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• Expression of the human r.eurofllament heavy gene (NF-H)

ln transgenlc mlce

Francine Côté

Ph.D. 1994
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Abstract

Mammalian neurolilaments (NFs), the intermediate lilaments (IFs) 01 nerve

cells, are composed 01 three diflerent polypeptides, commonly relerred to as the low

(NF-L), middle (NF-M) and heavy (NF-H) subunits. As members 01 the IF lamily and

major components 01 large myelinated libers, NFs have been assigned a putative role in

maintaining the structural integrity 01 the neurons and in determining axonal caliber.

To study the expression and lunction 01 the human NF-H gene, a genomic clone

encompassing the human NF-H gene was isolated (Cos4NF-H) Irom a chromosome 22

enriched library and ~ransgenic mice were generated. Four transgenic lines with

multiple copies 01 the intact human NF-H gene were obtained. Northern blot analysis

revealed that the human transgene was expressed specilically in neurons at level 01

approximately !wo-Iold the endogenous mouse level. In addition, the human NF-H gene

was expressed at the correct stage during the mouse nervous system development.

Furthermore, expression 01 the human NF-H gene appeared to be proportional to gene

copy-number and independent 01 the position 01 Integration into the mouse genome. This

is the lirst example 01 such a pattern 01 transgene expression in nerve calls. These

results suggest that the regulatory signais necessary to direct the correct expression 01

the human NF-H gene lie within the injected clone and are recognized be!Ween the !wo

mammalians species. Once identilied, the control elemants may constitute a valuable tool

to direct the expression 01 loreign genes specilically to neurons.

The human NF-H transganic mica appear normal at birth but progressively

develop tremors and pathological laatures reminescant 01 the ones observed in patients

with amyotrophic lateral sclerosis (ALS). For instance, one se9S selective enlargements

01 motor neuron perikarya, dorsal root ganglion (DRG) neurons and proximal axons in

addition to distal axonal atrophy and muscle atrophy. Electror, microscopy studies

showed that the swellings consisted 01 intracytoplasmic accumulation 01 NFs. Axonal

i i



• transport experiments were undertaken to determine if cytoskeletal elements were

abnormal!y transported as has been suggested for a number of neurodegenerative

diseases such as ALS. The proteins synthesized in motor/sensory neuron cell bodies

were labeled and their subsequent transport to distal axonal segments was analyzed by

SOS gels and lIuorography. The results showed an impairment ofaxonal transport of NF

proteins, actin and tubulin. There was al50 retention of sorne rapidly transported

organelles. A possible mechanism to explain these results is that overexpression of the

human NF-H gene led to neurofilamentous swelling formation that disrupted axonal 1I0w

and eventually resulted in motor neuron degeneration. The human NF-H transgenic mice

are therefore a valuable model of human motor neuron disorders and can be used to test

therapeutic strategies aimed at reducing the neurofilamentous swellings.

i ii



• Expression du gène de neurof1lament humain NF-H

chez les souris transgéniques

Francine Côté

Ph.D. 1994

Faculté des études supérieures

Département des Sciences Neurologiques

Université McGill

Résumé

Les neurofilaments (NF), les filaments intermédiaires (FI) spécifiques aux

neurones sont constitués de trois sous-unités; légère (NF-L), moyenne (NF-M) et

lourde (NF-H). En tant que membres de la famille des FI et constituants majeurs des

grosses fibres nerveuses myélinisées, les NFs auraient pour rôle l'intégration

mécanique de l'espace intracellulaire. De plus, les NF seraient impliqués dans la

détermination et/ou le maintien du calibre des axones (Hollman et al., 1984, 1987).

Afin de préciser les niveaux d'expression et la fonction du gène humain de la

sous-unité lourde des NF (NF-H), un fragment génomique contenant le gène humain NF­

H (Cos4NFH) fut isolé d'une banque de cosmides enrichie en séquences du chromosome

22 et inséré dans des souris. Quatre Iigneés murines contenant des nombres différents

de copies du gène humain NF-H ont ainsi été obtenues. Des analyses par Northern ont

démontré que le gène humain NF-H était spécifiquement exprimé dans les tissus nerveux

de la souris et que les niveaux d'expression étaient supérieurs au niveau du gène

endogène (environ deux fois). De plus, le gène humain NF-H est exprimé correctement

au cours du dévelopment. Finalement, l'expression du gène humain NF-H semble être

dépendante du nombre de copies intégrées mais indépendante du site d'intégration dans le

génome de la souris. Ces résultats suggèrent la présence, dans le cosmide Cos4NF-H, de

facteurs importants qui sont reconnus par le système transcriptionnel de la souris.

Lorsqu'identifiés, ces facteurs pourront servir à diriger l'expression d'autres gènes et

ce de façon spécifique.

Bien que les souris exprimant le gène humain NF-H soient normales à la

naissance, elles développent progressivement des tremblements et des pathologies

semblables à celles que l'on retrouve chez les patients atteints de la sclérose latérale

amyotrophique (SLA). Par exemple, des gonflements au niveau des corprs cellulaires

iv



• des neurones moteurs et des ganglions de la racine dorsale ainsi qu'au niveau des axones

proximaux. 11 y a également atrophie des axones distales et des fibres musculaires.

L'analyse des tissus en microscopiG électronique a révélé que ces gonflements étaient

constitués de NF. Des études de transport axonal furent alors entreprises afin de

déterminer si certains éléments du c~10squelette étaient anormalement transportés tel

qu'il fut suggéré pour un certain nombre de maladies neurodégénératives incluant la SLA.

Les protéines synthétisées dans les neurones moteurs et sensoriels furent marquées et

leur transport le long de l'axone fut étudié sur gels polyacrylamide et f1uorographie. Les

résultats obtenus montrent que le transport de:; protéines de NF ainsi que celui de

tubuline et d'actine est retardé. Il y a également rétention de certaines protéines

transportées rapidement. L'apparition de gonflements qui résultent de l'accumulation

des NF au niveau des corps cellulaires et des axones proximaux interfèrent a..."c le

transport normal le long de l'axone et peut éventuellement mener à la mort des neurones

moteurs. Les souris transgéniques exprimant le gène humain NF-H constituent donc un

modèle unique de maladies dégénératives humaines et sont un outil indispensable pour

tester différentes stratégies visant à diminuer les accumulations de NF.
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• Chapter 1

Introduction

Most eukaryotic ceIls have an intricate cytoplasmic network of protein

filaments. This network has been referred to as the cytoskeleton. The cytosl:eleton

serves as an intracellular framework and is responsible for most aspects of cell shape

and movement (Alberts et al., 1989).

1. The neuronal cytoskeleton

The fundamental task of nerve ceIls is to receive, process and transmit

signais. To perform these functions, nerve cells are branched structures with a central

body or soma, several dendrites and a single axon. Dendrites, which extend from the cali

body like antennae, receive information from other neurons. The axon, which may

extend from a few millimiters (mm) up to a meter, eventually ends in many branches

and serves as a transmission line from the soma. Dendrites, soma and axor. assume

characteristic shapes. The structure responsible for the organization and maintenance

of these different shape is the neuronal cytoskeleton. The neuronal cytoskeleton is also

involved in intra-axonal movement and synaptic transmission. It can be divided into

three types of fibrillar elements varying in thickness; micTOtubules, microfilaments

and intermediate filaments (Figure 1) (Burgoyne, 1991; Hirokawa, 1991).

1.1 Mlcrotubules

Microtubllies are hollow tubes built from dimers of CL and ~ tubulin subunits.

ln in vitro preparations, the subunits tirst assemble themselves in strands and then in

circular tubules with an outside diameter of 25-28 nanometers (nm). In vivo,

microtubules are apparently in equilibrium with soluble tubulin subunits and can be

readily assembled and disassembled. In normal axons, microtubules appear in groups

and tend to form small bundles interspersed with neurctilaments. Microtubules are also

found in ail neuronal dendrites (Goldman and Yen, 1986; Hirokawa, 1391).

1



Electron microscopie studies have revealed regularly spaced fine strands on

microtubules which are formed by microtubule-associated proteins (MAPs). MAPs

serve both to stabilize microtubules against disassembly and to interconnect them with

other cell components (Hirokawa, 1991). MAP1A, 18, 1C, MAP2, 2C and Tau proteins

are the major species isolated from mammalian brain in association with microtubules.

MAP2 and 2C are components of cross-bridges between microtubules in dendrites and in

axons respectively (Chen et al., 1992).

Microtubules are believed to be tracks along which vesicles and other

membrane-bounded organelles are transported during bidirectional axonal f10w (Vale et

al., 1985b).

1.2 Mlcrofllaments

Microlilaments are S-7 nm in diameter. They are polymers 01 globular actin

monomers (~-'Y species) wound into a two-stranded helix. In neurons, actin exists

mostly as unpolymerized or soluble monomers in adynamie equilibrium with

polymerized actin. In dendrites, much 01 it is concentrated at spines. In the axon and at

nerve terminais, actin microfilaments are numerous and close Iy packed in a la!tice

underneath the axolemma. (Goldman and Yen, 1986; Hirokawa, 1991; Nixon, 1991).

Actin filaments accumulate in the growth cone 01 developing nerve cells and

are possibly involved in their motility (Hirokawa, 1991).

1.3 Intermedlate filaments

Unlike actin and tubulin, which are both globular proteins, the subunits of

intermediate lilaments (IFs) are intracellular librous proteins. IF protein molecules

associate side by side to lorm long libers in the cytoplasm 01 most higher eukaryotic

cells. They are typically between 8 and 10 nm in diameter (Steinert and Roop, 1988)

2



• Figure 1. Axoplasm in a rat sciatic nerve. Microtubules appear in groups

interspersed with neurolilaments. Frequent cross-bridges are lound between

microtubules (arrows) and neurofilaments (curved arrow). (Reproduced from The

Journal 01 Cell Biology (1988) 107. 1449-1461. by copyright permission 01 The

Rockefeller University Press).

3



1.3.1 FamUy of Intermedlate filaments

Intermediate filaments are encoded by a large multigene family displaying

cell and tissue-specific expression patterns throughout development (Table 1). Several

different classes of IF have been recognized based upon sequence homology within the

relatively conserved central rod domain and placement of introns within the genome

(Steinert and Roop, 1988; Bloemendal and Rieper, 1989; Klymkowsky et al., 1989;

Stewart, 1990).

Type 1 and Il IF proteins, acidic keratins (4,0-52 kDa) and neutral or basic

keratins (53-70 kDa) respectively, are found primarily in epithelial cells. The

keratin are by far the most complex class of IF proteins (Fuchs and Hanukoglu, 1983;

Steinert et al., 1984; Albers and Fuchs, 1987; Steinert and Roop, 1988).

Type 1\1 IF proteins include 1) vimentin (53 kDa), 2) desmin (52 kDa), 3)

glial fibrillary acidic protein (GFAP) (45-50 kDa), 4) peripherin (57 kDa) and 5)

plasticin (52 kDa). Vimentin is widely distributed in cells of mesenchymal origin, is

otten expressed by cells in culture and transientiy by developing ceIls (Steinert and

Roop, 1988). Desmin is found in both striated and smooth muscle cells. GFAP forms

glial filaments in astroglia (Steinert and Roop, 1988). Peripherin is abundant in nerve

cells of the peripheral nervous system (PNS) (Parysek et al., 1988; Greene, 1989).

Plasticin was recently identified in regenerating fish optic nerve (Glasgow et al.,

1992).

Type IV IF proteins include 1) a-internexin (66 kDa) (Fliegner, 1990),

found mostiy in embryonic neurons of the central nervous system (CNS) and 2) the

neurofilament (NF) triplet proteins NF-L, NF-M and NF-H (about 68, 145 and 200

kDa respectively) present in most nerve cells of the PNS and CNS (Steinert and Roop,

1988).

Type V IF proteins are the nuclear lamins A, Band C (65-75 kDa). They

form a lattice of filaments on the inner side of the nuclear membrane (Steinert and

Roop, 1988). They are the only nuclear IF proteins, ail others are cytoplasmic.

Type VI IF proteins include nestin (200 kDa) specifically expressed in

neuroepithelial stem cells (Lendahl et al., 1990).

4



• Table 1

Classes of Intermedlate filament protelns

Class Proteln Names Distribution

1 Acidic keratins Epithelia

Il Basic/neutral keratins Epithelia

III Desmin Muscle

Vimenlln Mesenchyme

Glial fibrillary acidic protein (GFAP) GUa and astrocytes

Peripherin PNS neurons

Plasticin Regenerating retinal ganglion cells

IV Neurofilaments: NF-L, NF-M, NF-H CNS - PNS neurons

Alpha-internexin Embryonic CNS neurons

V Lamins: A, B, C Nuclear envelopes

VI Nestin Neuropithelial stem ceIls

5



• 1.3.2 Structural features and assembly of Intermedlate filaments

Despite the large differences in their size, sequence data revealed that each IF

polypeptide chain has a three-domain structure made of a homologous central region of

similar size (about 310 residues for cytoplasmic IFs; 356 residues for lamins) f1anked

by amino- and carboxy-terminal domains varying greatly in sequence and in length

(Figure 2). In fact, the head and tail domains are unique to each protein and presumably

confer specialized properties (Steinert and Roop, 1988; Klymkowsky et al., 1989).

The central region of ail IF proteins forms an extended a-helical rod domain

(typically referred to as coil 1A, 18, 2A, 28) with three short non a-helical breaks

(referred to as L1, L2, L12). The helical damain has a distinctive sequence motif of a

polypeptide that forms a coiled-coil. The sequence is a heptad repeat ' a, b, c, d, e, f, 9 ,

where "a' and 'd'are frequently apolar residues and amino acids in other positions are

hydrophilic or charged residues. Residues 'a' and "dO lie close together forming a stripe

running around the a-helix. Consequently the coiled-coil is formed when two helices

wrap around each other with their respective hydrophobic side chains facing each other

(Steinert and Roop, 1988). Pruss et al. (1981), have described an antibody which is

known to bind an epitope localized at the carboxy-terminal end of coil 2. As ail IF

proteins share this identical conserve sequence motif, reactivity with this antibody is

one of the criteria for identification of new 1F proteins.

The conserved a-helical regions of ail IF subunits form the basis of their

structural uniformity. In particular, the amino- and carboxy-terminal sequences of

the rod domain are highly conserved and play a critical role in IF assembly (Albers and

Fuchs, 1987; Wong and Cleveland, 1990; Hatzfeld and Weber, 1992). For example,

deletions including small portions of the helical rod domain of keratin K14 resulted in a

mutant protein which could no longer be incorporated into the IF network (Albers and

Fuchs, 1987; Stewart, 1990). Moreover, domain swapping experiments revealed that

the carboxy-end of helix 18 was essential for subunit recognition and proper co­

assembly of vimentin and keratin filaments in transfected mammalian ceIls (McCormick

et al., 1991). In contrast, most sequences within the non-helical head and tail domains

of IF proteins seem to be dispensable for IF assembly (for review see Fuchs and Weber,

1994 and reference therein). Nevertheless, the IF head domain possibly plays a role in

both end to end and lateral association at the protofilament and/or protofibrillar level
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while the tail domain seems to be involved in the control of lateral interaction between

subunits (Fuchs, 1994; Fuchs and Weber, 1994).

The mechanism leading to polymerization of IF proteins is complex and still

not completely understood. A current model of 1F assembly involves 1) formation of a

coiled-coil dimer from two monomers via the conserved a-helical regions aligned in

parallel, 2) aggregation of two antiparallel dimers to form a tetramer or protofilaments

and 3) association of the protofilaments into higher ordered structures. The final 10 nm

filament is composed of eight protofilaments joined end on end to neighbors by staggered

overlaps, where the non-helical end domains protrude from the filament backbone

(Sloemendai and Pieper, 1989; Klymkowsky et al., 1989).

Most IF proteins, except the keratins and perhaps NF-M and NF-H will

assemble spontaneously in vitro to form homopolymers. Epithelial keratins are

obligatory heteropolymers. Evidence suggests that keratin filaments are formed from an

equal number of <l',itlic and basic or neutral subunits (Steinert et al., 1985;

Klymkowsky et al., 1989; Stewart, 1990). Although NF-M and NF-H, by themselves,

may not be competent for 10 nm filament formation, homodimers of NF-M and NF-H

have been obtained under specifie experimental conditions (Hirokawa, 1991).

Co-assembly between different IF proteins is possible and has been reported.

Transfection studies of fibroblast ceIls demonstrated that ail three NF subunits readily

incorporate in IF-like arrays with endogenous vimentin (Monteiro and Cleveland,

1989; Chin and Liem, 1990, 1991). Alpha-internexin is also capable of co-assembly

with vimentin to form a filamentous network in cell lines lacking an endogenous

cytoplasmic IF network (Ching and Liem, 1993).
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Figure 2. Structure of an intermediate filament protein.



• 1.3.3 Neurofllaments

Neurefilaments are stained with silver nitrate and correspond to the classic

neurofibrils observed under light microscopy (Shaw, 1991). Early studies of

axoplasmic f10w led to the identification ot the three fibrous proteins as the

neurofilament subunits: NF-L (Iight), NF-M (medium.' and NF-H (heavy) (Hollman

and Lasek, 1975). The study also revealed the relative proportion of NF-L, NF-M and

NF-H ill the slow component triplet to be llJ;5:3 or 6:2:1 (NF-L: NF-M: NF-H)

(Hollman and Lasek, 1975; Nixon and Lewis, 1986). In mammalian neurons, the three

subunits co-polymerize and are distributei.: dillerenlially. Axonal regions contain more

NFs than dendritic and cell body regions. Electron microscopic studies revealed that NFs

are found in bundles and run longitudinally and parallel with each other in the axon.

They are the predominant intracellular structures of large myelinated fibers. Thin

processes ex:' ,ding from NF cores were observed forming bridges between adjacent

filaments and microtubules (Figure 1) (Hirokawa, 1982, 1986, 1991; Hisagana and

Hirokawa, 1988).

There appear to be other IF proteins capable of incorporating into the IF

network of cells of neuronal Iineage: vimentin, nestin, peripherin, lX-internexin and

plasticin. However, for the purpose of this thesis and because the triplet NF-L, NF-M

and NF-H are the major IF components of mature neurons, the termlnology

'neurofilament' will rAfer to assemblies of the triplet protein.
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Figure 3. Structure ot mammalian neurofilament proteins.



The genes encoding non-neurolilament IF proteins share identical or near

identical structures with respect to the placement 01 their introns. In contrast,

placement 01 introns in NF genes occurs at entirely non-homologous locations to other IF

genes (Julien and Grosveld, 1991). Human and mouse NF proteins are encoded by three

diflerent genes. There are similarities 01 intron positioning between the three NF genes.

Human and mouse NF-L and NF-H genes have three introns and NF-M has two.

• 1.3.3.1 Neurofllament genes

The diflerences in the position and number 01 introns between t~F and other IF

genes suggested that the primordial NF gene evolved Irom an RNA-mediated transposition

event with the subsequent gain/loss 01 introns (Lewis and Cowan, 1986; Julien and

Grosveld, 1991). It is clear, however, lrom their unique exon/intron organization, that

genes encoding NF-L, NF-M and NF-H are derived Irom a common ancestor (Levy et al.,

1987; Julien et al., 1988; Julien and Grosveld, 1991).

The genes encoding NF-L and NF-M are located sorne 30 kb apart on

chromosome 14 in the mouse and on chromosome 8 in humans (Julien et al., 1986,

1987a). The NF-H gene is on mouse chromosome 11 and human chromosome 22 (Mattei

et al., 1988; Lieberburg et al., 1989).

1.3.3.2 Chemleal and Immunologleal eharaeterlzatlon of neurofllament

protelns

The apparent molecular weights 01 NF-L, NF-M and NF-H as determined by

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SOS-PAGE) are 68, 145

and 200 kDa respectively (Hollman and Lasek, 1975; Liem et al., 1978; Julien and

Mlishynski, 1982). Complete sequence data predicted that mouse NF-L is actually 62

kOA, NF-M; 96 kOa and NF-H; 116 kOa, while human NF-L, NF-M and NF-H are 62,

102 and 110 kOa respectively (Lewis and Cowan, 1986; Julien et al., 1986, 1987a,

1988; Levy et al., 1987; Lees et al., 1988). The discrepancy is due to the unusual and

unique structure 01 their carboxy-terminals (Shaw, 1991). Oespite this dillerence,

the three NF subunits share the highly conserved lX-helical central domain cornmon to

ail 1F proteins.
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• The NF tail domain can be divided into specific regions (Figure 3). First, a

short domain (tail A) is found immediately carboxy-terminal to the a-helical coi!

domain in the three subunits. This domain contains proline residues (one in NF-L,

several in NF-M and NF-H) and is neutral or slightly basic (Geisler et al, 1983; Shaw,

1991). The next region has a glutamic acid rich segment and is referred as the E region.

ThEl length of the E segment is 50 and 60 amino acide in mammalian NF-L and NF-H

subunit respectively and consists of 000 segments of 50 and 80 amino acids in NF-M,

referre:! as E1 and E2 (Shaw, 1991). This region represents the entire carboxy­

terminus of NF-L, whereas regions with repeated peptides containing the sequence

Lysine-Serine-Proline (KSP) are found next to the E segment in NF-M and NF-H.

There are 43-44 and 51 of these repeats in human and mouse NF-H respectively

(Julien et al., 1988; Lees et ai., 1988; Figlewicz et al., 1993). NF-IJI contains two

different regions of KSP sequsilces separated by the E2 segment. Human and mouse have

respectively 1 and 2 KSP sequences in the first region and 12 and 2 in the second region

(Levy et al., 1987; Myers et al., 1987). A final stretch of lysine, glutamic acid and

proline (KEP) immediately follows the last KSP sequence at the extreme carboxy­

terminus of NF-H. Carboxy-terminal to the KSP2 region in NF-M are the SP and KE

sequences (Harris et al., 1991; Shaw, 1991).

1.3.3.3 Neurofllament assembly

It is still not clear how the triplet of proteins is organized into NF. Ouick­

freeze. deep-etch technique coupled with rotary shadowing, assembly studies and

antibody decoration experiments (against the three NF polypeptides) have provided sorne

insights (Hirokawa, 1982, 1986, 1991). NF-L comprises most of the bacl<bone of the

filament. The rod domain of NF-M and NF-H co-assemble with NF-L into the backbone

whereas their carboxy-terminal domains were observed as thin, flexible filaments

projecting from the core (Hirokawa, 1982, 1986, 1991). These filaments are

believed to be components of cross-bridges beooeen microtubules and NFs (Hirokawa,

1982; Hisagana and Hirokawa, 1990).

Since ail three NF proteins contain the conserved a-helical rod domain

important for filament assembly, it was surprising to find that only NF-L couId easily

polymerize into 10 nm filaments in vitro. However no prominent projections were

observed. In vivo, NF-L alone cannot form a filament, but aggregates into a punctate
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• structure (Lee et al., 1993). NF-M by itself can form a 10 nm filament under specific

experimental conditions, while NF-H can only assemble into curly, non filamentous

aggregates in vitro (Giesler and Weber, 1981; Gardner et al., 1984; Hirokawa, 1991).

Nevertheless, in vitro experiments have demonstra!ed that NF-M and NF-H are readily

incorporated into a filament of normal morphology when mixed with NF-L (Hirokawa,

1991). De novo assembly of NFs in the absence of any preexisting IF network requires

the presence of NF-L and either NF-M or NF-H (Ching and Liem, 1993; Lee et al.,

1993) Further in vivo evidence to support the requirement of NF-L in NF assembly

('ornes from studies of the Japanese mutant quail. This quail has a nonsense mutation in

the NF-L gene, procluces NF-L mRNA level of only 5% of th;!t in the wild-type quail and

does not produce any NF-L protein but expresses both mRNA and protein for NF-M.

However no filaments are seen in the axon (Ohara et al., 1993). This suggests that NF

assembly process requires the NF-L subunit and involves NF-UNF-M and/or NF­

UNF-H acting as the intermediate building blocks. This 3ssential need for one subunit

ta be present is not without precedent in 1F assemoly as keratin filaments are formed

from two types of keratin protein (Klymkowsky et al., 1989).

Assembly characteristics of NF subunits have also been studied by expressing

the NF subunits in fibroblast cells and in mouse L-eells (Monteiro and Cleveland, 1989;

Chin and Liem, 1990; Chin et al., 1991; Gill et al., 1990; Pleasure et al., 1990; Wong

and Cleveland, 1990). The results showed that the rod and portion of the head and tail

domains of the NF proteins are important for coassembly ta form a filamentous network

that co-Ioc&lized with the endogenous IF network.

1.3.3.4 Sequentlal expression of Intermedlate filament protelns durlng

nerve cell dlfferentlatlon

The pattern of expression of each IF protein is of considerable importance and

can be used to investigate gene regulation and expression during specific cell

differentiation. In fact, during development of the nervous system, there are important

transitions in 1F gene expression which rellect major evants in the pathway of an

undifferentiated cell becoming a mature neuron.

Proliferating CN5 stem cells initially co-express vimentin and nestin

(Cochard and Paulin, 1984; Lendahl et al., 1990). Vimentin is not an exclusive

neuronal marker since it is expressed in many cultured cells and in a variety of
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• developing and differentiated tissues. Nestin expression distinguishes the stem cell Irom

the more differentiated cells in the neural tube. Expression 01 nestin is down regulated

Irom a maximum on embryonic day 16 (E16) to none at ail in adult cerebral cortex 01

the rat (Lendahl et al., 1990). The loss in nestin expression coincides with the

appearance 01 a-internexin (Fliegner et al., 1990). As the neuronal precursor cell

becomes post-mitotic, coincident with the end 01 migration and beginning 01 neuronal

differentiation, abundant a-internexin mRNA is detected in the embryonic rat brain.

Alpha-internexin expression is subsequently supressed in the adult, but it is lound in

certain ceIls 01 the CNS where the NF proteins are no,iceably absent (Fliegner et al.,

1990). Just prior to and as lormation 01 axonal processes begins, cells start to express

the NF proteins, while vimentin expression is rapidly losl. Developing neuronal cells do

not synthesize the triplet NF proteins coordinately (Shaw and Webar,1981).

Expression 01 NF-L and NF-M mRNA slarts around E8 to E13 depending on the sp~cies

(Shaw and Weber, 1981; Julien et al., 1986; Lieberburg et al., 1989; Schlaepler and

Bruce, 1990; Kost et al., 1992). NF-H mRNA accumulates to a :lignificant extent only

in the early post-natal brain. Levels of expression of the three subunits are

progressively upregulated after birth and remain constant in the adull. NF·L and NF-M

expression were also shown to be coordinately up-regulated in PC12 cells when treated

with nerve growth factor (NGF) while NF-H expression was delayed (Lindenbaum et al.,

1988). NF protein expression is believed to be the terminal step in neuronal

differentiation and thus make NF proteins excellent markers of mature nerve ceIls. NFs

are also obvious components of large myelinated axons. In ail peripheral post-mitotic

neurons, peripherin is also expressed. Peripherin expression seems to be enriched in

small-caliber fibers (Parysek et al., 1991). Peripherin and the NF proteins are

colocalized in cultured PC12 cells and in some filaments isolated from the rat sciatic

nerve (Parysek et al., 1991).

The large range of IF proteins utilized during neurogenesis, their

orchestrated expression and their parallel distribution in the CNS and PNS is probably

of significant importance for the elaboration and function of the nervous system but the

mechanism regulating this expression remains ta be defined (Kost et al., 1992)

Similar patterns of differentially expressed IF proteins occur in epithelial cells. In the

proliferative population, keratins K5 and K14 are expressed. Upon comitment to

terminal differentiation, a new pair 01 keratins, K1 and K10 is expressed in the

epidermis while K5 and K14 are repressed (Steinert and Liem, 1990).
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• 1.3.3.5 Neurofllament phoaphorylatlon

NFs are highly phosphorylated both in vivo and in vitro, as revealed by

extensive shifts in their isoelectric points and apparent molecular weights following

e:1zymatic digestion with phosphatases (Julien and Mushynski, 1982; Carden et al.,

1985) .

Following in vivo labeling of NFs with 32p, NF-L, NF-M and NF-H were

shown to contain multiple phosphorylation sites. Phospho-serine was present in ail

three subunits, while phospho-threonine was detected in NF-M only (Julien and

Mushynski, 1982). Furthermore, it was shown that NF-M and to a larger extent NF-H

were by far the most highly phosphorylated components and most of the phosphates were

present within a conlined region of the molecules (Julien and Mushynski, 1983). This

region corresponds to the unique KSP sequence described previously and phosphorylation

occurs predominantly on the serine rasidues (Cardan at al., 1985; Lae at al., 1988).

Tha mature NF-H protain appears to contains 20-100 phosphata groupslmolacula of

polypeptide comparad to substantially less in NF-M (6 to 12) and NF-L (1 to 3)

(Julien and Mushynski, 1982; Carden et al., 1985; Gaislar et al., 1987; Levy et al.,

1987; Myers, 1987; Liaberburg at al., 1989).

NFs display a diffarent phosphorylation pattern during dsvelopment as weil

as differential turnovar of phosphate groups during thair axoplasmic transport

(Sternbarger and Sternbarger, 1983; Nixon and Lewis, 1986; Carden at al., 1987;

Nixon at al., 1989; Lee at al., 1987; Nixon et al., 1989). Tha use of antibodias capabla

of distinguishing different phosphorylation states of NFs revaaled a correlation betwean

the location of NFs within neurons and their degrae of phosphorylation (Starnbarger and

Starnbarger, 1983; Lea at al., 1987; Lawis and Nixon, 1988). Studies using these

antibodias showed that phosphorylated NF-M and NF-H epitopas wera found

pradominantly in axons while non-phosphorylated apitopes ware locatad in parikaryon.

Tha phosphorylation process saams to occur as NFs mova from tha cali body to tha axon.

Multiple kinasas hava baan reported to phosphorylate both phosphorylated

and daphosphorylated mammalian NF protains (Sihag et al., 1988; Sihag and Nixon,

1989, 1990). Thesa includa cAMP-dapandant protain kinase, Ca2+/calmodulin

dapandent protain kinasa Il and casain kinasas 1and Il. Phosphorylation sitas naar tha

amino-tarminal ragion of NF-L and NF-M wara shown to ba substratas of PKA and PKC

(Sihag and Nixon, 1991). On tha othar hand, tha KSP segments in the carboxy-tarminal
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• domains of NF-M and NF-H were shown not to be major in vivo phosphorylation

substrates for any of the above kinases.

There have been many reports on the purification of a NF specifie kinase.

Xiao and Monteiro (1994) identified a NF associated kinase (NAK 115) from mouse

brain extracts that is associated with NFs in vivo. There is a related kinase present in

human brain extracts but the precise sites on NFs that are phosphorylated by that kinase

have yet to be established. Shetty and co-workers (1993) characterized a p34cdc2_like

kinase isolated form rat spinal cords. The kinase was able to phosphorylate

dephosphorylated NF-H and designed peptides with the KSP sequences. Hellmich et al.,

(1992) isolated a novel cyclin-dependent kinase from rat brain predominantly

expressed in nervous system. Wible and colleagues (1989) have isolated a kinase from

bovine spinal cord, that is tightly associated with NFs and which phosphorylated

partially dephosphorylated NF-H. Hisanaga et al., (1991) reported a starfish oocyte

CDC2 kinase specifie for the dephosphorylated form of NF-H. Phosphorylation with this

kinase shilted back to normal the electrophoretic mobility of the dephosphorylated form

of NF-H on SDS-PAGE. Roder and Ingram (1991) identified IWo other NF specifie

kinases: PK36 and PK40, that induced mobility shilts of NF-H by phosphorylating KSP

sites.

Even though ail of the above could induce considerable shifts in the apparent

molecular weight of NF-H, they only phosphorylated a small fraction of the possible

sites, suggesting that the kinase specifie to NFs has yet to be identified. Moreover, the

fact that phosphorylation of NFs is usually delayed until alter they have entered the axon

and that there are several different phospho-isoforms of NF-H and NF-M throughout the

axon may suggest that first, more than (.ne kinase is active along the neuroaxis, second,

that there is a mechanism that regulates the activation of specifie kinase(s) at specifie

sites along the neuroaxis and third, that the kinase(s) may be transported together with

the NFs (Pleasure et al., 1989).

Phosphorylation is one of the most important post-translational

modifications that NF subunits undergo, nevertheless its functional significance is still

unknown (Matus, 1988; Nixon and Sihag, 1991). Phosphorylation of vimentin, desmin

and the nuclear lamins is important for the depolymerization of filaments, especially

during mitosis (Chou et al., 1989; Steinert and Roop, 1988; Stewart, 1990), but nerve

cells do not divide. However, the conservation of KSP motifs in the NF-H subunit from

mammals and invertebrates (Way et al., 1992), the fact that these repetitive sequences
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reside on part of the NF proteins that extend !rom the NF core as weil as the presence of

differentially phosphorylated NFs in functionally distinct regions of the nerve cell argue

for an important role for phosphorylation at these sites in NF function and metabolism.

Possible functions for NF phosphorylation are discussed below.

NF-L can be phosphorylated by a number of different kinases in vitro and in

vivo. There are three potential phosphorylation sites in NF-L (Sihag and Nixon, 1989).

Phosphorylation of the amino-head region of NF-L by PKA or PKC prevents in vitro

assembly of NF-L into filaments and induces the disassembly of NF-L filaments (Sihag

and Nixon, 1989, 1991; Hisagana et al., 1990). This is believed to permit exchange

and Integration of NF-M and NF-H subunits until appropriate stoichiometry of triplet

proteins is achieved. There is a major PKA site on NF-L localized on the head domain at

serine 55 (Sihag and Nixon, 1991). DNA transfection experiments have indicated that

this site may be required for early steps in filament assembly (Gill et al., 1990). Such

an event is also observed in type III IF proteins (vimentin, desmin and GFAP) which

contain specific phosphorylation sites in their head domain which play a role in mitosis­

mediated reorganization or dissassembly of these IF in some cell types (Chou et al.,

1989) .

On th" other hand, phosphorylation of tail domains may regulate higher order

interactions between NFs and other cellular components and may be involved in

mediating the dynamic axon-specific function of NFs.

According to Price et al. (1987), phosphorylation of the repeat domain will

introduce a large number of negative charges that could induce a repositioning or

extension of NF-M or NF-H sidearms, therefore giving NFs a space occupying role. A

report by Carden and colleagues (1987) further supports the idea that phosphorylation

causes repulsion between filaments and may be a way of increasing axonal diameter

during development.

Axonal NFs are not always evenly spread in the axon as a repulsive

interaction among them would suggest (Hsieh et al., 1994) thus an opposite view

proposed that the different states of phosphorylation may in fact modulate the surface

properties of the filaments and in turn affect their functional interactions. In fact

phosphorylation could connect NFs with each other or with other cytoplasmic structures

(Nixon and Lewis, 1986). Indeed, Hisanaga et al., (1991) showed that phosphorylation

of NF-H by the cdc2 kinase dissociated the binding of NF-H to microtubules. Axonal
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• transport studies also support this hypothesis (Willard and Simon, 1983). In the

developing nerve cells as NFs enter and move down the axon, continued phosphorylation

occurs, especially on the tail domain of NF-H. Consequently, cross-bridges are formed

between adjacent NFs. These interactions tend to retard the movement of proteins down

the axon. The end result is a decrease in NF transport velocity from 8mm/day to

1mm/day during post-natal development (Willard and Simon, 1983).

A recent report by Hisagana and Hirokawa (1993) revealed no structural

differences in filaments formed by phosphorylated and dephosphorylated NFs. Non

phosphorylated NF-H was still able to form cross-bridges between filaments. But these

were in vitro experiments and it is known that enzymatic dephosphorylation does not

remove ail phosphate groups from NFs suggesting that the few phosphates remaining

play a critical role in NF structure.

1.3.3.6 Neurofllament functlon

The presence of NFs throughout evolution argues for a fundamental role in

nerve cells, but their precise function is still the subject of speculation. One hypothesis

suggests that NFs form a cytoskeletal lattice via interaction of their carboxy-terminal

domains and may be one means by which NFs control axonal caliber. Much direct and

indirect evidence supports this idea. First, Hoffman et al., (1985b, 1987)

demonstrated that a tight correlation between the number of NFs in axonal cross-section

and axonal caliber persisted during axonal degeneration and subsequent regeneration. NF

synthesis was shown to be down regulated when axons were severed accompanied by a

subsequent decrease in axonal NF density and a shrinkage in axonal caliber. Second,

developing axons are small in caliber and contained relatively few NFs compared to large

myelinated mature axons where NFs are the predominant intracellular structures

(Hoffman et al., 1985a, 1987; Hirokawa, 1991). Third, Yamasaki et al., (1991)

identified a neurofilament-deficient mutant of Japanese quail. CNS and PNS axons do not

contain any 10 nm filaments due to a nonsense mutation in the NF-L gene (Ohara et al.,

1993). The quai! showed no difference in survival and had weil developed myelin

sheaths. The most prominent change was that the size distribution of the axonal calibers

significantly shitted to small size classes. Recently reported data by Eyer and Peterson

(1994) provide additional evidence for a relation between axonal caliber and presence

or absence of NF proteins. They produced transgenic mice expressing a NF·H/~
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• galactosidase lusion protein. The mice showed accumulation 01 NFs in perikarya, NF

delicient axons and a correlated decrease in axonal diameter. Preliminary experiments

revealed a reduction in conduction velocity concomitant with the decrease in caliber in

myelinated libers 01 both species (Yamasaki et al., 1991; Sakaguchi et al., 1993; Eyer

and Peterson, 1994). The conduction 01 an action potential along an axon is one 01 the

essential lactors regulating inlormation processing in the nervous system. As

conduction velocity varies in parallel with liber diameter, NFs possibly play an

important role in regulating conduction velocity. From these data, it was speculated that

the biological signilicance 01 NFs might be related to their role in maintaining the

caliber 01 axons in a large size class that have a high conduction velocity (Yamasaki et

al., 1991; Sakaguchi et al., 1993).

Price et al. (1988), have demonstrated that neighboring myelinated axons 01

the same size contain variable densities 01 NFs. Therelore, instead 01 being responsible

lor controlling axonal diameter, the phosphate groups on NFs do not promote interactions

but impart a high charge to the proteins that results in mutual electrostatic repulsion.

Consequently, repulsion between charged tails on neighbouring NFs might keep the

projections distant Irom each other and give NFs a very effective space-occupying

structural role in large caliber axons. Indeed, one important lunction 01 NFs is believed

to be their contribution to the stability 01 the cytoplasmic matrix and as members 01 the

IF lamily, they lunction as mechanical integrators 01 cytoplasmic space (Klymkowsky,

1991).

To deline NFs lunction, cell culture studies were performed. Expression 01

the NF proteins in libroblast cells and mouse L-cells resulted in copolymerization with

the endogenous vimenlin cytoskeleton (Monteiro and Cleveland, 1989; Chin and Liem,

1990; Pleasure et al., 1990; Chin et al., 1991). Overexpression 01 NF·L, NF-M and

NF·H in translected libroblasts did not affect the cell lunction (Monteiro and Cleveland,

1989; Chin and Liem, 1990; Pleasure, 1990; Chin et al., 1991;Ching and Liem,

1993). These transient translection studies have however pointed to particular regions

01 the NF proteins as important in their interactions with vimentin. Truncation 01 the

a-helical rod domain 01 NF-L and NF-M led to dominant disruptions 01 the entire IF

cytoskeleton (Gill et al., 1990; Wong and Cleveland, 1990; Chin et al., 1991). Part 01

the amino-terminal domain 01 NF-L seems to be required lor early steps in Iilament

assembly (Gill et al., 1990). But, NF-L and NF-M proteins lacking portions 01 the tail

or head domains resulted in mutant NF proteins still capable 01 co-assembly with the

endogenous vimentin network (Monteiro and Cleveland, 1989; Gill et al., 1990; Chin et
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• al., 1991). Finally, de novo assembly of NFs in the absence of any preexisting IF

network requires the presence of NF-L and either NF-M or NF-H (Ching and Liem,

1993; Lee et al., 1993)

Tissue culture systems have been of limited use and no definitive function

could be imputed to NF proteins from these studies. Cleveland and co-workers (1990)

have generated transgenic mice overexpressing the mouse NF-L protein. Although they

observed a four-fold increased expression of NF-L in peripheral axons, it did not affect

axonal caliber (Monteiro et al., 1990). A simple explanation would be that an increase

in levels of NF-L alone may not result in the formation of filaments with the same

properties as those composed of the normal ratio of the three subunits. Furthermore,

the NF-M and NF-H subunits may be involved in determining axonal caliber to a greater

extent than NF-L. Even though no changes were observed in axonal diameter, the

increased expression of the wild-type NF-L subunit generated an abnormal increase in

NF density and a disorganization of the NFs network in axons (Monteiro et al., 1990).

Finally, since these transgenic mice expressed high levels of the NF-L protein

ectopically, they developed cataracts.

Whatever the function of NFs, it appears that they may not be essential for ail

axons. However, the functional change associated with neurons of NF deficient quail and

mice suggest that their presence might be directly connected to the importance of axons

in large size classes with a high conduction velocity (Yamasaki et al., 1991). In fact,

the development of large myelinated nerve fibers enabling attainment of faster

conduction velocities has played an important role in the evolution of larger species of

animais (Yamasaki et al., 1991).

Absence of IF proteins has also been noticed in certain cell Iines. Paulin­

Levasseur and colleagues (Cochard and Paulin, 1988) have identified a number of

mammalian cell Iines lacking cytoplasmic IFs, suggesting that they were not crilical to

viability of eukaryotic cells. For instance, in epithelial cells, disruption of cytokeratin

filaments by the injection of antibodies had little obvious effect on cell division, cellular

morphology, cell-cell interaclions or cell behavior (Klymkowsky et al., 1989).

Nevertheless NF proteins, Iike other IF proteins, perform important function perhaps

not within the isolated cell but at the level of more complex systems as we shall see in

the nex! section.
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• 2. Intermedlate filament protelns ln dlsease

As components 01 the cell cytoskeleton, IF networks provide structural

stability to the cell. A recent series 01 reports on human skin and nervous system

diseases provides the lirst real evidence 01 a direct involvement 01 IFs in determining

and maintaining cell shape. In fact, the disorganization 01 neuronal or epithelial

cytoskeleton had prolound consequences on both cell structure and lunction.

2.1 Keratln protelns

Type 1 and type Il keratins are characteristic 01 skin, hair and nails.

Different laboratories have recently discovered that truncated lorms 01 the human K1,

K5, K10 and K14 keratin-type proteins disrupted endogenous keratin-lilament

organization. In doing so they have identilied the underlying cause 01 two human

inherited disorders 01 the skin: epidermolysis bullosa simplex (EBS) and epidermolytic

hyperkeratosis (EH).

EBS is an autosomal dominant human skin disease in which the epidermis

blisters lollowing rupture 01 epidermal basal cells (Ior review see Fuchs and Coulombe,

1992). EH, also an autosomal dominant disease, is typilied by blistering due to

cytolysis this time manilested in the suprabasal layers 01 the epidermis. In addition,

hyperprolileration in basal cells occurs in response to the overlying cellular

degeneration (Cheng et al., 1992; Chipvez et al., 1992). The K5-K14 genes encode

keratin proteins expressed in the basal cell layer 01 the mammalian epidermis. A

different pair 01 keratins, K1·K10 is expressed in suprabasal cells. As epidermal ceIls

differentiate, K1 and K10 protein levels increase while K5 and K14 expression is

switched off (Steinert and Liem, 1990).

Point mutations in the beginning, middle and end 01 the rad domain 01 either

K5 or K14 proteins have been identified in EBS patients (Coulombe et al., 1991; Fuchs

and Coulombe, 1992). Coulombe and co-workers (1991) have engineered the precise

EBS point mutation, translected keratinocytes with the mutant and have perturbed the

keratin network. Furthermore, transgenic mice expressing mutant human K14 gene

exhibited prolound delects in the epidermis similar to those lound in patients with EBS

(Vassar et al., 1991). A mutation in the helix termination peptide 01 K5 is also seen in

EBS patients (Lane et al., 1992).
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• A correlation between EH phenotype and a truncated K1 gene has been

identified through linkage studies (Chipev et al., 1992). A point mutation in the \-11

subdomain of the keratin 1 was demonstrated to be the cause of EH. The H1 domain is a

highly conserved sequence immediately nex! to the rod domain in type Il keratin chain.

Moreover, Cheng et al., (1992) have identified a point mutation in K10 of affected EH

family members. Transgenic mice expressing a truncated human keratin 10 gene have

skin with the morphological and biochemical characteristics of EH (Fuchs et al., 1992).

It is believed that in both EBS and EH, the mutant keratin can create

differences in the stability of the IF network and Interfere with the cytoskeletal

organization of the epidermal cells. As a result, the keratin filament cytoskeleton may

be structurally and functionally impaired and can not be properly assembled, giving rise

to blistering human skin diseases (Chipez et al., 1992). This finding implies that

keratin filaments may play a vital role in providing mechanical integrity to a

keratinocyte (Fuchs and Coulombe, 1992).

2.2 Neurofllament protelns

Alterations in cytoskeletal protein organization are prominent in a number of

human neurodegenerative disorders (Goldman and Yen, 1986). For example; 1) there is

massive accumulation of NFs in perikarya, dendrites and proximal axons of motor

neurons following experimental aluminum intoxication (Troncoso et al., 1986), 2)

people in the polymer industry exposed to acrylamide have classic features of distal

axonal degeneration (proximal axonal enlargements, sensory loss, weakness of the

muscle of the feet and hands) (Gold et al., 1985), 3) giant axonal neuropathy is a rare

inherited disease in children that exhibits massive segmental accumulation of packed NFs

that distend axons to giant proportion (Klymkowsky and Plummer, 1985) and 4)

accumulation of ultrastructurally normal NFs within anterior hom cells of amyotrophie

lateral sclerosis (ALS) patients (Carpenter, 1968; Hirano, 1982, 1984; Munsat,

1992) .

Giant axonal neuropathy (GAN), is a rare, slowly progressive neurological

disorder, seen in children and in dogs (Klymkowsky and Plummer, 1985; Donaghy et

al., 1988). It results from an autosomal recessive mutation (King et al., 1993). In

children, the symptoms lirst appear between age 3 to 5 years old. GAN is characterized

by dramatic focal axonal swellings containing abnormally oriented NFs in the CNS and
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• PNS. The swellings appear along the axon typically near nodes of Ranvier with paranodal

myelin thinning. GAN is believed to affect cytoskeletal organization. NF-microtubule

interactions are affected in the swellings (Donaghy et al., 1988). Microtubules are

segregated into discrete bundles rather than being dispersed throughout the axon. NFs

that accumulate in GAN are normal but there is abnormality in their spacing. They are

more closely spaced and thicker due to probable f1attening of their side-arms (Donaghy

et al., 1988; King et al., 1993). This disorder can also be mimicked in mice/rats

following exposure to toxins such as 2,5-hexanedione (2,5-HD) and ~,~'­

iminodipropionitrile (IDPN) (Griffin and Watson, 1988).

ALS syndrome is the mast common form of motor neuron disease in humans.

Il is defined as a progressive disease of the voluntary motor system and includes signs of

both upper and lower motor neuron abnormalities (Hirano et al., 1984; Munsat,

1992). ALS patients show loss of large motor neurons in their cortex, brainstem and

anterior homo Concomitant with that, there is axonal loss and secondary denervation and

atrophy of the muscle fibers (Manetto et al., 1988; Glasberg and Wiley, 1991). In

most cases, death usually resulls from respiratory failure. In ALS patients motor

neurons of the anterior hom have swollen cell bodies (spheroids). The swellings are

due to accumulation of 10 nm neurofilaments showing parallel or random orientation

(Hirano et al., 1984). Whether or not the NFs are abnormally phosphorylated is still

controversial. According to Schmidt et al., (1987) and Leigh et al., (1989) there is no

difference in the phosphorylatlon of NFs between normal and ALS patients while Itoh et

al., (1992) noticed increased phosphorylation of NFs in spinal ventral hom motor

neurons but not in dorsal roct ganglion (DRG) and sympathetic ganglion neurons of ALS

patients. In addition, Manetto et al., (1988) using antibodies against NFs showed that a

significantiy higher number of perikarya and proximal axons of lower motor neurons

reacted with the phosphorylated antibodies in ALS patients compared to aged-matched

controls. FinaUy, Munoz et al., (1988) also noticed focal collection of phosphorylated

NFs in soma of anterior hom motor neurons in ALS pateints.

Two major types of ALS have been identified; the classic or sporadic form

(90-95 %) and the familial form (FALS) (5-10 %). Clinical presentation does not

appear to differ between the IWo. Linkage studies have revealed a tight correlation

between FALS and a mutation in the gene encoding the enzyme superoxide dismutase 1

(SOD1) (Deng et al., 1993; Rosen et al., 1993). In addition, transgenic mice

expressing a mutated form of SOD1 developed pathological features of motor neuron

disorder (Gumey et al., 1994). The etiology of the sporadic form is still unknown.

23



• However, a recent report by Figlewicz et al., (1994) demonslrated the existence 01

mutations in the carboxy-terminal region 01 the NF-H gene in S patients with Ihe

sporadic lorm 01 the disease. The mutations consisted 01 eilher a 102 bp deletion

eliminating 34 amino acids in the repealed tail region or a 3 nucleotides deletion in the

same region. The link between these mutant alleles 01 the NF-H gene and the appearance

01 the disease is yet to be established but suggests a delinite role 01 NFs in molor neuron

disorders.

2.3 Models of neurodegeneratlve dlseases

The cause 01 the neurolilamentous accumulation in Ihe previously described

disorders is still unclear. Fortunately, animal models showing similar lealures are

available. These models give the possibility 01 studying the pathological processes

underlying the disease. In many cases, NF accumulation appears to be related 10 a delect

in the axonal transport mechanism.

2.3.1 Toxlc substance models

Neurolilamentous accumulations within neuronal perikarya and most

proximal axons are prominent leatures seen in animais lollowing intoxication with ~,W­

iminodipropionitrile (IDPN), 3,4-dimethyl-2,S-hexanedione (DMHD), aluminum and

acrylamide. Distal and intermediate accumulation 01 NFs is seen alter injection 01 2,S­

hexanedione (HD) and 3-methyl-2,S-hexanedione (3-MHD) respectively (Goldman and

Yen, 1986).

Injection 01 IDPN into young rats produces axonal enlargements in the most

proximal regions of large caliber libers within the spinal cord and ventral raots. Thera

is no significant accumulation in the cell body. The swellings are filled with densely

packed phosphorylated NFs distending whole internodes. Spheroids similar to the ones in

ALS patients are also seen. Axonal atrophy occurs below the neurofilamentous swellings.

Ultrastructure studies have demonstrated segregation 01 organelles within axons where

chaotically arranged NFs are distributed to the subaxolemmal region surrounding

microtubules, mitochondria and smooth endoplasmic reticulum found in the center 01 the

axan (Papasozomenos et al., 1982; Griffin et al., 1983; Goldman et al., 1986). With
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time, the more distal regions of the axon undergo a decrease in caliber. When continuous

administration is maintained, the swellings remain in the proximal axon. When stopped,

the swellings are seen in the more distal regions. This suggests proximal to distal

migration of the neurofilamentous enlargements and reversibility of the phenomenon.

The mechanism underlying NF swellings is not clear, but IDPN was shown to increase the

gelation of NFs in vitro due to increased phosphorylation of the NF subunits (Eyer et al.,

1989). Little if any motor neuron loss occurs even alter prolonged intoxication with

IDPN.

The toxic effects seen aller administration of aluminum into rabbit

hypoglossal system include: accumulation of morphologically normal NFs (spheroid-Iike

but abnormally phosphorylated) in the perikarya and proximal axons of many neuronal

populations including anterior hom motor neurons, as weil as motor neuron

degeneration, muscle weakness, neurogenic muscle atrophy and distal axonal atrophy

(Bizzi et al., 1984; Troncoso et al., 1985, 1990, 1992). The atrophic axon is

surrounded by a thick myelin sheath, contains less NFs and a normal number of

microtubules (Bizzi et al., 1984). The more distal axonal cytoskeleton and size are

normal. Aluminum, Iike ail multivalent calions, is believed to cause lateral aggregation

of native NFs in vitro, as they possibly act as bridges between charged residues on

adjacent filaments (Troconso et al., 1992). In addition, aluminum possibly increases

NFs phosphorylation through activation of an unknown kinase (Manetto et al., 1988)

Experimental studies of acrylamide toxicity on rats showed the predominant

degeneration of large sensory/motor fibers in their most distal regions as NFs

accumulate in proximal regions (Grillin and Watson, 1988). Acrylamide apparently

increases the phosphorylation and segregation of NF·M and NF-H at early stages of

intoxication (Gold and Austin, 1991).

2,5-hexanedione (2,5-HD) is a neurotoxic metabolite of n-hexane and n­

butyl ketone. 2,5-HD intoxication is a model of GAN, characterized by segmental

swellings containing NFs at prenodal sites in the most distal region of peripheral axons

(Monaco et al., 1990). In addition, it produces a decrease in distal axonal caliber

followed by atrophy of the most proximal axons. The inter NF spacing proximal to the

enlargement is increased (Monaco et al., 1989, 1990). Again NFs are dissociated from

microtubules. NFs are located toward the center of the axon and microtubules

predominate at the periphery. 3,4-dimethyl-2,5-hexanedione (3,4-DMHD), a more

potent derivative of 2,5-HD produces mosUy proximal axonal accumulation of NFs

25



• whereas 3-methyl-2,5-hexanedione (3-MHD), a structural average between 3,4­

DMHD and 2.5-HD induces NF accumulation in the distal two-thirds of rat sciatic nerve

(Monaco et al., 1990). According to Graham et al., (1984), the three toxins act

through the formation of pyrrol adducts on lysine residues of NF subunits so that

progressive accumulation of NFs occurs due to intermolecular covalent crosslinking of

NF proteins. In addition. the pyrrolation of NF proteins may disrupt the interactions

between NFs and microtubules (Graham et al.• 1984).

2.3.2 Naturally occurlng animai models

Hereditary canine spinal muscular atrophy (HCSMA) is a motor neuron

disorder of Brittany spaniels. characterized clinically by weakness and muscle atrophy

and pathologically by progressive dysfunction and loss of motor neurons and abnormal

accumulation of NFs in the anterior hom of the spinal cord (Cork et al., 1982; Messer.

1992). Early in the disease, the axonal caliber of affected motor neurons is smaller in

distal regions and as the disorder progresses the proximal regions of these axons become

distended with accumulations of NFs. The canine model exhibits three phenotypes

distinguishable on the basis of age of onset and rate of progression: accelerated.

intermediate and chronic (Messer. 1992). The disease is autosomal dominant, with

homozygotes showing the accelerated form as early as sixteen weeks of age and

heterozygotes showing the intermediate or chronic form at two to seven years of age.

Mice with the autosomal recessive gene 'wasted" develop extensive vacuolar

degeneration of motor neurons within the anterior hom of the spinal cord and motor

nuclei of the brainstem, due to a spontaneous mutation in inbred mouse HRS/j (Lutsep

and Rodriguez, 1989; Messer. 1992). There is also prominent accumulation of

phosphorylated NF-H proteins within the vacuolated neurons. Occasional neurons will

show axonal swelling. The disease is early in onset starting by 14-18 days and most

affected mice die by 28-31 days of age. Clinical features include tremors and weakness

of the forelimbs and paralysis affecting mainly the hindlimbs (Lutsep and Rodriguez.

1989; Messer. 1992).

Motor neuron degeneration mice (Mnd mouse) have a neurological disorder

which is semi-dominant with variable penetrance in the C57BLJ6.KB2 strain due to a

double recombination in the mouse histocompatibility region. It is characterized by a

redistribution of NF proteins to the mr.rgins of the cell bodies of lumbar spinal cord
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motor neurons, leaving a large area in the cytoplasm devoid of NFs. No neurofilamentous

swellings are observed. There is also a decrease in the number of lumbar anterior hom

neurons and numerous inclusion bodies in the affected soma. The disease is late in onset,

identified by 6-7 months of age with weakness of the hindlimbs which progresses over a

course of about 3 months to total paralysis and premature death (Callahan et al., 1991;

Messer, 1992). Upper and lower motor neurons are affected in the severe stage.

The wobbler mouse shows clinical symptoms of lower motor neuron disorder

where forelimbs not hindlimbs are affected (Andrew, 1975; Mitsumoto and Gambetti,

1986; Monaco, 1990). It is an early-onset (3 weeks) autosomal .ecessive mous!)

mutant. Pathology has revealed va~uolarization of the soma of cervical mutor neurons

and a decrease in the number of axons from Icss of anterior hom neurons. The number

of NFs is reduced in the alfected cells and axonal swellings and perikaryal NF

accumulations are rare (Messer, 1992).

The progressive motor neuronopathy mouse (pmn) is an autosomal recessive

mutant with early onset (around 3 weeks old). Morphological manifestation includes

caudo-cranial motor neuron degeneration. The disease progresses rapidly with death

occuring around 6-7 weeks of age due to respiratory failure (Hirano and Iwata, 1979).

These animais models have been useful in studying motor neurons diseases

and as we shall see in the neX! section, the pathogenesis of these disorders appelllrs to

result from changes in the kinetics ofaxonal transport.
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3. Axonal transport

The cell body which contains the protein-synthetic machinery 01 neurons, is

responsible lor maintaining the whole neuronal mass. It does so by transporting

materials, synthesized in the perikaryon, down the axon via a continuous stream, called

anterograde movement. Associated with this motion, is a movement in the opposite

direction; retrograde transport. In this case, endogenous material is returned to the cell

body, either lor destruction or redeployment. Exogenous material taken up at the nerve

terminul also travels this way to the soma (Gralstein and Forman, 1980; Brady and

Lasek, 1982; Lasek et al., 1984; Griffin and Watson, 1988; Vallee and Bloom, 1991).

Six groups 01 axonal transport have been defined based on 1) average velocity

01 material transported and 2) composition and localization 01 materials within nerve

cells (Table 2) (Willard et p.!" 1974; Levine and Willard, 1980; Tytell et al., 1981;

Brady and Lasek, 1982; Vallee and Sloom, 1991). Groups 1 and Il consist mostly 01

rapidly transported membrane bound constituents. Groups III contains polypeptides

migrating at an intermediate rate. Groups IV and V, also rcferred to as slow component b

and a (SCb, SCa), are composed mainly 01 slowly transported cytoplasmic proteins.

Finally, retrogradely transported organelles lorm a distinct class, moving at a rapid

rate (Group VI).
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Table Il

Rate components ofaxonal transport and cytologlc>al structures

Rate component Veloclty Type of materlals
(mm/day)

Anterograde

Fast 1-11 200-400 Synaptic vesicles, glycoproteins,
glycolipids, neuropeptides,

neurotransmitters and enzymes related to
neurotransmission, tubulovesicular
structures, neurosecretory granules

Intermediate III 50-100 Mitochondrial proteins, associated
enzymes and lipids

Slow SCb IV 2-8 Actin, clathrin, tubulin, calmodulin,
nerve specifie enolase, creatinine

phosphokinase

SCa V 0.25-2 Cytoskeletal proteins: NFs and tubulin

Retrograde

Fast VI 100-200 Growth factors, Iysosomal enzymes,
preslysosomal, lamellar and

multivesicular bodies.
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• 3.1 Approaches to study axonsl transport

Initial recognition of multiple forms ofaxonal transport was obtained

through studies in many different nerve pathways and animal species using different

technical approaches (Grafstein and Forman, 1980; Brady and Lasek, 1982; Vallee and

Bloom, 1991).

3.1.1 Studles ofaxonsl transport from accumulation at a block

The classic experiments on nerve compression performed by Weiss and

Hiscoe (1948) clearly demonstrated the existence of slow axonal transport. They

observed that the libers proximal to a point of compression swelled because they could

not pass the constricted region. Once the compression was relieved, the accumulated

material moved down the axon at a rate of 1·2 mm/day. Furthermore, the observation

that accumulation of material oceured on bath sides of the constrietion provided evidenee

for retrograde transport.

It is now possible to reversibly (for example by lowering the temperature)

disrupt the continuity of a nerve fiber and study the material accumulating on either

side of the lesion. The technique can be very useful in determining the axonal transport

characteristics of any neuronal constituents provided they can be identified either

through biochemical, histochemical or electron microscopic assays (Cra/stein and

Forman, 1980).

3.1.2 Studles ofaxonal transport Involvlng radioactive labellng

Radioactive amino aeid precursors such as [35S] methionine, are widely used

to study axonal transport. The technique is non damaging to the nerve cell and yields

important information on the rate, amount and composition of materials transported in

the nerve in different situations (Grafstein and Forman, 1980).

Radioactive amino acids, applied in the region of the cell bodies of choice, are

incorporated into proteins and transported down the nerve fibers. A few examples of

sites of injection include: 1) vitreous humour of the eye to study axonal transport in the
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• optic system, 2) floor of the fourth ventricle to label transported material in the

hypoglossal and vagus nerve, 3) the region of motor neurons in the spinal cord or

sensory neurons which supply the sciatic nerve. Retrograde transport can also be

studied by applying radiolabeled [1251] coupied to a trophic factor, to nerve endings and

examining subsequent labeling in the cell bodies.

The motor neurons, ORG systems and their associated sciatic nerve provide

the opportunity to examine transport in long time course experiments. The L4, L5

spinal cord segments or L4, L5 ORG of the animal are exposed by laminectomy. The

isotope is then injected using a glass micropipette, to label motor or sensory axons. At

various intervals thereafter (hours, days, weeks) the labeled sciatic nerve is removed

and eut in consecutive segments. Using SOS-PAGE, the specifie transport and velocity of

labeled proteins are detected autoradiographically (Figure 4).

The labeling technique coupled to the constriction technique is also useful to

study the different classes of transport (Ochs, 1972).

• 3.1.3 Studles ofaxonal transport by direct vlsuallzatlon of microscopie
organelles

Visualization of intra-axonal movement can be done using the extruded

axoplasm of the giant axon from the squid LoUgo pas/aii (Brady, 1991). Such a

preparation lacks a surrounding plasma membrane and retains many of the structural

features of the intact axon for hours. Axonal transport continues and using video­

enhanced Iight microscopy, vigorous bidirectional movement of membranous organelles

can be observed. Because the isolated axoplasm lacks a surrounding membrane, the axon

interior becomes readily accessible to externally applied buller solutions and many

properties of rapid axonal transport have been defined using this preparation (Breuer et

al., 1991; Brady et al., 1982).

An important limitation of this technique is that only the transport of larger

stl'uctures such as mitochondria and multivesicular bodies can be studied.
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•

•

Figure 4. Illustration 01 experimental paradigm to study axonal transport.

The lumbar spinal cord and DRG (L4-L5) are exposed by laminectomy and newly

synthesized proteins in motorlsensory axons in the sciatic nerve are labeled by the

injection 01 [35S]mehtionine. Mice are sacriliced various time thereafter and the sciatic

nerve is removed and cut in consecutive 5mm segment.
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3.2 Fast anterograde axonal transport

Fast anterograde axonal transport is involved in delivery of organelles and

plasma membrane and targeting of materials to specifie functional demains, for example

component!! important for neurotransmission, synaptogenesis and axonal maintenance.

The typical rate of fast transport in mammalian species is 50-400 mm/day as defined

by labeling, stop-flow and accumulation studies (Table Il) (Grafstein and Forman,

1980; Lasek et al., 1984).

3.2.1 Nature of rapldly transportad matarial

Classes 1 and Il carry a large variety of membranous organelles such as

smooth endoplasmic reticulum, plasma membrane constituents, vesicles of various kinds

and size, glycoproteins, Iipids, nucleosides and sugar (Grafstein and Forman, 1980;

Lasek et al., 1984). The velocity rate varies from to 200-400 mm/day. Group III

consists of proteins of intermediate velocity (50-100 mm/day) and includes

mitochondria.

No major differences were noted between the profiles of the rapidly

transported proteins in various neuronal systems and species (Ochs, 1972; Stone and

Wilson, 1972; Bisby, 1977). Only slight differences in the relative abundance of some

peripherally and centrally transported proteins were observed (Stone and Wilson,

1972). This suggests that the most abundant proteins of the different types of nerve

cells subserve common neuronal function (Stone and Wilson, 1972).

3.2.2 Dynamlc propertlas of fast antarograda transport

To achieve the maximum velocity rate of 400 mm/day, fast transport

requires the coordinated action of several components such as a transport track,

molecular motor(s) and regulatory factor(s).

Microtubules were shown to serve as the rails for newly formed organelles

destined for anterograde movement. In axons, microtubules are oriented with their plus
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•
end toward the axon terminal and their minus end in the opposite direction (Vale et al.,

1985a) .

The protein kinesin is the motor generating the movement. (Vale et al.,

1985a). Using electron microscopy and immunocytochemistry, kinesin was found to

accumulate on the proximal side of a peripheral nerve Iigation at a rate correlated with

fast axonal transport and also to partition with anterogradely moving organelles

(Hirokawa et al., 1991). Kinesin is a microtubule activated ATPase and fast axoplasmic

transport depends on continued supply of ATP to the transport mechanism (Vale et al.,

1985a). Kinesin can translocate endogenous axoplasmic vesicles along microtubules. It

does so by forming a complex with microtubules and the vesicles. The mechanism

responsible for fast transport presumably involves cycles of attachment, motion and

detachment of kinesin protein to microtubules to which the hydrolysis of ATP is coupled.

3.3 Slow anterograde axonal tran8port

The slowly transported material observed by Weiss and Hiscoe (1948) was

further characterized by Hoffman and Lasek (1975) and involves the movement of

components of the cytoskeleton and associated proteins including cytoplasmic enzymes of

intermediary metabolism. Slow transport has been resolved into Iwo subcomponenls:

SCa or group V proteins and SCb or group IV. SCa and SCb are differentiated on the basis

of their protein composition and velocity (Hoffman and Lasek, 1975, 1980). The

fastest of the Iwo components, SCb migrates at rates ranging from 2.0 to 8.0 mm/day

while SCa proteins move at 0.25 to 2.0 mm/day. SCa is referred as the microtubule­

neurofilament nelwork, while 8Cb is known as the cytoplasmic matrix or microfilament

network (Hoffman and Lasek, 1980). SCa is believed to play an important role in

supporting neuronal shape. SCb is thought to be more active and plays a number of roles

in neurons including an involvement in growlh cone mobility and moving the cytoplasmic

complex through the axon in both normal and regenerating conditions.

3.3.1 Nature of 810wly tran8ported materlal

The constituents of SCa are quite simple and include the major structural

elements of the axon: neurofilaments and microtubules. The composition of SCb is more
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• complex and is characterized by the presence of up to 100 different proteins. Among

these are tubulin, actin, clathrin, brain spectrin, calmodulin and cytoplasmic enzymes

such as nerve specifie enolase and creatinine phosphokinase (Table Il) (Lasek et al.,

1984) .

A number of studies suggest diflerences in the composition of SCa and SCb in

specifie nerves (Grafstein and Forman, 1980; Hoffman and Lasek, 1980; Lasek et al.,

1984; McQuarrie et al., 1986; Oblinger et al., 1987). In general, the composition of

SCb and SCa in optic axons diflered from that in DRG and motor neurons. In mammalian

species, the relative proportion of NF proteins to tubulin in SCa is higher in DRG and

ventral motor neurons than in optic axons. In fact, NF proteins outnumber microtubules

by a factor of lOto 1 in large caliber axons (Hoflman et al., 1985b). However in rat

optic nerve, tubulin is more abundant than the NF proteins (70 % versu, 13 %) and is

present in SCa only (Oblinger et al., 1987). In the motor and sensory nelJrons of the rat

sciatic nerve, tubulin is found in SCa but is the major protein of SCb. Several

neurospecific isoforms of tubulin have been characterized in the nervous system

(Denoulet et al., 1989). Tashiro and Komiya (1984) also found Iwo subpopulations of

transported tubulin which could be diflerentiated by their transport rate and isoform

com~'osition in bath the sensory and motor axons of the sciatic nerve. For example, a

specifie ~·tubulin subcomponent termed Wis enriched in SCb (Denoulet et al., 1989).

Actin is more abundant in SCb in DRG and ventral motor neurons. Actin is also found as

part of SCa in spinal motar neurons (McQuarrie et al., 1986). Actin and tubulin found

in SCa or SCb rellect the state in which they are in, i.e. stably polymerized (SCa) or

dynamic (SCb) and in turn probably reflect their function in diflerent situations as we

shall see in sections 3.5.1 and 3.5.2.

3.3.2 Dynamlc propertles of slow anterograde transport

ln addition to diflerences in SCa and SCb content in optic, sensory and motor

axons, there are also variations in their velocity rates (Grafstein and Forman, 1980;

McQuarrie et al., 1986; Oblinger et al., 1987; Nixon, 1991). In general peripheral

axons move group IV and V proteins at faster rates than central axons. For example, the

velocity for SCa is 0.1-0.75 mm/day in optic axons and 0.5-1.0 mm/day in central

sensory ganglion and 1.0-1.5 mm/day in peripheral sensory ganglion. Rates for SCb
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• are between 2-3 mm/day in optic axons and 3-4 mm/day in spinal motor axons and 4-5

mm/day in DRG neurons.

Although the composition of SGa and SGb is weil documented, lit'de is known

about the form if' which the proteins are transported and the mechanism responsible for

slow transport. Unlike actin and tubulin, NFs are found exclusively in SGa and the newly

synthesized subunits of NF are believed to be rapidly converted to stable pulymerized

structures. Initial experiments on slow axonal transport (Hbllman and Lasek, 1975)

identified the NF proteins moving as a coherent mass without material trailing behind.

This led to the structural or polymer hypothesis (Tytel et al., 1980; Lasek et al.,

1984) which states • that proteins within a class are organized into linear structures

actively transported in the axon as an interconnected matrix that ultimately undergoes

proteolysis at the terminal'. Transport of the three NF subunits provided evidence to

support this hypothesis as they were shown to be assem~led in the cell body and

translocated in the axon with identical transport kinetics in a stoichiometric ratio of

10:5:3 or 6:2:1 (NF-L:NF-M:NF-H) and not as individual subunits (Hollman and Lasek,

1975; Nixon and Lewis, 1986; Nixon, 1991).

The polymer sliding hypothesis suggested interactions between SGa and SGb

matrix as responsible for theïr movement (Nixon, 1991). During the sliding movement

the NF side-arms interact with proteins in SGb. Through these interaction NF proteins

may be pulled by the faster moving components of group IV which interact with the

motor molecule (Lasek, 1986). It is clear however that the possible interactions

between SGa and SGb are only transient as the structures in each component move

separately and form a separate transport wave (Hollman and Lasek, 1980; Lasek, 1986;

Vallee and Sicom, 1991).

An alternative model by Nixen and Logvinenko (1986) proposed that NFs are

not moving as polymer but are mostly stationary. While studying rat optic nerve, they

observed that the newly synthesized NF proteins advanced along the axon and were

incorporated into a stationary cytoskeleton in the axen. The stationary NFs were

replenished by individual migrating NF or small bundles of NF proteins. The study also

suggested that the extensively phosphorylated NF·H isoform was associated with

stationary NFs. The axonal cytoskeleton has therefore a moving unpolymerized NF

network that maintains a stationary NF network where the movement of NF proteins is

powered by a kinesin· or dynein-like motor which is linked to a carrier protein (for

example, tubulin) (Nixon, 1991).
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Using 2-D gels, Lasek et al (1992), contradicted 'ihis view and demonstrated

that slow axonal transport move NFs continuously along the axon at a rate between 0.05­

3.0 mm/day and if there were any stationary NFs in the axons, their number would be

relatively small, that is, the NF structure and not individual subunits are the units of

transport. This finding is in agreement with the polymer sliding model.

Hirokawa's group (Okabe et al., 1993) provided evidence for a non-polymer

transport of NFs. They produced fluorescent NF·L proteins and introduced them in

primary cultures of mouse sensory neurons. Following photobleaching 01 a smail region

of the axon, fluorescence recovery was observed. This study contradicted the polymer

transport model and suggested that freely diffusible NF·L subunits were translocated

across the bleach spot and incorporated into pre-existing filaments.

TUbulin is also actively transported down the axon and again whether in the

form of assembled microtubules, as free subunits or in some as yet unidentified lorm is

uncertain. Okabe and Hirokawa, (1990) used fluorescent tubulin injected into inouse or

chick DRG neurons to demonstrate that a large fraction of tubulin is transported as Iree

tubulin dimers and does not exist strictly as a stable polymer. Most of the insoluble

form of tubulin moves with the NF proteins while SCb is enriched with soluble tubulin.

On the contrary, Reinsch et al., (1991) using a photoactivation technique in Xenopus

neurons demonstrated polymer movement of tubulin without any stationary phase.

The form in which actin is transported is also not known (Nixon, 1991). In

sciatic motor axon, actin advances at group IV velocity, which is believed to be in a

monomeric form. Actin moving in group V is recovered in a polymeric enriched fraction

(Nixon, 1991). Again photobleaching experiments on actin filaments revealed a

continuous f10w of actin molecules (Okabe and Hirokawa, 1990). Therefore, axonal

actin and tubulin do not exist strictly as stable polymers. Actin and tubulin transported

in SCb are mostly in their unpolymerized or soluble forms readily available for

transport and exist in equilibrium with their respective polymers in SCa.

3.4 Retrograde fast axonal transport

Endogenous and exogenous substances are carri,3d from the most distal part 01

the axon to the cell body by means of retrograde transport. A large proportion of

constituents carried by fast anterograde transport is returned to the cell body alter
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• undergoing endocytosis to be degraded or recycled (Brady and Lasek, 1982). Exogenous

substances carrying information from the periphery accumulate in the perikaryon as

weil. They transmit important signais and influence the metabolic activity of the cell

body to respond to events in the terminal regions.

3.4.1 Nature of retrogradely transported materlal

Material transported retrogradely includes; multivesicular bodies, Iysosomal

structures, glycoproteins, phospholipids, enzymes, trophic factors for example, NGF,

CNTF, certain types of viruses (herpes simplex, polio) and the widely used exogenous

protein tracer horseradish peroxidase (HRP) (Grafstein and Forman, 1980; Grillin and

Watson, 1988).

3.4.2 Dynamlc propertles of retrograde transport

Studies with exogenous radioactive proteins indicate a retrograde transport

velocity of about 200-300 mm/day (Grafstein and Forman, 1980).

Cytoplasmic dynein is the molecular motor responsible for the retrograde

motion. Dynein has a microtubule activated ATPase activity. Once a particle is attached

to it, dynein moves it towards the minus end of microtubules, thus from the distal part

of the axon towards the soma (Paschal and Vallee, 1987; Vallee, 1992; Vallee and

Bloom, 1991).

3.5 Involvement ofaxonal transport ln morphologleal and funetlonal

Integrlty of the nerve eell

The axon is dependent on the continuous flow and replacement of the

axoplasmic proteins by axonal transport to maintain its integrity (Hollman and Lasek,

1980). Arrest ofaxonal transport leads to changes in the axon trunk, axon terminais

and post-synaptic ceIls and reflects the importance of an adequate transport system.

This section will discuss the rate and composition of the dillerent classes of transport as

they change following axonal injury and under certain pathologieal conditions.
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• 3.5.1 Axonal transport ln normal, axotomlzed and regeneratlng axons

Intra-neuronal transport is a crucial event during initial elongation

processes and subsequent normal conditions of growth (Brady and Lasek, 1982).

Normal growth of an axon towards its target requires 1) fast transport to provide the

membrane essential for elaboralion of the new axon and to supply trophic factors and 2)

alter synthesis of cytoskeletal proteins, delivery of these proteins via slow transport to

the distal axon and to the growth cone and organization of the axonal cytoskeleton at the

entry of the growth cone to permit its active motility.

Microtubules and actin filaments are major structural elements of the

advancing growth cone (Sabry et al., 1991). In neonatal rabbits, their transport

velocity is increased by two-fold as compared to adult (Willard and Simon, 1983). NF

proteins also move at faster speeds in newborn animais. During maturation of the nerve

cell and radial axonal growth, their speed is reduced and the cytoskeleton is laid down.

The number of NFs in the axon increases rapidly and soon outnumber the microtubules

in large caliber axons (Hollman and Lasek, 1980; Hollman et al., 1985a). The

increased ratio of NFs to microtubules favors stabilization of neuronal morphology in

the adult neuron that is associated with a decrease in neuronal plasticity. In aged

animais, transport rates slow significantiy (McQuarrie et al., 1986).

When a peripheral axon is injured, the nerve fibers disconnected from the

cell body degenerate and are replaced by new outgrowths from the proximal stump

(Oblinger and Lasek, 1988). These events are correlated with changes in mRNA and

protein metabolism. Following axotomy, there is an increase in mRNA for tubulin and

aclin while the expression of the NF genes is reduced and proportional reductions in the

amount (not in the transport velocity) of NF proteins undergoing axonal transport are

observed (Hollman et al., 1987). The decrease in axonal NF content is also associated

with reduced axonal caliber of the proximal stump. The atrophic segment further

extends distally. This phenomenon is called somatofugal axonal atrophy and proceeds

anterogradely along the nerve fibers and is correlated with kinetics of NF transport

(Grillin and Watson, 1988). On the other hand, during outgrowth and regeneration,

actin and tubulin transported in SCb, move at a valocity comparable to the the rate of

elongation. This led to the hypothesis that they are directiy involved in the regenerative

process (Hollman and Lasek, 1980; Oblinger and Lasek, 1984). In regeneraling axons,
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• there is no change in the velocity but rather a change in the form and the relative amount

of materials transported in the two subcomponents. Within a few days alter axotomy of

peripheral sensory neurons, there is elevated actin and classes II-III tubulin

transported mainly in SCb and a decreased amount of tubulin and NFs in SCa (Hollman

and Cleveland, 1988; Muma et al., 1990; Jacob and McOuarrie, 1991; Tashiro and

Komiya, 1991; McKerracher and Hirscheimer, 1992; McKerracher et al., 1993). The

successful regeneration and reconnection that follows is characterized by retum of

cytoskeletal protein delivery to the normal level and resumption of radial growth of the

axon. The sequential and coordinated changes in tubulin, actin and NFs synthesis

represent an interchange between a regenerating plastic axon capable of sprouting and a

stable established axon (Hollman and Lasek, 1980).

Following axotomy, there is a latent period (1 to 4 days) during which time

SCb proteins are prepared for initial neurite elongation (Hollman and Lasek, 1980).

During that period, fast transport carries new axolemmal constituents to the growing

tip. The content and rate of rapidly transported proteins remains mostly the same alter

axotomy, except for the induction of a subset of proteins known as growth-associated

proteins (GAPs) (Skene and Willard, 1981a, 1981b).

Finally, retrograde transport provides ch~mical sampling of the milieu of the

growing tip. Transport of neurotrophic factors plays an essential role in the

regenerating axons: for example, atrophy and decrease in NF content in the proximal

axon can be prevented by exogenous application of NGF (Gold et al., 1991). Injured

motor neurons in experimental animais have beBII shown to retrogradely transport

BDNF and NT-3 and enhanced CNTF and L1F retrograde transport was also seen following

peripheral nerve injury (DiStefano et al., 1992; Curtis et al., 1993, 1994).

3.5.2 Axonal transport ln pathologleal conditions

As mentioned previously, constriction of an axon results in the formation of

swellings on bath proximal and distal sides. The origin of these accumulations are due to

interruption of bulk axoplasmic f1ow. This suggests that damming of transport is

calJsing axonal enlargement. Therefore the prominent focal enlargement of an axon or

soma seen in a number of human, animal and experimental conditions can be related to a

selective defect in axonal transport (Grafstein and Forman, 1980; Gajdusek, 1985).
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• ln ALS patients, Gadjusek (1985) hypothesized that there was interference

with normal transport of NFs without interruption of their synthesis. Manetto and co­

workers (1988) proposed that premature phosphorylation of NF within perikarya of

ALS patients may alter/reduce the transport of NFs in lower motor neurons. In ALS

patients, there is an increased mean anterograde velocity for fast transport and a

reduction in the speed and the amount of material transport back to the cell body

(Mitsumoto and Gambetti, 1986; Breuer et al., 1987; Breuer et al., 1991).

ln the wobbler mouse, fast and slow axonal transport are impaired. There is

a reduction in the amount and speed of retrogracJely transported material as weil as a

decrease in NFs transported (Mitsumoto and Gambetti, 1986).

ln HCSMA, a dog model of motor neuron disorder, the transport of NF

proteins, actin and tubulin is lower (Griffin et al., 1982)

Administration of IDPN to rats disrupted the NF-microtubule meshwork and

selectively blocked NF transport in the more distal region of the axon. The decreased

delivery of NF occurs below the proximal neurofilamentous swellings. It is possible that

the observed increase in NFs autophosphorylation may be related to the retardation of NF

transport (Gold and Austin, 1991). In addition, it is likely that the observed

reorganization of the cytoskeleton rcflects 1055 of interactions of NFs with microtubules

and other axonal organelles. It therefore underlies the failure of normal translocation of

NFs. Tubulin, actin, fast anterograde and retrograde transports appear relatively

normal (Griffin et al., 1978; Papasozomenos et al., 1982; Griffin et al., 1983). Rapid

transport occurs exclusively in the central microtubule domain.

The toxin 2,5-HD causes NFs to be disconnected from microtubules. The

transport distribution of the NF triplet in rats chronically intoxicated with 2,5-HD and

3-MHD is significantly faster in sciatic nerve central and peripheral axons in the

region proximal to the enlargements (Monaco et al., 1989, 1990; Watson et al., 1991).

The increased rate of NF transport in proximal somatic motor axons causes the distal

swellings because it provokes a decrease in the residence time of NFs in proximal axons

and an increase in the pool of NFs reaching the distal end (Watson et al., 1991). There

is also retention of rapidly transported components in 2,5-HD neuropathy (Griffin et

al., 1984). By contrast, the potent analogue of 2,5-HD, DMHD, significantly reduced

the rate of transport of NF proteins at the level of the proximal axons in rats, while

tubulin and actin proteins were only slightly retarded (Griffin et al., 1984; Monaco et
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• al., 1989). In this situation, the changes are very similar to the ones observed

lollowing IDPN intoxication where there is progressive slow down and arrest 01 NF

transport.

Intoxication with aluminum retards transport 01 ail three NF proteins in the

proximal sciatic nerve (Bizzi et al., 1984; Troncoso et al., 1985). NF transport in the

distal region, tubulin, actin and last transport are normal.

ln acr'llamide intoxication, the transport delect is predominantly distal and

impairs bidirectional last transport (Grillin and Watson, 1988). There is only a

modest retardation 01 NFs and tubulin transport in the proximal axon.
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• 4. Control of gene expression ln the nervous system

The nervous system is a complex organ. The mammalian nervous system

contains approximately 1012 nerve cells (McKay, 1989). The generation of a nerve

cell during development involves the coordinate activation of a battery of genes. As

mentioned in section 1.3.3.4, several IF genes are expressed throughout neural

differentiation. For example, undifferentiated precursor ceIls contain the type III IF

protein vimentin, which is expressed in the developing embryo, while following the

formation of definitive neuronal cells, the NF proteins appear (Shaw and Weber, 1981;

Cochard and Paulin, 1983). Therefore the activation of NF gene expression is a key

point in the development of a neuronal cell type and the understanding of the mechanism

that regulates the switch in neuronal gene expression is essential to the understanding of

neuronal development. However, the molecular mechanisms controlling the activation

and/or repression of the NF genes and other neuron-specifie :Jenes at specifie times

remain to be determined.

Transcriptional regulation of NF gene expression was investigated in vitro.

After transfection into non-neuronal cells such as fibroblasts, the mouse and human NF­

L genes were transcribed correctly even though the corresponding endogenous genes

were not expressed (Julien et al., 1987b, Monteiro and Cleveland, 1989). Tissue

culture systems have therefore been of limited use in finding cis-acting elements within

the NF genes responsible for their expression (Monteiro and Cleveland, 1987; Pleasure

et al., 1989). By comparison, DNA fragments containing either the complete human or

mouse NF-L genes were correctly regulated in transgenic mice (Julien et al., 1987b;

Monteiro et al., 1990). In addition, deletion mutant analysis of the human NF-L gene in

transgenic mice indicated the presence of intragenic elements involved in the regulation

of neuronal specificity (Beaudet et al., 1992). The use of transgenic mice technology

therefore can help in defining the molecular signais that regulate the ceII-type specifie

activation of genes during nerve cell differentiation.

4.1 Transgenlc mouse technology to atudy gene regulatlon

The transgenic technology offers the opportunity to determine regulatory

elements involved in the region-specifie expression, developmental expression and level

of expression of the transgene. Once the gene of interest is microinjected into a
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• lertilized mouse egg, it usually becomes integrated, in head ta tail tandem arrays, into a

chromosome at a randomly selected site (Jaenisch, 1988). In mast cases, the site 01

Integration 01 the gene does not affect the ceII-type specificity. For example, expression

01 a 21.5 kb Iragment containing the human NF-L gene in transgenic mice was neuro­

specific (Julien et al., 1987b). By contrast, no correlation between the number 01 gene

copies integrated into the mouse genome and transgene activity is usually observed

(Palminter and Brinster, 1986). For example, transgenic mice with more than 200

integrated copies 01 the human NF-L gene showed levels 01 expression similar to those

with just a lew copies (Julien et al., 1987b). In addition, the human NF-L gene lailed to

demonstrate an increase in protein level in transgenic mice even though mRNA levels

were increased Irom three to live lold (Beaudet et al., 1993). ïhis effect is called " a

chromosomal position effect " and is interpreted as insufficient sequence inlormation in

the injected DNA to be independent 01 the inlluence 01 the surrounding chromatin in the

Integration locus (Palminter and Brinster, 1986).

A number 01 studies including experiments in cell culture and transgenic

mice have been done to deline the regions containing regulatory elements responsible lor

copy-number dependent, Integration site independent and developmentally correct

expression 01 the inserted gene. The most studied example 01 such control regions is the

human J3-globin gene (Grosveld et al., 1987; Blom van Assendelft et al., 1989; Ryan et

al., 1989; Talbot et al., 1989).

•
4.2 The mechanlsm of Integration-position Independent, copy-number

dependent and proper developmental gene expression

The human J3-like globin genes are a cluster 01 live active genes occupying

approximately 70 kb 01 DNA on chromosome 11. The different genes are expressed in a

precise developmental-stage, copy-dependent and tissue-specilic manner. This is

achieved through stable interactions between basal transcriptional complexes at their

promoters and regulatory sequences associated with erythroid-specilic

deoxyribonuclease 1 (DNasel) hypersensitive (HS) sites Iying 6-40 kb upstream 01 the

structural genes. There are 6 HS sites in the J3-globin gene which are relerred to as the

"Locus control region" (LeR) (Stamatoyannopoulos, 19(1) and carry out two separated

albeit related lunctions. They organize the entire J3-globin locus lor expression

specilically in erythroid tissues and act as powerful enhancers to direct high level
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expression. They do that by lirst organizing the ~-globin locus into an open and active

chromatin domain regardless 01 the site of integration. Once the open domain is

established, local regulatory promoter and enhancer sequences are then accessible to

trans-acting factors that stimulate the average level of ~-globin gene expression. In

these studies, the human e-globin gene was first expressed in the embryonic yolk sac

then the Iwo 'Y-globin genes were expressed in the fetal liver and finally the ~-globin

gene was activated near the time of birth. The location of the HS sites defines the active

~-Iike globin domain in cells of the erythroid Iineage. Experiments using various

constructs in cell cultures and in transgenic mice showed that the LCR may contain

regions of functional redundancy, but the results also suggested that ail six HS sites, as

weil as ail the live genes in their normal chromosomal arrangement, are necessary for

the proper regulation oi the entire human ~-globin locus or to direct the expression of

other genes (Collis et al., 1990; Dillon et al., 1991). For example, the HS sequences

were shown to disrupt normal temporal-specific expression when inserted immediately

upstream of either the human 'Y or ~-globin gene alone (Behringer et al., 1990).

Although not as weil studied, other examples suggesting the presence 01 LCR

have been reported in a number of mammalian genes including S100 ~ and C02.

The S1 00 ~ is a calcium binding protein present primarily in brain

astrocytes. It is believed to be involved in the development of the mammalian brain by

stimulating the proliferation of glial cells and differentiation of nerve ceIls (Ailore et

al., 1990). Potential cis-acting regulatory elements have been identified in the

promoter region of the human S100 gene and at location similar to the one found in the

promoter region of the human ~-globin gene (Friend et al., 1992).

C02 is a glycoprotein present on most thymocytes and probably on ail

peripheral T cells. It is involved in adhesion to CFA-3 molecules and participates in the

T cell activation pathway. Using different constructs, ONase HS sites in the C02 3'­

flanking sequence were identified. Sequences like the ones present in ~-globin were also

capable of directing the expression of heterologous promoters in a tissue-specifie

manner with levels proportional to gene copy number and independent of the Integration

site into the mouse genome (Greaves et al•• 1989).
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5. Objectives

The neurolilament triplet proteins (NF-L, NF-M and NF-H) are cytoskeletal

proteins specilically expressed in nerve ceIls. While a great deal is known about the

molecular biology 01 NFs, most 01 their precise functions are still the subject of

speculation (Liem, 1990, 1993). The principal objective of my research thesis was to

study the function of the human NF-H gene and its possible involvement in determining

axonal caliber. A human genomic clone coding for the neurofilament largest subunit

(NF-H) was isolated and expressed into mice. Transgenic mice expressing the human

NF-H gene provided a means to directly address questions regarding its function and

control of its expression.

5.1 Overexpreaslon of the human NF·H gene ln transgenlc mlce

Neurofilaments as members of the intermediate filament family and major

components of large myelinated fibers, have been assigned a putative raie in maintaining

the structural integrity of the nerve cell and in determining axonal caliber. Previous

work with the neurofilament light subunit (NF-L) fail to show any significant effect on

axonal caliber following overexpression of that subunit in transgenic mice (Monteiro et

al., 1990). No increase in axonsl diameter was observed in transgenic mice over­

expressing the mouse NF-L subunit by four-fold (Monteiro et al., 1990). The only

change noted was:he formation 01 cataracts. A possible explanation for these results is

that although NF-L alone can form a filament, it does not have any projections at the

periphery. On the other hand, the long carboxy-terminal domain of NF-H is associated

with the projections observed on the filament periphery. These projections are believed

to mediate interactions between NFs and therefore may have a particular influence on

axonal caliber.

The approach used to study the function of NF-H and its possible involvement

in axonal volume was to direct its expression in transgenic mice. A cosmid clone

encompassing the complete human NF-H gene (Cos4NFH) was isolated from a

chromosome 22 genomic library and microinjected into mice. Four transgenic lines

with multiple copies of the intact human gene were obtained. In ail four Iines, the

transgene expression was tissue-specifie. Unexpectedly, mice expressing the human

NF-H gene at approximately two-fold the endogenous level exhibited pathologieal
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features resembling those found in human motor neuron diseases including ALS and an

inherited giant axonal neuropathy observed in children (GAN). For instance, selective

enlargements of motor neLron perikarya, DRG cell bodies and proximal axons were

observed. Electron microscc:py studies revealed that the enlargement consisted of

intracytoplasmic accumulation of NFs. In addition distal axonal atrophy and muscle

atrophy were observed. The human NF·H transgenic mice therefore provide a useful

experimenta,1 model of humar, motor neuron disorder.

5.2 Axonal transport studles

As the protein synthetic machinery is excluded from the axon, proteins

synthesized in the soma are transported via a sophisticated mechanism along the

neuroaxis. Therefore, normal process growth of an axon is dependent on synthesis,

assembly and axonal transport of cytoskeletal components. The neurodegenerative

process that occurs following intoxication with IDPN, hexacarbons and aluminim

described in section 2.3 were perceived as a secondary effect of an impairment in axonal

transport (Gajdusek, 1985; Chou, 1992). To determine whether the perikaryal and

axonal swellings in the NF·H transgenic mice were the cause or consequence of a defect

in axonal transport, analysis ofaxonal transport of labeled proteins in normal and

transgenic motorlsensory axons were performed. Comparison of the distribution of

labeled proteins in transgenic and control sciatic nerve fibers demonstrated that there

was alteration in the compositon, rate and amount of proteins transported. Impairment

ofaxonal transport was not selective for NFs but also affected other polypeptide

components. There was a decrease rate of transport of actin, tubulin and NF proteins in

motor axons as weil as retention of rapidly transported proteins. Furthermore, the

stoichiometry of radiolabeled NF·L, NF·M and NF-H was signilicantly altered. These

results suggest that the accumulations 01 NF within perikarya and proximal axons are

not a by·product 01 a defective axonal transport but play a critical role in the evolution

of the motor neuron disorder observed in the human NF·H transgenic mice.

5.3 Regulation of the human NF·H gene expreaaed ln tranagenlc mlce

As mentioned in sections 4.1 and 4.2 factors such as the site 01 chromosomal

Integration, the presence of introns and essential regulatory elements can affect the
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• expression 01 a transgene in mice. A locus control region has been identilied in the

human ~-globin gene that circumvent these lactors resulting in high-Ievel, tissue­

specilic expression 01 the human ~'globin in transgenic mice. To determine il our

Cos4NFH cosmid contains such regulatory region, slot blots, immunoblots and Northern

blots were perlormed. Results provided evidence lor copy-dependent, integration­

independent and correct developmental expression 01 the human NF-H gene in transgenic

mice. This is the first example 01 a transgene being expressed in such a manner in nerve

ceUs. This linding therelore suggests lirst, the presence 01 an LCR in the 39 kb injected

human NF-H cosmid and second, that the regulatory sequences present in the LCR are

recognized by the mouse transcription system.
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5ummary

We generated four transgenlc mlce wlth a 34 kb geno­
mie Iragmenllncludlng Ihe complete human neurollla­
menl heavy (NF-H) gene. This human NF-H Iragmenl
contalned ail regulatory elements for tlssue-speclflc
expression, and ln two tronsgenlc IIn3s, human NF~H

pmlelns were produced allevels uplo 2-lold Ihe levels
01 endogenous mouse NF-H proleln. By 3-4 monlhs
olage, Ihese NF·H Iransgen/cs progresslvely develop
neurologlcal defects and abnormal neurofllamentous
swelllngs Ihalare hlghly remlnlscenl ollhose lound /n
amyotrophie laierai sclerosls (ALS). We propose Ihal
a modest up-regulation of NF·H cross-linkers can re­
suit ln an Impafrment of neurofllament transport, caus..
Ing neuronal swelllngs w/lh ensulng axonopalhy and
muscle atrophy, a mechanlsm of pathogenesls pertl..
nenllo Ihe possible ellology 01 ALS.

Introduction

Neurons contain three majer classes of cytoskeletal or­
ganelles: microtubules, neurofilaments, and microfila..
ments. Neurofilaments are found predominantly in axons,
where Ihey run longitudinally and parallel ta each olher. In
mature neurons, neurofilamenls are composed of three
prolein subunils, Iighl (NF-L) (68 kd), medium (NF·M) (145
kd), end heavy (NF-H)(200 kd)(Hollman and Lasek, 1975;
L1em et al., 1978). During neurogenesis, there is a differen·
liai expression ollhe Ihree subunils. The NF·L and NF-M
protelns are coexpressed during early embryonic develop·
ment, while the activation of NF·H expression is delayed
la Ihe poslnalal period (Shaw and Weber, 1982; Julien et
al., 1986; Carden et al., 1987). The three subunils share
with each other and with ail intermediate filament proteins
a conserved central domain of approximately 310 amino
aclds that is involved ln the formation of coiled-coil struc­
lures (Geisler el al .. 1984; Franke el al., 1987; Sieinert and
Roop, 1968). In vitro reassembly experimenls showed thal
the NF·L subunit Is able 10 assemble iota homopolymeric
10 nm tilamenls (Geisler and Weber, 1981; Liem and
Hutchison, 1982; Hisanaga and Hirokawa, 1990). In con­
trast, the NF·M and NF·H self-assemble in vitro into short
filament structures and require coassembly with NF·L for
lormation 01 inlermediate filaments (Gardner et al., 1984;
Hisanaga and Hirokawa. 1990; Hirokawa, 1991).

A role of neurofilaments in the control ofaxon caliber

was first suggested by the close correlation between the
number 01 neurofilaments and the diameters of large my·
elinaled axons (Hollman el al" 1984, 1985, 1987; Grillin
and Watson. 1988). Nonethefess, a subsequent study in
transgenic mice ravealed that overexpression of NF-L pro­
tein alone was not suflicient to affect axona! caliber (Mon·
leiro el al., 1990). This Iinding raised Ihe possibility that
normal properties of neurofilaments required the correct
ralios ollhe Iwo olher subunils, Ihe NF-M and NF·H pro­
teins. A striking feature of the NF-M and NF-H proteins ls
their long carboxy-terminal tail regions that form side arms
unique ta neurofilaments (Julien and Mushynskl, 1982.
1983; Hirokawa et al., 1984; Hisanega and Hirokawa,
1990). At lhe eleclran microscopic level, the side arms
appear ta cross·link neurofilaments and other neuronal
structures. A number of observations suggested that the
side arms can modulate the spacing between neurofila­
menls, Ihereby regulaling Ihe caliber 01 axons (Carden el
al., 1987; Lee el al., 1988; Julien and Grosveld, 1991; de
Waegh el al., 1992). ln addilion,lhere is evidence that Ihe
side arms can affect the rate of neurofilament transport
down Ihe axon (Willard and Simon, 1983; de Waegh el al.,
1992). This nolion came Iirsllrom the observation lhat the
postnatal appearance of NF-H protein colncides with the
decreased velocity 01 cytoskelelallransport (Willard and
Simon, 1963).

The NF-H tail domain is particularlyintriguing, with multi·
pie repeals of KSP (Julien et al., 1988; Lees et al., 1986)
that account for the ullusual high content of phosphoser·
ine residues in this proteln (Julien and Mushynskl, 1982,
1983; Carden el al., 1985; Zimmerman and Schlaepler,
1986; Le. el al., 1988). The presence 01 charged amino
acids in a domain of NF-H that form sidearm projections
led la the suggeslion Ihallocal changes in phosphorylalion
01 NF-H could regulale the spacing belween neurofila·
menls (Carden et al., 1987; Lee el al., 1968; Julien el ai.,
1988). Indeed, a recent analysis of trembler mice provided
1irecl evidence that changes in NF-H phosphorylation
micA can alter neurofilament densities, and thereby the
axonal caliber, and slow axonal transport (de Waegh et
al., 1992).

The abnormal accumulation of neurofilaments in the
perikaryaand proximal axons is a characteristic pathologi·
cal Iinding in amyotrophie laierai sclerosis (ALS) (Carpen·
ter, 1968; Hiranoet al., 1984; Schmidlet al., 1987; Sasaki
et al., 1989; Chou, 1992), the mosl common lorm 01 human

. motor neuron disease. Although the cause of ALS is un·
known (Armon el al., 1992; Figlewicz and Rouleau, 1992),
an impairment ofaxonal transport has been proposed as
a plausible mechanism ot pathogenesis (Gajdusek, 1985;
Goldman and Ven, 1986; Grillin and Watson, 1988; Breuer
el al" 1992; Chou, 1992). Evidence for Ihis hypolhesis is
supported by the selective altarations ofaxonel transport
by chemical agents in experimental models thet result in
neurofilamentous swellings. Thus, abnormal accumula·
tions of neurofilaments ln distinct regions of the "euron
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Figure 1. Restriction Cleavage Map of the Injectee! Human NF·H Frag·
ment and Southern Biol Analysis of Mouse Tail DNA

(A) The 39 kb cosmld clone thal conlalns the completa human NF·H
gene was linearized wilh Nell belore mlcroinjeclion. The wida, filled
araa corresponds 10 NF·H exons and the narraw area 10 vectar se·
quences. Not ail Xhol sites are indicaled.
(B) Four transgenic foundors were idenlified by Soulhern blolting using
10 p.g 01 tail DNA. Genomic mouse and human DNA were digesled
wilh BamHI, electrophoresed, and hybridized to a 361 bp Ssll-Xhol
fragment of the human NF·H gene. The human NF·H gene yields a
signal al 3.2 kb. The lour Iransgenic lines have a dilferent number 01
lnlegraled copies. The controllane conlained DNA 01 anormal mouse.

oeeur in a variety of ather disorders, including an inherited
gianl axonal neuropathy in ehildren (Carpenter et al.,
1974) and taxie neuropathies indueed by p,W·imino­
dipropionitrile (IDPN) (Griffin el al., 1978), 2,5·hexane·
diane (Graham et al., 1984), aerylamide(Asbury and John·
son, 1978), and aluminium (for review see Troncoso at aL,
1992). The palhology in the case of IDPN (Griffin el al..
1978), 2,5-hexanedione (Graham et al., 1984), and alumin·
ium (Bizzi et al., 1984; Troneoso et al., 1985) intoxications
has baen shawn to result directly from abnormalities in
intracellular transport of neurofilaments.

We generated transgenic mice using a large genomic
fragment including the human NF·H gene. We report here
that a modest overexpression of human NF·H proteins in
transgenie mice causes a progressive neuronopathy with
pathologieal fealUres that resemble those lound in ALS.

Neuron.Speclftc ExpressIon of the Human

NF·H Transgene
Ta examine whether the human NF·H lransgene was cor·
rseUy expressed in mice, Northern blot analysis was car·
ried out on 20 ~g of lotal RNA obtained Irom differenl
tissues of F1 aHspring (2 months old) from two transgenic
lines. lines 200 and 635. The Northern blol in Figure 2
(upper panel) shows the resuit of an hybridization al high
stringeney using lhe Ssll-Xhol human NF·H probe de·
scribed above for Soulhern analysis. The resulls wilh a
nontransgenic Iittermate reveal that at high slringency,
this probe hybridizes very poarly ta mouse NF-H messen­
ger RNA (mRNA). The human NF·H mRNA of 3.9 kb in
sizewas detected only in the brain, cerebellum, and spinal
cord of Iransgenic mice. Human NF·H transcripts were not
detected in Iiver, kidney, lung, spleen, muscle, or heart.
Thus, expression of the human NF-H transgone was
strictly limited ta nervous tissue.

Ta assess the level of overaxpression of NF-H mANAs
in transganic mice, the same blot was stripped and rehy·
bridized al redueed slringeney with a 414 bp fragmenl
derived from the first exon of the mouse NF·H gene (Figure
2. middle panel). This probe, whieh spans a region with
87% homology belween mouse and human NF·H, cross­
hybridizes wilh human NF·H mRNA under lhe hybridiza·
tian conditions used here. Note that the mouse and human
NF·H transcripts, which are of Cli!1"lP~.r size (Julien et al.,
1988; Lees el al.. 1988), are Ile: ulslinguishable on the
Narthern blot shawn in Figure 2. As expecled, in ail mice
examined, the mouse NF·H probe mRNA detecled Iran·
scripts in RNA samples derived from the nervous system.
However, stranger NF·H signais are observed in transe

ganic samples. Densitometric analysis on blats that were

Results

Generation of Transgenlc Mlce
Lees et al. (1988) previously reported the isolation of two
genomic clones cantaining partial sequences far the hu­
man NF·H gene. Ta obtain a genomic fragment including
the complete NF-H gene, we screened a human genomic
Iibrary enriched in chromosome 22 using a mouse NF-H
eDNA probe (Julien et al., 1988). We isolated one eosmid
clone that contained the complete NF-H transcriptional
unil fianked wilh 9.6 kb of 5' sequences and 13.4 kb 01
3' sequences (Figure 1A). Ils identity was confirmed by
mapping with various restriction enzymes and determinn­
tian of partial sequences. The cosmid was Iinearized with
Notl before its microinjeclîon into fertilized mouse eggs.

Four transgenic founders were obtained out of 94 off­
spring. Ali four founders transmitted the transgene ta fur·
ther generations in a Mendelian fashion. The number of
copies in each transgenic line was astimated by Southern
blot analysisof genomietail DNAdigested wilh BamHI and
hybridized wilh a "P·labeled human NF·H probe 01 361 bp
(Sstl-Xhol). Basad on densitometric analysis, we estimate
that hemizygous miee from Iines 120, 116. 200. and 635
carry, respectively, 2, 3, 14, and 20 copies of the human
NF·H gene (Figure 1B).
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Figure 2. TIssue-Specifie Expression of Hu­
man NF·H mANA ln Transgenle Mlce
Northem blot enatysls was earrled out uslng
lotal RNA (20 )1g) lsolateel from various tissues
of transgenlcs from Unes 200 and 635 and of a
normal mouse. The membrane was hybrldlzed
w1lh a human Nf.H probe al hlgh stringency
(upper pane!), wilh a mouse NF·H probe al re­
ducedstrlngency(mlddle pane!), and wilh eelin
{Iower paneQ.

ControlL,ne 635

l''"·'~ :...:. 1~ 1 ;
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Jess exposed revealed ln mouse line 200 increases of total
NF-H lranscrlptsof 1.5-, 1.1\-, and 3.D-Iold in brain, cerebel·
lum, and spinal cord, respectively, and in mouse line 635
Increases 011.7-,2.0-, and 4.D-Iold in brain, cerebellum,
and spinal cord, respectlvely. Thus, slmilar levels of over­
expression of NF-H mRNA accur ln lhe IWo transgenic
IInes, 200 and 635, lhat conlain the highesl number 01
copies 01 the lransgene. Mllder increases of 20%-50% in
lolal NF-H mRNAs were delected in varlous cenlral ner­
vous system regions oHransgenic Iines 120 and 116 thal
conlaln lewer lransgene copies (dala nol shawn). Ta ex-

amine expression of human NF·H protein in transgenic
mice Irom line 200, SD~el electophoresis and immu­
nobloUlng were performed on various tissue homogenates
Irom bolh the central and peripheral neIVous systems. As
shawn on the Coomassie blue-stained gel ln Figure 3A,
lhe human NF-H protein wilh ils higher electrophoratic
mobility is easily dlstinguishable Irom lhe endogenous
mouse NF-H protein. Expression of human NF-H protelns
was 'urther confirmed by immunoblottlng of a duplicate
gel using a monoclonal antibody, designated OC95 (pro­
vided by V, M.-Y. Lee, University al Pennsylvania), which
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Agura 3. Detection of Human Nf.H Proteln in
Nervous TIssue
(A) TISSue homogenatas lrom the central and
perlpheral nelVOus systems were electTopho­
resed on a 6.5% SOS gel. The gel was stalned
wilh Coomassle blue. Having a hlgher electro­
phorelie mobllily, the human NF-H proleln Is
easily dlstlngulshable ln total homogenates of
cerebellum. spinal cord, and opUe and sclatle
nerves.
(B) The presence of human NF-H prolelns was
further conflrmed by Immunoblottlng of a dupll·
cate gel uslng a specifie anU·human NF·H antl·
body (0C95; providod by V. M.·Y. Lao).
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Figure 4. Immunolluorescence Detection of Human and Mouse NF·H Proleins in Axons 01 Transgcnic Spinal COfd

The anU·human NF·H monoclonal antibody (QC95) does nol immunolabel spinal cord 01 a normal meuse (A). bul il slrongly labels allons 01 n spinal
tord frem a transgenic of lino 200 (3 months Old) (B). The staining pallern resembles the one oblained Wilh the anlÎ·mouso NF·H anlibody (DCS!!)
that delecls axons 01 both normal (C) and Iransgenic (0) spinal cord sections. These Iwo anlibodies (provided by V. M.·Y. Lee, Univorsity 01
Pennsylvania) recognize phosphorylaled opitopes on NF·H prolcîns present in axons bul nol in neuronal perikarya. Magnilicalion, 350)( .
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Figure 5. Abnormal Limb Flexions in NF·H Transgenlc Mice

Whon Iifted by the tail, normal mlce oxlend their legs (A), whoreas
homozygous NF·H transganlc mice of line 200 (3 monlhs old) progras­
slvoly lose this ranex (B).

recegnizes specifically the phosphorylated form of human
NF·H protein (Figure 3B).

Based on densitometric analysis 01 Coomassie blue­
stained bands Irom the spinol cord, optie nerve, and sciatic
narve of a hamizygous transgenie (2 months old), we con·
cluded that human NF-H prolein was expressed in both
the cenlral and peripheral nervous systems allevels that
exceed by approximately 2-fold those of the endogenous
mouse NF-H (Figure 3A). Similar resulls were obtained
with the analysis 01 transgenics Irom line 635 (data not
shown). Thus, in contrast with the situation previously ob­
served with NF·L lransgenes (Monteiro el al., 1990), over·
expression 01 NF·H in transgenic mice was not impeded
by the existence of posUranscrlptional conlrols.

The increased levelsolNF·H proteins in transgenic mice
had no effect on the levels of NF-M and NF-L proteins. We
obtained biochemical data indicating that the extra NF·H
proteins are ineorporated into neurofilament structures.
Neurolilament preparations made by homogenization 01
spinal cords of transgenic mlce in 100 mM NaCf, 1 mM
EOTA, 1% Triton X-l00, 10 mM sodium phosphale (pH
6.5)werecentrifuged at15,ooo x g for 20 min. The pellets
and supernalants were analyzed by SOS-polyacrylamide
gel eleclrophoresjs. The NF·H proteins are unable to self­
assemble in 10 nm filaments (Hirokawa, 1991), and Ihere­
lare one would expect them to appear in the supernatant
if unassembted i"to neurofilaments. Instead, the human
and mouse NF·H proleins, togelher wilh NF·L and NF·M
proteins, were entirely recovered inte the insoluble frac·
tion, suggesling their incorporation into neurelilaments.
The NF·H proteins were nol simply Irapped in lhe pellet
since unassembled NF-H subunils lollowing in vivo disas·
sembly 01 neurofilaments by okadaic aeid treatment can
be recovered in the soluble fraction under similar experi­
mental condilions (Sacher el al .. 1992).

As expected lor detection of subunits assembled inlo
neurofilamenls, the anti·human NF·H anlibody (OC95)
yielded a strong immunofluorescance staining of trans·
genie axons throughout the nervous system. Figure 4
shows the specific immunodetection of bath human and
mouse NF-H proteins, respectively, in axons 01 a trans·
genie spinal cord from line 200. As revealed in Figure 4A,
the anli-human NF-H antibody does not immunolabel en­
dogenous mouse neurofilament proteins. The intensity
and distribution of the slaining with the anli·human NF·H
monoclonal are comparable with those obtained with the
anti·mouse NF·H monoclonal (OC59).

CUnlcat Symploms
Transgenic mice derived from the founder Iines 200 and
635 appear normal during the first few weeks of postnalal
development. Then, progressively, the mice manilest
signs of neurological abnormality. They develop fine trem­
ors. When Iilled by theirtails, Ihey reflexively contracttheir
forelimbs and hindlimbs while normal mice extend their
legs (Hgure 5). The disease progresses with signs of weak­
ness. Severely affected mice are unable to support their
weight when grasping a pencil, and they have difficulty in
ambulating. Ouring the moderate stage, the mice breed
weil. Sorne 01 our NF·H transgenic mice are more than 18
months 01 age. However, two NF·H transgenie miee Irom
line 635, one homozygous female and one hemizygous
male of more than 1yearold, were recently sacrifieed after
they started to demonslrate breathing problems.

The founders frem Iines 200 and 635 as weil as their Fl
transgenic offsprings began to show overt phenotypes by
3-4 months of age. However, we observed that homozy­
gous F2 offsprings of line 200were more severely affecled
than their hemizygous littermates, implying a correlation
between the neurological symptoms and lhe levels of
NF·H expression. We also noted an earlier onsel on symp­
toms after successive inbreedings 01 this mouse line. In
the F6 generation, disease symptoms became evident as
early as 4 weeks of age. This variabilily in timing is Iikely
the result of the different genetic backgrounds of mice that
evolved from a transgenic founder wilh a hybrid C57BL6!
C3H background.

Swelllngs 01 Perikarya and Proximal Axons
Light microscopic examination of spinal cord sections
from homozygous NF-H transgenic mlce of line 200 (3
months old) revealed striking abnormalities in mater neu·
rons of the anlerior horn (Figures 6A and 6B). Many neu­
rons with eceentrically localized nuclei show prominent
swellings of thair perikarya and proximal axons. Examina~
tion with elcctron microscopy demonstrated that the swell·
ings consisl of densely packed 10 nm neurofilaments (Fig­
ures 6Cand 60). Olherorganelles, inctuding mitochondria
and vesicles, are displaced into a submembranal disposi­
tion (Figure 60) or squeezed lhrough Ihe masses of neuro­
filaments (Figure 6C). Evidence fhat the filaments in fhe
perikaryal swellings are composed by heteropolymeriza·
tion of multiple neurolilament subunits was provided by
their immunofluorescence staining with either an anti-
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Figure 6. Swellings of the Perikarya and Proximal Axons 01 Anterior Horn Motoneurons

Llghl microscopy of a spinal cord section Irom a Iransgenic mouse trom line 200 (3 months old) (magnilicalion. 70 x) showing prominenl swollings
in 50ma and proximal axons 01 moloneurons (A). The arrow points 10 a motoneuron magnified by 10)( moto in (B). In eleclron microscopy.lho
intracytoplasmic matarial consisled 01 accumulalions 01 densely packed neurofilamenls wilh displacement 01 other organelles. Magnificatlon ln (Cl.
3,170x; magnificatlun ln (0). 17.200x.

NF·L antibody or the SMI·32 monoclonal antibody (Stern­
berger and Sternberger, 1983) that recognizes the de­
phosphorylated NF-H protein (data not shown).

5uch dramatie swellings also oceur in many neurons of
the dorsal root ganglia (ORG) in these NF·H transgenics.
The light micrographs in Figures 7A and 7C show the orga­
nization and morphology of cells and axons in a ORG sec­
tion from a normal mouse. The appearance of DRGs Irom
transgenic animais is very different (Figures 7B and 70).
Many cells have eccentric nuclei and their perikarya are
swollen. Numerous proximal axons are also enlarged with
thin myelin sheaths (see arrows in Figure 70). Electron
mieroscopy confirmed that perikaryat and axonal enlarge­
ments in DRG are eaused by the aberrant accumulations
of neurofilaments (data not shown).

Atrophy 01 Distal Axons and Muscle Flbers
Electron microscopie analysis of the ventral spinal raols
and of the sciatie nerve in homozygous NF-H transgenics

revealed abnormalities indicative ofaxonal alrophy. As
shown in Figure 8, distal axons 01 the sciatic nerve have
shrunken in caliber, as indicated by their relativety thick
myelin sheaths. MyeHn ovoids are abundant. In sorne in­
stances, axons eontain only microtubules, mitochondria,
and vesicles and are devoid of neurofilaments (Figure 9).
The progressive axonopathy in the NF·H transgenics is
accompanied by secondary atrophy of skeletal muscle fi·
bers (Figure 10).

Discussion

Impalrment 01 Neurofllament Transport
We report in this paper that a modest ovarexpression of
human NF-H proteins in transgenic mice provokes a pro­
gressive neuronopathy with features that resemble those
observed in ALS. Il is unlikely that the pathology is the
consequence of ganelic matarial other than the NF·H gene
contained wilhin the Cos4NF·H clone. Based on Northern



A Transgonlc Mouse Model 01 AlS
41

)

B

c

Figure 7. Perikaryal Swelllngs and Gian! Axons in DRG Sensory Neurons
(A and C) lIghl microscopy of normal mouse DRG. (B and 0) Abnormal swelllngs in large DRG sensory neurons trom a Iransgenic olllne 200 (3
monlhs Old). The arrowhead points to prominenl neurolitamenl accumulalions ln aperikaryon. The arrows poin! 10 gianl axons. Nole lhe populalion
01 sonsory neurons Ihat do nol exhibil abnormal swellings. Magnllication 01 (A) and (B), 63 x : magnlfication 01 (C) and (0), 250 x.

)

blot analyses. thera is no indication for the presence of
another gene in this clone. RNA samples from transgenic
lines 200 and 635 were hybridized wilh DNA probes span­
ning the different regions of the clone. The NF-H mRNA
was the only detectable RNA species on Northern blots
(deta not shawn).

The pathology in NF-H transgenics is characlerized by
abnormal accumulations of neurofilaments in the peri·
karya and proximlll axons of anterior horn motoneurons
and 01 ORG neurons. Similar neurofil.1mentous swellings
of proximal axons can be induced experimentally by IDPN
(Grlilin el al., 1978) or aluminium (Bizzi et al., 1984; Tron­
cosa et al.. 1985) intoxications. The accumulations of neu·
rofllaments by IDPN adminislralion result lrom aselective
impalrment 01 the slow axonal lransport (Griffin et al.,
1978). On Ihe olher hand, it was proposed that aluminium
neurotoxicity is caused by abnormal cross·l1nking of neu·
rofllaments leading ta impairment in transport of perikaryal
neurofilaments ta the initial axon (Bizzi et aL, 1984; Tron·
casa et al., 1985).

ln the NF·H transgenics, exceeding levels of incorpo·
rated NF-H might affect inlracellular lransport of neurolila­
ments eilher by imposing additional dragdue ta exlra NF-H
cross-linkages or by impeding normal interactions of neu·
rofilaments with aslow transport motor.lndeed, a defect in
neurofilament transport would be consistent with previous

studies demonstrating a close correlation between de·
creased velocity of the slow axonal transport and the ap­
pearance 01 NF-H during postnatal development (Willard
and Simon, 1983). Additional evidence for a raie of NF-H
in mediating neurofilament transport was recently pro­
vided by the report showing that decreasad levels of NF-H
phosphorylalion ln tremblermiceproduceacloserpacking
01 neurofilamenls and thereby a reduclion in the rate of
the slow axonal transport (de Waegh et al., 1992).

An impairment 01 neurofilament transport by extra NF-H
cross-linkers is likely responsible for the graduai piling up
of newly synthesized neurofilaments in the perikarya and
proximal axons with ensuing distal axonopathy and mus­
cle atrophy. This "dying back" model has been hypolhe­
sized as a plausible mechanism underlying ALS (Gajdu­
sek, 1985; Griffin and Watson, 1988; Chou, 1992).

lt is remarkable that arelalively modest increase ln NF-H
expression was sufficient ta generate such severe neuro­
logical defects. Even in the transgenic founders ollines
116 and 120, having approxlmalely 50% increase in total
NF-H mRNA expression (data not shawn), we slarted ta
notice mild neurologlcal symploms at the age of 6 months.
Il is possible that the human NF-H protein holds a certain
susceptibility ta induee aberrant neurofilament accumu­
lations, perhaps through the formation of shorter and
stronger neurofilament cross-linkages. Sequence data on
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Figure 8. Axonal Atrophy ln the Distal Region of a Sciallc NeNe
Electron microscopie examinallon 01 a cross section 01 a sciatic nerve
distal to axonal swellings from homozygous NF-H transgenics 01 line
200 (3 months old). Signs ofaxona! atrophy are evldent. Myelin ovoids
are abundant withln axoplasm. Magnllicalion, 1760)(.

NF-H tail reglons reveal considerable variations from one
speeies ta another in the length of the earboxyl terminais,
the number of NF-H phosphorylation repeats, and the ex­
act sequences between the repeats, Nonetheless, it is

striking that the phosphorylBlÎon domain in human NF·H
(Lees el al" 1988) is highly homologous la Ihe correspond·
ing region of NF·H prolein in rabbil (Maek el al., 1988), a
species especially susceptiblo to accumulations of neuro­
filaments by aluminium intoxication (Troncoso et nt,
1990).

A Unique Mouse ModelaI ALS
There are other hereditary mouse models with motor neu­
ron diseases (Messer, 1992). However, ln lhesa modols
Ihe genetie defoels have yel ta be Identifiod, and soveral
aspects of their pathologies diffar from those described in
ALS. The wobbler (Milsumolo and Bradley. 1982; Kaup·
mann et al., 1992), wasted (Lulsep and Rodriguez. 1989),
and pmn (Sandlner el al., 1992) are reeessive mulanl mlee
thal develop early manifeslallons of molor nauron degen·
eralion ln eontrasl with ALS, whleh 15 basleally a diseaso
of aider Indivlduals. In bath wastad and pmn, the diseasa
progressasvery rapidly, wilh doath at aboul4 and 7weoks,
respeetively. In Ihe wobbler mouse, the pathology alfeels
predominantly cervical motor neurons (Mitsumoto and
Bradlay, 1982), and neurofilamentous swellings aro infra­
quent (Andrews, 1975). The molor neuron degenerallon
(mnd) mouse exhibils an adult onsel molor neuron dis·
ease, with slgns of neurologleal disorder Identiflabla by
6-7monthsof age, followed by aprogression ta lolal parai.
ysls with premature death (Callahan el al., 1991). Although
many clinical symptoms in the mnd mlce resemble those
deseribed ln ALS, the pathology does notproduee neurofil­
amenlous swellings, a hallmark of ALS, but ralher a
marked redistribution of neurofilaments within the cyto­
plasm of anlerior horn neurons (Callahan at al., 1991).

The NF-H Iransgenie miee deseribad here prasenl
pathologieal features with slriking similarilles ta those

Figure 9. Hlgh Magnlficallon of Normal and Transgenic Axons of a Sciatic Nerve

(A) The normal axon contains numerous neurofilamenls, and il has a raUo 01 myelln:axoplasm 01 1:3. (B) The axon Irom the NF·H Itansgenic ha,
shrunken from a prevlously larger caUber, as indicaled by Ihe excessive Ihickness 01 the myel1n I5heath (ratio of myelln:axoplasm. 1:1). Nole Ihal
the axon is devoid of naurofilaments. Magnilication, 16,100)C.
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found in ALS. The progressive neuronopathy ln these mice
is characterized by neuronal swellings that resemble those
lound in motor neuronsof ALS patients (Carpenter, 1968;
Hireno et al., 1984; Schmidl et al., 1987; Sasaki et al"
1989; Hirano and Kata, 1992; Chou, 1992). As discussed
above, Ihe "dying back" axonopalhy in NF-H transgenics
is Iikely the result of a defect in neurofilament transport. a
model mechanism pertinent ta the prevailing hypothesis
01 an axonallra'lsport delect underlying ALS (Gajdusek,
1985; Goldmar, and Ven, 1986; Grillin and Walson, 1988;
Chou, 1992; Breuer et al" 1992). The neurofilamenlous
accumulations occur in large motor and sensory neurons,
whlch are high producers of neurofilaments. This shared
property can expiain. in part. the cellular selectivity of the
pathology. Although ALS is elinieally amotor neuron disor­
der, there is an increasing recognition of degeneration
outside the molor system (for review see Norris. 1992).
Proximal axonal swellings have been observed in sensory
neurons 01 central pathways in ALS (Averback and
Cracker, 1982). Swellings have not yet been reported in
peripheral sensory neurons of ALS patients, but a selee-

Figura la. light Microscopy 01 Normal and
Oegenerating Skelelal Muscle Fibers
Ught microscopy 01 normal (A) and degenerai­
lng (B) skelalal muscle fibers of homozygous
NF·H lransganics of lina 200 (1 monlhs old).
Magnilication, 530 x .

live decrease in the number of large myelinated fibers in
the dorsal root was described in ALS patients (Kawamura
et al., 1981), and Radtke et al. (1986) found abnormal
sensory-evoked potentials in 47% of their ALS patients.

The cumulative poisoning produced by extra NF·H can
explain the delayed onset and progressiveness of the dis·
ease. An involvement of gene dosage is also iIIustraled by
an earlier onset and more severe symploms in homozy­
gous as eompared with hemizygous transgenic mlce of
line 200. In addition, our successive inbreedings of this
mouse line suggest an influence of the genetic back­
ground on the phenotypes.

The NF-H transgenic model offers an interesting per·
speclive not only for testing therapeutic strategies but also
for investigating in a systemalic way the varlous genetic
and environmenlal factors controlling the onset and pro­
gression of the disease. The present study reveals a
neuroloxicily produced by Ihe human NF·H protein. Ac·
cordingly, the elucidation of cis· and trans·acting factors
regulating NF-H expression, now in progress, might yield
new insights on the etiology 01 ALS.
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Experimentai Procedures

Production 01 Transgenlc Mlce wlth 8 Human NF-H Clone
A cosmid clone bearing the human NF·H gene was isolaled by screen­
ing a cosmid library 01 a human Iymphoblasloid cellline enriched in
chromosome 22 using a cDNA probe lor mouse NF·H (Julien et al..
1988). Thelibrary was conslruclEK' by partial Mbol cumulative diges­
tion in the vector Lewrisr V (Aubry el at, 1992). Reslriclion mapping
and partial sequencing 01 the clone conlirmed the presence 01 Ihe
complete human NF·H gene. This cosmid, designaled CoS4NF-H. was
linearized with Not! Ihal culs at 9.6 kb upstream ollhe Iranscription
slart sile. Microinjection 01 the linearized 39 kb Iragment was per.
lormed as described by Srinsler el al. (19B1). lntegralion 01 human
lransgene into the mouse genome was assessed by Soulhern blol
analysls 01 genomic DNA isolated Irom the mouse lail. Human and
mouse DNA was digested with BarnHI, electrophoresed on a 1% aga.
rose gel, and transferred 10 a nylon membrane (Gene Screen Plus,
New England Nuclear-Dupont). A 361 bp Sstl-Xhollragmenllrom the
firsl exon of the human gene was subcloned inlo Ihe Bluescript
SK(+)veclor and used as probe lor bolh Southern and Northern hybrld­
izetions. The DNA probe was labeled wllh (a·:l2PldATP (3000 Ci/mmol)
(Afnersham) by random prlming uslng deoxynucleolides and random
hexanucleotides (Pharmacia). The membrane was prehybridized in
5)( SSC (1 x SSC is 150 mM NaCI and 15 mM NB.! citrale {pH 7.0}),
1% SDS, 20 mM Tris (pH 7.5),5 x Denhardt's solulion (1 )( Denhardt's
solution 15 0.02% bovine serum album!n, 0.02% FieaU, and 0.02%
polyvinyt pyrolldone), 10% dextran sulfale, and 100 ~gJml heat­
denalured salmon sperm DNAat 65DC lor alleast 2 hr. Radiolabeled
DNA probe was added 10 Ihe filler. Afler overnight hybridizatlon at
65DC, membranes were washed 15 min at rcom lemperalure ln 5)(
SSC, 1% SOS; 30 min at 65DC ln 1 x SSC, 1% SDS; and 30 min at
65D C in 0.5 x SSC, 1% SOS. The filters were exposed to Kodak
X-omat AR film with an inlensitying sereen. Transgene copy number
was estimaled by densilometric analysis using SciScan 5000 (U. S.
Blochemicals). Sequenclng 01 the human firsl exon was performed by
the dideoxy chain lerminaUon melhod (Sanger el al., 1980).

RNA Analysls
Mice were sacrified by cervical dlslocalion. Following dissecllon, lis­
sues were immedialely Irozen in Iiquid nitrogen and slored al-BODC
until use. Tolal RNA was isolated by homogenizalion in guanidinium
Ihlocyanale and ultracentrilugation through a CsCI cushion (Chirgwin
et al., 1979). Eech RNA sample (20 ~g) was Iractîonaled on a 1%
agarose-Iormaldehyde gel (Sambrook el al., 1989) prlor 10 blolling.
The filter was prehybridized. hybridized, and washed as previously
described for Southern analysis. wllh the following modillcation. An
additional wash was done lor 30 min at 65DC in 0.05)( SSC, 1% SOS
for the Northern membrane hybridized with the human probe. The
same membranewas aise hybridized with a mouse probe, using a 414
bp Iragment (Xhol-Nrul) Irom the first exon ot the mouse gene. The
hybridizallon solution was the same, butlhe lemperalure was lowered
to GODC. The filler was finally probed wilh aclin.

sos Gels and Immunoblonlng
Total protein extracts Irom brain, cerebellum, spinal cord, optic nerve,
and scialic nerve were prepared by direct homogenizalion 01 the lis·
suesinto 1x SOS sample buffer(1 x SOS buffer is 15% glycerol, 2%
SOS, BD mM Tris-HCI IpH 6.8), 5% l}.mercaploethanol, and 0.01%
bromophenol blue). Each sample (5 ~g) was loaded on a 6.5% acryl·
amIde gel ancf run according 10 laemmli (1970) using Ihe BIo­
Rad miniprolean system. Neurolilamenl·enriched preparations Irom
mouse spinal cord and human brain were prepared as described pre·
viously(Julien et al., 1987), and 1119 01 prolein was loaded on the gel.
The gals were slained wilh Coomassie blue.

Pro\eins were electrophoretically translerred to nilrocellulose mem­
branes (Schleicher & Schuell). After blocking Ihe membrane wilh 3%
powdered milk in a phosphate·bulfered saline solution. the human
NF-H protein was detected by incubalion with an anli·human NF-H
antlbody lhat recognizes the phosphorylaled c8rboxy·terminal (OC95;
provided by V. M.-Y. Lee. Universily 01 Pennsylvania), lollowed by
i,:,cubation wilh a peroxidase·linked anti·ral immunoglobulin G (Or­
gano Teknlca) using the Amersham ECL detection kil.

Microscopie: Anatysls
Mice were aneslhetized with nembutnl and perlused vin 0.9% NoCI
and 2.5% glularaldehyde. 0.5% parnlormaldehyde in sodium phos­
phate buller (pH 7.4). Tissue snmpleswere immersed in fixative lOT 2
hr, rinsed in phosphate buller, and postlixüd in 1% osmium tolloxido.
Aller thrce washes wilh phosphale buller. cach snmplo was dohy.
drated in a graded series 01 ethanol and embedded in Epon. The Ihin
seclions were slained with toluidine blue and oxamined under n Nikon
Labophot microscopo. Ultrathin sections were Sloinod lor 8 min in lend
cilrate and examined wilh a Philips CM10 oloctron microscope.

Immunolluoresc:ence St81nlng
Anesthelized micc were perlused via 0.9% NaCI ond 4~i) paralormnl.
dehyde in sodium phosphate buller (pH 7.4). Tissuo snmples wOIe
rinsed in phosphale buller and immorsed in 15% sucroso ond phœ;.
phale buller. Cryostat sections 01 10 Ilm woro tirsl incubated wilh
rat anli-human NF·H antibody (OC95) or anli·mouse NF·H antibody
(OC59) andthen incubatedwith f1uorescein-labeledgoal anti·'ollmmu·
noglobulln G (Jackson Laberatorles).
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• Abstract

The abnormal accumulation of neurofiaments (NFs) in the perikarya and

proximal axons of motor neurons is a characteristic pathological finding in amyotrophic

lateral sclerosis (ALS) (Carpenter, 1968; Hirano et al., 1984; Schmidt et al., 1987).

A causative role o! NFs in the development of ALS was recently suggested by studies in

which forced overexpression of NF proteins in transgenic mice provoked motor neuron

disease (Xu et al., 1993 and Chapter Il, this thesis) and by the finding of variant alleles

of the human NF heavy gene (NEFH) gene in sorne ALS patients (Figlewicz et al., 1994).

Moreover, NF swellings have been detected in degenerating motor neurons of transgenic

mice expressing a mutant form of the human superoxide dismutase 1 (SOD1) found in

familial ALS (Gurney et al., 1994). To investigate the mechanism by which

disorganized NFs may result in neurodegeneration, we examined via pulse-Iabeling with

[35S]methionine ifaxonal transport of newly-synthesized proteins was impaired in

spinal motor neurons of NEFH transgenics, a mouse model with ALS-like features

(Chapter Il, this thesis). Our data reveal dramatic decreases in the rates of

intracellular protein transport into NEFH motor axons not only for NF proteins but also

for other components including tubulin, actin and sorne rapidly transported proteins.

Microscopic examination confirmed a paucity of organelles including cytoskelelal

elements, smooth endoplasmic reticulum (SER) and especially mitochondria in

degenerating axons of NEFH transgenic mice. From these results, we propose that NF

accumulations, similar to those found in ALS, can play a central role in motor neuron

degeneration by impeding the intracellular transport of components required for axonel

maintenance.
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• Results and discussion

We reported previously that transgenic mice with a modest overexpression of

the human NEFH gene (Iine 200) developed a progressive ALS-like pathology

characterized by the presence of abnormal NF accumulations in the perikarya and

proximal axons of spinal motor neurons (Chapter Il, this thesis). We proposed that

excess levels of NEFH protein, which forms NF cross-linkages, might reduce

intracellular transport of newly synthesized 'NFs resulting in the graduai piling up of

these structures in large motor neurons. The motor dysfunction in NEFH transgenics

progresses during aging by the atrophy and subsequent degeneration of axons distal to the

NF swellings. Light microscopy examination of the L5 ventral roots from a NEFH

transgenic of Iwo years old revealed a massive degeneration of large axons derived from

spinal motor neurons (figure 1).

To c1arify the mechanism of neurodegeneration in NEFH transgenics, we

examined whether intracellular transport ofaxonal proteins was impaired.

[35S)methionine was injected into the spinal cord and following various intervals, the

profiles of 35S-labeled proteins in 5 mm consecutive segments of the sciatic nerve were

analysed by f1uorography of SOS polyacrylamide gels as described before (Hoffman and

Lasek, 1975). Figure 2 shows f1uorographic patterns of radiolabeled proteins

transported in the sciatic nerve at 7 and 28 days alter injection of [35S)methionine into

spinal cord of normal mice and NEFH transgenic mice. In normal mice (figure 2A and

28), the NF-L, NF-M and NF-H proteins move into motor axons as a triplet with a

velocity of approximately 0.5mm/d, in agreement with previous reports, (Hoffman and

Lasek, 1975; Nixon, 1991). In motor axons of NEFH transgenics, there is a remarkable

reduction in the rates of transport of NF proteins. In 3 month old transgenics, ail three

NF subunits moved into motor axons at a decreased rate (figure 2C and 20). Note:he

anomalous stoichiometry of transported NF proteins and the exceedingly low levels of

NF-M protein (figure 20). Ouring aging, the impairment in NF protein transport into

motor axons becomes even more apparent. In 18 month old NEFH transgenics, sacrificed

28 days post-injection of [35S)methionine, the bands corresponding to NF-L and

phosphorylated NF-H are barely visible in the sciatic nerve while NF-M is not

detectable (figure 2F).

The impairment ofaxonal transport in motor neurons of NEFH transgenic

mice is not Iimited to NF proteins. As shown in figure 2, there is a reduction in the rate
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• of transport of tubulin and actin proteins, Iwo cytoskeletal proteins of the slow moving

components. In normal mice, 28 days following [35S]methionine injection into spinal

cord, the peak of incorporated radioactivity for tubulin and actin proteins occurred in

the 10 and 15 mm segments of the sciatic nerve, respectively (figure 2B). In contrast,

for NEFH transgenics of either 3 or 18 month old, the peaks of tubulin and actin

remained in the proximal 5 mm segment of the sciatic nerve.

To determine if the axonal supply of rapidly transported proteins associated

with membrane-bound structures and mitochondria was also impaired, we anayzed the

radiolabeled proteins in the sciatic nerve 15h alter injection of [35S]methionine into the

spinal cord of 3 month old NEFH transgenics. Remarkably, the results in figure 3

indicate that some major radiolabeled proteins of the fast transport component seen in

normal mice (figure 3A) were not transported into motor axons of NEFH transgenics

(figure 3B).

Electron microscopy confirmed a general depletion of crucial organelles in

atrophied axons of the sciatic nerve from NEFH transgenic mice of 3 month old. As

shown in the longitudinal sections in figure 4, when compared to normal axons of

similar myelin thickness (A), shrunken transgenic axons (B) are clearly deficient in

filamentous structures, mitochondria and SER. The lack of mitochondria in motor axons

of NEFH transgenics was further confirmed by the very weak immunofluorescence

staining of longitudinal sections of L5 ventral roots (figure 5B) with an antibody

specific to inner membrane mitochondria (monoclonal MOM/H6/C12 from Serotec

Inc.). This anti·mitochondria antibody yielded an intense staining of L5 ventral root

axons from normal mice (figure 5A). The immunofluorescence staining of spinal cord

sections from NEFH transgenic mice revealed the trapping of mitochondria within

perikaryal NF accumulations of motor neurons (data not shown).

The abnormal NF accumulations in ALS have been widely viewed as a

consequence of neuronal dysfunction, perhaps reflecting defects in axonal transport

(Griffin et al., 1978; Gadjusek, 1985; Chou, 1992). However, the results presented

here indicate that NF accumul&tions themselves can play a central role in motor neurons

degeneration by disrupting the intracellular supply of components required for axonal

integrity. Of particular interest is our finding of a deficient transport of mitochondria

into motor axons distal to the NF swellings. A shortage in mitochondria might be

expected to cause a severe disturbance on energy metabolism resulting in a neuropathy.

Such • dying back • model of nerve degeneration has been proposed as a plausible
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mechanism underlying ALS ( Griffin et al., 1978; Griffin and Watson, 1988; Chou,

1992). The formation of NF aggregates in proximal axons are likely to be more

damaging than those occuring in the cell bodies. Thus, large NF aggregated sequestered in

perikarya of spinal motor neurons of transgenic mice expressing a mouse NF-H/lacZ

fusion gene were weil tolerated (Eyer and Peterson, 1994). The milder phenotype in

the NF-H/lacZ transgenic mice, as compared to those seen in NEFH transgenics, is

probably due to the failure of NFs to invade proximal axons and thereby to block

transport.

A disruption ofaxonal transport by NF disorganization is a pathological

mechanism that can account for the sporadic (90% of cases) and the hereditary (10% of

cases) forms of ALS, as both forms present similar symptoms and characteristic NF

accumulations in spinal motor neurons (Hirano et al., 1984). This mechanism is

consistent with several aspects of ALS. First, it provides an explanation for the cellular

selectivity of the disease. Large motor neurons represent a class of neurons to be

particularly vulnerable to NF abnormalities because of their high synthesis of NF

proteins (Oblinger et al., 1987). Second, there is a retardation in the slow axonal

transport of cytoskeletal elements during aging (Mcauarrie et al., 1989), a factor that

can predispose to the disease. Thire!, a NF involvement in ALS pathogenesis is compatible

with the recent report of aberrant NF swellings in degenerating motor neurons of

transgenic mice expressing a mutant form of human SOD1 found in a subset of familial

ALS (Gurney et al., 1994). Although the link between SOD1 and NFs has yet to be

elucidated, it has been suggested that SOD1 mutations in ALS may increase nitration by

peroxynitrite of tyrosine residues in cellular proteins, perhaps resulting in aiteration

of NF phosphorylation and assembly. A pathway involving NF phosphorylation is indeed

supported by the recent report of codon deletions in the NEFH phosphorylation domain of

some ALS patients (Figlewicz et al., 1994).
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• Figure 1. Motor axon degeneration in L5 ventral root of NEFH transgenic mice. A, light

microscopie examination of cross-sections of L5 ventral roots from normal (Ielt) and

NEFH transgenic mice (right) at two years of age. The insets, at tile same magnification,

show sections of the entire roots. Magnification 1440X, insets 140X. B, selective 1055

of large motor axons in L5 ventral roct.

Methods. Microscopie analysis. Mice were anesthetized with n"mbutal and perfused via

0.9% NAcl, and 2.5% glutaraldehyde, 0.5% paraformaldehyde in sodium phosphate

buffer and postfixed 1.5h in 1% osmium tetroxide. Alter three wasnes with phosphate

buffer, each sample was dehydrated in a graded series of ethanol and ",mbedded in Epon.

The thin sections were stained with toluidine blue and examined under a Nikon Labophot

microscope.
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• Figure 2. Fluorographs of slow transport profiles in motor axons of the sciatic nerve

from normal and NEFH transgenic mice. Panels A and B represent the profiles of normal

mice 7 and 28 days following intraspinal injection of [35S]methionine. Panels C and 0

show the corresponding results from NEFH transgenics 3 month old while E and F show

the results from transgenic mice 18 month old. For each panel, lane 1 contains proteins

extracted from the site of injection (L4-L5 spinal cord) and each Succ'3ssive lane

represent a 5mm nerve segment extending distally to the right. Note the reduced rate of

transport for ail three NF subunits in transgenic mice (0 and F). Axonal transport of

actin and tubulin is also retarded in transgenic mice. In normal mice after 28 days of

pulse-Iabeling, the peaks for tubulin and actin proteins are found at la and 15mm away

from the spinal cord whereas the peaks for these Iwo proteins in transgenic mice are

detected in the 5mm segment.

Methods. 3 month and 18 month old homozygous C57BV6j transgenic mice fram line

200 and aged-matched control mice were used. Mice were anesthetized with nembutal.

The lumbar spinal cord was exposed by laminectomy and newly synthesized proteins in

motor axons in the sciatic nerve were labeled by the injection of a total of 3 11\ of

[35S]methionine (Amersham, specific activity > 1000Ci/mmol) through a glass

micropipette connected to a Hamilton syringe filled with minerai oil, into each of 3 sites

of the right anterior horn of the lower lumbar enlargement (L4-L5). Cells in that

region give rise to motor axons of the sciatic nerve. The isotope was dried down and

resuspended in distilled water to a final concentration of 150I!Ci/111 prior to injection.

The animais were sacrificed 7 and 28 days later. The sciatic nerves were removed in

continuity, cut into 5mm segments and homogenized in 115111 of SUB buffer (0.5% SDS,

8M Urea, 2% ~·mercaptoethanol). Homogenates were centrifuged at 10,000 rpm in a

table top centrifuge. A la 111 aliquot was analyzed by 8% SOS-PAGE. Following

electrophoresis, gels were stained with Coomassie blue, destained in methanol/acetic

acid, treated with Amplify (Amersham), dried and processed for f1uorography. The

labeled proteins on the gels were visualized by exposing dried gels to Kodak XAR films at

-80oC for 2 to 14 days.
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• Figure 3. Fluorographs of fast transport profiles in motor axons. Segments of sciatic

nerve from normal (Ai and transgenic (B) 3 month old were analysed 15h following

[35S]methionine as described in figure 2. Note the poor detection of some proteins (-)

of the fast transport component in NEFH transgenics motor axons. Bars on the right

indicate the postion of molecular weight standards (200, 116, 97, 66 kDa, reading top

to bottom).

Methods. The methods are described in figure 2.
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• Figure 4. Electron microscopy of longitudinal sections of myelinated axons from the

sciatic nerve of normal and NEFH transgenic mice. Note the depletion of filaments.

mitochondria and smooth endoplasmic reticuium in the shrunken myelinated axon of

NEFH transgenic (B) as compared with a normal axon of similar myelin thickness (A).

Magnification 12.500X.

Methods. Electron microscopie analysis. The samples were prepared as described in

figure 1. Ultrathin sections of the sciatic nerve were stained for 8 minutes in lead

citrate and examined with a Philips CM10 electron microscope.

58



•

•



• Figure 5. Immunofluorescence detection 01 mitochondria in ventral roots 01 normal

(A) and NEFH transgenic mice (B). Magnification 285X.

Methods. Immunolluorescence microscopic analysis. Anesthetized mice were perfused

with 0.9% NAcl and 4% paralormaldehyde in sodium phosphate buffer, pH 7.4 Sciatic

nerves were rinsed in phosphate buffer and immersed in 15% sucrose and phosphate

buffer. Cryostat sections 01 10 Il were lirst incubated with anti-inner membrane

mitochondria antibody (Serotec MOM/H6/C12) and then incubated with anti-mouse

biotin (Jackson Laboratories) and lIuorescoin-labeled streptavidin. Sections were

examined under a Nikon Labophot microscope.
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• Chapter IV

Copy-dependent and correct developmental expression of the human

neurotllament heavy gene ln transgenlc mlce
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Ahstrilcl

Wc rcccntly prol!uccd four lincs of transgcnic mice bcuring a 34 kb DNA fragment Ih,1t includcs the human gene coding for
the ncurofilamcnt hcavy (NF-Hl chain. Analysis' of the NF-H transgcnics rcvcalcd an incrcasc in human NF-H mRNA and
protein lhat parallcls the incrcasc in gcne copy number, providing the first cxamplc of a transgcnc with copy-dcpcndcnt
expression in ncurons. In addition, expression of the human NF-H transgcne is induccd post-natally following a dcvcloprnental
pattern similar to the endogcnous rnouse NF-H gene.

Keyword.\': Ncurofilament~ Neuronal exprcssion~ Gene regulation; Transgcnie mousc~ Intermediatc filament

1. Introduction

Neurofilaments (NFs) arc the major intermediate
maments (IFs) of nerve ccIls. They arc formed by the
eopolymerization 'of three sobunits; Iigh! (NF-L),
medium (NF·M) and heavy (NF-H) [15,22]. The three
neurofilament subllnits arc eneoded by different genes
and scveral reports have shown that the genes arc
limier separale developmental control [3,7,18,20,21,26].
Neurofilament expression oceurs after nervc cells have
undcrgonc thcir last mitotic division. Significant ex­
pression of NF-L and NF·M is firsl seen in the embry­
onic brain, white for most neurons, NF-H expression is
dclayed relative 10 the other sobunits and occurs in the
post·natal period. There is clear evidence for a role of
neurofilaments in the control ofaxonal calibers [16,29J.
Abnormal expression of neurofilaments in distinct re­
gions of the Ileuron occur in a varicty of disorders
including amyotrophie lateral sclerosis (ALS) [4,6], an
inherited giant axonal neoropathy [4] and toxie neu·
ropalhies [I.II,13,28J.

WC have recently derived four Iines of transgenic
miee carrying multiple copies of the human NF-H genc

r\bhreviillell lille: Cllpy·dependenl :md devclopmenl;l! cxpres·
sion uf a hUlIlan neurufilamenl transgcne.

• ('orrespunding iluthm. F'IX: (1) (514) 934·S265.

1I161)·J2I'lX/94/S117.(Xll~ 1994 Elscvier Sciem:e B.V. Ali righls rescr\'cd
SSIJ/ Ot69·J2SX(94)OOtO)·L

[8]. The NF-H transgenic miee progressively develop
physiologieal and pathological features reminiseent of
amyotrophie lateral sclerosis, whieh make them a
unique mouse model of ALS. We now report that
neoronal expression of human NF·H mRNA in trans·
genic mice inereases with the nomber of gene copies
integrated and il parallels expression of the mouse
NF-H gene throughool development.

2. Matcrials and mcthods

2.J. Gl'I/{',.ltÎfJII of If11fl.\'K'·f1ic miel'

The four lines of transgenic mke were obl:lined by mkroinjection
of li Not 1 linearized cosmid containing the human NF·H gene inla
male pronuclei of fertilized mouse eggs. The 31) kb fragmenl was
purifieiJ .md prepared for injection :IS previously describeiJ un
Tnmsgenic miel: were identified by Suuthern blot lInalYliis of tail
DNA using a 361 bp S.~II- XII() 1 fragment from the firsl exon of the
human gene. The numbcr of human NF·) 1gene copies in mice from
cach uf lhe Ir.tn!lgl:nic lines was determilled by dl:nsitometric analysis
ilnd comp:lrison Wilh a human dipillid DNA !'>tand'lrd. using the
SciScan·r."1 51K)(1 IU.S.U'>

2.2. RNA IUIII/pi.l·

For studies uf cnpy·dependenl expression. RNA was prepared
from lotal cerebral cortex. ccrebellum and spinal coriJ by lhe gUilni·
dinium thiu(.)'.lIlate procedure :10(1 'lpplied 10 !'>JUI hlot apparat us
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accorùing 10 S:lnlhnxlk cl al. (25J. Fivc ,ug of RNA wcrc used in cach
slol. For the dc\'clopmcntal siudics. homozygou!'o m,Iles from lincs
:!:O{) and 635 werc malcd 10 oorm,ll fcmalcs. COrlCX from hclcrozy·
gous progcny was rcmo\'cd al dirfcTent dcvdl'pmcntal stilgcs ;mL!
RNA was. cxlractcd olS dcscribcd ahave. For tx'lh Norlhcrn ;1Ot.! slol
blot analysis. RNA was tmnsfcrrcd 10 Hybond + membrane (Amer·
sham>' The mcmbr:mcs were prchybridizcd in 5xSSC (1 xis ISO
mM NaCI and 15 mM Nil" cilrale (pH 7.0>, tl( SOS. 20 mM Tris
(pH 7.5). 5 XDcnhardt's solution (1 x is 0.021} bovine serum albu­
min, 0.02% Ficoll und 0.02% polyvinyl pyrolidond, 10% lIcxtran
sulphatc and 100 J.lg/ml heut dcnalurcd salmon sperm DNA .11 6SoC
for :It least 2 h. A 1.2 kb PCR fr:lgment from Ihe 3' end uf the
human NF-I-I gene was used as a probe. A 416 bp Nrul-XIIOI
fragmenl of Ihe 3' region of the mousc NF·H gene was used lu
idcntify mouse NF·H mRNA. Thr:: mousc NF·L probe is :l 300 bp
Sst 1 fragmr::nt und finally, in order to conlrol for equiva1cnl loading
of RNA. Nurthern blots were probed with aClin. 1\11 DNA probes
werc radiolabelled by random priming, added to thr:: filt.:rs and Idl
overnight al 65°C. Membranes were then washed 15 min al room
lemperature in 5 X SSC, 0.5'70 SDS; 30 min at 6SeC in 1X SSC. 0.5%
SOS and 30 min al 6SoC in 0.1 xSSC, 0.5% SOS. Filtcrs were
exposed to Kodak X-Omat AR film in the presence of an inlensify­
ing sereen al -70"C.

M l!reil and 2'7" ~·l1lerl.';Iplueth:llHlI. 'l'en J.l g uf cadI samplc was
Inadcd :md clectrnphorcsed on ;1 7Y:;' SDS·pulY:ll.'t)'I;lmide ~l'I. Fm
de\'c!urmental slUdics. normal ami hUllllll.)'gllllS males fmm trans­
genic line 200 were m'lIed 10 norm:11 l'57BL females. The wrtex
l'Hlm heleHlzygous Ir:lnsgenics :md normal prog,,'ny W:IS r"'lllm'cl! al

different de\'elopment:ll st:lges ami pHlteins wer,,' exlracted :lIllt

fractionated un SOS·PAGE as liesnihed ah~wl.'. Fm h\1th stmlics.
two identieill gels wcre run simultaneously. One l:c\ W:l:i ~I:l;m'd Wllh
Cuomassie hlue to eonfirm equlv:llent Ill:lùing :lllÙ the: utl:er one WilS

useù for immunoblolling. Proteins were elcctmphmelically trans­
ferrcù to nilrocellulose membr'lIles (Schleicher :lml Schllen inc.l.
Afler hlocking Ihe membrane with JI;;, powdercd milk in phuspimle·
huffered saline solulion, Ihe human NF-II :md Ilumsc NF·II prutcins
wcrc dctccled hy incuhation wilil :lllti·hu1l1:11l Nf·1I munoclonal
(OC95) ami unli·mouse NF-II Illonoclonal (OC;,Ij), rC:ipcrlively
(kindly pHwidcd hy V.M.·Y. Lee, University of Pennsylvania), fol·
lowed hy illtubation with a pemxid:lse·wnjugaled Ailinil'ure go:!t
:lnti·rat 19G (Jackson ImmunoRescarch) using the Amcrsh:l1ll ECI.
delcclion kit.

2..1. Im,mmojluort'sCt'llce sttlùliflK

2.3. Protein Ullul)'sis

For studies of copy·dependent expression, lotal protein exlraets
from the cortex of adull Iransgenie miee of eaeh li ne and of normal
miee were prepared by homogcnizalion of the tissue in 0.5% SOS, 8

Anesthetizcd miec were perfused via 0.9% N'ICI and ,1 1;(.

paraformaldehyde in phosph'llt: buffer. pli 7.4. Tissue slllnples wcre
rinsed in phosphale buffer and immel"sed in 15% sucrose. Cryuslal
sections of 10 J.Lm were firsl illcul111led with Tllt anti·human NF·II
anlibody (OC9S) or anli·mouse NF·II (OCS9) ami Ihen incuhalctl
with nuorc-:ccin·labeled gO;1I anli·ral IgG (Jackson 11ll1ll1ln{}l~c·

scarch>'
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Fig. 1. Copy·dcpcndenl expression nllhe humun SF·II gene in Iransgenic mice. A: 5 Jl.g of hllal RNA l'rom wtlcx.œrehclhJlJl OInt! spinal w,t! 01
Ihe fuur lincs were applieu ln slut hlot apparatu~ and hyhridized with li 3' specific human NF·1f prune. Densitomclric :ul:IlY!li!l WOlS donc ,md
v.Jlues hclow each spots arc relative amounl of human NF·II mRNA norm:llized lu the b:lckgmund value, sel :11 U. B: rclalive amounl... uf human
NF-II mRNA in cortex, cerchellum and spinal cord wcre p!ollcd againsl Ihe human NF·1f transgcne cupy numher. Therc is il !ltrkl mrrcJaliulI

bdwcen the Iwo. Vertical bars reprc!'>cnt Ihe ±SEM.
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3. Results =c;:

3.3. The lerels of NF-fi proie/II expressioll comply lVith
mRNA levels

Fig. 2. Developmental pattern ai e~pression uf the hunmn NF·fi
transgcnc. Ten JJ.g of total RtlA from cortex of hCICHlZygllUS miee uf
increasing age, were fmctionateù on .1 1% ag:lrosc-fl1rnl:\ldehydc gel
prior 10 blotting. Membrnllcs were hybridizcd with prnhcs (A) spe­
cifie 10 humnn NF-H, (D) specilic 10 mouse NF·II. (C) specifie III

monse NF-L and (D) Olctin.

any effect on normal developmental pattern of expres­
sion of the mouse NF-L gene. Figure 2C shows the Iwo
srecies of mouse NF-L mRNA (2.2 kb and 3.5 kb)
present at embryonic day 15 (E15) and whose expT':S­
sion progressively increase with lime. This pallorn of
expression corresponds la the previously published pal­
tern of NF-L expre"ion in normal mice [18).
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A 39 kb genomic fragment (Cos4NFH) conlaining
the four exons of the human NF·H gene fj'lIlked by 9.6
kb of upstream and 13.4 kb of downslream sequences
was introduced into the genome of mice. Four il/de­
pendent lines were established. line 120, 116, 200 and
635 containing respectively 2, 3. 14 and 20 copies of
integrated transgene [8J. WC have previously shown
that Cos4NFH contains the control clements required
for specifie neuronal-expression of the human NF-H
gene in transgenic mice [8]. To study the correlation
between the number of ge.. : copies and the level of
expression of human NF-H mRNA, wc performed slot
blot hybridization of RNA. The membranes were hy·
bridized with a 3' specifie human NF·H probe that
does not recognize mouse NF·H mRNA. Fig. lA shows
that the signal obtained for the human NF-H mRNA
increases in parallel with the number of gene copies.
Siot blot analysis allows the results to be quantitated by
scanning densitometry. Numbers below the spots, in
Fig. lA, are relative amount of human NF-H mRNA
normalized to the background value which was set at 0,
using the SciScan™ 5000 scanning system. The values
were derived from scanning of autoradiographs ex·
posed for different period of time, from three inde·
pendent experiments. The Iinear correlation between
the relative level of expression of cortex, cerebellum
and spinal cord human NF-H mRNA and copy number
in the four lines is iIIustrated in the graphs of Fig. lB.

3.J. Copy-depelldelll erpressioll of Ihe 11/11I11111 NF·fI
transgene

'\,

3.2. Correct derelopn. ~!ltal expressioll of the Ill/mail
NF-H transgelle

Wc examined the expression of the human NF·H
gene during development in the cortex of mice from
transgenic Iines 200 and 635. Bath lines yielded identi·
cal results. In Fig. 2 is shown the Northern blot analy­
sis of total RNA from cortex of heterozygous trans­
genie mice of line 2000 hybridized with (A) human
NF-H specifie probe, (B) mouse NF·H specific probe,
(C) mouse NF·L probe and (D) actin. Using the human
NF·H specific probe, wc detected a single mRNA
species of 3.9 kb. No expression was detectable in the
embryonic cortex and there is only a very weak signal
at birth. Significant expression of th" human transgene
does oecur at post·natal day 5 (1)5). The signal for
human NF·H mRNA then increases gradually between
F:i and PlO and more rapidly thereafter (Fig. 2A). The
pattern of expression of Ihe human NF-H lransgene
follows that of the endogenous mouse NF·H gene (Fig.
2B). The same blot was then rehybridized with a mousc
NF·L probe ta determine if NF·H overexpression had

To determine if the increase in NF-H mRNA levels
was translated into prolein levels, total prolein exlracls
of brain cortex from a normal mouse and from trans­
genic mousc Iines were analyzcd by immunohlotting
following electrophoresed on SDS-PAGE. The nnti-hu­
man NF-H (OC95) and anti-mouse NF·I-I (OC5Y) mOIl­
oclonals wcrc uscd to assess the levels of hum an and
mouse NF·H proteins, respectively. The results showlI
in Fig. 3A reveal a correlation belween the levels of
human NF-H proteins and mRNA levels detecled in
each transgenic line. Note that the level of Ihe endoge·
nous mouse NF-H proteins was not altered hy Ihe
high·level expression of human NF-H proleins in trans­
genic Iines 200 and 635.

The monoclonals OCY5 and OC5Y were also ulilized
by immunoblolling to monitor Ihe humall and mouse
NF-H protein expression during developmenl of the
corlex from line 200. As shown in Fig. 31l, the develop·
mental expression of human NF-I-I proleins in trans­
genie line 200 corresponds lu Ihe one observed for the
mouse NF·H protcin. The results of Ihe devclopmental
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3.4. /mml/nof/l/orescence tieleclion of hl/man NF-H pro­
tc;."1S

expression of NF·H proteins (Fig. 3B) arc in agree­
ment with the developmental pallern of expression of
NF·H mRNAs shown in Fig. 2.

,,
4. Discussion

The 39 kb cosmid clone bearing the human NF·H
gene represents the first example of a transgene being
cxprcsscd in a copy·dcpcndcnt manner in ncurons.
Tissue-specific genes arc often expressed appropriately
in transgenic mice generated by the microinjected
method but there is generally no correlation aetween
the number of copies of inserted genes and the levels
of transgene expression [17]. Only a few examples of
copy-dependent expression of transgenes have been
reported. They include the /3-globin gene in the ery·
throid lineage [14], the CD2 gene in T cells [12] and the
gene for the SJOO /3-subunit in astrocytes [JO]. The
DNA region conferring copy-dependent expression of
the human /3·globin gen~ has been the best character·
ized [9,14,24,27]. It consists of a sequence containing
six nuclease hypersensitive sites that form what is
termed the Locus Control Region (LCR). The LCR
may act in two ways; first it modulates changes in
chromatin structure and second it enhances transcrip­
tion activity of the transgene [9]. Thus, the globin LCR
is able to confer position-independent expression in
erythroid cells of eaeh integrated gene eopy, usually
arranged in a head to tail tandem array at the integra­
tion site. In contrast, the copy-dependent expression in
glial cells described for the SIOO/3 gene did not reflect
such strict position-independent profile. Thus, approxi­
mately JO copies of integrated SJOO/3 genes were re·
quired to aehieve a level of transcription activity equiv­
aient to one endogenous SJOO/3 ailele [10]. Th~ DNA
regions of the S100/3 gene responsible for eopy-de­
pendent expression has yet to be identified [10]. The
copy-dependent activity of the human NF-H fragment
resembles the laller situation. Thus, the levels of hu­
man NF-H mRNA increase with the gene copy number
but the activity of each copy is not equivalent to one
endogenous NF·H mouse allele. For instance, in trans·
genic mice of line 200 bearing 14 copies of the human
NF·H gene, the levels of human NF-H mRNA in
nervous tissue correspond to approximately 2-fold those
of the endogenous mouse NF·H mRNA.

Our developmental study in two NF-H transgenÎc
lines indieate that expression of the human NF-H gene
was eorreetly regulated following the developmental
pallern of the endogenous mouse NF·H gene. This is
in contrast with a previous transgenic mouse study with
a 21.5 kb fragment bearing the human NF·L gene [19].
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Fig. 3. Copy·dependenl and correcl developmcntal expression of
human NF·JI proleins in Iransgenic lincs. A: immunodclcction of
hum:m NF·II and mouse NF·1I proleins in lolal prolcin extracls of
brain cortex from a normal mouse and from Iransgenic mouse Hnes
following electrophorescd on SOS·PAGE. B: immunodeti:clion of
human and mousc NF·lI proleins in 101 al protcin extmet of Ihe
cortex from miee of tr:msgcnic linc 200 and from normal miee al
diffcrcnl dcvelopmcnlal siages.

The distribution of human NF·H proteins in the
CNS of transgenic lines 200 and 635 was examined by
immunofluorescence using the OC95 monoclonal anti­
body. As shown in Fig. 4, the dbtribution of immunos·
taining with this anti-human NF·H antibody in the
spinal cord and brain of line 200 (B,F) and 635 (C,G) is
similar to the one obtained with the anti-mouse NF-H
(OC59) in corresponding regions of a normal mouse
(D,H).

Fig. 4. Immullonuorcscence deleclion nf hunwn amI mOllse NF·II protcins in the CNS uf lransgenie miee. The anli·human monoclonal (OC95)
does not re:\CI wilh Ihe sj1inal (ord (Al Or orain tEJ of normal miee hui il reeogniled axons from the spinal cord and hrain of miee from two
dirferenllr:U\s~enie lines uverexpressing human NF·II prulcins. B :lnd C show immunoslaining wilh OC9S uf spinal COTlJ sections from lines 200
und 635. rcspcclively. F .nul Ci shuw OC95 immunonuuresccnce st:lining uf ofilin sections (Ihe region uf dorsallalerul genieulate nucleus) of lincs
21K) and 635. respeeli\'el)'. Nole the we:lker immunonuurescence signal uf line 635 :IS cumpared wilh Hne 200 for 00)5 in Ihis region of Ihe brain.
The expression p:lllerns for human NF·II prolcin is similar ln Ihe one ohserved fur Ihe muuse NF·' 1prolcin in curresponding spinal cord and
hrain re~ions (D :md Il. respeclivel)'). M:lg~;ificalion. 95ll x .
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The hUl1lan NF-L transgel1e was exprcsscd specifically
in ncurons hut it f:lilcd to confer copy-dependent ex­
prcssi~JI1 and tn comply with the developmental profile
of the enlfogenous mouse NF-L genc.

Our results revealed Icvcls of human NF-H protcin
expressiun (hat corrcspondcd to mRNA Icvels for the
four different tr:lIlsgenic lincs. This is in contrast to the
situation r"porleu previously for NF-L gene in which
ovcrexprcssion in transgcnic miee of the NF~L gene did
Ilot result in corresponding incrcasc in the levels ùf
prulcins duc to the existence of posttranscriptional
controls specifie for NF-L regolation [2,23).

ln condusion lhe 34 kb human NF-H fragment
described herc contains rcgulatol)' sequences which
arc recognizcd hy mouse transcription factors to confer
corrccl lempon,) aelivation anu copy-depenuent ex·
pression in ncurons. Work is now in progress using the
lransgenic approaeh 10 iuentify the ,egulatory elements
of the human NF·H gene responsible for eopy-depend­
ent anu posl·nalal activation in neurons. These NF-H
regulatory clements may constitute a valuable tool in
lhe ueve!opment of future vectors for gene therapy in
the ncrvous system.
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• Chapter V

Discussion

Expression pattern of the human NF-H gene in transgenic mice

A 39 kb genomic fragment containing the four exons of the human NF-H gene

as weil as 13.4 kb and 9.6 kb upstream and downstream sequences (Cos4NFH) was

microinjected into fertilized mouse eggs to produce transgenic mice (Chapter Il, figure

1). Four independent lines were established with 2 to 20 copies of the transgene.

Specific probes from the human NF-H gene were used to investigate ils expression in

transgenic mice. Northern blot analysis revealed thatthe introduction of the human NF­

H gene into the mouse genome resulted in an expression pattern that is tissue-specifie

with a level of expression approximately !wo-fold that of the endogenous mouse level

(Chapter Il, figure 2). In addition, the temporal pattern of expression of the human NF­

H gene paralleled that of the endogenous mouse NF-H gene (Chapter IV, figure 2).

Despite the increase in human NF-H mRNA, no changes occurred in the developmental

pattern of expression of either the endogenous mouse NF-L or NF-H mRNA and proteins

(Chapter IV figures 2 and 3). Thus, the presence of the human NF-H transgene did not

appear to affect the normal developmental pattern of expression of the mouse NF-L or

NF-H genes. Finally, slot blot analysis indicated copy number dependent and position­

independent expression of the human NF-H gene in transgenic mice (Chapter IV, figure

1). This is the first example of a transgene being expressed in such a manner in

neurons. These results suggest thatthe signais necessary ta direct the expression of the

human NF-H gene lie within the injected fragment and are recognized by murine

transcription factors.

The pattern of expression of the human NF-H gene contrasts wlth that of the

human NF-L gene. Expression of a fragment containing 14 kb of 5' and 3.2 kb of 3'

sequences of the NF-L gene was restricted to nerve ceIls in transgenic mice but its

developmental profile did not follow the endogenous one (Julien et al., 1987). In

addition, the levels of transgene NF-L mRNA were not proportional to copy number.

Moreover, transgenic mice expressing increasing levels of NF-L mRNAs did not show a

corresponding increase in the protein level (Beaudet et al., 1993). These data provided
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• evidence for the existence of different posttranscriptional controls for human Iight and

heavy NF subunits (Beaudet et al., 1993).

ln contrast to the expression of the human NF-L gene, transgenic mice

expressing human ~·globin, Sl 00 ~ and CD2 genes show copy-dependent and position­

independent expression. The sequences responsible for their correct expression have

been delineated and are referred to as the' locus control region • (LCR) (Grosveld et al.,

1987). The LCR organizes the exogenous gene into an active chromatin configuration not

influenced by the chromosomal site of insertion. This renders the chromatin accessible

to trans-acting factors which bind to regulatory promoter and enhancer sequences in the

gene and stimulate the level of transgene expression. Such a LCR must be present in the

injected human NF-H clone, but sorne regulatory elements must be missing since the

level of expression of one transgene copy is not comparable to that of the endogenous

mouse level as with the ~-globin and CD2 genes (Grosveld et al., 1987; Greaves et al.,

1989). Instead, mRNA expression in the 14 copy human NF·H transgenic (Iine 200) is

approximateiy equivalent to twice that of the endogenous mouse gene.

Transcripts for the human NF·H gene were first detectable post-natally.

This delayed expression of the NF large subunit has also been noticed in other species and

ils significance is related to its putative neuronal function (see below). As several IF

genes are sequentially expressed during development of nerve cells, the maturation of a

neuron is reflected by a particular sequence of IF gene expression. For instance,

vimentin/nestin IF proteins are expressed in dividing neuroepithelial cells and upon

commitment to neuronal differentiation, nestin is down regulated (Lendahl et al.,

1990). Upon terminal differentiation, CNS cells express a·internexin which most

likely plays a role in stabilizing axons in early growing neurites (Fliegner et al., 1990;

Lendahl et al., 1990; Ching and Liem, 1993). Alpha-internexin expression persists

through development but decreases as NF-L and NF-M are expressed (Fliegner et al.,

1990). The initial expression of NF·L and NF-M subunits following the last mitotic

division is concomittant with the initiation ofaxon extension and maintenance of neuritic

outgrowth (Shaw and Weber 1981; Cochard and Paulin, 1984). The expression of NF-H

lags somewhat behind the expression of NF-L and NF-M as the neuron mature (Glasgow

et al., 1992). Most adult cell types of the CNS and PNS express NFs. The post-mitotic

expression of the NF proteins and especially the late expression of the large subunit

mean that NFs are not required at early stages of development (Shaw and Weber, 1981).

Instead, NFs fufill structural requirements of the cytoskeleton later in neuronal

development. Indeed, Carden et al., (1987) demonstrated that the delayed appearance of
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NF-H coincided in time with maturation and stabilization of neuronal circuitries which

may be important in modulating axonal events including the slowing of cytoplasmic

transport and the growth ofaxonal caliber (Simon and Willard, 1983; Hollman et al.,

1985a). However, the unified expression of NF-L and NF-M in the embryo and their

close proximity on chromosome 11 in mouse and on human chromosome 8 possibly

indicates a common regulatory mechanism for these Iwo which is dillerent from the NF­

H subunit. However, the signais that trigger or shut down the dillerential expression of

the three subunits still remain to be determined. Some axonal or extrinsic factors might

be important in the repression/induction of the NF genes. For example, there is a

decrease in NF mRNA and protein following nerve transection (Hollman et al., 1987).

The signal from the periphery that initiates this sequence is unknown but the same

signal or a dillerent one could help to coordinate the expression of the NF proteins

(Schlaepfer and Bruce, 1990). Several reports (Lindembaum et al., 1988; Verge et

al.,1990; Gold et al., 1991) also demonstrated that the trophic substance NGF is capable

of up-regulating NF gene expression. Finally, recently reported data by White et al.,

(1994) identified intracellular pathways that control NF expression. The authors

treated RN46A cells (a neuronal cell line) with forskolin and dibutyryl cAMP. Results

showed that both substances up-regulated NF expression.

As mentioned above it is likely that the injected human NF-H cosmid contains

a control region simiar to the ~-globin gene which in addition to being involved in copy­

dependent, position-independent expression is also responsible for regulating its

precise developmental expression. For that purpose, the control of the human NF-H

gene expression may involve the presence of binding sites within its putative LCR for

developmental stage specifie transcriptional activators and/or repressors.

ln fact, Lazzarini's group using a combination of DNasel footprinting,

methylation interference and gel shift analyses have mapped multiple binding sites for

nuclear proteins including some novel ones for trans-acting factors within the 5'

f1anking sequence of the human NF-H gene (Eider et al., 1992). Analyses of the human

NF-H promoter also revealed functional elements for basal promoter activity located

within the first 205 bp upstrearn of the transcription initiation site but no tissue­

specifie signais were found.

Zimmerman et al., (1994) using sequences from the rat nestin gene fused to

LacZ gene in transgenic mice identified enhancer elements in the second intron. The

sequences gave a specifie pattern of expression throughout the neuroepithelia and
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• position-independent expression. The location of this intron is also shared by the three

NF genes and may be important for their stage specific development.

Identification and characterization of the regulatory elements of the human

NF-H gene could lead to design of elements for directing expression of other genes in a

cell-type specific, position independent, copy number dependent fashion in transgenic

mice. Furthermore, the NF-H gene is of particular interest because it is aClivated

predominantly in the post-natal period and can represent an alternative promoter to

circumvent an embryonic lethality when directing foreign and possibly harmful gene

products. Finally, understanding the regulation of the human NF-H gene offers the

possibility to dissect the transcriptional mechanisms that control changes in gene

expression during the differentiation of neurons.

NFdynamics

Compared with microtubules and microfilaments, NFs and 1Fs in general have

been considered stalic components of the cell cytoskeleton. The data presented in Chapter

III bring interesting new facts concerning NF dynamics and transport in the axon. Most

NFs in the mature neuron are presumed to be in the triplet subunit form (Hoffman and

Lasek, 1975). The irreversible polymerization of most NFs, at least in mature axons is

suggested by the low percentage of free NF subunits found in the soluble state in axon

preparations. It has been shown that although newly synthesized NF proteins are triton­

soluble, more than 99% of this pool is translocated down the axon in a triton-insoluble

form and in the same subunit stoichiometry as that found in isolated axonal NF (Nixon et

al., 1989). It is believed that NFs can not enter the axon unless they are in the

polymerized form. This forms the basis of the structural hypothesis ofaxonal

transport, where proteins are transported in the axon as component parts of intact

cytological structure (Lasek et al., 198t). Recent evidence however, supports the idea

that there is NF subunit exchange between soluble and filamentous pools once the triplet

is assembled. Isolated NF-L subunit assembled into homopolymers in vitro and were

shown to undergo exchange with soluble NF·L subunits (Angelides et al., 1989). The

exchange was preceded by dissociation of NF-L subunits from NF-L filaments. In their

discussion, Angelides and colleagues (1989) also suggested that phosphorylalion was an

important regulatory process for assembly/dissassembly of NFs. Furthermore, Okabe

et al., (1993) used photobleaching of f1uorescently labeled NF-L protein to visualize NF
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• dynamics in living neurons. Again, incorporation 01 fluorescent NF-L subunits occurred

at discrete sites along the entire surface 01 the filament, which argues against NFs

moving as polymers. Furthermore, photob/eaching experiments with vimentin, another

IF protein, by Vikstrom et a/., (1989) also demonstrated that newly synthesized

vimenlin subunils incorporaled progressively into endogenous vimenlin network along

the entire length 01 the existing IF network. These data collectively indicate tha! a

continuous exchangelincorporation 01 soluble IF subunits a/ong the entire length 01 the

polymerized IF network does occur and is possibly required lor the maintenance 01 the

lilament system (Visktrom et al., 1989; Okabe et al., 1993).

ln the axonal transport studies presented in Chapter III, NFs in control

animais, were thought to be transported mainly as assembled polymers as delined by the

coherence 01 the labeled wave. (Chapter III, figure 2A and 28). However, in transgenic

motor/sensory axons NF-L proteins were present up ta 15/25mm away lom the site 01

injection while NF-M and NF-H proteins were not or barely translocated down the axon

(Chapter III, ligure 2D and 2F; Appendix A, ligure 1D and 1F). This data provides

evidence lor non-po/ymer transport 01 NFs and support Hirokawa and co-workers's

hypothesis (Okabe et al., 1993) that there is NF subunit exchange between soluble and

lilamentous pools once the triplet is assembled and that NF subunits assembly can

proceed by incorporation 01 those soluble subunits into pre-existing filaments.

The human NF-H transgenic mice as a model of human motor neuron disease

The production 01 transgenic mice expressing the human NF-H protein at a

level approximately two-Iold the endogenous level (Iine 200) led to a progressive

neuropathy. The transgenic mice were born normal but subsequentiy developed tremors

and weakness or their hindlimbs and lorelimbs. In addition, when compared to aged­

matched controls, they did not reflexive/y extend their legs to form a 1200 angle with

their bodies (Chapter Il, figure 5). Electron microscopy s!udies revealed massive

accumulation of NFs into spinal motor neurons, DRG neurons and their proximal axons

(Chapter Il, figure 6 and 7). Distal axonal atrophy accompanied by atrophy of muscle

libers was also observed (Chapter Il, figure 8 and 10). The similarities between the

abnormalities seen in the human NF-H transgenic mouse and those encountered in ALS

patients are striking and thereby make the NF·H transgenics a very goOO model of this
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• disorder. But how can the changes seen in the human NF-H transgenic mice neuronal

cytoskeleton be sufficient to trigger a neurcxJegenerative process ?

As proteins are almost exclusively synthesized in the soma, ail the material

necessary for the axon and its synaptic terminal are transported thera by cytoplasmic

axonal f10w (Grafstein and Forman, 1980; Lasek, 1981). The concept that delective

axonal transport may be associated with or be the cause of pathogenesis leading to

disruption of the neuronal cytoskeleton and eventually to neuron disorder is not new

(Gajdusek, 1985). To address this issue directly, axonal transport studios were

performed in !wo types of neurons: DRG and ventral motor neurons. Following various

intervals after motorislmsory neurons were labeled by injecting [35S]methionine, mice

were sacrificed and the labeled proteins in consecutive 5 mm long segments 01 the sciatic

nerve were analyzed by SDS gels and fluorography. Comparison of the distribution 01

labeled proteins in transgenic and control motorlsensory fibers demonstrated that NF

proteins extended farther distally in control than in transgenic libers (Chapter III,

figure 2A and 2B). The anterograde movement of the SCa proteins in control motor

neurons at a rate of O.35mm/d was iIIustrated by the presence of a labeled peak of NF

proteins 10mm from the spinal cord at 28 days (Chapter III, figure 2B). The triplet

proteins have coincidental distribution within the control axon at ail post-Iabeling

times. A number of striking differences were noted in the transport kinfltics of

cytoskeletal proteins of transQenic mice (Chapter III, figure 2C through F). First,

there was a net slowing ofaxonal transport of labeled NF proteins, actin and tubulin.

Second, the stoichiometry of labeled NF-L, NF-M and NF-H was not constant. Similar

results were seen in studies of slow axonal transport following labeling of sensory

neurons, i.e. slower transport of NF proteins and altered subunit ratio (Appendix A,

figure 1). However, the transport of actin and tubulin seemed to be unaffected in that

situation. The significance of this finding will be discussed later. Third, in addition to a

defect in slow transport, the rapid component of transport was affected in human NF·H

transgenics. Representative f1uorographic patterns of labeled proteins rapidly

transported in motor axons of control and transgenic mice can be seen in figures 3A and

3B of Chapter III. Overall comparison of transported proteins revealed impaired

transport of important cytological structures such as mitochondria. The reduced

number of mitochondria from the transgenic axons was further confirmed by electron

rnicroscopy and immunofluorescent studies (Chapter III, figure 4 and 5). The impaired

transport of mitochondria in human NF-H transgenic mice may be relevant to the

neuropathy by selectively hindering the transport of energy products. Based on these
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data we can suggest that the delect in the transport 01 materials resulted Irom NF

abnormalities while distal axonal atrophy and degeneration are secondary events to faHed

delivery 01 the transported material.

The preceding discussion has summarized the pathological fpatures occuring

in the human NF-H transgenic mice. Other hereditary canine and mouse models of moior

neuron disorders including wobbler, wasted, pmn, Mnd and HCSMA h'lve been reported

(Chapter l, section 2.3.1). Unfortunately the genetic defects have yet to be identilied

and certain aspects of their pathologies differ fiom the ones described in patients with

ALS. For instance, early onset of motor neuron degeneration occurs in the wobbler

mouse, only cervical motor neurons, no upper motor neurons are affected and no NF

swellings are observed as in ALS (Mitsumoto and Bradley, 1982; Kaupmann et al.,

1992). The wasted and pmn models also develop early manilestations of motor neuron

disease compared to ALS, which is a disease of older individuals (Lutsep and Rodriguez,

1989; Sendtner et al., 1992). In both wasted and pmn mice the disease progresses quite

rapidly resulting in death around 4 and 7 weeks respectively. Wasted mice will show

only occasional neurons with prominent axonal swelling. The Mnd model represents an

adult onset disease starting around 6-7 months (Callahan et al., 1991). In the Mnd

mouse, a rearrangement of NF cytoskeleton is seen, there are no NF accumulations but a

redistribution 01 NFs within the cytoplasm of anterior hom neurons occurred leaving a

large area of cytoplasm without NFs. In the dog model (HCSMA), the changes are

restricted to ventral hom motor neurons where numerous NF-containing enlarged axons

are observed but there is no change in motor cortex or corticospinal tract as in ALS

patients.

Experimental animais models in which NF accumulations similar to the one

observed in human motor neuron diseases (including ALS and GAN) have also been

reported (Chapter l, section 2.3.2). They include intoxication with substances such as

aluminum, acrylamide, IDPN and hexacarbons (2,5-HD, 3-MHD and 3,4-DMHD)

(Griffin et al., 1983, 1984). However, the precise mechanism of action of these toxins

is only partially understood and they probably have multiple effects on the neuron.

The structural changes observed in the spontaneous and induced models of

motor neuron diseases are understood in terms of underlying transport abnormalities

(Griffin and Watson, 1988). However, it is not clear if NF accumulations occuring in

these models are a cause or a consequence of a defective transport (Griffin and Watson,

1988). Furthermore in the wobbler mouse model, the impairment of NF transport is
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Iikely related to a reduction in NF proteins synthesis and not to a block of NF transport

(Mitsumoto and Gambetti, 1986). In contrast, the aberran: accumulation of filaments

in cytoplasm and proximal axons of human NF-H transgenic mice is not merely a by­

product of a defect in transport but a major participant in axonal transport dysfunction

that results ultimately in motor neuron death. It is this finding th".t makes the human

NF-H transgenic mice a unique model of molor neuron disease and illustrates a new

mechanism of neuronal death.

The next section discusses the possible events leading to the cYiOskeletal

alterations in the human NF-H transgenics in comparison with previously published

models of motor neuron diseases. A mechanism resulting in neurofilamentous

accumulations could be increased cross-linking between the filaments. A second one

could be a post-translational modification of NFs (for example, a change in the

phosphorylation state of NF proteins). Finally, a change in filament structure and

organization resulting either from an alteration in the relative proportion of the NF

proteins composition or from a mutation (mutation in the a-helical rod domain or

deletion in the amino-terminal domain), could also lead to neurofilamenlous

accumulation.

Increased cross-linking

The NF triplet protein contains a central a-helical rod domain responsible

for the formation of the filament core while the tail domain of NF-M and NF-H protrude

from the filament backbol1e and interact with other cell components (Hisagana and

Hirokawa, 1988; Hirokawa, 1991). As mentioned in section 1.3.3.4, during neuronal

development there is a reduction in the rate of NFs transport velocity (from 8mm/d to

1mm/d) concomittant with the appearance of NF-H (Willard and Simon, 1983). This

result suggested that increased cytoskeletal interactions due to NF-H expression could

affect the kinetics of transport. Although not shown, we obtained biochemical data

suggesting that the human and mouse NF-H proteins were incorparated into NFs. Hence,

a possible explanation for the neurofilamentous accumulation and impaired transport of

NF proteins in human NF-H transgenic mice is that the excess level of human NF-H

protein will incorporate into NFs and promote additional NF/NF interactions. These

interactions will promote accumulation of NFs in cell bodies and proximal axons and

retard even more the movement of NF proteins. These additional drags imposed upon the
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cell body may lorm a lallice that could also prevent the transport 01 tubulin, actin and

milochondrial proteins as observed in the motor axons 01 human NF-H Iransgenic mice.

,

Change in subunit ratio

A second possibility lor abnormal NF accumulation in cell body and proximal

axon 01 human NF-H transgenics may be a disruption in the normal ratio 01 NF subunils.

The molar ratio 01 NF-H, NF-M and NF·L in a Iilament corresponds to about 1:2:6 as

established by [32P]phosphate incorporation and initial transport studies (Hollman and

Lasek, 1975; Nixon and Lewis, 1986). The molecular ratio in each filament is precisely

regulated 10 conler dillerential stability in development (Okabe, 1993). The ratio may

be a gate of entry for NF into the transport system in which case only those filaments

composed of an appropriate subunit ratio may be loaded into the axon (Muma et al.,

1990). As mentioned previously, we obtained data suggesting thatthe mouse and human

NF-H proteins were incorporated into NFs Therefore in the human NF-H transgenics

the unusual presence of human NF-H subunits in the NF polymers may alter their ratio

and in turn thair assembly and eventually promote a graduai rearrangement of the entire

cytoskeleton. Support for this hypothesis cornes from microinjectior. studies which

revealed that NFs form a dynamic network with subunit exchange, therefore the filament

network can be susceptible to disruption upon incorporation of abnormal subunits

(Okabe et al., 1993).

There are examples where a change in NF subunit ratio is related to motor

neuron diseases. In HCSMA, there is a selective decrease in the levels of the NF-L gene

expression (Muma and Cork, 1993). Such a disruption 01 the normal subunit ratio of

NF is sullici&nt to lead to NF accumulation (Muma and Cork, 1993). In addition, slow

axonal transport of the SCa cytoskeletal proteins was reparted ta be slawer.

Overexpressian af the mouse NF·L subunit resulted in increased NF density and swallen

matar neurans (Monteira et al., 1992; Zu et al., 1993). Finally, transgenic mice

expressing the human NF-M pratein at a law level in their brain (25 % relative ta the

endogenaus level af murine NF-M) develaped neurafilamentaus swellings that are age·

dependent (Vickers et al., 1994). In these mice, there is ca-Iacalizatian and passibly

ca-assembly af human and mause NF·M species (Lee et al., 1992). This highlights the

passibility that extra human NF-H pratein present anly in small amaunls in transgenic

mice may ellectively perturb a narmal NF cytaskeletan. In accardance with that, the
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slower progression of the disease in the human NF-H transgenic lines 116 and 120,

which express about 50% relative to the endogenous mouse NF-H level, suggests a

progressive accumulation of NF and a graduai rearrangement of the neuronal

cytoskeleton.

More evidence that an alteration in the IF protein composition can affect the

weil being of the cell cornes from transgenic mice overexpressing a wild-type hair

keratin gene. These mice have fragile cortical cells leading to hair brittleness and

breakage. The hypothesis is that the excess expression of a type Il relative to a type 1

keratin gene possibly leads to protein aggregation that interferes with normal IF

organization (Powel and Roger, 1990) Therefore an imbalance in the subunit ratio

disrupted the normal ordered arrays of keratin proteins. A similar hypothesis can be

made from the human NF-H transgenic mice where changes in filament structure and

organization resulting from an altered ratio of NF-L to NF-M to NF-H due to the

presence of human NF-H and this wouId lead to NF accumulation and a decreased

efficiency of transport of these filaments.

Mutation in rod domain of IF proteins

Although the IF proteins differ significantly in amino- and carboxy­

terminal sequences, they ail have a cornmon structure based on a conserved helical

central rod clamain (Steinert and Roop, 1988). This ragion was shown to be crucial for

proper IF assembly. Recently, the first three genetic diseases of IF genes have been

discovered (for review see Fuchs and Weber, 1994). They are blistcring skin diseases

involving mutations in the highly conserved a-helical rod domain. The mutations may

have created instability in the primary structure of the keratin filament network which

resulted in altered interaction between keratin molecules which in turn compromise the

mechanical integrity of the epidermal ceIls (Stewart, 1993; Fuchs, 1994; Fuchs and

Weber, 1994). In fact, there is a correlation between the site of the mutation in the rad

domain, the degree to which filament assembly is perturbed and the severity of the

human disease (Fuchs and Coulombe, 1992; Fuchs and Weber, 1994).

Transgenic mice with point mutation in the mouse NF·L rod domain similar

to the one in keratin genes, have been praduced to examine the consequence on NF

assembly (Lee et al., 1994). The mice express only a modest level of the mutated NF·L

protein (about 50% of the endogenous NF-L). Ali animais were phenotypically normal
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• at birth and around three weeks of age, they started to show weakness in both upper and

lower limbs. The transgenic mice have abnormal NF accumulation and show massive

degeneration of spinal motor neuron cell bodies and axons. In addition, there is severe

denervation induced atrophy of the skeletal muscle. In contrast, sensory neurons remain

mostly unaffected. The ultrastructure of the axonal swellings revealed segregation of

microtubules, membrane organelles and mitochondria toward the central portion of the

swellings surrounded by NFs. Together these results point to the hypothesis that an

assembly-disrupting point mutation in NF-L resulted in complete reorganization of the

neuronal cytoskeleton and cause neuronal death. Therefore, this demonstrated a direct

link between NF mutations and motor neuron diseases.

Although not in the same critical rod domain, a mutation in the carboxy­

terminal region of NF-H may also underly a motor neuron degeneration. Polymorphism

in the KSP region of the human NF-H gene has been reported (Figlewicz et al., 1993).

There are 43 and 44 KSP repeats present in the population. Codon deletions in this

domain of NF-H have recently been identified in live patients with the sporadic form of

ALS (Figlewicz et al., 1994). These mutations indicate that changes in filament

phosphorylation may have dramatic effects on organization and assembly resulting in

motor neuron diseases.

Aberrant phosphorylation of NFs

Most of the axonal matrix is filled with longitudinal oriented NFs cross­

linked to each other by NF side-arms (Hirokawa, 1982, 1986, 1991). The NFs side­

arms are made by the carboxy-terminal domain of NF-H which has an unusually high

content of glutamic acid and phosphorylated serine. The functional significance of this

region remains to be determined. One hypothesis is that phosphorylation serves as a

mechanism for coordinating the interaction of NFs with each other and with other

cytoskeletal element in events such as axoplasmic transport (Hirokawa, 1982; Nixon et

al., 1987). Indeed, phosphorylation must be functionally related to axonal transport

since continued phosphorylation and dephosphorylation events take place during NFs

transit in the axon (Tashiro and Komiya, 1989). Moreover, de Waegh et al., (1992)

using the Trembler mouse model showed that decrease in NF transport was correlated

with reduced NF phosphorylation.
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• Within the lattice of NFs, microtubules appear in groups and actin·like

filaments occupy the subaxolemmal space. Membrane organelles including mitochondria

tend to localize in the microtubule domain in the subaxolemmal region (Hirokawa,

1991). MAPs are components of cross·bridges between microtubules/microfilaments

microtubules/NFs and between microtubules and membrane organelles. (Chen et al.,

1992). These cross-bridges can also be controlled dynamically by phosphorylation

(Hirokawa, 1991).

Although the mechanism for slow axonal transport has not been defined yet, a

model has proposed the movement of soluble subunits (NFs, tubulin and actin monomers

for example) that raplace the preexisting network by dynamic incorporation/exchange

(Steinert add Liem, 1990; Okabe et al., 1993). In this situation, the propulsive

mechanism for the migration is possibly present ail along the axon (Bizzi et al., 1984).

The orderly movement ofaxonally transported protElins in discrete waves has

led to an alternative proposai where the proteins are transported in the form of

structure rather than as individual subunits. It is believed that NF polymers move

passively through their attachment to motile microtubules (polymer transport) (Lasek,

1986; Joshi and Bass, 1993). The coherent transport of NF proteins and microtubules

also indicate a possible structural association between the two (Tashiro et al., 1984).

However, the cross-Iinker system between NFs and microtubules is not a rigid

permanent strucuture and can be attected by phosphorylation (Hisagana and Hirokawa,

1990). Whether or not microtubules are the motor vehicle or they are Iinked to the

motor transport which may be a component of SCb is not known (Nixon, 1991).

However, McQuarrie et al., (1986) provided evidence that the motor for transport of

the axonal cytoskeleton is contained in SCb.

A common feature of the accumulation of NFs in perikarya and/or proximal

axons found in a variety of motor neuron disorders and in experimental intoxication is

reactivity with antibody to phosphorylated NFs (Shaw, 1991). Labeling with the SM31

antibody, which recognizes phosphorylated epitopes on NFs, was present in cell bodies of

motor and DRG neurons of the human NF·H transgenic mice. Why NFs are abnormally

phosphorylated is unknown but this phosphorylation of NF tails in cell bodies could

weaken the attinity of NF with micrctubules or the transport motor thereby preventing

their entry into axons and their decrease in transport velocity. In view of the fact that

NFs are highly phosphorylated proteins, and given the interactions between different

cytoskeletal systems described earlier, it seems an attractive hypothesis that thEl NF
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• accumulation followed by blockage of NF, actin and tubulin transport observed in the

human NF-H transgenic mice is related to phosphorylation of NF proteins that leads to

disrupted interactions of NFs, microtubules and actin proteins with the transport

molecule a3 opposed to being the consequence of increasing drag due to formation of

cross-bridges (Goldman and Yen, 1986; Watson et al., 1991). Indeed, Hisagana et al.,

(1991) demonstrated that phosphorylation of NF-H dissociated the binding of NFs to

microtubules.

Some of the transport characteristics that diller between motorlsensory

axons in human NF-H transgenic mice can be examined in light of the hypothesis that

dillerences exist in SGa and SGb proteins content and velocity. NFs are exclusively

transported in SGa in motorlsensory axons (Hollman and Lasek, 1975; Oblinger et al.,

1987) compared to tubulin and aclin proteins that are mostly transported with SGa in

motor neurons while a significantly greater amount of actin/tubulin moves with SGb in

peripheral than in central axons (McQuarrie et al., 1986). In fact, several

microtubule subpopulations dillering in their velocity can be distinguished on the basis

of their isotubulin composition in motorlsensory neurons. In SGa the isotubulin

population is enriched in the most acidic ~-isoforms (Denoulet et al., 1989) while type

Il ~'-tubulin, Ta1 a·tubulin are found mostly in SGb (Tashiro and Komiya, 1991).

These subsets of microtubules could also diller by their interaction with the NF network

with the result that one population may be more tightly linked to NFs (Tashiro et al.,

1984). Therefore one subset of microtubules could be transported independently at a

faster rate and the other in association with NFs (Tashiro et al., 1984). NFs, tubulin

and actin transport being altered in motor neurons therefore suggests a complete block

of SGa movement. The cause of the defect in their transport may result Irom their

physical separation from a common carrier structure. In sensory neurons, a block of

SGa movement also occured in which NF, tubulin (same isoforms as in motor axons) and

actin proteins are retained in cell bodies and proximal axons. However, since there is

substantially less actin and tubulin in SGa of motor neurons, their defect is unnoticed.

Actin and tubulin proteins present in SGb being diller6nt isoforms are still linked to the

transport motor and are translocated down the axon. As a result there is normal

transport of actin and tubulin in SCb in sensory axons of human NF-H transgenic mice

(Appendix A, figure 1). Work by Tashiro et al., (1984) support this hypothesis, they

have obsElrved that following IDPN intoxication, NF transport is slowed down whereas

that of tubulin remained unallected, so that a complete separation of the main wave of

tubulin from that of the retarded NF triplet was noticed. However, some polypeptides in
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• the tubulin region remained arrested together with the NF proteins, these tubulins were

enriched in the most acidic subtype 01 ~-tubulin. In that case, systemic administration

01 IDPN produced neurofilamentous swellings in the most proximal axons and resulted in

slowing 01 NF transport coincident with increased phosphorylation on NF-H (Grillin et

al., 1978; Griffin and Watson, 1988; Watson et al., 1989; Gold and Austin, 1991).

Intoxication with IDPN increases NF autophosphorylation in such a way that they self

aggregate. Therefore, the physical dissociation 01 axonal NFs and microtubules underlies

the lailure 01 the normal translocation 01 NFs (Griffin and Watson, 1988). The

similarity in the transport delect seen in the human NF-H transgenic mice sensory

axons and lollowing IDPN intoxication support the physical dissociation 01 NFs Irom

microtubules as a possible underlying cause lor their accumulation and delective

transport.

ln view that phosphorylation 01 NFs may be related to the neurofilamentous

swellings, other examples where NFs are abnormally phosphorylated have been reported

in which similar swellings occurred and selective alterations 01 NF transport have been

observed.

ln rabbits intoxicated with aluminum, there is retention 01 newly synthesized

NF proteins in the neuronal cell bodies and initial axons lollowed by decreased entry 01

NFs into the nerve liber and distal axonal atrophy (Bizzi et al., 1984; Troncoso et al.,

1992). Aluminum may act on a kinase since there is abnormal phosporylation 01 NFs

which may in turn cause their aggregation in cell bodies and proximal axons. Indeed

reports by Schmidt et al., (1987) and Durham (1990) showed that aluminum induced

aggregates are labeled intensively with antibody to phosphorylated NFs.

The common observation in IDPN, aluminum intoxication and in the human

NF·H transger,ic mice is that NFs which accumulate in perikarya 01 motor neurons are

inappropriately phosphorylated, as they contain phosphorylated epitopes that are

normally present only in axonal domains. Thus, it is possible that this abnormal

phosphorylation 01 NFs occurs lirst and that this process, in turn, leads to NF

accumulation and impaired transport 01 NFs. However, the reverse sequence 01 events is

also possible (Troncoso et al., 1992). As suggested by Troncoso et al., (1990, 1992)

lollowing aluminum administration, the neuronal concentration 01 aluminum reaches a

critical level capable 01 causing aggregation 01 NFs, which are then phosphorylated and

subsequently there is impairment 01 NF transport.
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Following 2,5-HD intoxication, distal axonal swellings in which NFs are

found in the center of the axon surrounded by microtubules are observed. In the

enlargements, 2,5-HD is believed to cause inter-molecular covalent cross-Iinking of

NFs whereas the non-eovalent interaction between NFs and microtubules are disrupted

possibly via Interference in the phosphorylation/dephosphorylation events. Here NF

transport is faster in the region proximal to the distal enlargements. In those regions,

NF phosphorylation is reduced and NF inter-spacing is increased (Monaco et al., 1987).

Perhaps, because NFs are dephosphorylated they are dissociated from one another and

they are relatively free to distribute and to interact more readily \Vith a rapid transport

motor vehicle until they reach the swellings where axonal transport of NFs distal to the

enlargements was reported to progressively slow down.

ln early stages of ALS, clusters of morphologically normal NF also accumulate

in the neuronal cell body (Hirano, 1982). Genetic studies Iinked one familial form of

ALS to a mutation in the SODl enzyme (Rosen et al., 1993). In contrast, the

pathogenesis of the motor neuronal degeneration in sporadic ALS is unclear and several

possible etiological factors can be involved (Tandan and Bradley, 1985; Chou, 1992;

Tyler and Shefner, 1991; Messer, 1992). These include: an age-related deficiency of a

neurotrophic factor, metal intoxication, immunological dysfunction, environmental

neurotoxins, viral infection, a primary impairment ofaxonal transport or axostasis

with a dying back degeneration of both upper and lower motor nerve fibers. The

intracytoplasmic NF accumulations observed in ALS, support the idea that transport of

NF is possibly impaired and the type of impairment that we have uncovered in the human

NF-H transgenic mice is consistent with several aspects of ALS (Chou, 1992). First,

in ALS pathology, the slowly evolving sequence of changes termed dying back implies

initial involvement of long large axons with degeneration beginning in distal region and

progression to proximal with lime. The selective involvement and loss of large

myelinated motorlsensory fibers are likely to result from the fact that NFs are the most

abundant cy10skeletal structures in large diameter axon (Lee et al., 1988; Chou, 1992).

ln addition, lhese libers put a large demand on axonal transport. Second, the decrease in

axonal transport of cy1oske!etal proteins observed in the human NF-H transgenic is

progressive and age-dependent and ALS is a disease of older individuals. Finally, further

evidence for an involvement of NFs in ALS cornes from transgenic mice expressing a

mutant form of human superoxide dismutase 1 (SOD1) which causes one hereditary

form of ALS (Rosen et al., 1993). The SODl transgenic mice developed

neurofilamentous swellings in spinal motor neurons (Gurney et al., 1994) and the
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• accumulated NFs were apparently phosphorylated (Gurney et al., 1994). A direct link

between S001 and NFs has not been determined ye!. However, a defeet in S001 enzyme

activity results in the formation of the powerful oxidant peroxynitrite and motor

neurons possess targets susceptible to nitration by peroxynitrite such as tyrosine

kinases which can in turn alter NF phosphorylation and assembly (Beckman et al.,

1993) .

Sorne rapidly transported organelles are retained in the human NF-H

transgenics while fast axonal transport was reported to be increased in ALS patients

(Breuer et al., 1987). Axonal transport in HD neuropathy also demonstrated defects in

fast axonal transport similar to the ones observed in human NF-H transgenic mice,

where excessive retention of rapidly transported material within giant axonal swellings

were found (Griffin et al., 1984). The discrepancy between the results in ALS patients

compared to the human NF-H transgenic mice may be due to the site where the studies

were performGd; distal to the enlargements in ALS and proximal in transgenic mice.

Therefore, the axonal transport measurements made in ALS patients were in a region

distal to the NF swellings. We can speculate that in the human NF-H transgenic mice,

organelles such as mitochondria are retained in the swellings. In contrast, in regions

distal to the enlargements, there may be less organelles (hence less interactions) which

could move more rapidly as in ALS patients.

Breuer et al., (1987) observed a diminished number of organelles moving in

the retrograde direction in ALS axons and interruption of a target derived trophic factor

as a possible cause underlying ALS has also been suggested. The neurotrophin family of

proteins supports the development and survival of vertebrate neurons. NGF is the best

characterized factor without which sympathetic neurons die during development. The

search for an equivalent neurotrophic factor for motor neurons has lead to the

identification of brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor

(CNTF), neurotrophins 3 and 4/5 (NT-3, NT4/5), acidic and basic fibroblast growth

factor (FGF) and leukemia inhibitory growth factor (LIF) among others. Recently,

Henderson et al., (1994) identified a glial cell line-derived neurotrophic factor (GONF)

as a powerful trophic factor to support the survival of purified embryonic rat motor

neurons in culture. GDNF could also prevent death and atrophy ofaxotomized neonatal

motor neurons.

Retrograde transport is significant in the pharmacological delivery of

neurotrophic factors to the CNS and PNS and receptor mediated retrograde axonal
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• transport of BDNF, CNTF and L1F to the cells bodies of motor neurons was demonstrated

(DiStefano et al., 1992; Curtis et al., 1993, 1994). CNTF supports the survival of

sensory/motor neurons both in vivo and in vitro (Sendtner et al., 1992; Curtis et al.,

1993, 1994). Infusion of CNTF in the pmn mice efficiently rescued motor neurons from

degeneration, prolonged their survival and improved their motor function (Sendtner et

al., 1992). Further additive interactions between BDNF and CNTF arrested the

d<>velopment of motor dysfunction in wobbler mice (Mitsumoto et al., 1994). BDNF

expressed in skeletal muscles is transported retrogradely to spinal motor neurons and

prevents the retrograde degeneration ofaxotomized neonatal motor neurons. Beneficiai

effects of CNTF were observed in pmn mice even though they were in an advanced stagEl of

motor neuron delll'lneration (Sendtner et al., 1992). Even though in ALS patients, the

initial symptoms of motor neuron deficiency usually occur late and by that time about

50% of the spinal motor neurons are lost, the beneficial effect of CNTF observed in pmn

mice suggests the use of trophic substances to treat the disease.

ln summary, transgenic mice with variable copy numbers of the human NF-H

gene were generated. Expression of the human gene was tissue-specific, copy-dependent

and independent of the site of integration into the mouse genome. A slight overexpression

of the human NF-H gene in transgenic mice resulted in accumulation of NFs in perikarya

of motor and sensory neurons and their proximal axons. Similar neurofilamentous

accumulations are observed in human motor neuron disorders including ALS and GAN.

We provided evidence that accumulation of NFs was a primary event leading to the

transport defect of polypeptide components of both SCa and fast transport with the

subsequent degeneration of distal axons. Such a defect in axonal transport is pertinent to

the etiology of human motor neuron disease including ALS in which NFs transport is also

suspected to be impaired. We can tentatively reconstruct the pathogenesis of human NF­

H induced neuropathy as follows. The presence of the human NF-H protein initiates a

disorganization of the neuronal cytoskeleton (due 10 aberrant phosphorylation of NFs,

increased cross-linking of NFs, or another as yet unknown cause). The large myelinated

motor, DRG neuron cell bodies and their proximal axons are filled with NFs. Eventually

the swellings hinder the transport of cytological structures such as mitochondria and

SCa cytoskeletal proteins through the affected axonal region. The distal part of the axon

becomes cut off from its cell-body generated supply of essential elements and it

degenerates producing the clinical neuropathy. The NF-H transgenic mice are therefore

a very goOO model of human neurodegenerative disease and can be used to test therapeutic
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• strategies. The reported beneficial effect of neurotrophins on motor neuron rescue and

survival in animais models of human motor neuron disorders introduce the possibility of

using them for treating human degenerative diseases. It would be of interest in future

work ta test the effects of the different neurotrophins on motor neurons of the human

NF-H transgenics.
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• Contribution ta original knowledge.

Using transgenic mouse technology, we demonstrated that:

- Expression of the human NF-H gene (Cos4NFH) in mice was tissue­

specific, copy-dependent, independent of the site of Integration into the mouse genome

and followed the same developmental pattern as the mouse endogenous NF-H gene. These

results established that DNA elements within the Cos4NFH coding sequences or introns

confer this pattern of expression and that these regulatory elemf!l1ts are recognized by

the murine transcription system.

• Forcing neurons to overexpress the human NF·H protein was sufficient to

yield morphological features of human motor neuron disorders. These include

perikaryal and proximal axonal swellings filled with 10 nm NFs, distal axonal atrophy

and muscle atrophy. Results suggested that accumulation of NF proteins and the

associated disorganization of perikaryal and axonal cytoplasm could be an Integral part of

the pathogenic parhway leading to motor neuron death. We showed that the

neurofilamentous accumulation provoked neuronal death by disrupting not only NF

transport but also transport of other components essential for axonal maintenance.

ln conclusion, the use of transgenic mice have provided a powerful

experimental system in which to dissect complex issues of NF expression and their

involvement in motor neuron diseases.
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• Appendlx A

Figure 1. Fluorographs of slow transport profiles in sensory axons of the sciatic

nerve from normal and N-FH transgenic mice. Panels A, C and E represent the profiles

of normal mice 7, 14 and 2B days following injection of [35S]methionine into L4-L5

DRG. Panels B, D and F show the corresponding results from NF-H transgenic mice. For

each panel, lane 1 contains proteins extracted from the site of injection (14-L5 DRG)

and each successive lane represents a 5mm sciatic nerve segment extending distally to

the right. Note the reduced rate of transport for ail three NF subunits in transgenic

mice, whereas actin and tubulin transport appear normal (B, D, F).

Methods. The methods are described in Chapter III, figure 2.

BO



•
A. NF-H­

NF-M-

NF-L ­

T
A

ORG 5 10 15 20 25 30 35

..
-<---

f.~
C. NF-H -i "~-NF-M -":'"

,~.' ".'.
.:~~'1~,

NF-L - .~ _ --- _ -- _.'

T _1· ... .... --,·"
A _ . _.. . ~_:"""" .

.~ : ",' .. .' '.. .. .

•

E. NF-H _:;

NF-M - ,'.

NF-L _

T
A

t .
l'lod
~:: -.. .-' .....-. "

..... _.""- - -:.... ~:-.....

.........
2345678



•
B. NF-H_

NF-M -

NF-L ­

T
A

D. NF-H­

NF-M-

NF-L ­

T
A

ORG 5 10 15 20 25 30 35

t:'1'. .•
. ." ,.' ~

\~ "",
~.; ...... -

" .

......- --- ._-......--­!i't\ .'

F. NF-H ­

NF-M -

•

NF-L - •........-:...

: :. ~ ...... ~~_:.~..;.•••••~.
. Vt~;;;~·:,.... ".':7~'00<.:

234567 B



•

•

References

Albers, K. and Fuchs, E. (19B7). The expression of mutant epidermal

keratin cDNAs transfected in simple epithelial and squamous cell carcinoma Iines. J.

Cell Biol. 105, 791-B06.

AIIore, R.J. Friend, W.C., O'Hanlon, D., Neilson, K.M., Baumal, R., Dunn, R.J.

and Marks, A. (1990). Cloning and expression of the human 8100 gene. J. Biol. Chem.

265, 15537-15543.

Andrew, J.M. (1975). The fine structure of the cervical spinal cord. ventral

root and brachial nerves in the wobbler (wr) mouse. J. Neuropathol. Exp. Neurol. 34,

12-27.

Beaudet, L., Côté, F., Houle, D. and Julien, J.-P. (1993). Different

posttranscriptional controls for the human neurofilament Iight and heavy genes in

transgenic mice. Mol. Brain Res. 18, 23-31.

Beaudet, L., Charron, G., Houle, D., Tretjakoff, 1., Peterson, A. and Julien,

J.-P. (1992). Intragenic regulatory elements contribute to transcriptional control of

the neurofilamentlight gene. Gene 116, 205-214.

Behringer, R.R., Ryan, T.M., Palminter, R.D., Brinster, RL and Townes,

T.M. (1990). Human y- to ~-globin gene switching in transgenic mice. Gene Dev. 4,

3BO-3B9.

Bisby, MA (1977). 8imilar polypeptide composition of fast-transported

proteins in rat motor and sensory axons. J. Neurobiol. B, 303-314.

Bizzi, A., Clarck Crane, R., Autillo-Gambelli, L. and Gambetti, P. (1984).

Aluminum effect on slow axonal transport: a novel impairment of neurofilament

transport. J. Neurosci. 4, 722-731.

Bloemendal, H. and Rieper, F.R. (19B9). Intermediate filaments: known

structure, unknown function. Biochemica Biophysica Acta 1007, 245-253.

Blom van Assendelft, G., Hanscombe, O., Grosveld, F. and Greaves, D.R.

(19B9). ,'he ~-globin dominant control region activates homologous promoters in a

tissue-specifie manner. Cell 56, 969-977.

Bl



Brady, S.T. (1991). Molecular motors in the nervous system. Neuron 7,

521-533.

Brady, S.T. and Lasek, R.J. (1982). Axonal transport: a cell-biological

method for studying proteins that associate wilh the cytoskeleton. Methods Cell Biol. 25,

366-391.

Brady, S.T., Lasek, R.J. and Allen, R.D. (1982). Fast transport in extruded

axoplasm from squid giant axon. Science 218,1129-1131.

Breuer, A.C., Atkinson, M.B. and Margolis, R.L. (1991). The neuronal

cytoskeleton and axonal transport abnormalities in motor neuron disease. In Handbook of

amyotrophie lateral sclerosis. RA Smith, ed. New york: Marcel Dekker Inc. pp. 503­

517.

Breuer, A.C., Lynn, M.P., Atkindon, M.B., Chou, S.M., Wilbourn, A.J., Marks,

K.E., Culver, H.J.E. and Fleeger, E.J. (1987). Fast axonal transport in amyotrophie

lateral scierosis: an intra-axonal organelles traffic analysis. Neurology 37, 738-748.

Burgoyne, R.D. (1991). Cytoskeleton is a major neuronal organelle. In The

Neuronal Cytoskeleton. R.D. Burgoyne, ed. New York: Willey-Liss Incorporated. pp. 1-3

Callahan, L.M., Wylen, E.L., Messer, A. and Maxzurkiewicz, J.E. (1991).

Neurofilament distribution is altered in the Mnd (Motor neuron degeneration) mouse. J.

Neuropathol. Exp. Neurol. 50, 491-504.

Carden, M.J., Trojanowski, J.a., Schlaepfer, W.W. and Lee, V. M.-Y. (1987).

Two-stages expression of neurofilament polypeptides during rat neurogenesis with early

establishment of adult phosphorylation patterns. J. Neurosci. 7, 3489-3504.

Carden, M.J., Schaepfer, W.W. and Lee, V. M.-Y. (1985). The structure,

biochemical properties and immunogeneicity of neurofilament peripheral regions are

determined by phosphorylation state. J. Biol. Chem. 260, 9805-9817.

Carpenter, S. (1968). Proximal axonal enlargement in motor neuron

disease. Neurology 18, 841-851.

82



• Chen, J., Kanai, Y., Cowan, N.J. and Hirokawa, N. (1992). Projection

domains of MAP2 and tau determine spacings between microtubules in dendrites and

axons. Nature 360, 674-677.

Cheng, J., Syder, A.J., Yu, a.-c., Letai, A., Palier, A.M. and Fuchs, E. (1992)

The genetic basis of epidermolytic hyperkeratosis~ a disorder of differentiation-specific

epidermal keratin genes. Cell 70, 811-819.

Chin, S.S.M., Macioce, P. and Liem, R.K.H. (1991). Effects of truncated NF

proteins on the endogenous IFs in transfected fibroblasts. J. Cell Sci. 99, 335-350.

Chin, S.S.M. and Liem, R.K.H. (1990). Transfected rat high molecular­

weight neurofilament (NF-H) coassembles with vimentin in a predominantly

nonphosphorylated form. J. Neurosci. 10, 3714-3726.

Ching, G.Y. and Liem, R.K.H. (1993). Assembly of type IV neuronal

intermediate filaments in nonneuronal cells in the absence of preexisting cytoplasmic

intermediate filaments. J. Cell Biol. 122, 1323-1335.

Chipev, C.C., Korge, B.P., Markova, N., Baie, S.J., Digiovanna. J.J., Compton,

J.G. and Steinert, P.M. (1992). A leucine praline mutation in the H1 subdomain of

keratin 1 causes epidermolytic hyperkeratosis. Cell 70, 821-828.

Chou, S.M. (1992). Pathology-Iight microscopy of amyotrophic lateral

sclerosis. In Handbook of amyotrophic lateral sclerosis. RA Smith, ed. New York:

Marcel Dekker Inc. pp. 133-181.

Chou, Y.H., Rosevear, E. and Goldman, R.D. (1989). Phosphorylation and

dissambly of intermediate filaments in mitotic cells. Proc. Natl. Acad. Sci. USA. 86,

1885-1889.

Cleveland, D.W. and Hoffman, P.N. (1991). Slow axonal transport models

come full circle: evidence that microtubule sliding mediates axon elongation and tubulin

transport. Cell 67, 453-546.

Cochard, P. and Paulin, D. (1984). Initial expression of neurofilaments and

vimentin in the centrai and peripheral nervous system of the mouse embryo in vivo. J.

Neurosci. 4, 2080-2094.

83



Collis, P., Antoniou, M. and Grosveld, F. (1990). Definition of the minimal

requirements within the human p-globin gene and the dominant control region for high

level expression. EMBO J. 9, 233-240.

Cork, L.C., Griffin, J.W., Choy, C., Padula, C.A. and Price, D.L. (1982).

Pathology of motor neurons in accelerated hereditary canine spinal muscular atrophy.

Lab. Invest. 46, 89-99.

Coulombe, PA, Hutton, M.E., Letai, A., Hebert, A., Palier, A.S. and Fuchs, E.

(1991). Point mutations in human keratin 14 genes of epidermolysis bullosa simplex

patients: genetic and functional analyses. Cell 66, 1301-1311.

Curtis, R., Scherer, S.S., Sompgyi, R., Adryan, K.M., Ip, N.Y., Zhu, Y.,

Lindsay, R.M. and DiStefano, P.S. (1994). Retrograde axonal transport of LlF is

increased by peripheral nerve injury: correlation with increased LIF expression in

distal nerve. Neuron 12, 191-204.

Curtis, R., Adryan, K.M., Zhu, Y., Harkness, P.J., Lindsay, R.M. and

DiStefano, P.S. (1993). Retrograde axonal transport of ciliary neurotrophic factor is

increased by peripheral nerve injury. Nature 365, 253-255.

DeCaprio, A.P. and Fowke, J.H. (1992). Limited and selective adduction of

carboxy-terminal lysines in the high molecular weight neurofilament proteins by 2,5­

hexanedione in vitro. Brain Res. 586, 219-228.

Deng, H.X. et al. (1993). Amyotrophic lateral scierosis and structural defect

in Cu/Zn superoxide dismutase. Science 261, 1047-1051.

Denoulet, P., Filliatreau, G., de Nechaud, B., Gros, F. and Di Giamberardino,

L. (1989). Differentiai axonal transport of isotubulins in the motor axons of the rat

sciatic nerve. J. Cell Biol. 108, 965-971.

de Waegh, S.M., Lee, V.M.Y. and Brady, S.T. (1992). Local modulation of

neurofilament phosphorylation, axonal caliber, and slow axonal transport by

myelinating Schwann cells. Cell 68, 451-463.

Dillon, N., Talbolt, D., Philipsen, S., Hanscombe, O., Fraser, P., Pruzina, S.,

Lindenbaum, M. and Grosveld, F. (1991). The regulation of the human p-globin locus.

ln Gene expression and its control. K.E. Davies and S.M. Tilghman, eds. Cold Spring

Harbor Laboratory Press. pp. 99-124. 84



• DiStelano, P.S., Friedman, B., Radziejewski, C., Alexander,C., Boland, P.,

Schick, C.M. Lindsay, R.M. and Wiegand, S.J. (1992). The neurotrophins BDNF, NT-3

and NGF display distinct patterns 01 retrograde axonal transport in peripheral and

central neurons. Neuron 8, 983-993.

Donaghy, M. and Coleman, M. (1990). Axonal neurofilament biochemistry in

hexanecarbone neuropathy. J. Neuro. Neurosurgery and Psychiatry 53, 179-180.

Donaghy, M., King, R.H.M., Thomas, P.K. and Workman, J.M. (1988).

Abnormalities of the axonal cytoskeleton in giant axonal neuropathy. J. Neurocytology

17, 197-208.

Durham, H.D. (1988). Aggregation 01 intermediate filaments by 2,5­

hexanedione: comparison 01 effects on neurolilaments, GFAP-lilaments and vimentin­

filaments in dissociated cultures 01 mouse spinal cord-dorsal root ganglia. J.

Neuropathol. Exp. Neurol. 47, 432-442.

Eider, GA, Liang, Z., Lee, N., Friedrich Jr, V.L. and Lazzarini, R.A. (1992).

Novel DNA binding proteins participate in the regulation 01 lluman neurofilament H gene

expression. Mol. Brain Res. 15, 83-98.

Eyer, J. and Peterson, A. (1994). Neurolilament-delicient axons and

perikaryal aggregates in viable transgenic mice expressing a neurofilament-~­

galactosidase lusion protein. Neuron 12, 389-405.

Eyer, J., McLean, G. and Leterrier, J.-F. (1989). Effect of a single dose of ~,

~'·iminodipropionitrile in vivo on the properties of neurofilaments in vitro:

comparison with the effect of iminodipropionitrile added directiy to neurofilaments in

vitro. J. Neurochem. 52, 1759-1765.

Figlewicz, DA, Krizus, A., Martinoli, M.G., Meninger, V., Dib, V., Rouleau,

G.A. and Julien, J.-P. (1994). Variants of the heavy neurofilament subunit are

associated with the development of amyotrophic lateral scierosis. Human Molec. Genet.

3, 1757-1761.

Figlewicz, D.A., Rouleau, GA, Krizus, A. and Julien, J.-P. (1993).

Polymorphism in the multi-phosphorylation domain of the human neurofilament heavy­

subunit-encoding gene. Gene 132, 297-300.

85



Fliegner, K.H., Ching, G.Y. and Lien, R.K.H. (1990). The predicted amino acid

sequence of a-internexin is that of a novel intermediate filament protein. EMBa J. 9,

749-755.

Friend, W.C., Clapoff, S., Landry, C., Becker, L.E., O'Hanlon, D., Allore, R.J.,

Brown, I.R., Marks, A., Roder, J. and Dunn, R.J. (1992). Cell-spf'1<:ïlic expression of

high levels of human S100 in transgenic mouse brain is dependent on gene dosage. J.

Neurosci. 12, 4337·4346.

Fuchs, E. (1994). Intermediate filaments and disease: mutations that cripple

cell strength. J. Cell Biol. 125,511·516.

Fuchs, E. and Weber, K. (1994). Intermediate filam!lnts: Structure,

dynamics, function and disease. Annu. Rev. Biochem. 63, 3450382.

Fuchs, E. and Coulombe, PA (1992). 01 mice and men: genetic skin diseases

of keratin. Cell 69, 899-902.

Fuchs, E., Esteves, R.A. and Coulombe, P.A. (1992). Transgenic mice

expressing a mutant keratin 10 gene reveal the Iikely genetic basis for epidermolytic

hyperkeratosis. Proc. Natl. Acad. Sei. USA. 89, 6906-6910.

Fuchs, E. and Hanukoglu, 1. (1983). Unraveling the structure 01 the

intermediate filaments. Cell 34, 332-334.

Gajdusek, D.C. (1985). Hypothesis: Interference with axonal transport 01

neurofilament as a cornmon pathogenetic mechanism in certain diseases of the central

nervous system. New Engl. J. Med. 312, 714-719.

Gardner, E.E., Dahl, D. and Bignami, A. (1984). Formation 01 10nm

filaments from the 150k-Dalton neurolilament protein in vitro. J. Neurosci. Res. 11,

145-155.

Geisler, N., Vandekerskhove, J. and Weber, K. (1987). Location and

sequence characterization of the major phosphorylation sites of the high molecular mass

neurofilament proteins M and H. J. Mol. Biol. 182, 173-177.

Geisler, N., Kaufman, E., Fisher, S., Plessman, U. and Wever, K. (1983).

Neurofilament architecture combines structural principles of intermediate filament

86



•

•

with carboxy-terminal extensions increasing in size between triplet proteins. EMBO J,

2, 1295-1302.

Geisler, N. and Weber, K. (1981). Self-assembly in vitro of the 68 000

molecular weight component of the mammalian neurofilament triplet proteins into

intermediate sized filaments. J. Mol. Biol. 151, 565-571.

Gill, S.R., Wong, P.C., Monteiro, M.J. and Cleveland, D.W. (1990). Assembly

property of dominant and recessive mutations in the smail mouse neurofilament (NF-L)

subunil. J. Cell Biol. 111, 2025-2019.

Glasberg, M.R. and Wiley, C.A. (1991). Pathology-Muscle and nerve. In

Handbook of amyotrophie lateral sclerosis. RA Smith, ed. New york: Marcel Dekker Inc.

pp. 193-208.

Glasgow, E., Druger, R.K., Levine, E.M., Fuchs, C. and Schechter, N. (1992).

Plasticin, a novel type III neurofllament protein from goldfish retina: increased

expression during optic nerve regeneration. Neuron 9, 373-381.

Gold, B.G. and Austin, D.R. (1991). Regulation of aberrant neurofilament

phosphorylation in neuronal perikarya. III. Alterations following single and continuous

~.W-iminodipropionitrile administrations. Brain Res. 563, 151-162.

Gold, B.G., Mobley, W.C. and Matheson, S.F. (1991). Regulation ofaxonal

caliber, neurofilament content, and nuclear localization in mature sensory neurons by

nerve growth factor. J. Neurosci. ~ 1, 943-955.

Gold, B.G., Griffin, J.W. anà Priee, DL (1985). Slow axonal transpc:1 in

acrylamide neuropathy: different abnormalities produeed by single-dose and eontinuous

administration. J. Neurosei. 5, 1755-1768.

Goldman, J.E. and Yen, S.-H. (1986). Cytoskeletal protein abnormalities in

neurodegenerative diseases. Ann. Neurol. 19, 209-223.

Grafstein, B. and Forman, D.S. (1980). Intraeellular transport in neurons.

Physiologieal Rev. 60, 1168-1283.

87



Graham, D.G., Szakal-Quin, G., Priest, J.W. and Carter Anthony, D. (1984).

ln vitro evidence that covalent crosslinking of neurofilaments occurs in 'Y-diketone

neuropathy. Proc. Natl. Acad. SCi. USA. 81, 4979-4982.

Greaves, D.A., Wilson, F.D., Lang, G. and Kioussis, D. (1989). Human CD2

3-f1anking sequences confer high-Ievel, T cell-specific, position-independent gene

expression in transgenic mice. Cell 56, 979-986.

Greene. L.A. (1989). A new neuronal intermediate filament protein. Trends

Neurosci. 12, 228-230.

Grillin, D.W. and Watson, P. (1988). Axonal transport in neurological

disease. Ann. Neurol. 23,3-13.

Grillin, J.W., Carter Anthony, D., Fahnestock, K.E., Hollman, P.N. and

Graham. D.G. (1984). 3,4-dimethyl-2,5-hexanedione impairs the axonal transport of

neurofilament proteins. J. Neurosci. 4, 1516-1526.

Griffin, J.W., Fahnestock, K.E., Price, D.L. and Hollman, P.N. (1983).

Microtubule-neurofilament segregation produces by ~,~'-iminodipropionitrile:

evidence for the association of fast axonal transport with microtubules. J. Neurosci. 3,

557-566.

Grillin, J.W., Cork, L.C., Adams, R.J. and Price, D.L. (1982). Axonal

transport in hereditary canine spinal muscular atrophy (HCSMA). J. Neuropathol. Exp.

Neurol. 41, 370-

Grillin, J.W., Hollman, P.N., Clark, A.W., Carroll, P.T. and Price, D.L.

(1978). Slow axonal transport of neurofilament proteins: Impairment by ~. W
iminodipropionitrile administration. Science 202, 633-635.

Grosveld, F., Siom van Assendelft, G., Greaves, D.R. and Koilias, G. (1987).

Position-independent, high-Ievel expression of the human ~-globin gene in transgenic

mice. Cell 51, 975-985.

Gurney, M.E. et al., (1994). Motor neuron degeneration in mice !hat express

a human Cu,Zn superoxide dismutase mutation. SCience 264, 1772-1775.

88



• Harris, J., Ayyub, C. and Shaw, G. (1991). A molecular dissection of the

carboxy terminal tails of the major neurofilament subunits NF-M and NF-H. J.

Neurosci. 30, 47-62.

Hatzfeld, M. and Weber, K. (1992). A synthetic peptide representing the

consensus sequence motif at the carboxy-terminal end of the rod domain inhibits

intermediate filament assembly and disassembles preformed filaments. J. Cell Biol.

116, 157-166.

Hellmich, M.R., Pant, H.C., Wada, E. and Balley, J.F. (1992). Neuronal cdc­

2 like kinase: a cdc2-related protein kinase with predominantiy neuronal expression.

Pree. Natl. Acd. Sei. USA. 89, 10867-10871.

Henderson, C.E. et al. (1994). GDNF: a potent survival factor for

motoneurons present in peripheral nerve muscle. Science 266, 1062-1064.

Hirano, A. and Kato, S. (1992). Fine structural study of sporadic and

familial amyotrophie lateral scierosis. In Handbook of amyotrophie lateral sclerosis.

RA Smith, ed. New york: Marcel Dekker Inc. pp. 183-192.

Hirano, A., Nakano, 1., Kurland, L.T., Mulder, D.W., Holley, P.W. and

Saccomanno, G. (1984). Fine structural study of neurofibrillary changes in a family

with amyotrophie lateral sclerosis. J. Neuropathol. Experimental Neurol. 43, 471­

480.

Hirano, A. (1982). Aspects of the ultrastructure of amyotrophie lateral

sclerosis. In Human Motor Neuron Disease. L.P. Rowland, ed. Raven Press, New York. pp.

75-88.

Hirano, A. and Iwata, M. (1979). In amyotrophie lateral sclerosis. T.

Tsubaki and Y. Toyokura, eds. University Park Pres, Baltimore. pp. 107-134.

Hirokawa, N., Sato-Yoshitake, R., Kobayashi, N., Pfister, K.K., Bloom. G.S.

and Brady, S.T. (1991). Kinesin associates with anterogradely transported

membranous organelles in vivo. J. Cell Biol. 114, 295-302.

Hirokawa, N. (1991). Molecular architecture and dynamics of the neuronal

cytoskeleton. In The Neuronal cytoskeleton. R.D. Burgoyne, ed. New York: Willey-Liss

Incorporated. pp 5-74.

89



• Hirokawa, N., Shiomura, Y. and Okabe, S. (1988). Tau proteins: the

molecular structure and mode 01 binding on microtubules. J. Cell Biol. 107, 1449­

1461.

Hirokawa, N. (1986). Ouick-Ireeze, deep-etch visualization 01 the axonal

cytoskeleton. Trends Neurosci. 67-71.

Hirokawa, N. (1982). Cross-Iinker system between neurolilaments,

microtubules and membranous organelles in lrag axons revealed by the quick-Ireeze,

deep-etching method. J. Cell Biol. 94, 129-142.

Hisanaga, S. and Hirokawa, N. (1993). The effects 01 dephosphorylation on

the structure 01 the projections 01 neurolilaments. J. Neurosci. 9, 959-966.

Hisanaga, S., Kusubata, M., Okumura, E. and Kishimoto, T. (1991).

Phosphorylation 01 neurolilament H subunit at the tail domain by CDC2 kinase

dissociated the association to microtubules. J. Biol. Chem. 266, 21798-21804.

Hisanaga, S. and Hirokawa, N. (1990). Dephosphorylation-induced

interactions of neurofilaments with microtubules. J. Biol. Chem. 265, 21852-21858.

Hisanaga, S., Gonda, Y., Inagaki, M., Ikai, A. and Hirokawa, N. (1990).

Effects 01 phosphorylation 01 the neurolilament protein on lilamentous structures. Cell

Reg. l, 237-248.

Hisanaga, S. and Hirokawa, N. (1988). Structure 01 the peripheral domains

of neurolilaments revealed by low angle rotary shadowing. Mol. Biol. 202, 297-305.

Hollman, P.N. and Cleveland, D.W. (1988). Neurolilament and tubulin

expression recapitulates the developmental program during axonal regeneration:

induction of a specilic-tubulin isotype. Proc. Natl. Acad. Sci. USA. 85, 4530-4533.

Hoffman. P.N., Cleveland, D.W., Griffin, J'w., Landes, P.W., Cowan, N.J. and

Priee, D.L. (1987). Neurolilament gene expression: a major determinant 01 axonal

caliber. Proc. Natl. Acad. Sci. USA. 84, 3472-3476.

Hoffman, P.N., Griffin, J.W., Gold, B.G. and Price, D.L. (1985a). Siowing 01

neurolilament transport and the radial growth 01 developing nerve libers. J. Neurosci.

5, 2920-2929.

90



• Hollman, P.N., Thompson, G.W., Grillin, J.W. and Priee, D.L. (1985b).

Changes in neurolilament transport coincide temporally with alterations in the caliber

01 axons in regenerationg motor libers. J. Cell. Biol. 101, 1332-1340.

Hollman, P.N., Griffin, J.W. and Priee, D.L. (1984). Control ofaxonal

caliber by neurofilament transport. J. Cell Biol. 99, 705-714.

Hollman, P.N. and Lasek, R.J. (1980). Axonaltransport of the cytoskeleton

in regenerating motor neurons: constancy and change. Brain Res. 202, 317-333.

Hollman, P.N. and Lasek, R.J. (1975). The slow component o! axonal

transport. J. Cell Biol. 66, 315-366.

Hsieh, S.T., Crawford, T.O. and Grillin, J.W.(1994). Neurofilament

distribution and organization in the myelinated axons of the peripheral nervous system.

Brain Res. 642, 316-322.

Itoh, T., Sobue, G., Ken, E., Milsuma, T., Takahashi, A. and Trojanowski, J.a.

(1992). Phosphorylated high molecular weight neurofilament protein in the

peripheral motor, sensory and sympathetic neuronal perikarya: system-dependent

normal variations and changes in amyotrophic laIerai sclerosis and multiple system

atrophy. Acta Neuropathol. 83, 240-245.

Jacob, J.M. and Mcauarrie, I.G. (1991). Axotomy accelerates slow

component b 01 axonal transport. J. Neurobiol. 22, 570-582.

Jaenisch, R. (1988). Transgenic animais. Science 240, 1468·1474.

Joshi, H.C. and Baas, P.W. (1993). A new perpespective on microtubules and

axon growth. J. Cell Biol. 121, 1191·1196.

Julien, J.-P. and Grosveld, F. (1991).

neurofilaments genes. In the Neuronal cytoskeleton.

Willey-Liss Incorporated. pp 215·231.

Structure and expression 01

R.D. Burgoyne, ed. New York:

Julien, J.-P., Côté, F., Beaudet, L., Sidky, M., Flavell, D., Grosveld, F. and

Mushynski, W.E. (1988). Sequence and structure of the mouse gene coding for the

largest neurofilament subunit. Gene 68, 307-314.

91



• Julien, J.-P., Grosveld, F., Yazdanbaksh, K., Flavell, D., Meijer, D. and

Mushynski, W.E. (1987a). The structure 01 a human neurofilament gene (NF-L): a

unique exon-intron organization in the intermediate lilament gene lamily. Biochem.

Biophys. Acta 909, 10-23.

Julien, J.-P., Tretjakoll, 1., Beaudet, L., And Peterson, A. (1987b).

Expression and assembly 01 a human neurolilament protein in transgenic mice provide a

novel neuronal marking system. Genes Dev. 1, 1085-1095.

Julien, J.-P., Meyer, D., Hurst, J. and Grosveld, F. (1986). Cloning and

developmental expression 01 the murine neurolilament gene lamily. Mol. Brain Res. 1,

243-250.

Julien, J.-P. and Mushynski, W.E. (1983). The distribution 01

phosphorylation sites among identilied proteolytic Iragments 01 mammalian

neurolilaments. J. Biol. Chem. 258, 4019-4025.

Julien, J.-P. and Mushynski, W.E. (1982). Multiple phosphorylation sites

in mammalian neurofilament polypeptides. J. Biol. Chem. 257, 10467-10470.

Kaupmann, K., Simon-Chazottes, D., Guenet, J.L. and Jockusch, H. (1991).

Wobbler, a mutation allecting motoneuron su:vival and gonadal lunctions in the mouse,

maps to proximal chromosome 11. Genomics 13, 39-43.

King, R.H.M., Sarsilmas, M., Thomal, P.K., Jacobs, J.M., Murdle, J.R. and

Duncan, I.D. (1993). Axonal neurolilamenlous accumulations: a comparison between

human and canine giant axonal neuropathy and 2,5-HD neuropathy. Neuropathol.

Applied Neurobio. 19, 224-232.

Klymkowsky, M.W. (1991). Getting under the skin. Nature 354, 264-265.

Klymkowsky, M. W., Brachant, J.B. and Domingo, A. (1989). Functions 01

intermediate lilaments. Cell Motility Cytoskel. 14, 309·331.

Klymkowsky, M.W. and Plummer, D.J. (1985). Giant axonal neuropathy: a

conditional mutation allecting cytoskeletal organization. J. Cali Biol. 100, 245-250.

92



• Kost, S.A., Chacko, K. and Oblinger, M. (1992). Developmental patterns of

intermediate filament gene expression in the normal hamster brain. Brain Aes. 95,

270-280.

Kuether, G. and Lipinski, H.G. (1992). The dynamics of neuron degeneration

in motor neuron disease. In Handbook of amyotrophie lateral scierosis. AA Smith, ed.

New york: Marcel Dekker Inc. pp. 391-431.

Lane, E.B., Augg, E.L., Navsaria, H., Leigh, I.M., Heagerty, A.H.M., Ishida­

Yamamoto, A. and Eady, A.A.J. (1992). A mutation in the conserved helix termination

peptide of keratin 5 in hereditary skin blistering. Nature 356, 244-246.

Lasek, A.J., Paggi, P. and Katz, M.J. (1992). Slow axonal transport

mechanisms move neurofilaments relenllessly in mouse optic axons. J. Cell. Biol. 117,

607-615.

Lasek, A.J. (1986). Polymer sliding in axons. J. Cell Sei. Suppl. 5, 161-

179.

Lasek, A.J., Garner, J.A. and Brady, S.T. (1984). Axonal transport of the

cytoplasmic matrix. J. Cell Biol. 99, 212s-221s.

Lee, M.K., Marszalek, J.A. and Cleveland, D.W. (1994). A mutant

neurofilament subunit couses massive, selective motor neuron death; implications for

the pathogenesis of human motor neuron disease. Neuron 13, 975-988.

Lee, M.K., Xu, Z., Wong, P.C. and Cleveland, D.W. (1993). Neurofilaments

are obligate heteropolymers in vivo. J. Cell Biol. 122, 1337-1350.

Lee, V. M.-Y., Eider, GA, Chen, L.C., Liang, Z., Snyder, S.E., Friedrich Jr.,

V.L. and Lazzarini, AA (1992). Expression of human mid-sized neurofilament subunit

in transgenic mice. Mol. Brain Aes. 15, 76-84.

Lee, V.M.-Y., OIVos Jr., L., Cardin, M.J., Hollosi, M., Dietzschold, B. and

Lazzarini, AA (1988). Identification of the major multiphosphorylation site in

mammalian neurofilaments. Proc. Nall. Acad. Sei. USA. 85, 1998-2002.

Lee, V.M.-Y., Carden, M.J., Schlaepfer, W.W. and Trojanowski, J.a. (1987).

Monoclonal antibodies distinguish several differentially phosphorylated stated of the Iwo

93



largest rat neurofilament subunils (NF-M and NF-H) and demonstrate their existence in

the normal nervous system of adult rais. J. Neurosci. 7, 3474-3488.

Lees, J.F., Shneidmann, P.S., Skuntz, S.F., Carden, M.J. and Lazzarini, R.A.

(1988). The structure and organization of the human neurofilament subunit (NF·H)

and the gene encoding il. EMBO J. 7, 1947-1955.

Leigh, P.N., Dodson, A., Swash, M., Brion, J.-P. and Anderton, B. (1989).

Cytoskeletal abnormalities in motor neuron disease. Brain 112, 521-525.

Lendahl, U., Zimmerman, L.B. and McKay, R.D.G. (1990). CNS stem cells

express a new class of intermediate filament protein. Cell 60, 585-595.

Leterrier, J.-F., Liem, R.K.H. and Shekanski, ML (1981). Preferential

phosphorylation of the 150 000 molecular weight component of neurofilaments by a

::ylcic-AMP-dependent, microtubules-associaged protein kinase. J. Cell Biol. 90, 755­

760.

Levine, J. and Willard, M. (1980). The composition and organization of

axonally transported proteins in the retinal ganglion cells of the guinea pig. Brain Res.

194, 137-154.

Levy, E., Liem, R.K.H., Deustachio, P. and Cowan, N.J. (1987). Structure

and evoutionary origin of the gene encoding mouse NF-M, the middle-molecular-mass

neurofilament protein. Eur. J. Biochem. 166, 71-77.

Lewis, S.E. and Nixon, RA (1988). Multiple phosphorylated variants 01 the

high molecular mass subunit of neurofilaments in axons of retinal cell neurons:

characterization and evidencEl for their differential association with stationary and

moving neurofilaments. J. Cell Biol. 107, 2689-2701.

Lewis, S.A. and Cowan, N.J. (1986). Anomalous placement of introns in a

member 01 the intermediate filament multiple lamily: an evolutionary conundrum. Mol.

Cell Biol. 6, 1529-1534.

Lieberburg, 1., Spinner, N., Snyder, S., Anderson, J., Goldgaber, D.,

Smulowitz, M., Cattoll, Z., Emanuel, B., Breitner, J. and Rubin, L. (1989). Cloning of a

cDNA encoding the rat high molecular weight neurolilament peptide (NF-H):

94



• developmental and tissue expression in the rat and mapping of its human homologue to

chromosome 1 and 22. Proc. Nat!. Acad. Sci. USA. 86, 2462-2467.

Liem, R.H.K. (1993). Molecular biology of neuronal intermediate filaments.

Current Biol. 5, 12-16.

Liem, R.K.H. (1990). Neuronal intermediate filaments. Current Opinion

Cell Biol. 2, 86-90

Liem, R.K.H., Yen, S.H. and Shelanski, M.L. (1978). Intermediate filaments

in nervous tissues. J. Cell Biol. 79, 637-645.

Lindenbaum. M. H., Carbonetto, S., Grosveld, F., Flavell, D. and Mushynski,

W.E. (1988). Transcriptional and post-transcriptional effects of nerve growth factor

on expression of the three neurofilament subunits in PC-12 cells. J. Biol. Chem. 263,

5562-5567.

Lutsep, HL and Rodriguez, M. (1989). Ultrastructural, morphometric and

immunocytochemical study of anterior horn cells in mice with "wasted" mutation. J.

Neuropathol. Exp. Neurol. 48, 519-533.

Manelto, V., Sternberger, N.H., Pel'ry, G., Sternberger, LA and Gambelti, P.

(1988). Phosphorylation of neurofjlaments is altered in amyotrophic lateral sclerosis.

J. Exp. Neuropatho. Exp. Neurol. 47, 642-653,

Maltei, M.G., Dautigny, A., Dinh-Pham, D., Passage, E., Maltei, J.-F. and

Jolies, P. (1988). The gene encoding the large human neurofilament subunit (NF-H)

maps to the q121-q131 region on human chromosome 22. Human Genet. 80, 293-295.

Matus, A. (1988). Neurofilament protein phosphorylation - where, when

and why. Trends Neurosci. 11, 291·292.

McCormick, M.B., Coulombe, P. and Fuchs, E. (1991). Sorting out IF

networks: consequences of domain swapping on IF recognition and assembly. J. Cell Biol.

113, 1111-1124.

McKay, R.D.G. (1989). The origins of cellular diversity in the mammalian

central nervous system. Cell 58, 815-821.

95



• McKerracher, L., Essagian, C. and Aguayo, A.J. (1993). Temporal changes in

beta-tubulïn and neurofilament mRNA levels alter transection of adult rat retinal

ganglion cell axons in the optic nerve. J. Neurosci. 13, 2617-2626.

McKerracher, L. and Hirscheimer. A. (1992). Slow transport of the

cytoskeleton alter axonal injury. J. Neurobiol. 23, 568-578.

McQuarrie, I.G., Brady, S.T. and Lasek, R.J. (1986). Diversity in the axonal

transport of structural proteins: major differences between optic and spinal axons in the

rat. J. Neurosci. 6, 1593-1605.

Messer, A. (1992). Animal models of amyotrophic lateral sclerosis. In

Handbook of amyotrophic lateral sclerosis. RA Smith, ed. New york: Marcel Dekker Inc.

pp. 433-451.

Mitsumoto, H. and Gambetti, P. (1986). Impaired slow axonal transport in

Wobbler mouse motor neuron disease. Ann. Neurol. 19, 36-43.

Mitsumoto, H. and Bradley, W.G. (1982). Murine motor neuron disease (the

wobbler mouse). Brain 105, 811-834.

Monaco, S., Wongmongkolrit, T., Shearson, C.M. Patton, A., Schaetzle, B.,

Autillo-Gambetti, L. and Gambetti, P. (1990). Giant axonopathy characterized by

intermediate location ofaxonal enlargements and acceleration of neurofilament

transport. Brain Res. 519, 73-81.

Monaco, 5., Jacob, J., Jenich, H., Patton, A., Autillo·Gambetti, L. and

Gambetti, P. (1989). Axonal transport of neurofilament is accelerated in peripheral

nerve during 2,5-hexanedione intoxication. Brain Res. 491, 328·334.

Monteiro, M.J., Hoffman, P.N., Gearhart, J.O. and Cleveland, D.W. (1990).

Expression of NF-L in both neuronal and nonneuronal cells of transgenic mice: increased

neurofilament density in axons without affecting caliber. J. Cell Biol. 111, 1543·

1557.

Monteiro, M.J. and Cleveland, D.W. (1989). Expression of NF-L and NF·M

in fibroblasts reveals coassembly of neurofilament and vimetin subunits. J. Cell Biol.

108, 579-594.

96



• Muma, and Cork (1993). Alterations in neurolilament mRNA in hereditary

canine spinal muscular atrophy. Lab Investigation 69, 436-442.

Muma, NA, Hoffman, P.N., Siunt, H.H., Applegate, M.D., Lieberburg, 1. and

Priee, D.L. (1990). Alterations in levels 01 mRNAs coding lor neurofilament protein

subunits during regeneration. Exp. Neurobiol. 107, 230-235.

Munsat, T.L. (1992). The natural history 01 amyotrophie lateral sclerosis.

ln Handbook 01 amyotrophie lateral sclerosis. RA Smith, ed. New york: Marcel Dekker

Inc. pp. 65-75.

Munoz, D.G., Greene, C., Perl, D.P. and Selkoe, J. (1988). Accumulation 01

phosphorylated neurofilaments in anterior horn motoneurons 01 amyotrophie lateral

sclerosis patients. J. Neuropathol. Exp. Neurol. 47, 9-18.

Myers, M., Lazzarini, RA., Lee, V.M.-Y., Schlaepler, W.W. and Neilson, D.L.

(1987). The human mid-size meurolilament subunit: a repeated protein sequence and

the relationship 01 its gene to the intermediate Iilament lamily. EMBO J. 6, 1617·

1626.

Nixon, RA (1991). Axonal transport 01 cytoskeletal proteins. In The

neuronal cytoskeleton. R.D. Burgoyne, ed. New York: Willey-Liss Incorporated. pp

283·307.

Nixon, RA. and Sihag, RK. (1991). Neurolilament phosphorylation: a new

look at regulation and lunction. Trends Neurosci. 14, 501-506.

Nixon, RA, Lewis, S.E., Dahl, D., Marolla, C.A. and Drager, U.C. (1989).

Early posllranslational modilications 01 the three neurolilament subunits in mouse

retinal ganglion cells: neuronal sites and time course in relation to subunit

polymerization and axonal transport. Mol. Brain Res. 5, 93·108.

Nixon, RA and Lewis, S.E. (1986). Differentiai turnover 01 phosphate

groups on neurolilament subunits in mammalian neurons in vivo. J. Biol. Chem. 261,

16298-16301.

Nixon, RA anà Logvinenko, K.B. (1986). Multiple lates 01 newly

synthesized neurolilement proteins: evidence lor a stationary neurolilament network

97



• distributed nonuniformely along axons of retinal ganglion cell neurons. J. Cell Biol.

102, 647-659.

Oblinger, M.M. and Lasek, R.J. (1988). Axotomy-induced alterations in the

synthesis and transport of neurofilaments and microtubules in dorsal root ganglion cells.

J. Neurosci. 8, 1747-1758.

Oblinger, M.M., Brady, S.T., McQuarrie, I.G. and Lasek, R.J. (1987).

Cytotypic differences in the protein composition of the axonally transported cytoskeleton

in mammalian neurons. J. Neurosci. 7, 435·462.

Ochs, S. (1972). Fast transport of materials in mammalian nerve fibers.

Science 176, 252-260.

Ohara, O., Gahara, Y., Miyake, Y., Teraolka, H. and Kitamura, T. (1993).

Neurofilament deficiency in quail caused by nonsense mutation in neurofilament-L gene.

J. Cell Biol. 121, 387-395.

Okabe, S., Miyasaka, H. and Hirokawa, N. (1993). Dynamics of the neuronal

intermediate filaments. J. Cell Biol. 121, 375-386.

Okabe, S. and Hirokawa, N. (1990). Turnover of fluorescently labelled

tubulin and actin in the axon. Nature 343, 479-482.

Palminter, R. D. and Brinster, RL (1986). Germ-line transformation of

mice. Ann. Rev. Genet. 20, 465-499.

Papasozomenos, S.CH., Yoon, M., Crane, R., Autillo-Gambelti, L. and

Gambetli, P. (1982). Redistribution of proteins of fast axonal transport following

administration of beta-iminodipropionitrile: a quantitative autoradiographic study. J.

Cell Biol. 95, 672-675.

Parysek, L.M., McReynolds, MA, Goldman, R.D. and Ley, C.A. (1991). Some

neural intermediate filaments contain both peripherin and the neurofilament proteins.

J. Neurosci. Res. 30, 80-91.

Parysek, L.M. Chilsum, RL, Ley, L.A. and Goldman, R.D. (1988). A type III

intermediate filament gene is expressed in mature neurons. Neuron 1, 395-401.

98



• Paschal, B.M. and Vallee, R.B. (1987).

microtubule-associated protein MAP1 C. Nature, 330,

Retrograde transport by the

18H83.

•

Pleasure, S.J., Lee, V.M.-Y. and Nelson, D.L. (1990). Site-specifie

phosphorylation of the middle molecular weight human neurofilament protein in

transfected non-neuronal cells. J. Neurosci. 10, 2428-2437.

Pleasure, S.J., Selzer, M.E. and Lee, V.M.-Y. (1989). Lamprey

neurofilaments combine in one subunit the features of each mammalian NF triplet

portein but are highly phosphorylated only in large axons. J. Neurosci. 9, 698-709.

Priee, R.L., Paggi, P., Lasek, R.J. and Katz, M.J. (1987). Neurofilaments

are spaced randomly in the radial dimension of axons. J. Neurocytol. 17, 555-62.

Pruss, R.M., Mirsky, R., Ralf, M.C., thorpe, R., Dowding, A.J., Anderton, B.H.

(1981). Ali classes of intermediate filaments share a common antigenic determinant

defined by a monoclonal antibody. Cell 27, 419-428.

Reinsch, S.S., Mitchison, T.J. and Kirschner, M. (1991). Microtubule

polymer assembly and transport during axonal elongation. J. Cell Biol. 115, 365-379.

Richardson, P.M. and Riopelle, R.J. (1984). ~ptake of nerve growth factor

along peripheral and spinal axons of primary sensory neurons. J. Neurosci. 4, 1683­

1689.

Roder, H.M. and Ingram, V.M. (1991). Two novel kinases phosphorylate Tau

and the KSP site of heavy neurofilament 5ubunits in high stoichiometric ratios. J.

Neurosci. 11, 3325-3343.

Rosen et al. (1993). Mutations in CulZn superoxide dismutase gene are

associated with familial amyotrophie lateral sclerosis. Nature 362, 59-62.

Ryan, T.M., Behringer, R.R., Martin, N.C., Townes, T.M., Palminter, R.D. and

Brinster, R.L. (1989). A single erythroid-specific DNase 1 super-hypersensitive site

activates high levels of human ~-globin gene expression in transgenic mice. Genes

Develop. 3, 314-323.

99



• Sabry, J.H., O'Connor, T.P., Evans, L., Toroian-Raymond, A., Kirschner, M.

and Bentley, D. (1991). Microtubule behavior during guidance 01 pioneer neuron

growth cones in situ. J. Cell Biol. 115, 381-395.

Sakaguchi, T., Okada, M., Kitumura, T. and Kawasaki, K. (1993). Reduced

diamete! and conduction velocity 01 myelinated libers in the sciatic nerve 01 a

neurolilament-delicient mutant quail. Neurosci. Letters 153, 65-68.

Schlaepler, W.W. and Bruce, J. (1990). Simultaneous up-regulation 01

neurolilament proteins during the postnatal development 01 the rat narvous system. J.

Neurosci. Res. 25, 39-49.

Schmidt, M.L., Carden, M.J., Lee, V.M.-Y. and Trojanowski, J.a. (1987).

Phosphate dependant and independent neurolilament epitopes in the axonal swellings 01

patients with motor neuron disaase and controls. Lab. Investigation 56, 282-294.

Shaw, G. (1991). Neurolilament proteins. In The neuronal cytoskeleton.

RD. Burgoyne, ed. New York: Willey-Liss Incorporated. pp 185-214.

Shaw, G. and Weber, K. (1982). Differentiai expression 01 neurofilament

triplet porteins in brain development. Nature 298, 277-279.

Shetty, K.T., Link, W.T. and Pant, H.C. (1993). cdc2-like kinase Irom rat

spinal cord specilically phosphorylates KSPXK motils in neurolilament proteins:

Isolation and characterization. Proc. Natl. Acad. Sei. USA. 90, 6844-6848.

Sihag, RK. and Nixon, RA (1991). Identification 01 Ser-55 as a major

protein kinase A phosphorylation site on tha 70-kDa subunit 01 neurolilamants. Early

turnover during axonal transport. J. Biol. Chem. 266 18861-18867.

Sihag, R.K. and Nixon, RA (1990). Phosphorylation 01 the amino-terminal

head domain of the middle molecular mass 145 kDa subunit 01 neurofilaments: evidence

for regulation by second messAnger-dependent protein kinases. J. Biol. Chem. 265,

4166-4171.

Sihag, R.K. and Nixon, RA. (1989). In vivo phosphorylation 01 distinct

domains of the 70-kilodalton neurofilament subunit involves different protein kinases.

J. Biol. Chem. 264, 457·464.

100



• Sihag, R.K., Jeng, A.Y. and Nixon, R.A. (1988). Phosphorylation of

neurofilament proteins by protein kinase C. FEBS Lett. 233, 181-185.

Skene, J.H.P. and Willard, M. (1981). Changes in axonally transported

proteins during axon regeneration in toad retinal ganglion cells. J. Cell Biol. 89, 86­

95.

Skene, J.H.P. and Willard, M. (1981a). Axonally transported proteins

associated with axon growth in rabbit central and peripheral nervous systems. J. Cell

Biol. 89, 96-103.

Stamatoyannopoulos, G. (1991). Human hemoglobin switching. Science

252, 383.

Steinert. P.M. and Liem, R.K.H. (1990). Intermediate filament dynamics.

Cell 60, 521-523.

Steinert, P.M. and Roop, D.R. (1988). Molecular and cellular biology of

intermediate filaments. Annu. Rev. Biochem. 57, 593-625.

Steinert, P.M., Steven, A.C. and Roop, D.R. (1985). The molecular biology of

inte" mediate filaments. Cell 42, 411-419.

Steinert, P.M., Jones, J.C.R. and Goldman, R.D. (1984). Intermediate

filaments. J. Cell 8io! 99, 22s-27s.

Sternberger, L.A. and Sternberger, N.H. (1983). Monoclonal antibodies

distinguish phosphorylated and nl'nphosphorylated forms of neurofilaments in situ.

Proc. Natl. Acad. Sei. USA. 80, 6126·6130.

Stewart, M. (1990). Intermediate filaments: structure, assembly and

molecular intera.:;iions. Curr. Opinion Cell Biol. 2, 91-100.

Stone, C.G. and Wilson, D.L. (1979). Qualitative analysis of proteins rapidly

transported in ventral horn motoneurons and bidirectionally from dorsal root ganglia.

J. Neurobiol. 10, 1-12.

Talbot, D., Collis, P., Antoniou, M., Vidal, M., Grosveld, F. and Greaves, D.R.

(1989). A dominant control region from the human ~'globin locus conferring

integration site-independent gene expression. Nature 338, 352·355.

101



• Tandan, R., Bradley, W.G. (1985). Amyotropohic lateral sclerosis: Part 2.

Ethiopathogenesis. Ann. Neurol. 18, 419-431.

Tashiro, Y. and Komiya, Y. (1991). Changes in organization and axonal

transport of cytoskeletal proteins during regeneration. J. Neurochem. 56, 1557-1563.

Tashiro, T. and Komiya, Y. (1989). Stable and dymanics forms of

cytoskeletal proteins in slow axonal transport. J. Neurosci. 9, 760-768.

Tashiro, T., Kurokawa, M. and Komiya, Y. (1984). Two populations of

axonally transported tubulin dillerentiated by their interactions with neurofilaments. J.

Neurochem. 43, 1220-1225.

Troncoso, J.C., Gilbert, M.R. and Muma, NA (1992). In Handbook of

amyotrophie lateral scierosis. RA Smith, ed. New york: Marcel Dekker Inc. pp. 543­

557.

Troncoso, J.C., March, J.L., Haner, M. and Aebi, U. (1990). Effect of

aluminum and other multivalent cations on neurofilaments in vitro: an electron

microscopie study. J. Structural Biol. 103, 2-12.

Troncoso, J.C., Sternberger, N.H., Sternberger, L.A., Hollman, P.N. and

Priee, D.L. (1986). Immunocytochemical studies of neurofilament antigens in the

neruofibrillary pathology induced by aluminum. Brain Res. 364, 295-300.

Troncoso, J.C., Hollman, P.N., Grillin, J.W., Hess-Koslow, K.M. and Priee,

D.L. (1985). Aluminum intoxication: a disorder of neurofilament transport in motor

neurons. Brain Res. 342, 172·175.

Tyler, H.R. and Shefner, J. (1991). Amyotrophie lateral sclerosis. In

Handbook of clinical neurology, Vol. 15 (59): Diseases of the motor system. J.M.B.V. de

Jang, ed. Elsevier Science Publishers Co., Incorporated. New York. pp. 169-215.

Tytell, M., Garner, J.A. and Lasek, R.J. (1981). Axonal transport: each

major rate component reflects the movement of distinct macromolecular complexes.

Science 214, 179-181.

102



Vale, R.D., Reese, T.S. and Sheetz, P.M. (1985a). Identification of a novel

force-generating protein, kinesin, involved in microtubule-based motility. Cell 42,

39·50.

Vale, R.D., Schnapp, B.J., Mitchison, T., Steuer E., Reese, T.S. and Sheetz,

M.P. (1985b). Different axoplasmic proteins generate movement in opposite directions

along microtubules in vitro. Cell 43, 623·632.

Vallee, R. (1991). Cytoplasmic dynein: advances in microtubules-based

motility. Trends Cell Biol. 1, 25·29.

Valle, R.B. and Blcom, G.S. (1991). Mechanism of fast and slow axonal

transport. Annu. Rev. Neurosci. 14, 59-92.

Vassar, R., Coulombe, PA, Degenstein, L., Albers, K. and Fuchs, E. (1991).

Mutant keratin expression in transgenic mice causes marked abnormalities resembling

human genetic skin disease. Cell 64, 365-380.

Verge, V.M.K.• Tetzlaff, W., Bisby, M.A. and Richardson, P.M. (1990).

Influence of nerve growth factor on neurofilament gene expression in mature primary

sensory neurons. J. Neurosci. 10, 2018-2025.

Vickers, J.C., Morrison, J.H., Friedrich, V.L., Eider, G.A., Perl, D.P., Katz,

R.N. and Lazzarini, R.A. (1994). Age-associated and cell-type-specific neurofibrillary

pathology in transgenic mice expressing the human midsized neurofilament subunit. J.

Neurosci. 14, 5603-5612.

Vikstrom. K.L., Lim, S.-S., Goldman, R.D. and Borisy, G.G. (1992). Steady

state dynamics of intermediate filament nerworks. J. Cell Biol. 118, 121-129.

Watson, D.F., Fillo, K.P., Hoffman, P.N. and Griffin, J.W. (1991).

Phosphorylation-related immunoreactivity and the rate of transport of neurofilaments

in chronic 2,5-hexanedione intoxication. Brain Res. 539, 103-109.

Way, J., Hellmich, M.R., Jaffe, H., Szaro, B., Pant, H.C., Gainer, H. and

Battey, J. (1992). A high-molecular-weight squid neurofilament protein contains a

lamin-Iike rad domain and a tail domain with Lys·Ser-Pro repeats. Pree. Natl. Aca. Sci.

USA. 89, 6963-6967.

103



Weiss, P. and Hiscoe, H.P. (1948). Experiments on the mechanism of nerve

growth. J. Exp. Zool. 107, 315-395.

White. L.A., Eaton, M.J., Castro, M.C., Klose, K.J., Globus, M., Y.-T., Shaw,

G., and Whittemore, S.R. (1994). Distinct regulatory pathways control neurofilament

expression and neurotransmitter synthesis in immortalized serotonergic neurons. J.

Neurosci. 14, 6744-6753.

Wible, B.A., Smith, K.E. and Angelides, K.J. (1989). Resolution and

purification of a neurofilament-specific kinase. Proc. Natl. Acad. Sci. USA. 86, 720­

724.

Willard, M and Simon, C. (1983). Modulations of neurofilament axonal

transport during the development of rabbit retinal ganglion cells. Cell 35, 551-559.

Willard, M., Cowan, W.M. and Valegos, P.R. (1974). The polypeptide

composition of intra-axonally transported proteins: evidence for four transport

velocities. Proc. Natl. Acad. Sci. USA. 71, 2183-2187.

Wong, P.C. and Cleveland, D.W. (1990). Characterization of dominant and

recessive assembly-defective mutations in mouse NF-L, NF-M. J. Cell Biol. 111,

1987-2003.

Xiao, J. and Monteiro, M.J. (1994). Identification and characterization of a

novel (115 kDa) neurofilament-associated kinase. J. Neurosci. 14, 1820-1833.

Xu, Z., Cork, L.C., Griffin, J.W. and Cleveland, D.W. (1993). Increased

expression of neurofilament subunit NF-L produces morphological alterations that

resemble the pathology of human motor neuron disease. Cell 73, 23-33.

Yamasaki, H., Itakura, C. and Mizutani, M. (1991). Hereditary hypotrophic

axonopathy with neurofilament deficiency in a mutant strain of the Japanese quail. Acta

Neuropathol. 82, 427-434.

Zimmerman. L., Lendahl, U., Cunningham, M., McKay, R., Parr, B., Gavin,

B., Mann, J., Vassileva, G. and McMahon. (1994). Independent regulatory elements in

the nestin gene direct transgene expression to neural stem cells or muscle precursors.

Neuron 12, 11-24.

104




