation time of 21 days, while sheep pregnancy lasts for 144-151

days and human pregnancy 266 days. Due to the big variation in gestation

times and life span of these animals, the maturity of the brain at birth differs

considerably between different species. Interestingly, CTSD -/- mice start to

show abnormal behaviour and a pathological phenotype at P14, dying at

approximately P26. CTSD-deficient sheep are very weak and trembling

already at birth (Järplid and Haltia, 1993). They only live for some days and

their brains are very atrophic already at that young age. Myelin biosynthesis in

the rat CNS is greatest between P14 and P30 (Skoff, 1976; Benjamins and

Smith, 1977), whereas myelination in sheep continues several months after

birth. The brains of CONCL sheep and CTSD -/- mice are largely devoid of

myelin. The mRNA expression profile of CTSD in the developing rat brain

suggests that CTSD may have a role in normal development of neurons and

myelination.

5.1.2. Protein expression

At the protein level, the processed form (43 kDa) of the CTSD single chain

was seen already on E16, and it showed a slight increase in expression towards

adulthood (I, Fig. 2). Very low, hardly visible levels of the heavy chain (30

kDa) appeared from P6 onwards. The synaptophysin expression profile

resembled that of the CTSD during rat brain development. Additionally, the

expression of PPT1, TPP1 and CTSD increased in the adult rat brain, while the

expression of growth-associated protein 43 (GAP-43) decreased (I; Fig. 2). The

amounts of the mature forms of PPT1 (37/39 kDa) and TPP1 (46 kDa)

increased towards early adulthood, whereas the amount of TPP1 precursor (67

kDa) decreased after P12 (I; Fig. 2).
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CTSD-specific activity in the rat brain doubles between postnatal days 1 and

10, with a decline occuring at 6 months (Marks et al., 1975). CTSD undergoes

several proteolytic processing steps during its biosynthesis. In rats, CTSD is

known to exist almost entirely as a single-chain form (43 kDa), and only very

low levels of the 30-kDa heavy chain are produced in lysosomes (Tanaka et al.,

1991). Neurons of rat cortical areas are mainly generated at E16-E21 (Berry et

al., 1964; Berry and Rogers, 1965). Synapse formation in the cerebral cortex in

rats starts at birth and reaches a peak around P26, at the time point when CTSD

-/- mice die. Some lysosomal enzymes underlying different NCLs are known to

localize to synapses (Lehtovirta et al., 2001; Luiro et al., 2001; Suopanki et al.,

2002). In this study, especially the protein expression of PPT1 and CTSD

increased simultaneously with the postnatal period of synaptogenesis,

suggesting a role for these enzymes in neuronal reorganization, myelination

and/or plasticity.

5.2. Intracellular stability, processing and transport of mutant D293N

mouse (m) CTSD is affected in HEK-293 cells (II)

Because of the phenotypic differences between CTSD-deficient sheep and

CTSD -/- mice, the aim of this study was to examine the effect of an active-site

mutation in the transport, processing and stability of the mutant D293N

mCTSD. Western blotting, metabolic labelling and confocal microscopy were

used to investigate the overexpression of mCTSD in HEK-293 cells.

5.2.1. Loss of enzyme activity in mutant D293N mCTSD

First, we developed a novel CTSD activity assay that is based on the cleavage

of 6[(7-amino-4-methylcoumarin-3-acetyl)amino]hexoid acid (AMCA)-
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conjugated haemoglobin by active CTSD and the measurement of the

fluorescence of the cleavage products. CTSD enzyme activity was previously

measured mainly using radioactively labelled haemoglobin as a substrate

(Hasilik et al., 1982). Acidic pH is required for the activity of CTSD in vitro,

with a pH optimum of 4.5-5.0, using an extracellular matrix as a substrate

(Briozzo et al., 1988). In our novel assay, the optimum activity of CTSD was

obtained at pH 3.9 (II, Fig. 1A), and the activity was almost completely

inhibited by addition of pepstatin A (II, Fig. 1B), as expected from the reports

of Ayoagi et al. (1972). The mutant D293N mCTSD presented an almost

complete lack of enzyme activity (II, Fig. 1B and C), similarly to

enzymatically inactive sheep (Tyynelä et al., 2000) and the mutant D295N

human (h) CTSD (Glondu et al., 2001).

5.2.2. Reduced stability of mutant D293N mCTSD

Interestingly, CTSD in WT-transfected cells revealed threefold the

immunoreactivity of cells transfected with the mutant D293N mCTSD [II, Fig.

1C (inset)]. This result was in contrast to findings in CTSD-deficient sheep,

where the mutant protein seemed to be more stable than the WT protein

(Tyynelä et al., 2000; II, Fig. 2B). The WT and especially the mutant D293N

mCTSD were stabilized by addition of protease inhibitors (pepstatin A and

leupeptin; II, Fig. 2A), suggesting that the proteolytic degradation of the

mutant protein happens partially in lysosomes. However, the experiments on

the mutant D295N hCTSD in rat cancer cells did not reveal instability of the

mutant protein (Glondu et al., 2001). The differences in the stability of the

mutant CTSD proteins in these two studies can be explained by differences in

species (mouse CTSD vs. human CTSD) or in heterologous overexpressing

systems (transiently expressed mouse CTSD in human cells vs. stable

transfected rat cells with human CTSD). Another explanation could lie in the
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different protease patterns in these different systems: no endogenous CTSD

activity in CONCL cells, low amounts of endogenous CTSD activity in rat

cancer cells (Garcia et al., 1990) and high endogenous CTSD activity in HEK-

293 cells. In this study, mCTSD did not appear in its processed 30-kDa form,

contrary to expectation based on earlier reports of mouse cell experiments

(Pohlmann et al., 1995; Dittmer et al., 1999). This is also most likely the result

of the use of a heterologous overexpressing system.

5.2.3. Altered processing of mutant D293N mCTSD

The mutant D293N mCTSD showed increased electrophoretic mobility

compared with the WT protein [II, Fig. 1C (inset); Fig. 2A) in Western

blottings. A shift of about 1 kDa could also be seen in cell extracts from

affected sheep (II, Fig. 2B). The apparent molecular mass of both the WT and

the mutant D293N mCTSD was reduced by approximately 1.5-2 kDa after

treatment of CTSD [35S]methionine-labelled immunoprecipitates with PNGase

F (II, Fig. 3), revealing that the difference in electrophoretic mobility was not

due to a difference in glycosylation. Since WT and the mutant D293N mCTSD

are equally glycosylated, the molecular mass difference between them is most

probably the result of proteolytic cleavage. The proteolytic processing seems to

be a very early event, as it is detectable after a short 20-min pulse in HEK-293

cells (II, Fig. 4), likely occurring in the ER (II, Fig. 5, lower panels).

Interestingly, in CLN2, a loss of TPP1 activity was accompanied by reduced

expression of the mutant hCLN2 protein (Tsiakas et al., 2004). In addition, a

difference in the electrophoretic mobility was observed in the mutant hCLN2

protein relative to the WT enzyme (Tsiakas et al., 2004). Although the mutated

protein is different in these two neurodegenerative disorders, the sequence of

events leading to aggregation of the mutant protein is apparently the same
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(Cuervo, 2004a): (1) abnormal conformation (misfolding) of the affected

protein exposes normally hidden hydrophobic residues, (2) the cell responds to

these abnormal proteins by activating the chaperone system (to promote

refolding) and cytosolic proteases (to promote removal) and (3) as levels of the

altered protein increase, the chaperones and proteases become trapped in the

aggregates by themselves (Michalik and Van Broeckhoven, 2003). The active-

site mutation in CTSD can be expected to alter the three-dimensional, compact

structure of the precursor CTSD, allowing proteases to cleave it. Especially the

N-terminal propeptide of CTSD seems to play an important role in CTSD

folding and protection against proteolytic cleavages by interacting with the

active-site residues of CTSD (Dunn, 1997; Khan and James, 1998). Despite

several attempts to sequence the N-terminal and C-terminal segments of

affected sheep CTSD, we could not locate the site of the cleavage (unpublished

data). However, some reports of protease cleavages of CTSD (Erickson and

Blobel, 1983; Wittlin et al., 1999) and also the appearance of the molecular

mass shift in the mature (30-kDa) C-terminal form of the mutant ovine CTSD

(II, Fig. 2B) suggest that the proteolytic processing occurs in the C-terminus of

the mutant CTSD.

5.2.4. Intracellular transport and secretion defect of mutant D293N mCTSD

Clear alterations in the transport of the mutant D293N mCTSD were observed

in the pulse-chase labelling and confocal immunofluorescence microscopy

experiments (II, Figs. 4 and 5). After a 20-min pulse, two protein bands (45

and 43 kDa) were seen in the precipitates of WT cells and also in the mutant

D293N mCTSD extracts (44 and 42 kDa; II, Fig. 4). After a 20-min chase,

both the WT and the mutant D293N mCTSD were seen only in cell extracts,

whereas after a 40-min chase about 70% of the WT mCTSD was present in the

media (II, Fig. 4), but no mutant D293N mCTSD was secreted. After a 100-
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min chase, about 10% of the mutant D293N mCTSD was secreted. When the

protein synthesis was stopped with cycloheximide and the steady-state

localization of immunofluorescent CTSD was followed after a 6-h chase, the

mutant D293N mCTSD was present mainly in lysosomes, but also to some

extent in other parts of the cells (II, Fig. 5, upper right panel). WT CTSD was,

by contrast, perfectly colocalized with the lysosomal marker LAMP-1 (II, Fig.

5, upper left panel). When the protein synthesis was not prevented, the mutant

D293N mCTSD colocalized with the Golgi-ER marker (protein disulphide

isomerase; PDI), while the WT protein was almost exclusively present in

lysosomes (II, Fig. 5, lower panels).

The time-dependent accumulation of the precursor and intermediate forms of

CTSD has previously been followed in cultured fibroblasts (Gieselmann et al.,

1983; Braulke et al., 1988). A 47-kDa intermediate form of CTSD becomes

detectable after a 60-min chase (10% of total; Gieselmann et al., 1983). At

37°C, newly synthesized CTSD passes the TGN within 30-60 min, is secreted

into prelysosomal organelles within 1-2 h and is processed to a mature form in

lysosomes within 1.5-3 h of synthesis (Braulke et al., 1988). A small fraction

 5% of total) of CTSD precursor is normally secreted (Braulke et al., 1988).

The data from pulse-chase labellings and immunofluorescence experiments in

this study showed differences between the mutant D293N and WT mCTSD in

transport rates and folding kinetics. The unfolded, proteolytically cleaved

mutant D293N mCTSD was retarded in the ER.

A logical extension to these studies with the mutant D293N mCTSD was to

create a mouse model with the same active-site mutation. However, the attempt

to create this CTSD-deficient mouse failed. The protein expression could not

be confirmed with Western blotting, even though mRNA expression was

apparent. These mice died at the same age as the CTSD -/- mice, but whether

this was a real phenotype or not remained uncertain (data not published). In
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addition a Drosophila model for the D293N mutation in CTSD was generated.

Although the protein expression of these flies could be confirmed by Western

blotting (data not shown), the phenotype or the pathology of these flies did not

essentially differ from the CTSD null flies (Myllykangas et al., 2005).

5.3. CTSD deficiency in humans (III)

The clinical and neuropathological pictures of four patients with unclear

disease aetiology were compatible with the diagnosis of congenital NCL

(Humphreys et al., 1985; Garborg et al., 1987). Due to the close resemblance

of neuropathological findings in human and ovine congenital NCLs, the aim of

this study was to screen the CTSD gene for mutations in human patients.

5.3.1. A mutation in the human (h) CTSD gene causing congenital NCL

Nucleotide duplication (c.764dupA) in a homozygous form was found in exon

6 of the CTSD gene in one congenital NCL patient (III, Fig. 1A, B). This was

the only patient from whom we were able to isolate good-quality genomic

DNA. The father of this patient was a heterozygous carrier of the mutation (III,

Fig. 1B). The mutation leads to a premature stop codon (TAC>TAAC) at

position 255 (p.Tyr255X), which predicts a truncation of the protein by 158

amino acids, thus suggesting the mutation to be disease-causing. An additional

nucleotide change, c.845G>A, was found in exon 7 (data not shown). This

mutation was located upstream of the duplication, thus presumably having no

effect on the disease. The close resemblance of the phenotype of this patient

and his siblings and our immunohistochemical findings in all three patients

examined (III, Figs. 3, 4 and 5) strongly suggest that CTSD deficiency is the

cause of congenital NCL in these patients.
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5.3.2. Truncation of the inactive mutant c.764dupA hCTSD in BHK cells

To examine the effect of the nucleotide duplication (c.764dupA) on the activity

and stability of hCTSD in baby hamster kidney (BHK) cells, the mutant

c.764dupA cDNA of human CTSD was created and cloned into a pcDNA 3.1

expression vector. Transient expression of the mutant c.764dupA hCTSD was

followed by an enzyme activity assay and Western blotting. Activity

measurement showed a relative lack of enzyme activity, resembling the

inactive sheep mutation (c.883G>A) created in the hCTSD cDNA (III, Fig.

2A). When the protein expression was followed by Western blotting, the

formation of truncated mutant c.764dupA hCTSD with a calculated molecular

mass of 27 kDa was found in BHK cell extracts after transient transfection (III,

Fig. 2B). By contrast, WT hCTSD showed the normal processing of CTSD to

the single-chain active form (43 kDa) and the mature form (31 kDa) of the

enzyme (III, Fig. 2B). The mutant c.883G>A hCTSD, generated according to

the reported ovine mutation, was normally processed, but had an increase in

electrophoretic mobility, as previously reported (Tyynelä et al., 2000; II). The

complete lack of CTSD enzyme activity also leads to an early-onset, severe

NCL in mice and sheep (Koike et al., 2000; Tyynelä et al., 2000), while the

missense mutation in the CTSD gene of affected American bulldogs and two

missense mutations in the exons 5 and 9 of the CTSD gene of one human NCL

patient result in a partial inactivation of the enzyme and later-onset CTSD

deficiencies (Awano et al., 2006; Steinfeld et al., 2006). Based on these

findings of different CTSD deficiencies, the activity of CTSD seems to be

crucial for early developmental events and survival.
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5.3.3. Lack of the mutant c.764dupA hCTSD in congenital NCL patients

Glial fibrillary acidic protein (GFAP)-positive hypertrophic astrocytes were

abundant throughout the brain, particularly in the white matter of a congenital

NCL patient (III, Fig. 3A-C). CD68 staining showed that the microglial

activation was most intense in the deep layers of the cortical grey matter (III,

Fig. 3D-F). Storage material, typical of NCLs, was also found in the congenital

NCL patient’s brain, and it contained the sphingolipid activator protein D (III,

Fig. 4A), which is also the main storage component in ovine congenital NCL

(Tyynelä et al., 2000) and in the infantile form of NCL disease, caused by

mutations in PPT1 (Vesa et al., 1995). Moreover, ultrastructural findings of

congenital NCL patients showed accumulation of GRODs, which is in

agreement with the findings of other CTSD deficiencies (human: Steinfeld et

al., 2006; sheep: Tyynelä et al,. 2000; American bulldogs: Awano et al., 2006;

mice: Koike et al., 2000; Drosophila: Myllykangas et al., 2005).

Immunohistochemical analysis of congenital NCL patients’ brains revealed an

almost complete absence of CTSD immunoreactivity (III, Fig. 5A), in contrast

to the typical lysosomal punctuate CTSD staining in normal neurons (III, Fig.

5B). However, some pale, probably unspecific staining could be seen in

hypertrophic astrocytes (III, Fig. 5B). The appearance of CTSD

immunoreactivity in overexpression studies but not in the

immunohistochemical staining of CTSD can be explained by the difference in

species. When human protein is expressed in hamster cells, the abnormally

shortened mRNA is not degraded by the foreign non-sense-mediated decay

system, as presumably would happen in human cells (Hentze and Kulozik,

1999).
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The neuropathological picture of all three patients for whom paraffin-

embedded brain tissue was available was very severe and similar. In the

cerebral and cerebellar cortices there was an extreme neuronal loss and

microglial activation and the white matter was almost completely lacking in

myelin and axons, consistent with previous reports in two congenital NCL

patients (Humbreys et al. 1985; Garborg et al. 1987). Interestingly, the myelin

loss in the white matter was also seen in the congenital NCL sheep (Tyynelä et

al., 2000), suggesting a role for active CTSD in proper myelination. Further

evidence for the close relationship between CTSD and myelination comes from

a developmental study where CTSD expression seemed to increase

simultaneously with increased myelination (I).

5.4. Synaptic and thalamocortical changes in CTSD -/- mice (IV)

Involvement of autophagy and nitric oxide (NO) in the neuronal apoptosis of

CTSD -/- mice has been proposed (Nakanishi et al., 2001; Koike et al., 2005),

but the molecular mechanisms behind the neuronal death remain poorly

understood. As we postulated already in Study I, CTSD may play a role in

synaptic reorganization and/or plasticity. The aim of this study was to

characterize the distribution of the neurodegenerative changes in CTSD -/-

mice and the role of CTSD in synapses.

5.4.1. Regional specificity of thalamocortical changes

Visually, CTSD -/- mouse brains appeared relatively normal, despite the slight

reduction in overall brain size compared with control animals (IV; Fig. 1A).

Cavalieri estimates revealed, however, significant decreases in the regional

volumes of, for instance, the cortex, corpus callosum, thalamus and

hippocampus (IV; Fig. 1B). The volume of the cerebellar white matter was also

decreased, while the cerebellar grey matter seemed to be the least affected
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region (IV; Fig. 1B). Primary motor cortex (M1), primary somatosensory

cortex, barrel field (S1BF) and primary visual cortex (V1) revealed

significantly decreased thicknesses in CTSD -/- mice compared with controls

(IV; Fig. 2B). These changes in S1BF and M1 were concentrated in individual

laminae (IV; Fig. 2A). Laminae I, II, III and V were normal in S1BF of CTSD

-/- mice, in contrast to laminae IV and VI, which were significantly thinner in

CTSD -/- mice than in controls (IV; Fig. 2B). Laminae I, V and VI were

unaffected in M1 of affected mice, while the combined thickness of laminae II

and III was significantly reduced compared with controls (IV; Fig. 2B).

Immunohistochemical staining with an astrocytic marker (GFAP) was highly

increased in CTSD -/- mouse brains, showing the pronounced and widespread

astrocytosis within the CNS of affected mice (IV; Fig. 3A). Particularly intense

GFAP staining was visible in individual thalamic nuclei, including the ventral

posterior (VPM/VPL) thalamic region. In addition, the CA2 subfield of the

hippocampus in CTSD -/- mice was intensively stained with GFAP (IV; Fig.

3B). Immunohistochemical staining with the microglial marker F4/80 showed

a relatively localized staining in CTSD -/- mouse brains. Microglia were the

most abundant in the same thalamic nuclei, e.g. in VPM/VPL, where the

staining for astrocytosis was also the most intense (IV; Fig. 3A). In line profile

analysis, increased intensity of GFAP and F4/80 was localized to laminae IV

and VI of S1BF (IV; Fig. 6B) in CTSD -/- mice. These alterations colocalized

well with a relatively decreased immunoreactivity of the presynaptic protein

synaptophysin (IV; Fig. 6B).

Based on these results, the regional specificity of the neuropathological

changes in the thalamocortical system of CTSD -/- mice is obvious. The

thalamus is evidently a very important target of the pathology in NCL diseases.

Pathological signal intensity changes in individual thalamic nuclei have been

observed in young JNCL patients using in vivo magnetic resonance imaging
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(Autti et al., 1997). Involvement of selected thalamic nuclei has also been

reported in post-mortem examination of INCL patients (Haltia et al., 1973). In

addition, pronounced thalamic pathology, including glial activation and

neuronal loss, has been described in several mouse models of NCL (Nakanishi

et al., 2001; Bible et al., 2004; Pontikis et al., 2005; Weimer et al., 2006).

However, changes in the thalamocortical system in NCLs have not yet been

reported, although the thalamus and different cortical layers interconnect.

Region-specific astrocytes and microglial responses at the early stages of

pathogenesis in NCL were first described in OCL6 lambs (Oswald et al.,

2005). These changes spread and the accumulation of fluorescence became

more pronounced with increasing age, the degenerative changes reaching the

motor cortex by 12 months. Interestingly, however, microglial activation was

already present shortly after birth in OCL6 sheep, long before degenerative

changes and clinical symptoms became apparent (Oswald et al., 2005). A

similar phenomenon has been seen in a mouse model of CLN3 (Pontikis et al.,

2004). Neuronal atrophy of these affected animals was more pronounced in the

upper layers (II-III), while the amount of fluorescence did not differ

significantly from that within the lower layers (IV-VI) in any cortical areas

examined (Oswald et al., 2005). Progressive glial responses with the layer

specificity have also been noted in a number of other neurodegenerative

disorders (Troost et al., 1993; von Eitzen et al., 1998; Sheng et al., 1998) as

well as in a CLN1 animal model (Bible et al., 2004). This progressive

activation of microglia in interconnected pathways may be indicative of an

ongoing degenerative process in these brain regions. Studies on a mouse model

of CLN1 (Bible et al., 2004) suggest that progressive activation may be

common in NCLs. Astrocytes participate in regulation of glutamate-induced

neurotransmission and excitotoxicity by uptaking glutamate in synapses, and

they may be activated in CTSD -/- mice in an attempted neuroprotective

response, as a result of localized elevation of glutamate concentration (Oliet et
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al., 2001; Piet et al., 2002). In addition, the ultrastructural finding of putative

astrocytic “pinching” of presynaptic terminals (IV; Fig. 5G) suggests that

astrocytes play an active role in the synapses.

5.4.2. Loss of neurons and synapses

Reactive changes in specific thalamocortical regions suggest that the main

neurodegenerative processes occur in these areas. To examine whether the

number of neurons in these regions was altered, we counted Nissl-stained

somatosensory relay neurons in the VMP/VPL thalamic nuclei and cortical

neurons in laminae IV and VI as well as parvalbumin-positive inhibitory

neurons in the Rt nucleus. The analyses revealed a significant loss of neurons

in the VPM/VPL, but not in the Rt nucleus in CTSD -/- mice compared with

controls (IV; Fig. 4). In S1BF, a marked and significant loss of neurons in

lamina IV was observed (IV; Fig. 4). In lamina VI of S1BF, the number of

neurons appeared slightly, but not significantly decreased (IV; Fig. 4). Despite

no loss of inhibitory neurons in Rt nucleus, the impaired input of feedback

neurons in lamina VI may decrease the modulatory influence of S1BF on the

VPM/VPL.

In more detail, the localized nature of the neuronal loss coincided with the loss

of synapses in the VPM (IV; Fig. 5). A markedly reduced number of synapses

in the VPM of affected mice was observed by electron microscopy, while the

synapse number was the same in the S1BF of CTSD -/- and control mice (IV;

Fig. 5H). Thus, the degenerative changes in the VPM seem to precede those in

the cortex. An electron-dense storage material was present throughout the

VPM in CTSD -/- mice and especially in myelinated axon profiles (IV; Fig.

5C), whereas in S1BF they were rare and much less prominent (IV; Fig. 5D).

Degeneration of axons, with the breakdown of axon membranes, disruption of
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axonal organelles and unravelling of myelin sheaths was observed in the VPM

of CTSD -/- mice (IV; Fig. 5E), in contrast to the S1BF, which appeared

relatively normal (IV; Fig. 5F).

Pronounced loss of neurons within individual laminae of the somatosensory

cortex in Cln3 ex7/8 mice, another animal model of NCLs, has been noted

(Pontikis et al., 2005). Moreover, gross axonal pathology with disrupted axons

and unravelled myelin sheaths has previously been observed in the corpus

callosum of CTSD -/- mice (Koike et al., 2005). Our ultrastructural evidence

for axonal degeneration further supports the idea of blockage of axonal

transport and accumulation of autophagic vacuoles reported in CTSD -/- mice

(Koike et al., 2005). Under normal physiological conditions, the neurons can

produce NO, which acts as a gaseous neurotransmitter. However, excess

production of NO by activated microglia in CTSD -/- mice (Nakanishi et al.,

2001) may block the axonal transport of synaptic vesicle precursors, thus

contributing to the dysfunction of axonal transport and synapses (Stagi et al.,

2005). The results of this study again emphasize the importance of CTSD in

proper myelination and axonal transport.

5.4.3. Presynaptic protein changes

The first evidence of changes in the presynaptic system of CTSD -/- mice

appeared after staining of parasagittal cryosections with a synaptic marker,

synaptophysin (Syp). Syp staining was increased throughout the cortex and

thalamus of affected mice compared with controls (IV; Fig. 6A). Syp

immunoreactivity displayed an abnormal laminar distribution, forming two

bands of relatively reduced staining intensity in the line profile analysis (IV;

Fig. 6B). As previously discussed, the immunoreactivity alterations of GFAP,

F4/80 and Syp were localized to laminae IV and VI, suggesting a
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colocalization of glial activation and presynaptic changes. Alterations in the

immunoreactivities of the presynaptic proteins Syp, SNAP25, Syb and Syx

were also observed in the coronal cryosections of CTSD -/- mice (IV; Fig. 7A-

D). Furthermore, the immunoreactive patterns of Syp and Syb were similar in

the threshold analysis (IV; Fig. 7, charts), and thus, some changes in the

distribution and amount of these proteins were expected to be observed in

CTSD -/- mice. Immunostaining of paraffin-embedded sections revealed an

abnormal aggregation of Syp (IV; Fig. 8 B, D) and Syb (IV; Fig. 8 A, C)

stainings, especially in VPM/VPL thalamic nuclei of affected mice. By

contrast, immunoreactive clusters of SNAP25 were observed in the zona

incerta dorsal/ventral (ZID/ZIV) region of the thalamus (IV; Fig. 9D, F) and in

S1BF (IV; Fig. 9C, E) of CTSD -/- mice. Furthermore, Western blotting

showed an increase in the amount of the Syp/Syb complex and a decrease in

the Syp dimer in the cortex and thalamus of CTSD -/- mice compared with

controls (IV; Fig. 10B). Western blotting did not show any radical changes in

the monomeric forms of presynaptic proteins Syp, Syp, SNAP25 or Syx (IV;

Fig. 10A).

It is hardly surprising that Syp and Syb behave similarly because Syp forms a

complex with Syb in mature neurons (Reisinger et al., 2004). However, Syb

cannot simultaneously bind to Syp and participate in the SNARE complex. Syp

serves as a regulator of the availability of Syb for fusion (Edelmann et al.,

1995; Becher et al., 1999a). The increase in the Syp/Syb complex could be

easily associated with excessive neuronal activity and excitotoxicity,

potentially associated with the mechanisms behind the epileptic seizures of

CTSD -/- mice. The level of the Syp/Syb complex has also been reported to be

increased in the kindling model of epilepsy in adult rats (Hinz et al., 2001).
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6. CONCLUSIONS AND FUTURE PROSPECTS

Based on the main findings of this thesis, we can conclude the following:

o Cathepsin D protein expression increases during rat brain development,

and the results suggest a role for cathepsin D in synaptic reorganization,

plasticity and/or myelination.

o An active-site mutation in the cathepsin D gene affects the activity,

stability, processing, transport and secretion of the mutant protein.

o A duplication mutation, c.794dupA, in the human cathepsin D gene

causes congenital NCL and severe brain atrophy.

o Cathepsin D and lysosomes seem to play an important role in

controlling presynaptic events in the thalamocortical system.

The importance of Cathepsin D (CTSD), as a member of lysosomal proteases,

in the field of NCL research was revealed when the naturally occurring CTSD-

deficient sheep were characterized (Tyynelä et al., 2000) and CTSD knock-out

mice were generated (Saftig et al., 1995). Based on findings in congenital

CTSD-deficient human patients, the activity of CTSD seems to be crucial for

early development and survival. Broad interest in CTSD deficiency as a

possible diagnosis in microcephalic neonates with epileptic seizures has

already offered new patient material, and thus, future studies in this field will

likely focus on investigating new CTSD-deficient human cases.

At the molecular level, the important target of interest in NCL research is the

cell death mechanism and the involvement of synapses in neurodegeneration.

Synapses are the primary pathological target in a wide range of

neurodegenerative diseases, and thus, the synapse needs to be viewed as an

important target for development of novel protective treatments aimed at
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preventing or slowing the progression of these diseases. Despite their diverse

clinical appearance and underlying genetic causes, synapse degeneration can

be common to many lysosomal storage disorders (reviewed in Jeyakumar et al.,

2005). Two NCL proteins, CLN3 and CLN1, are known to localize in the

synaptic region (Lehtovirta et al., 2001; Luiro et al., 2001; Suopanki et al.,

2002), and TPP1 also colocalizes with presynaptic markers (Partanen et al.,

unpublished data). In addition to our data revealing presynaptic changes in

CTSD -/- mice, evidence of synapse dysfunction in NCLs has recently been

reported in PPT1-deficient neurons in vitro (Virmani et al., 2005).

The specialized morphology of neurons and their synaptic excitability render

the neuron at risk for a variety of insults involving oxidative damage.

Promoters of an important set of genes for synaptic plasticity and vesicular

transport have been shown to be selectively damaged by oxidative stress in

cultured neurons (Lu et al., 2004). This suggests that synaptic alterations

resulting from oxidative stress are potential contributors to neurodegenerative

disease. Data from tissue and experimental models of Alzheimer’s disease

clearly indicate a link between lysosomal disturbance and the protein

accumulation that leads to synaptopathogenesis (Bahr and Bendiske, 2002).

The data presented in this thesis and in studies of other neurodegenerative

diseases strongly suggest that lysosomal defects, which are associated with

mitochondrial dysfunction, impaired axonal transport and increased

intracellular Ca2+ concentration as well as myelination, warrant further

examination. In addition, the role of astrocytes in synapses is an interesting

field of study. In the future, the key mediators of neuronal death and

physiological events in the thalamocortical system will be examined with

proteomic, micro-array and functional imaging methods. The developmental

course of changes in CTSD knock-out mice also requires further

characterization.
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