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RESUME

Les neurones, unités fonctionnelles du systéme nerveux, possédent une
morphologie polaire extrémement complexe qui détermine leur fonction. Ces cellules
acquiérent leur polarité en émettant deux types de prolongements cytoplasmiques : les
dendrites et I’axone. Ces deux compartiments se distinguent par des criteres
morphologiques, moléculaires ainsi que par leur composition en organelles. Au niveau
morphologique, les dendrites sont multiples, relativement courts et ont un diamétre qui
diminue par rapport a la distance du corps cellulaire alors que 1’axone est unique,
relativement long et a un diameétre uniforme le long de la majorité de sa trajectoire. De
plus, ’espacement entre les microtubules est plus élevé dans les dendrites que dans
I’axone. Au niveau moléculaire, la distinction la plus importante est la présence de
protéines associées aux microtubules différentes dans les dendrites et ’axone, soit la
MAP2 dans le premier compartiment et tau dans le deuxiéme. Au niveau de la
distribution des organelles, le réticulum endoplasmique rugueux est retrouvé dans les
dendrites et non dans I’axone. Les événements moléculaires précis qui conduisent a
I’acquisition et au maintien de la polarité neuronale sont encore peu connus. D’ailleurs,
cette polarité est sévérement perturbée, voire perdue, dans les maladies
neurodégénératives telles que la sclérose latérale amyotrophique et la maladie
d’Alzheimer. Afin de mieux comprendre au niveau moléculaire les mécanismes qui
conduisent a 1’élaboration et au maintien de la polarité neuronale, nous nous sommes
penchés sur la protéine associée aux microtubules dendritique, la MAP2 puisque : 1)
cette protéine compte parmi les proté€ines les plus abondantes dans les dendrites du
systéme nerveux central mammifére adulte, 2) I’inhibition de 1’expression de la MAP2
dans des cultures primaires de neurones bloque la différentiation neuronale et 3) un
changement dans le niveau d’expression et/ou I’état de phosphorylation de la MAP2
dans le cerveau adulte a été corrélé au remodelage dendritique. Dans le cadre de la
présente étude, nous avons €tudié en premier lieu le réle des domaines fonctionnels de la
MAP2 dans la capacit¢ de la protéine a induire la formation de prolongements

cytoplasmiques dans les cellules Sf9. Nos résultats démontrent que la formation de



prolongements dans ce systéme cellulaire est induite par le domaine de liaison aux
microtubules de la MAP2 et est régulée par son domaine de projection. De plus, la
longueur du domaine de projection ainsi que sa conformation, semblent contrdler
I’espacement entre les microtubules. En deuxiéme lieu, nous avons étudié les altérations
du niveau protéique et de la distribution membranaire des protéines associées aux
microtubules MAP2, tau et MAP1A dans un modéle animal qui récapitule le tableau
neuropathologique de la maladie neurodégénérative, la sclérose latérale amyotrophique.
Nos résultats démontrent une diminution significative du niveau protéique de la MAP2,
tau et de la MAPIA cinq mois avant [’apparition des symptomes cliniques chez des
souris transgéniques qui expriment une forme mutante de la superoxide dismutase I
(SOD1). De plus, une altération de la distribution membranaire de la MAP2 corréle avec
la neurodégénérescence chez ces souris. En dernier lieu, nous avons vérifié si la MAP2
contribue a la polarisation des organelles au cours du développement neuronal. Nous
avons démontré par fractionnement cellulaire et par microscopie électronique dans un
essal de reconstitution in vitro ainsi que dans les cellules Sf9 surexprimant la MAP2c,
que la MAP2 interagit avec le réticulum endoplasmique rugueux et pourrait donc
contribuer a la ségrégation de celui-ci dans les dendrites au cours de la différenciation

neuronale.

Mots-clés : Neurone, polarité neuronale, dendrites, microtubules, MAP2, domaine de
projection, réticulum endoplasmique rugueux, sclérose latérale amyotrophique, tau,

MAPIA.



SUMMARY

Neurons are the functional signalling units of the nervous system. The
morphology of these highly complex polarized cells defines their function. Neurons
become polar by elaborating two types of cytoplasmic processes: dendrites and an axon.
These two compartments can be distinguished at the morphological level: the dendrites
are multiple, relatively short and have a tapering diameter whereas the axon is unique,
can extend many centimetres from the cell body and is uniform in diameter along most
of its length. The spacing between microtubules is also higher in dendrites than in the
axon. Furthermore, these two compartments are distinct at the molecular level: the
microtubule-associated protein MAP2 is found in the dendritic compartment and tau in
the axonal one. Moreover, dendrites and the axon differ in their content with
membranous organelles: the rough endoplasmic reticulum is found in the somato-
dendritic compartment but not in the axonal one. The precise molecular events that
contribute to the elaboration and the maintenance of the neuronal phenotype are still
largely unknown. On the other hand, neuronal polarity was reported to be lost in
neurodegenerative diseases such as amyotrophic lateral sclerosis and Alzheimer’s
disease. To better understand the molecular mechanisms that lead to the establishment
and the maintenance of neuronal polarity, we studied the dendritic microtubule-
associated protein MAP2. This protein is one of the most abundant cytoskeletal proteins
in the dendrites of the adult mammalian central nervous system. Furthermore, no neurite
outgrowth is observed when the expression of MAP?2 is inhibited in primary neuronal
cultures. Moreover, changes in the protein level and/or phosphorylation state of MAP2
were reported to accompany dendritic remodeling in adult rat brain. In the present
project, we first studied the effect of the functional domains of MAP2 on the process
formation activity of this protein in Sf9 cells. Our results show that the formation of
processes in Sf9 cells is induced by the microtubule-binding domain of MAP2 and is
regulated by its projection domain. Furthermore, the length of the projection domain of
MAP?2 as well as its conformation, seem to regulate the spacing between microtubules.

Second, we studied alterations of the protein level and distribution of the microtubule-



associated proteins MAP2, tau and MAP1A in a mouse model of the neurodegenerative
disease, amyotrophic lateral sclerosis. Our results show a significant decrease of the
protein levels of MAP2, tau and MAP1A, five months before onset of clinical symptoms
in mutant superoxide dismutase 1 (SOD1) mice. Furthermore, we report an altered
distribution of MAP2 in these mice that correlates with neurodegeneration. Third, we
verified whether MAP2 contributes to the polarization of membranous organelles during
neuronal differentiation. We showed using subcellular fractionation and electron
microscopy in an in vitro reconstitution assay and in Sf9 cells overexpressing MAP2c
that MAP2 is associated with the rough endoplasmic reticulum and thus, may contribute
to its segregation in the dendritic compartment during the establishment of neuronal

polarity.

Keywords : Neuron, neuronal polarity, dendrites, microtubules, MAP2, projection

domain, rough endoplasmic reticulum, amyotrophic lateral sclerosis, tau, MAP1A.
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INTRODUCTION



‘Following their dominance as the highly visible indicators of neuronal diversity during
the early phase of anatomical analysis, when the Golgi stain reigned supreme, dendrites
seemed almost to vanish from the landscape of neuroscience during the middle decades
of the last century. This was the period when prevailing ideas about brain circuits had
them reduced to ‘neural networks’ in which the cell body ‘nodes’ were connected to one
another by axonal ‘wires’. This imbalance began to be redressed by the work of Wilfrid
Rall using compartmental models of dendritic integration, and the key roles of dendrites
as integrators of neuronal signals and sites of synaptic plasticity have now been
recognized and are being rapidly explored....the fallow period, when many
neuroscientists regarded dendrites as irrelevant to neuronal function, is well and truly

over’.

Matus, A. and Shepherd, G.M. (2000)
The Millenium of the Dendrite? Neuron 27, 431-434.

11 LE NEURONE
1.1.1 Historique

Les cellules nerveuses furent décrites pour la premieére fois vers la fin des années
1800 par Camillo Golgi et Santiago Ramon Y Cajal. Golgi a réussi a colorer les
neurones révelant ainsi leur structure sous microscope. II a pu déterminer que les
neurones avaient des corps cellulaires et deux types majeurs de projections ou de
prolongements: les dendrites qui se ramifient & une extrémité et I’axone tout seul a
’autre extrémité. Par la suite, Rdmon Y Cajal utilisa la technique de Golgi pour marquer

les cellules individuelles démontrant ainsi que le cerveau était formé d’un réseau de



cellules distinctes. Ramon Y Cajal fut le premier a établir la ‘doctrine du neurone’,
émettant le principe que les neurones individuels sont les unités de signalisation
¢lémentaires du systéme nerveux. Dans les années 1920, I’embryologiste américain Ross
Harrison a démontré que les deux types majeurs de projections neuronales, soit les
dendrites et I’axone, émanent du corps cellulaire et que ceci est possible méme lorsqu’un
neurone est isolé des autres neurones en culture. Dans les années suivantes, la
pharmacologie a eu un impact sur notre compréhension du systéme nerveux en
établissant un lien entre les médicaments administrés et la base chimique de
communication entre les neurones. Par la suite, I’émergence de la psychologie du
comportement a vite fait de nous convaincre du lien direct qui existe entre la fonction
neuronale et le comportement d’une personne. Aujourd’hui, on ne peut étre plus
convaincu de ce qu’Hippocrates avait stipulé au cinquiéme siécle (avant J.-C.):
‘I"homme doit savoir que c’est du cerveau et uniquement du cerveau que proviennent
nos plaisirs, nos joies, nos rires et nos plaisanteries ainsi que nos souffrances, nos peines,
nos douleurs et nos pleurs... .

L’importance d’une communication appropriée entre les neurones, en bref d’une
fonction neuronale normale, n’est plus a démontrer. Or, la fonction d’un neurone est
déterminée par sa morphologie. Celle-ci est plutot stable a ’age adulte. Cependant, un
changement de la structure neuronale a déja été rapporté dans certaines régions du
cerveau mature. Ce phénomene, communément appelé plasticité neuronale, a été corrélé
a l’apprentissage et 2 la mémoire. Par contre, la morphologie neuronale est aussi
séverement perturbée dans des conditions pathologiques tel que le retard mental et dans

les premiers stades de la maladie d’Alzheimer et la sclérose latérale amyotrophique.
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Dans ce contexte, il devient impératif de comprendre les mécanismes exacts qui
conduisent a I’élaboration de la structure neuronale au cours du développement et au
maintien de cette structure a 1’Age adulte afin de permettre une communication
appropriée entre les neurones. Dans la présente thése, nous nous sommes concentrés en
particulier sur les dendrites, étant & 1’ére ou les chercheurs ressentent le besoin de mieux
comprendre le fonctionnement de ce compartiment qui avait été négligé pendant trop

longtemps en faveur du compartiment axonal.

Etant donné que le cytosquelette est le déterminant intrinséque majeur de la
morphologie neuronale (Letourneau, 1982), nous introduirons celui-ci dans la section

suivante.

1.1.2 Le cytosquelette neuronal

Le cytosquelette est composé de trois principales structures filamenteuses: les
microtubules, les neurofilaments et les microfilaments d’actine (Hirokawa, 1991). Les
microtubules sont des polyméres tubulaires de 24 nm de diamétre composés de 13
protofilaments. Chaque protofilament est formé par des diméres de a- et P-tubuline
(Hirokawa, 1991). Les microtubules sont considérés polaires puiqu’ils possédent une
extrémité a élongation rapide (I’extrémité plus) et une autre a élongation lente
(Pextrémité moins). Ils sont hautement dynamiques et peuvent subir des transitions
soudaines entre €élongation et rétraction pendant la division cellulaire. Ce phénoméne est
appelé « instabilité dynamique » (Horio and Hotani, 1986; Mitchison and Kirschner,

1988; Janson et al., 2003). Dans les neurones (cellules post-mitotiques), les microtubules



sont moins dynamiques que dans les cellules mitotiques (Hirokawa, 1994). Ceci est
surtout du a la présence de protéines associées aux microtubules structurelles tel que la
MAPI1A, la MAP2 et tau. Ces protéines stabilisent les microtubules en diminuant leur
instabilité dynamique (Drechsel et al., 1992; Takemura et al., 1992; Weisshaar et al.,
1992). Récemment, plusieurs nouvelles MAPs structurelles qui stabilisent les
microtubules furent identifiées tel que la dystonine, la LIS1 et la doublecortine (Yang et
al., 1999; Gleeson, 2000; Lin et al., 2000; Taylor et al., 2000). D’un autre c6té, il est
important de noter qu’il existe une autre catégorie de MAPs structurelles qui sont
connues pour déstabiliser les microtubules. Ces protéines peuvent, soit séquestrer la
tubuline soluble (ex. Stathmine, SCG10), inhiber la nucléation des microtubules (ex.
MINUS) ou les couper (ex. Katanine) (McNally and Vale, 1993; Belmont et al., 1996;
Belmont and Mitchison, 1996; Fanara et al., 1999). Les microtubules ainsi que les
protéines qui leur sont associées jouent un rdle crucial dans la formation des
prolongements neuronaux et 1’établissement de la polarité neuronale au cours du
développement (Mitchison and Kirschner, 1988; Allan et al., 1991; Tanaka and Sabry,
1995; Waterman-Storer and Salmon, 1999). Ils sont également importants pour le
maintien de la structure et la fonction neuronale a 1’age aduite (Mitchison and Kirschner,
1988; Allan et al., 1991; Tanaka and Sabry, 1995; Waterman-Storer and Salmon, 1999).

Les filaments intermédiaires neuronaux ou Jles neurofilaments (NF) sont
composés de trois sous-unités protéiques, la NF-L (60 kDa), la NF-M (100 kDa) et la
NF-H (115 kDa), qui co-polymérisent pour former des filaments de 10nm de diamétre
(Shaw, 1991). Deux autres protéines peuvent faire partie des filaments intermédiaires

neuronaux. Ce sont la a-internexine et la périphérine. Les neurofilaments semblent &tre



26

importants pour le maintien du calibre axonal (Al-Chalabi and Miller, 2003). De plus,
une €tude récente par Chan et collegues a démontré la présence d’une population de
neurofilaments hautement dynamiques dans le cone de croissance axonal. Cette
population semble étre impliquée dans le remodelage local du cytosquelette pendant
I’¢élongation de ’axone (Chan et al., 2003).

Les microfilaments d’actine (actine-F) sont des polyméres polaires de 8nm de
diamétre formés de monomeres d’actine globulaire (actine-G) ainsi que de protéines de
liaison a I’actine (ABPs). Les ABPs sont connues pour moduler la structure et la
fonction de I’actine. Selon une revue récente par Dos Remedios et collégues (dos
Remedios er al., 2003), les ABPs peuvent étre classifiées en sept groupes: 1) les
protéines de liaison a I’actine monomérique qui séquestrent 1’actine globulaire (actine-
G) et I’empéchent de polymériser (ex. thymosine 34, DNase I), 2) les protéines qui
dépolymérisent les microfilaments induisant la conversion de 1’actine filamenteuse
(actine-F) en actine-G (ex. CapZ and cofiline), 3) les protéines qui se lient a I’extrémité
du microfilament empéchant ainsi I’échange de monomeres aux extrémités pointue (ex.
tropomoduline) et barbelée (ex. CapZ), 4) Les protéines de section des microfilaments
qui diminuent la longueur moyenne de ceux-ci en se liant sur les cdtés et les coupant en
deux morceaux (ex. gelsoline), 5) Les protéines qui lient les microfilaments d’actine I’'un
a ’autre; ces protéines doivent contenir au moins deux domaines de liaison a 1’actine ou
bien avoir la capacité de dimériser pour faciliter la formation de faisceaux paralléles, a
angle ou de réseaux tri-dimensionnels d’actine filamenteuse (ex. Arp2/3), 6) Les
protéines stabilisatrices qui se lient sut les cotés des microfilaments d’actine et inhibent

leur dépolymeérisation (ex. tropomyosine) et 7) Les protéines motrices qui voyagent le
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long de I’actine filamenteuse (ex. la famille myosine). Ces derniéres maintiennent la
structure et la fonction des microfilaments (dos Remedios er al, 2003). Les
microfilaments jouent un rdle important entre autres dans la division cellulaire et la
motilité du céne de croissance pendant 1’établissement de la polarité neuronale au cours
du développement (Tanaka and Sabry, 1995; Waterman-Storer and Salmon, 1999). Dans
le neurone mature, I’induction du phénomeéne de potentiation synaptique a long terme
(LTP) est associée a une réorganisation du cytosquelette d’actine présent dans les épines
dendritiques (Krucker et al., 2000; Fukazawa et al., 2003). De plus, 1’inhibition de la
polymeérisation de I’actine dans ce systéme altere le maintien de la LTP (Fukazawa er

al., 2003).

1.1.3 Cytosquelette et polarité neuronale

La différenciation neuronale suit des étapes spécifiques in vitro (Dotti et al.,
1988). En premier lieu, le neurone développe une lamellipode qui se fragmente pour
former des prolongements cytoplasmiques appelés neurites mineures. En deuxiéme lieu,
une de ces neurites s’allonge plus rapidement que les autres et devient I’axone. La
différenciation des autres neurites mineures en dendrites s’ensuit. En dernier lieu, les
contacts synaptiques se forment (Dotti et al., 1988).

On parle de polarité neuronale puisque les dendrites et 1’axone représentent deux
compartiments distincts & plusieurs niveaux. Premiérement, les dendrites et ’axone ont
des fonctions différentes: les dendrites regoivent le signal €lectrique et le relaient vers le
corps cellulaire alors que 1’axone propage le signal a partir du corps cellulaire vers les

autres neurones. Deuxiemement, les dendrites et [axone différent au niveau
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morphologique: les dendrites sont multiples, relativement courts et ont un diamétre qui
décroit par rapport & la distance du corps cellulaire alors que ’axone est unique,
relativement long et a un diamétre uniforme le long de la majorité de sa trajectoire
(Bartlett and Banker, 1984b, a; Dotti et al., 1988; Hillman, 1988). Troisiémement, le
réticulum endoplasmique rugueux (RER) est retrouvé dans le compartiment somato-
dendritique et non dans I’axone et le nombre de ribosomes libres est plus élevé dans les
dendrites que dans l’axone (Bartlett and Banker, 1984b, a; Peters er al, 1991).
Quatriemement, au niveau du cytosquelette, le nombre de microtubules est plus élevé
dans les dendrites que dans I’axone alors que I’inverse est observé pour les
neurofilaments (Bartlett and Banker, 1984b, a; Hirokawa, 1991). De plus, les
microtubules dendritiques ont une orientation mixte alors que les microtubules axonaux
ont une orientation uniforme avec I’extrémité plus qui pointe vers la partie distale de
I’axone (Baas et al., 1988; Burton, 1988). Au niveau biochimique, la distinction la plus
importante est la présence de protéines associées aux microtubules structurelles
différentes (MAPs) dans les dendrites et 1’axone, soit la MAP2 dans le premier
compartiment et tau, dans le deuxiéme (Caceres et al., 1984; Hirokawa, 1991; Ludin and
Matus, 1993). Ces MAPs sont connues pour promouvoir I’assemblement des
microtubules et leur stabilisation dans le cytoplasme (Tucker, 1990; Hirokawa, 1994;
Mandelkow and Mandelkow, 1995; Sanchez et al., 2000a). Cependant, la présence de
MAPs différentes dans les dendrites et I’axone suggere que le role de ces protéines ne se
limite pas a la stabilisation des microtubules.

Dans la présente theése, nous nous sommes concentrés sur la protéine associée

aux microtubules dendritique MAP2 pour les raisons suivantes: 1) MAP2 compte parmi
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les protéines du cytosquelette les plus abondantes dans les dendrites du systéme nerveux
central mammifere adulte (Wiche, 1989), 2) MAP2 est cruciale pour la différenciation
neuronale puisque I’inhibition de son expression dans des cultures primaires de neurones
a I’aide d’oligonucléotides antisens inhibe la formation de neurites mineurs (Dinsmore
and Solomon, 1991; Caceres et al., 1992; Sharma et al., 1994), 3) Nos travaux ainsi que
ceux de plusieurs autres groupes ont démontré que la surexpression de la MAP2 dans
des cellules non-neuronales induit la formation de prolongements cytoplasmiques
similaires aux dendrites (Edson ez al., 1993; Leclerc et al., 1993; Langkopf e al., 1995;
Leclerc et al., 1996; Kalcheva et al., 1998; Boucher et al., 1999; Belanger et al., 2002)
et 4) MAP2 semble étre importante pour le maintien de la morphologie neuronale a 1’4ge
adulte puisque sa suppression et sa dégradation ont été corrélés a la perte des dendrites et
au remodelage de ceux-ci (Sharma et al., 1994; Faddis et al.,, 1997; Sanchez ez al.,

2000a).

1.2 LA PROTEINE ASSOCIEE AUX MICROTUBULES MAP2
1.2.1 Structure primaire

La proteine associée aux microtubules MAP2 fut découverte pour la premiére
fois co-purifiant avec les microtubules cytoplasmiques préparés a partir du cerveau (Ray
et al., 1979; Travis et al., 1980; Bloom et al., 1985). La structure primaire de la MAP2
comprend deux domaines fonctionnels majeurs: le domaine de liaison aux microtubules
et le domaine de projection. Le domaine de liaison aux microtubules qui est hautement
basique, est situé a I’extrémité C-terminale de la protéine (Lewis et al., 1988; Lewis et

al., 1989). Ce domaine contient 3 4 4 séquences répétées imparfaites de 18 a.a. chaque,
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séparées par des séquences de 13-14 a.a. Ces séquences répétées se lient a la tubuline et
diminuent la concentration critique de tubuline nécessaire pour polymériser en
microtubules (Murphy and Borisy, 1975; Sloboda et al., 1975; Lewis et al., 1988; Lewis
et al., 1989). Le domaine de projection de la MAP2, qui est hautement acidique, est situé
a DIextrémité N-terminale de la protéine. Ce domaine projette a la surface des
microtubules et est surtout connu pour déterminer ’espacement entre les microtubules
(Kim et al., 1979; Chen et al., 1992). Entre le domaine de liaison aux microtubules et le
domaine de projection, on retrouve une région riche en prolines. En interagissant avec
les séquences répétées du domaine de liaison aux microtubules, la région riche en
prolines régule la capacité de la MAP2 a se lier aux microtubules et a les assembler

(Sanchez et al., 1996; Felgner et al., 1997; Goode et al., 1997).

1.2.2 Epissage alternatif

Plusieurs isoformes de la MAP2 sont générées par épissage alternatif au cours du
développement a partir d’un seul géne situé sur le chromosome 2 (Neve ef al., 1986;
Shafit-Zagardo and Kalcheva, 1998). Il existe au moins quatre isoformes de la MAP2
qui peuvent étre divisées en deux groupes: 1) les MAP2 de haut poids moléculaires
(HMW MAP2): MAP2a (280 kDa) et MAP2b (270 kDa) et 2) les MAP2 de faible poids
moléculaire (LMW MAP2): MAP2c (70 kDa) et MAP2d (75 kDa) (Figure 1). La
différence majeure entre les HMW MAP2 et les LMW MAP2 est I’insertion d’une
séquence de 1372 a.a. dans le domaine de projection des HMW MAP2 (Lewis et al.,
1988; Kindler et al., 1990). MAP2a differe de MAP2b par la présence d’une séquence

additionnelle de 82 a.a. dans son domaine de projection (Chung et al., 1996). MAP2d
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contient 4 séquences répétées dans son domaine de liaison aux microtubules alors que
MAP2c en a 3 (Ferhat et al.,, 1994). L’expression de MAP2a, MAP2b et MAP2c est
spécifique aux neurones alors que MAP2d peut aussi étre retrouvée dans les cellules
gliales (Doll ef al., 1993b; Ferhat et al., 1994).

L’expression des isoformes de la MAP2 est régulée temporellement au cours du
développement (Tableau 1). L’expression de MAP2b précéde celle de MAP2a. MAP2a
apparait autour du jour postnatal 10 et est surtout proéminente dans le cerveau des rats
agés (Tucker, 1990; Chung et al., 1996). Le niveau d’expression de MAP2c est élevé
pendant le développement neuronal. Par la suite, MAP2c disparait mais demeure
exprimée dans le cerveau mature dans la rétine et le bulbe olfactif ol la neurogénése
persiste tout le long de la vie adulte (Tucker and Matus, 1988; Viereck et al., 1989;
Tucker, 1990). MAP2d est détectée autour du jour postnatal 5 (Doll et al., 1993b; Ferhat
et al., 1994). On retrouve les HMW MAP2 dans le corps cellulaire et les dendrites du
systeme nerveux central mammifere alors que les LMW MAP2 sont retrouvées dans
tous les compartiments neuronaux (Caceres et al., 1984; Caceres et al., 1986; Tucker

and Matus, 1988; Meichsner et al., 1993; Albala et al., 1995; Chung et al., 1996).

1.2.3 MAP2 : un régulateur de la dynamique des microtubules

Plusieurs études ont démontré que MAP2 module le comportement dynamique
des microtubules in vitro et in vivo. MAP2 se lie aux microtubules le long des
protofilaments individuels formant probablement des ponts entre les interfaces de
tubuline (Al-Bassam et al., 2002). Lorsque la MAP2 est liée aux microtubules in vitro,

elle diminue le taux de rétraction rapide des microtubules et augmente le taux
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d’élongation (Hirokawa, 1991). In vivo, nos travaux ainsi que ceux d’autres groupes ont
démontré que I’expression de MAP2 dans des cellules non-neuronales induit la
formation de faisceaux rigides de microtubules (Weisshaar et al., 1992; Leclerc et al.,
1993; Matus, 1994). Les séquences répétées de 18 a.a. du domaine de liaison aux
microtubules, en particulier la troisiéme séquence, ainsi que les régions qui les
entourent, semblent étre importants pour la formation de faisceaux de microtubules
(Takemura et al., 1995; Ludin et al., 1996). La formation de faisceaux de microtubules
pourrait étre: 1) une conséquence de la liaison des microtubules entre eux du a la
dimerisation de MAP2 ou 2) un effet non-spécifique de la MAP2 qui augmente la

rigidité des microtubules (Sanchez et al., 2000a).

1.2.4 MAP2 : une protéine de liaison a I’actine et aux neurofilaments

Plusieurs études ont démontré que la MAP2 est une ABP qui peut lier les
microfilaments d’actine 1’un a I’autre et causer la formation de faisceaux paraliéles ou
angle in vitro et que ces activités dépendent de 1’état de phosphorylation de la MAP2
(Sattilaro et al., 1981; Selden and Pollard, 1983; Sattilaro, 1986; Selden and Pollard,
1986; Yamauchi and Fujisawa, 1988; Cunningham et al., 1997).

Afin de causer la formation de faisceaux d’actine-F, une protéine doit posséder
deux sites de liaison & I’actine ou bien doit avoir la capacité de former des dimeéres
(Puius et al., 1998). Dans le cas de la MAP2, un seul site de liaison & I’actine a déja été
identifié. Ce site correspond a la deuxiéme séquence répétée de 18 a.a. située dans le
domaine de liaison aux microtubules de la MAP2 (Sattilaro, 1986; Correas et al., 1990).

Cependant, nous ne pouvons écarter la possibilité de la présence d’un deuxiéme site de
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liaison & P’actine qui serait localisé dans le domaine de projection de la MAP2. En
accord avec cette hypothese, le domaine de projection de la MAP2 peut causer la
formation de faisceaux paralleles d’actine-F in vitro (Leclerc, N. et Jamney, P.,
communication personnelle). De plus, les domaines de projection de la MAP2b et de la
MAP2c co-localisent avec ’actine périphérique dans les cellules Sf9 (Belanger et al.,
2002). Donc, MAP2 pourrait contenir deux sites de liaison & I’actine-F, un qui serait
situé dans son domaine de liaison aux microtubules et ’autre dans son domaine de
projection, permettant ainsi la liaison d’un microfilament d’actine & un autre. D’un autre
c6té, MAP2 a une tendance prononcée a former des diméres antiparalléles (Wille et al.,
1992c; Wille et al., 1992b). Donc, en dimérisant, MAP2 pourrait également causer la
formation de faisceaux d’actine-F.

In vivo, MAP2 est capable de réorganiser les microfilaments d’actine dans les
cellules Sf9 (Boucher er al., 1999; Belanger et al., 2002). De plus, MAP2c induit la
formation de lamelles riches en actine dans une lignée cellulaire de mélanome qui est
deéficiente en ABP-280, une protéine stabilisatrice de 1’actine-F (Cunningham et al.,
1997). En outre, la phosphorylation de la MAP2c au niveau de trois résidus Sérine, un
dans chaque séquence répétée de 18 a.a., augmente 1’association de la MAP2c avec le
réseau cortical d’actine-F (Ozer and Halpain, 2000).

La MAP2 n’interagit pas seulement avec les microtubules et les microfilaments
d’actine. En effet, MAP2 peut aussi interagir avec la sous-unité 70kDa des
neurofilaments et peut lier les neurofilaments aux microtubules in vitro (Leterrier et al.,

1982; Heimann et al., 1985; Hirokawa et al., 1988). In vivo, MAP?2 fait partie des ponts
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qui lient les neurofilaments aux microtubules dans les dendrites des motoneurones de la
moé€lle épiniére de rat (Hirokawa et al., 1988).

En établissant un lien entre les microtubules, les microfilaments et les
neurofilaments, MAP2 pourrait agir comme un intégrateur du cytosquelette neuronal.
Reécemment, une famille de protéines appelées ‘plakines’ a été identifiée qui peut lier les
composantes du cytosquelette I’'une a I’autre ainsi qu’aux jonctions adhésives associées
a la membrane (Ruhrberg et al., 1997; Green et al., 1999; Karakesisoglou et al., 2000;
Leung et al., 2001; van den Heuvel et al., 2002). Les mutations dans les génes de la
famille des plakines conduisent a des défectuosités de I’intégrité tissulaire et de la
fonction au niveau de la peau, du muscle et du systéme nerveux chez 1’humain et la
souris. Chez la Drosophile, ces mutations conduisent & la perte de 1’adhésion entre le
muscle et les cellules épidermales et 4 des défectuosités au niveau de la croissance
neuronale (Borradori et al., 1998; Mahoney et al., 1998; Green et al., 1999; Leung et al.,
1999a; Karakesisoglou et al., 2000; Olivry et al., 2000; Fujiwara et al., 2001; Leung et
al., 2001; Lee and Kolodziej, 2002). De plus, plusieurs études ont confirmé I’importance
des protéines de liaison du cytosquelette de type ‘plakine’ sur ’organisation et la
fonction du cytosquelette (Andra et al., 1998; Dalpe et al., 1998; Dalpe et al., 1999,
Yang er al, 1999). Que MAP2 soit capable de connecter les trois composantes
cytosquelettiques suggere que cette protéine joue non seulement un rdle structurel dans
le maintien de I’architecture du cytosquelette mais aussi un rdle fonctionnel dans la
stabilisation et la déstabilisation des réseaux auxquels elle se lie. En accord avec ceci,
MAP?2 se promene entre les microfilaments et les microtubules pendant la croissance

axonale dans des cultures primaires de neurones d’hippocampe de rat (Kwei et al.,
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1998). De plus, les changements morphologiques induits par le ganglioside GM1 dans
les cellules de neuroblastome Neuro-2a sont accompagnés par une réorganisation de
I’association de MAP2 avec les microtubules et les microfilaments (Wang et al., 1996a;

Wang et al., 1998; Kozireski-Chuback ez al., 1999; Colella et al., 2000).

1.2.5 Interaction de MAP2 avec des protéines de signalisation

Mise a part son interaction avec les trois composantes du cytosquelette, MAP2
peut également interagir avec des protéines de signalisation. Par exemple, MAP2 peut
interagir avec la sous-unité régulatrice RII de la protéine kinase AMP-cyclique
dépendante (PKA). De plus, MAP2 peut ancrer la PKA au niveau de compartiments
spécifiques dans la cellule (Rubino et al., 1989; Davare et al., 1999). Chez les souris
mutantes nulles pour la MAP2, il y a une réduction du nombre total de PKA dans les
dendrites et le taux d’induction du CREB phosphorylé est réduit suite a la stimulation
par la forskoline (Harada et al., 2002). D’un autre c6té, MAP2b peut se lier directement
a la sous-unité a-1 des canaux calciques de classe C - type L dans les neurones (Davare
et al., 1999). En interagissant simultanément avec la sous-unité régulatrice de la PKA et
avec les canaux calciques de classe C - type L, MAP2b pourrait réguler la fonction
neuronale en permettant la phosphorylation des canaux calciques enrichis aux sites
postsynaptiques (Davare ef al., 1999). MAP2 peut également interagir avec les domaines
SH3 des protéines c-Src et Grb2 in vitro (Lim and Halpain, 2000). Src et Grb2
interagissent surtout avec la MAP2c lorsque celle-ci n’est pas liée aux microtubules

(Lim and Halpain, 2000). En outre, la séquence de 1372 a.a. de la MAP2b contient un
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site de liaison pour la calmoduline, qui est connue pour inhiber la liaison de la MAP2b a
Pactine (Kotani ef al., 1985; Kindler ez al., 1990). MAP2b contient également deux sites
de liaison au phosphatidylinositol (PI): un site de liaison de faible affinité situé a
Iextrémité C-terminale et un site de liaison de haute affinité situé dans la séquence
additionelle de 1372 a.a. dans le domaine de projection de la protéine (Surridge and
Bumns, 1994; Burns and Surridge, 1995). L’association du PI avec la MAP2c inhibe
I’interaction de celle-ci avec la tubuline et donc, module la dynamique des microtubules
(Yamauchi and Purich, 1987). De plus, le PI inhibe I’interaction de MAP2 avec 1’actine
(Yamauchi and Purich, 1993). Finalement, une étude récente a rapporté que MAP2
interagit fortement avec les sous-unités 2A/B des récepteurs N-méthyl-D-aspartate

(NMDA) (Buddle e al., 2003).

1.2.6 Interaction de MAP2 avec la mitochondrie

Plusieurs groupes ont rapporté que la MAP2 pouvait interagir avec la
mitochondrie (Jancsik et al., 1989; Linden er al., 1989a; Jung et al, 1993). Le
mouvement ainsi que la structure de la mitochondrie sont régulés par I’interaction de
celle-ci avec le cytosquelette en particulier avec les microtubules (Linden ez al., 1989b).
L’interaction entre MAP?2 et la surface externe de la mitochondrie de cerveau de rat a été
démontrée in vitro et in situ (Jancsik et al,, 1989; Linden et al, 1989a; Jung et al.,
1993). Lorsque la MAP2 se lie a la mitochondrie, elle induit un changement physique
dans les propriétés de la membrane externe de celle-ci, ce qui conduit a une association

plus ferme de la protéine mitochondriale ‘Porine’ avec la membrane (Linden et al.,
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1989a; Linden et al., 1989b). Bien que les deux domaines fonctionnels de la MAP?2
puissent se lier a la mitochondrie, il semblerait que 1’association se fait surtout par le

domaine de liaison aux microtubules (Jancsik et al., 1989).

1.2.7 La Phosphorylation: un mécanisme de régulation de Ia fonction de

MAP2

La phosphorylation est la modification post-traductionelle la plus importante que
MAP2 subit. MAP2 est le substrat de plusieurs kinases et phosphatases et peut contenir
jusqu’a 46 moles de phosphate par mole de protéine in vivo (Tsuyama et al., 1987,
Sanchez et al., 2000a). Dans la figure 2, nous présentons les sites de phosphorylation
précis qui ont ét€ identifiés jusqu’a présent dans la MAP2. Dans cette section, je ferai un
apercu des principales kinases et phosphatases et leur effet sur la fonction de MAP2.

MAP?2 est riche en résidus Sérine/Thréonine et donc, est un bon substrat pour les
kinases Ser/Thr. Par exemple, la PKA phosphoryle la MAP2 in vitro sur au moins 11
différentes sérines situées dans le domaine de liaison aux microtubules et le domaine de
projection de MAP2 (Goldenring et al., 1985; Yamamoto et al., 1985; Goldenring and
DeLorenzo, 1986). La phosphorylation de MAP2 par la PKA: 1) inhibe ses activités de
liaison et de nucléation des microtubules in vivo et in vitro, 2) inhibe sa capacité a
induire la formation de faisceaux d’actine in vitro et augmente 1’association de MAP2c
avec I’actine périphérique in vivo lorsque celle-ci est phosphorylée au niveau de trois
résidus Sérine, un dans chaque séquence répétée de 18 a.a. (figure 2) et 3) protége la
MAP?2 contre la dégradation par les calpaines (Burns et al., 1984; Yamamoto ez al.,

1985; Yamauchi and Fujisawa, 1988; Johnson and Foley, 1993; Alexa et al., 1996; Itoh
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et al., 1997; Ozer and Halpain, 2000). La protéine kinase calcium-calmoduline
deépendante I (CAMKII) peut aussi phosphoryler la MAP2 ir vitro sur au moins 18 sites
situés dans le domaine de liaison aux microtubules et le domaine de projection de la
MAP2 (Yamauchi and Fujisawa, 1982; Hernandez et al., 1987a; Walaas and Nairn,
1989). La phosphorylation de MAP2 par la CAMKII: 1) inhibe sa capacité & promouvoir
I’assemblement des microtubules in vitro et 2) inhibe sa capacité 4 induire la formation
de faisceaux d’actine in vitro (Yamamoto et al, 1983, Yamamoto et al., 1985;
Yamauchi and Fujisawa, 1988). Finalement, la protéine kinase C (PKC) peut aussi
phosphoryler MAP2 sur au moins 15 différents sites in vitro, dont la plupart sont situés
dans le domaine de projection de la protéine (Akiyama et al., 1986; Hernandez et al.,
1987a; Tsuyama et al., 1987; Walaas and Nairn, 1989; Ainsztein and Purich, 1994). La
phosphorylation de MAP2 par la PKC: 1) inhibe sa capacité a induire la polymérisation
de la tubuline, 2) lorsque trois résidus sérine sont phosphorylés dans le domaine de
liaison aux microtubules, 1’association de MAP2 avec les microtubules est
completement abolie (figure 2), 3) inhibe sa capacité a se lier aux microfilaments et 4)
protege la MAP?2 contre la dégradation par les calpaines (Akiyama et al., 1986; Hoshi er
al., 1988; Ainsztein and Purich, 1994; Alexa et al., 1996).

Les kinases ‘proline-directed’ (PDK) constituent une autre catégorie d’enzymes
qui peuvent phosphoryler MAP2 dans les régions riches en prolines de la protéine. Les
résidus proline peuvent exister en deux conformations: cis et trans. La phosphorylation
d’une protéine au niveau de résidus proline peut donc causer des changements
importants de sa conformation ce qui peut également affecter sa fonction. Les kinases

régulées par les signaux extracellulaires (ERKs) appartiennent a la famille des PDKs et
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peuvent phosphoryler MAP2 in vitro (Cobb et al., 1991; Avruch, 1998). La plupart des
sites de phosphorylation sont situés dans le domaine de projection de MAP2 (Fellous et
al., 1994). La phosphorylation de MAP2 par les ERKs inhibe sa capacité a induire la
polymérisation de la tubuline (Hoshi ez al., 1992). La GSK3p est une autre PDK qui

peut phosphoryler MAP2 au niveau du résidu Ser'*

et de deux résidus thréonines,
Thr'®% et Thr!®%, qui sont situés dans la région riche en prolines (figure 2) (Berling et
al., 1994; Sanchez et al., 1996). La phosphorylation de MAP2 par la GSK3p inhibe ses
capacités a se lier aux microtubules et a les organiser en faisceaux in vivo (Sanchez et
al., 2000b).

Plusieurs autres kinases peuvent aussi phosphoryler MAP2. Par exemple, les

1796 . . .
In vitro et les kinases

kinases associées & Rho phosphorylent MAP2 sur le résidu Ser
régulatrices de I’affinité aux microtubules (MARKS) phosphorylent MAP2 dans son
domaine de liaison aux microtubules (Drewes et al., 1997; Drewes et al., 1998; Amano
et al., 2003). La phosphorylation de MAP2 par les MARKSs la détache des microtubules
(Drewes et al., 1997; Drewes et al., 1998).

MAP?2 est également le substrat de plusieurs phosphatases. Les principales
protéines phosphatases (PP) exprimées dans le cerveau sont: PP1, PP2A, PP2B et PP2C
(Cohen, 1989; Cohen and Cohen, 1989; Cohen et al., 1989; Pei et al., 1994). MAP2 peut
étre déphosphorylée in vitro par les PP1, PP2A et PP2B (Goto et al., 1985; Patterson and

Flavin, 1986; Sanchez et al., 1996). In vivo, 'inhibition de ’activité de la PP2A par

I’acide okadaique inhibe la capacité de MAP2 a se lier aux microtubules (Gong et al.,
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2000a). En demnier lieu, une étude récente par Amano et collégues a démontré que
MAP?2 est un substrat pour les myosines phosphatases (Amano et al., 2003).

Une modification de 1’état de phosphorylation de MAP2 en réponse a des
signaux externes pourrait étre & la base des changements morphologiques qui ont lieu au
cours de la différenciation neuronale et du remodelage dendritique qui a lieu a 1’age
adulte. En accord avec cette hypothése, une augmentation de 1’état de phosphorylation
de MAP2 de haut poids moléculaire correle avec 1’arborisation dendritique dans des
cultures primaires de neurones de I’hippocampe (Diez-Guerra and Avila, 1995). De plus,
une augmentation de 1’état de phosphorylation de MAP2 résulte en un nombre élevé de
branchements neuritiques et une diminution de son état de phosphorylation en un faible
nombre de branchements neuritiques (Audesirk et al, 1997). A I’age adulte, un
changement de 1’état de phosphorylation de MAP2 de haut poids moléculaire
accompagne les changements d’efficacité synaptique qu’on soupgonne étre sous-jacents
au remodelage morphologique (Diaz-Nido ef al., 1993; Quinlan and Halpain, 1996b, a).

Mais comment est-ce qu’un changement de 1’état de phosphorylation de MAP2
peut-il se traduire en changements morphologiques au niveau du neurone? Etant donné
qu’une modification de 1’état de phosphorylation de MAP2 affecte son association avec
les microtubules et les microfilaments d’actine, I’hypothése la plus plausible est que
MAP2 pourrait agir surtout sur la dynamique des microtubules et sur ’organisation des
microfilaments d’actine. Cependant, le fait que la MAP2 puisse aussi interagir avec les
neurofilaments, avec des compartiments membranaires et avec des protéines de
signalisation laisse soupgonner un changement de son interaction avec ces composantes-

la également lorsque la structure neuronale est modifiée.
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Dans cette thése, nous avons tenté de comprendre de quelle maniére MAP2
participe-t-elle a I’établissement de la polarité neuronale au cours du développement et
au maintien de cette structure a 1’age adulte. En premier lieu, nous avons tenté de mieux
définir le réle du domaine de projection de MAP2. Dans le passé, certaines études
avaient suggéré un réle structurel pour ce domaine dans la régulation de 1’espacement
entre les microtubules. Nos résultats confirment ce role et démontrent que ce domaine
régule la capacité de MAP2 4 induire la formation de prolongements cytoplasmiques. En
deuxieme lieu, nous avons ¢tudié les altérations du niveau d’expression protéique et de
la distribution membranaire de la MAP2 chez des souris mutantes SOD1. Ces souris
récapitulent le tableau neuropathologique de la sclérose latérale amyotrophique, une
maladie neurodégénérative dans laquelle on assiste a une perte de la structure et de la
fonction neuronale. Nos résultats démontrent que le niveau d’expression de la MAP2
diminue cinq mois avant I’apparition des symptdmes cliniques chez les souris mutantes
SOD1 et que la distribution membranaire de MAP2 est non seulement altérée mais
correle avec la neurodégénérescence chez ces souris. En dernier lieu, nous avons
démontré que MAP2 interagit avec le réticulum endoplasmique rugueux et peut méme
effectuer un lien entre celui-ci et les microtubules. Nos résultats suggérent donc que la
MAP?2 pourrait contribuer 2 la polarisation des composantes membranaires au cours de

la différenciation neuronale et au maitien de leurs structures a 1’age adulte.
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Tableau 1. Changement du niveau protéique des MAP2 de haut poids moléculaire
(HMW MAP2), soit la MAP2a et la MAP2b et de celles de faible poids moléculaire
(LMW MAP2) dans le cerveau de rat a différents Aages. La technique
d’immunobuvardage fut utilisée. Les chiffres représentent 1’intensité relative des bandes
protéiques mesurée a I’aide d’un densitomeétre de réflectance (adapté de Riederer and
Matus (1985))

PO P5 P10 P15 P20 ad*
MAP2a X X X 0.57 0.89 0.67
MAP2b 1 0.98 1.11 1.07 1.11 0.88
LMW MAP2 0.84 0.71 0.63 0.58 0.15 0.07

P = 4ge postnatal, * ad = adulte
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Figure 1. Plusieurs isoformes de la MAP2 sont générées par épissage alternatif au cours
du développement neuronal. Ces isoformes peuvent étre regroupées en deux catégories:
1) Les MAP2 de haut poids moléculaire (HMW MAP2), soit la MAP2a et la MAP2b et
2) Les MAP2 de faible poids moléculaire (LMW MAP2), soit la MAP2c et la MAP2d.
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Figure 2. Les sites de phosphorylation précis qui ont été identifiés jusqu’a présent au
niveau de la MAP2 sont indiqués en caractere gras (adaptée de Sanchez et al., 2000a).
Les cercles représentent les résidus qui sont phosphorylés par la PKC et les rectangles,

ceux qui sont phosphorylés par la PKA.
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2.1 ABSTRACT

The expression of microtubule-associated protein-2 (MAP2), developmentally
regulated by alternative splicing, coincides with neurite outgrowth. MAP2 proteins
contain a microtubule-binding domain (C-terminal) that promotes microtubule assembly
and a poorly characterized domain, the projection domain (N-terminal), extending at the
surface of microtubules. MAP2b differs from MAP2c by an additional sequence of 1372
amino acids in the projection domain. In this study, we examined the role of the
projection domain in the protrusion of microtubules from cell surface leading to process
formation in Sf9 cells. In this system, MAP2b has a lower capacity to induce process
formation than MAP2c. To investigate the role of the projection domain in this event,
we expressed truncated forms of MAP2b and MAP2c that have partial or complete
deletion of their projection domain in Sf9 cells. Our results indicate that process
formation is induced by the microtubule-binding domain of these MAP2 proteins and is
regulated by their projection domain. Furthermore, the microtubule binding activity of
MAP2b and MAP2c truncated forms as well as the structural properties of the
microtubule bundles induced by them do not seem to be the only determinants that
control the protrusion of microtubules from cell surface in Sf9 cells. Our data rather
suggests that microtubule protrusion and process formation would be regulated by
intramolecular interactions between the projection domain and its microtubule- binding

domain in MAP2b.



50

2.2 INTRODUCTION

Neurons undergo important morphological remodeling during their
differentiation and adaptative events in adult brain. Differentiating neurons become
polar by elaborating two types of neuritic compartments: dendrites and axon. The
cytoskeletal proteins act as intrinsic determinants in the acquisition of the shape of a
neuron during its differentiation. As such, the microtubule-associated proteins are
involved in the elaboration of the neuritic compartments. In particular, the suppression
of the microtubule-associated protein-2 (MAP2) expression in primary neuronal culture
inhibits the formation of neurites (Caceres et al., 1992). Moreover, the inhibition of
MAP2 expression in ECP19 cells which undergo neuronal differentiation in the
presence of retinoic acid inhibits the development of neurites as well as the withdrawal
of these cells from the cell cycle (Dinsmore and Solomon, 1991). In adult neurons,
MAP2 is enriched in dendrites (Ludin and Matus, 1993) and seems to exert a stabilizing
effect on the dendritic morphology since its suppression or degradation was correlated
with dendritic loss or remodeling (Sharma et al., 1994; Faddis et al., 1997). Futhermore,
chahges of MAP2 phosphorylation were observed during neuronal plasticity (Halpain
and Greengard, 1990; Quinlan and Halpain, 1996b).

Diverse MAP2 isoforms generated by alternative splicing contribute to neuronal
differentiation (Tucker, 1990). In the COOH-terminus, these isoforms present a
microtubule-binding domain similar to that found in MAP4 and in the low molecular
weight MAP, tau (Lewis et al., 1988; Lewis et al., 1989). It contains 3 to 4 imperfect

repeats of 18 amino acids (a.a.) responsible for the binding to microtubules. The NH)-
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terminus is called the projection domain since it projects at the surface of microtubules.
There exists at least four isoforms of MAP2: MAP2a, MAP2b, MAP2c and MAP2d.
MAP2a and MAP2b, the high molecular weight isoforms, are the predominant isoforms
found in the neurons of the adult CNS (Chung et al., 1996). They are only expressed in
dendrites. MAP2b is expressed before MAP2a during neuronal differentiation (Tucker,
1990). Recently, new variants of the high molecular weight MAP2 have been identified
that contain additional sequences in the amino- and carboxyl-terminus (Couchie ef al.,
1996; Forleo et al., 1996; Kalcheva et al.,, 1997). MAP2c and MAP2d, the low
molecular weight isoforms of MAP?2 differ by the fact that MAP2d contains 4 repeats in
the carboxyl-terminus for the binding to microtubules whereas MAP2c has three repeats
(Ferhat ef al., 1994b). MAP2c is found in growing dendrites and, in certain populations
of neurons, also in growing axons (Tucker, 1990). Interestingly, it remains expressed in
neurons that have the capacity to regenerate in the adult CNS (Tucker, 1990).

MAP2b and MAP2c are the two best characterized isoforms of MAP2. MAP2c is
a 467 amino acid (a.a.) protein whereas MAP2b is a 1828 a.a. protein that contains an
additional sequence of 1372 a.a. in the amino-terminus whose function is unknown
(Neve et al., 1986; Papandrikopoulou et al., 1989). This additional sequence shifts the
apparent molecular weight of MAP2b from 70 KDa to 280 KDa. The most studied
functions of these isoforms are their ability to promote microtubule assembly and to
stabilize microtubules (Ludin and Matus, 1993). They also induce microtubule bundling
but the spacing between microtubules is less in MAP2c-induced microtubules than in

MAP2b-induced microtubules (Chen et al., 1992; Leclerc et al., 1996). Thus, it has been



concluded that the length of the projection domain of MAP2 is one primary determinant
of the spacing between microtubules.

When overexpressed in cultured non-neuronal cells, MAP2b and MAP2c induce
microtubule protrusion from cell surface thus causing the formation of cytoplasmic
processes (Edson et al., 1993; Leclerc et al., 1993; Langkopf et al., 1995; Leclerc et al.,
1996; Boucher et al., 1999). In some systems, depolymerisation of the actin cortical
network is required to allow microtubule protrusion from cell surface (Edson et al,
1993). In other systems such as Sf9 cells, spontaneous protrusion of microtubules and
process formation occurs upon overexpressing MAP2b or MAP2c (Leclerc er al., 1993,
Leclerc et al., 1996). In this study, we used the baculoviral expression system in Sf9
cells to characterize the role of the projection domain of MAP2 in the protrusion of
microtubules from the cell surface leading to process formation in these cells. In Sf9
cells, MAP2c has a higher capacity than MAP2b to induce process formation(Leclerc et
al., 1993; Leclerc et al., 1996). Thus, it appears that the additional sequence of 1372 a.a.
contained in the projection domain of MAP2b influences the protrusion of microtubules
from the cell surface in these cells. In the present study, we generated truncated forms of
MAP2b and MAP2c that had partial or complete deletion of the projection domain. Our
results indicate that the formation of processes is induced by the microtubule-binding
domain and is regulated by the projection domain of these MAP2 proteins. Furthermore,
our results indicate that the structural properties of the microtubule bundles induced by
MAP2c and MAP2b truncated forms are not the sole factors contributing to microtubule

protrusion from Sf9 cells. The regulatory effects of the projection domain on
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microtubule protrusion would involve intramolecular interactions between this domain

and the microtubule-binding domain.

2.3 MATERIALS AND METHODS
2.3.1 Baculoviral recombinants

All MAP2 constructs contain a 6xHis tag at the NHj-terminus. The engineering
of MAP2-His fusion protein was performed in three steps. First, the full-length MAP2b
cDNA cloned in the baculovirus expression vector pVL1392 was digested with BamHI
and cloned into the sites BamHI and BglII of the vector pBacPAK His2 (Clontech, Palo
Alta, CA, USA) (MAP2b-Bac PAK His2). Second, the non-coding sequence of MAP2b
was deleted to engineer the His fusion protein. This was done by adding by PCR a
BamHI site in 5° of the coding sequence of MAP2b. All PCR products were generated
by using the Pfu enzyme (Stratagene, La Jolla, CA, USA) and were cloned into the blunt
end vector Pstblue (Novagen). The PCR product, cloned in the Pstblue vector,
containing the BamHI site, was digested with BamHI and Xhol and cloned into the
pBacPAK His2 vector (PCR1-BacPAK His2). Third, the PCR1-Bac PAK His2 was
digested with Ncol (this site is comprised in the MAP2b sequence amplified by PCR)
and inserted in the MAP2b-pBacPak His2 that was also digested with Ncol.

Five MAP2b constructs having a deletion of nucleotides 656 to 1921 (MAP2b-
1), 1921 to 3320 (MAP2b-2), 3329 to 4772 (MAP2b-3), 1 to 4772 (Mt) and 4772 to
5881 (Prob) were produced. To delete the nucleotides 656 to 1921 (MAP2b-1), a Scal
site was inserted in 3’ of nucleotide 656 by PCR. A PCR product containing the MAP2b

sequence from nucleotide 378 to 656-Scal (PCR-C1) was cloned into the blunt end
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Pstblue vector. The insertion of PCR-C1 into the MAP2b-BacPAK His2 vector was
done in three steps. First, the sequence from 1 to 5471 of MAP2b-His sequence was
subcloned into the BamHI and Xhol sites of the Bluescript vector (MAP2b_s47,.gs). The
nucleotides from 378 to 1921 of the MAP2b sequence were deleted by digestion of
MAP2b,_s5471.5s With Kasl and Scal. Second, the PCR-C1 cloned into the Pstblue vector
was digested with KasI and Scal and subcloned into the sites KasI and Scal of the
MAP2b, 547185 vector (C1-MAP2b1-5471-BS). Third, the sequence of MAP2b
containing the deletion from 656 to 1921 was cut from the MAP2b_s4;,.gs by digestion
with BamHI and Xhol and re-inserted in the MAP2b-BacPAK His2 vector.

To delete the nucleotides 1921 to 3329 (MAP2b-2), a Xbal site was inserted in
3’ of nucleotide 1921 by PCR. A PCR product containing the MAP2b sequence from
nucleotides 378 to 1921-Xbal (PCR-C2) was cloned into the vector Pstblue. The
insertion of PCR-C2 into MAP2b-BacPAK His2 vector was done in three steps. First the
nucleotides 1 to 3121 of MAP2b-His sequence were subcloned into the Bluescript vector
(MAP2b;_3151-8s)- Second, the PCR-C2 cloned into the PSTblue vector was digested with
Kasl and Xbal and subcloned into the corresponding sites of MAP2b, 35,55 (C2-
MAP2Db,_3121.85)- Third, the sequence of MAP2b containing the deletion from 1921 to
3329 was cut from the C2-MAP2b,_3,5,.55 by digestion with BamHI and Xbal and re-
inserted in the MAP2b-BacPAK His2 vector.

To delete the nucleotides 3329 to 4472 (MAP2b-3), a Xbal site was inserted in 3’
of nucleotide 4472 by PCR. A PCR product containing the MAP2b sequence from

nucleotides 3329 to 4472-Xbal (PCR-C3) was cloned into the blunt end Pstblue vector.
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The insertion of PCR-C3 into MAP2b-BacPAK His2 vector was done in three steps.
First, the nucleotides 3329 to 5513 of MAP2b-His sequence was subcloned into the
Pstblue vector (MAP2b-3359.5513.pp) at the Sphl and Xbal sites. Second, the PCR-C3
cloned into the Pstblue vector was digested with Smal and Xbal and subcloned into the
corresponding sites of MAP2b-3329-5513-Pb (C3- MAP2b-3329.5513.p)- Third, the
sequence of MAP2b containing the deletion from 3329 to 4772 was cut from the C3-
MAP2b-3309.5513.pp Dy digestion with Xbal and Sphl and re-inserted in the MAP2b-
BacPAK His2 vector.

A truncated form of MAP2b corresponding to the microtubule-binding domain
(Mt) was generated by deleting the nucleotides 1 to 4772. To do so, a BamHI site was
inserted at the 4765 nucleotide by PCR. MAP2b-pBacPAK His2 was digested with
BamHI and Sphl. The deleted sequence was replaced by the PCR product digested with
the same restriction enzymes.

A truncated form of MAP2b corresponding to the projection domain of MAP2b
(Prob) was produced by deleting the nucleotides 4772 to 5881. First, a Notl site was
inserted at the 4772 nucleotide of the MAP2b sequence by PCR. MAP2b-pBacPAK
His2 was digested with Notl and Xbal. The deleted sequence was replaced by the PCR
product digested with the same restriction enzymes.

We also engineered a truncated form that corresponds to the projection domain
of MAP2c (Proc) (nucleotides 1 to 444). To do so, the MAP2c sequence was inserted
into the pBacPAK vector. MAP2c was removed from the pCMV vector by digestion

with Notl and inserted into the pBacPAK His2 at the NotI site. The start codon of
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MAP2c and the 5’ untranslated region was removed. To do so, a BamHI was inserted at
the start codon of MAP2c by directed mutagenesis. MAP2c-pBacPAK was digested
with BamHI and Pstl. The deleted part was replaced by the PCR product digested with
the same restriction enzymes. To generate a truncated form of MAP2c corresponding to
its projection domain, a Notl site was inserted by directed mutagenesis at the nucleotide
444 of the MAP2c sequence. MAP2c-pBacPAK His2 was digested with Notl and Ncol.
The deleted sequence was replaced by the PCR product digested with the same
restriction enzymes.

The transfer vector containing the different mutated forms of MAP2b and
MAP2c were co-transfected with the Bsu36/-digested BacPAK6 viral DNA onto the

Spodoptera frugigerpa (Sf9) cells using bacfectin (Clontech, Palo Alta, CA, USA).

2.3.2 Cell culture

The Sf9 cells were obtained from the American Type Culture Collection (ATCC
# CRL 1711; Rockville, MD). S cells were grown in Grace’s medium (Gibco BRL,
Burlington, Ontario, Canada) supplemented with 10% fetal bovine serum (Immunocorp,
Montreal, Quebec, Canada) as a monolayer at 27°C. For infection, cells were plated on

glass coverslips at a density of 1X10° cells/ 60 mm dish. Cells were infected for 24 or 72

hours with viral stock at various multiplicities of infection (m.o.1.).

2.3.3 Immunofluorescence

For immunochemistry, the cells were fixed in 4% paraformaldehyde in

phosphate-buffered saline (PBS) for 20 min. Then the cells were permeabilized with
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0.2% Triton X-100 in PBS for 5 min. The expression of the truncated forms of MAP2b
and MAP2c except MT was revealed by using a monoclonal antibody directed against
MAP2 (clone HM2, dilution 1:200) purchased from Sigma (Mississauga, Ontario,
Canada). The Mt mutant was revealed by the monoclonal antibody 46.1 directed against
the microtubule-binding domain of MAP2 (kindly provided by Dr. V. Lee, University of
Pennsylvania, USA). To visualize the microtubule reorganization, a monoclonal
antibody directed against o-tubulin (Sigma, dilution 1:500) was used. The actin
reorganization was visualized with Rhodamin-phalloidin (Molecular Probe inc. Eugene,
Oregon, USA), at a dilution of 1:200. We used the following secondary antibodies
(Jackson Immunoresearch Laboratories Inc., Bio/Cam, Mississauga, Ontario, Canada):
the anti-mouse Fab fragment conjugated to rhodamine (dilution 1:500) and a donkey
anti-mouse conjugated to FITC (dilution 1:500). All these antibodies were diluted in
PBS plus 5% BSA. Incubation was carried out at room temperature for 1h. After three
washes in PBS, the coverslips were mounted in moviol and visualized by fluorescence

mMicroscopy.

2.3.4 Preparation of microtubules

Microtubules were purified from Sf9 cells as previously described by Vallee
(‘86) with slight modifications (Vallee and Collins, 1986). Briefly, cells were collected
by centrifugation at 1000 rpm for 3 min. The cells were then suspended in the PEM
buffer (0.1 M Pipes-NaOH, pH 6.6, 1 mM EGTA and 1 mM MgSQ,) to which a cocktail
of protease inhibitors has been added right before use. Sf9 cells are then homogenized

using a Dounce homogenizer and centrifuged for 30 min at 18,000 rpm at 2°C. The
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supernatant is recovered and centrifuged at 45,000 rpm for 90 min at 2°C. The
supernatant is collected again. Taxol is added to 20 um and GTP to 1mM. The solution
is warmed to 37°C for 5 min. It is then chilled on ice for 15 min before being transferred
to a centrifuge tube. Ice cold sucrose underlayer solution (to which taxol, 20 pm and
GTP 1mM were added just prior to use) is introduced at the bottom of the tube with a
Pasteur pipette, and the sample is centrifuged at 2°C at 18,000 rpm for 30 min. The
microtubule pellet is then resuspended in ice cold PEM buffer (containing taxol and

GTP) and centrifuged again in the cold.

2.3.5 Extraction of the cytoskeleton

At 48 hours post-infection, S9 cells were washed in PBS and then suspended in
the extraction buffer (Pipes, 80 mM, pH 6.8, 0.05% IGEPAL, 1lmM MgCl,, 5SmM
EGTA) to which protease inhibitors were added prior to use. Extraction was allowed to
proceed for 2 min. Cells are then centrifuged at 1200 rpm for 2 min. The pellet is
resuspended in Pipes, 80 mM, pH 6.8, ImM MgCl,, SmM EGTA. Cells are then lysed
using PBS buffer containing 1% IGEPAL and 0.1% SDS. For drug treatment,
colchicine, 10 pum was added to the cultures 2 hrs prior to extraction. For cold treatment,

cultures were incubated in an ice-bath for 30 min before the extraction is performed.

2.3.6 Immunoblotting and dot blotting

The expression of the truncated forms of MAP2 in the Sf9 cells was confirmed

by western blot. To do so, the transfected cells were centrifugated at 1000 rpm for 3min.
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The pellets were resuspended into PBS containing protease inhibitors (5pg/ml of
antipain, aprotinin and leupeptin, 1 mMEDTA, 100ug/m! PMSF and 7 mM DFP). An
equal volume of sample buffer was added to the cell suspension and then it was boiled
for 5 min. The protein were separated on a 7.5% polyacrylamide gel and transferred on
nitrocellulose membrane. The antibodies used to visualized the proteins were HM2
(Sigma) 46.1(kindly provided by Dr. V. Lee, University of Pennsylvania) or an anti-His
antibody (Santa Cruz, Santa Cruz, CA, USA). The secondary antibodies were
conjugated to HRP (Jackson Immunoresearch Laboratories Inc., Bio/Cam, Mississauga,
Ontario, Canada) and revealed by chemiluminescence (Roche, Laval, Québec, Canada).
For dot blotting, 30ug of total protein extract prepared from infected cells were applied
to a nitrocellulose membrane using a dot blot Manifold apparatus. The membrane was
air dried for 30 minutes and was incubated in the primary antibody against MAP2 for 60
min at room temperature. The membrane was then washed and incubated in the
secondary antibody conjugated to HRP (Jackson Immunoresearch Laboratories Inc.,
Bio/Cam, Mississauga, Ontario, Canada) and revealed by chemiluminescence (Roche,
Laval, Québec, Canada). To quantify the protein level, the autoradiographic dots were
scanned and the digitized data were quantified using the program ImageQuant

(Molecular dynamics).

2.3.7 Co-immunoprecipitation

The cells were washed twice in PBS. Then, they were lysed in RIPA buffer (
50mM Tris, 150mM NaCl, 0.02% sodium azide, 1% Nomnidet P-40, 0.5% sodium

dexycholate and 0.1% SDS) containing protease inhibitors for 30 minutes at 4°C. The
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cell lysates were centrifuged for 10 minutes at 12 000g at 4°C. The primary antibodies
directed against MAP2, AP18 (1:100) or AP20 (1:400), were added to the cell lysates
and incubated for 1 hour at 4°C on a rocking platform. Then, 50 pl of protein A-agarose
was added to the cell lysates and incubated overnight at 4°C on a rocking platform. The
complexes were collected by centrifugation for 20 seconds at 12 000g at 4°C. The
supernatant was carefully removed and the beads were resuspended in 1 ml of RIPA and
incubated for 20 minutes at 4°C on a rocking platform. This step was repeated four
times. Finally, the beads were resuspended in 40ul of loading buffer and boiled for 5
minutes. The protein A-agarose was removed by centrifugation at 12 000g for 20 s at

room temperature. The sample were analyzed by SDS-PAGE.

2.3.8 Electron microscopy

For transmission electron microscopy, Sf9 cells were grown on glass coverslips
at a density of 2.0 x 10° cells / 60 mm dish. Cells were infected for 48 or 72 hours with
viral stock at a multiplicity of infection (m.o.i.) of 5. The cultures were fixed in a
solution containing 2% glutaraldehyde and 2 mg/ml tannic acid for 15 min, rinsed in a
solution of 5% sucrose in 0.1 M cacodylate, postfixed for 10 min with 1% osmium
tetroxide, dehydrated with increasing concentrations of ethanol, and embedded using
EPON resin (Cedarlane laboratories, Hornby, Ontario, Canada). After curing the resin,
cells were sectioned parallel to the long axis of the processes. The spacing between

microtubules was measured using either the NIH Image 1.62 program or the Pro
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AnalySIS program. Measurements were made in the proximal region of the processes.

We performed 50 random measurements per process.

2.3.9 Quantitative morphological analysis

The morphological analysis was performed by two observers. Three sets of
experiments were analyzed. The morphological phenotypes observed with the different
truncated forms of MAP2 were highly reproductible from one set of experiments to
another. To evaluate the number of processes per cell, 150 cells were measured for each
truncated form of MAP2 in each set of experiment. To analyze the process length, 50

cells were used for each truncated form of MAP2 in each set of experiment.

2.3.10 Statistical analysis

The distribution of the percentage of cells with one, two or >more than two
processes was analyzed for each truncated form and full-length MAP2c and MAP2b in
three sets of experiments. To analyze the reproducibility of the data from one set of
experiment to another, a chi-square test followed by the Fisher’s Exact test was
performed. Since the distribution was not statistically different from one experiment to
another, the three experiments were combined for the statistical analysis. The differences
among truncated and full-length MAP2c and MAP2b in the distribution of the number of
processes par cell was analyzed by a chi-square test followed by the Fisher’s Exact test.
The length of process was analyzed by one-way ANOVA followed by the Sheffe test.

For electron microscopy analysis, the statistical significance of the spacing between



62

microtubules was determined using one-way ANOVA followed by Fisher’s PLSD test.

Statistical significance was accepted if p < 0.05.

2.4 RESULTS

2.4.1 The projection domain of MAP2b regulates negatively the capacity of the
microtubule-binding domain to induce process formation in Sf9 cells

Our previous work showed that the expression of MAP2b and MAP2c results in
the formation of cytoplasmic processes in Sf9 cells. These processes seem to be induced
by the protrusion of microtubule bundles from these cells. MAP2b having a significant
lower tendency than MAP2c to induce cell processes indicates that the MAP2b-induced
microtubule bundles are less capable than those of MAP2c to protrude at the cell
surface. Since MAP2b and MAP2c differ by their projection domain, the above
observations suggest that this domain regulates the MAP2-induced protrusion of
microtubule bundles. To examine this possibility, we have produced recombinant
baculovirus that contain either the projection domain of MAP2b (Prob), the projection
domain of MAP2c (Proc) or the microtubule-binding domain (Mt) that is common to
MAP2b and MAP2c (Figure 1A). The expression of these truncated forms was analyzed
by immunoblotting in Sf9 cells. Each mutant was found to migrate at its expected
molecular weight and was immunoreactive to antibodies directed against MAP2
isoforms (Figure 1B). We first examined the ability of each of these constructs to induce
process formation in Sf9 cells. As expected, the expression of the truncated form that

corresponds to the projection domain of MAP2b (Prob) did not induce process
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formation. Similar results were obtained with the truncated form corresponding to
MAP2c projection domain (Proc). In contrast, Mt promoted formation of cell processes.
The pattern of process formation of Mt in Sf9 cells was analyzed according to
two parameters: number of cells with processes and number of processes per cell. At 24
and 72 h post-infection, to evaluate the percentage of cells having processes, the cells
were fixed and stained with the antibody anti-MAP2, HM2 that recognizes MAP2b and
MAP2c and the antibody 46.1 directed against an epitope located in Mt (Kosik et al.,
1988). Then, the percentage of cells positive to HM2 or 46.1 and having cell processes
was determined. 44% of the Mt-expressing cells presented processes compared to 7%
and 80% of MAP2b- and MAP2c-expressing cells respectively (Figure 1A). This
indicates that the projection domain of MAP2b negatively regulates the capacity of the
microtubule-binding domain to induce process formation whereas the projection domain
of MAP2c appears to increase its capacity to initiate process formation. Then, for the
cells expressing Mt and presenting processes, the number of processes per cell was
examined and compared to that of MAP2b and MAP2c. As reported before, MAP2b
induced the formation of one process whereas MAP2c had the tendency to induce the
formation of multiple processes (Figures 2 and 3). Interestingly, in the cells expressing
Mt, the number of processes per cell was significantly different from that of MAP2c-and
MAP2b-expressing cells. Indeed, 39% of Mt-expressing cells had multiple processes
compared to 57% and 9% of MAP2c- and MAP2b-expressing cells (Figure 3). However,
Mt-expressing cells (37%) had a slighty higher tendency than MAP2c-expressing cells
(30%) to develop one process but an important Jower one than MAP2b-expressing cells

(74%). Thus, the projection domain of MAP2c seems to contribute to the production of
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multiple processes by Sf9 cells whereas that of MAP2b impairs it. To eliminate the
possibility that a difference in Mt pattern of process formation compared to that of full-
length MAP2b and MAP2c was imputable to different level of protein expression, their
protein level was analyzed by dot blotting. The antibody, 46.1, which recognized an
epitope located in the C-terminus of MAP2, was used to compare the protein level of
MAP2b, MAP2c and Mt (Kosik et al., 1988). At 72 h post-infection, the expression of
Mt was similar to that of MAP2c and MAP2b (Table 1). This indicates that the molar
expression of Mt was ~2 times higher than that of MAP2c and ~7 times higher than that
of MAP2b at this time of infection. While the molar expression of Mt was higher than
that of MAP2c, it induced a lower percentage of cells with processes and a lower
number of processes per cell than MAP2c. Thus, the protein level does not influence the
pattern of process formation of MAP2 proteins in Sf9 cells as reported before (Leclerc et

al., 1996).

2.4.2 Regions of Prob that regulate the process formation by the microtubule-
binding domain

To identify which region(s) of the 1372 a.a. domain are involved in regulating
the process formation by Mt, we subdivided this sequence into three portions of equal
size corresponding to the region adjacent to the N-terminus common to MAP2c and
MAP2b (MAP2b-1), to the median region (MAP2b-2) and to the region adjacent to the
microtubule-binding domain (MAP2b-3) (Figure 1A). MAP2b-1 1s deleted of the amino
acids 147a.a. to 569a.a., 147 a.a. is the amino acid located at the splicing site of MAP2c.

MAP2b-2 has a deletion from 569 a.a to 1035 a.a.. This deleted sequence includes a
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phylogenic conserved sequence in MAP2b projection domain extending from 650 to 940
(Kindler et al., 1990). MAP2b-3 is deleted from the 1035 to 1519 a.a., 1519
corresponding to the splicing site of MAP2c. These truncated forms were expressed in
S9 cells. Their expression was analyzed by western blotting and each truncated form
migrated at the expected apparent molecular weight on SDS-PAGE (Figure 1B). Their
protein level was evaluated by dot blotting (Table 1). At 24 and 72h post-infection,
MAP2b-3 presented the highest protein level. The protein level of MAP2b-1 was similar
to that of MAP2b whereas that of MAP2b-2 was slightly lower than that of MAP2b at
72 h post-infection.

We performed a quantitative morphological analysis as described above to verify
whether these truncated forms of MAP2b induced different patterns of process formation
in Sf9 cells. As noted for MAP2b, they had the tendency to induce one process per cell
(Figures 2, 3). The percentage of cells with processes induced by MAP2b-3 (21%) was
significantly higher than that of MAP2b- (7%), MAP2b-1 (12%) and MAP2b-2 (11%)
expressing cells (Figure 1A). The percentage of cells with processes induced by
MAP2b-1 and MAP2b-2 was not significantly different from that of MAP2b. Then, for
the cells expressing MAP2b-1, MAP2b-2 and MAP2b-3 and that presented processes,
the number of processes per cell was examined. The number of processes per cell
induced by MAP2b-1, MAP2b-2 and MAP2b-3 was reminiscent to that of MAP2b.
Indeed, ~74% of the MAP2b-expressing cells had one process compared to 75%, 69%
and 71% of the MAP2b-1-, MAP2b-2- and MAP2b-3-expressing cells respectively.
Futhermore, their percentage of cells having two or more than two processes was also

similar to that of MAP2b. Thus, in the present expression system, it seems that the
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deletion of the amino acids 1035 to 1519 deleted in MAP2b-3 had the most important
positive effect on the formation of processes by MAP2b in Sf9 cells. This could be
related to the fact that MAP2b-3 presented the highest protein level at 72h post-
infection. Indeed, there is an increase of the number of cells with processes in parallel to
the increase of MAP2 protein expression in Sf9 cells. However, the protein level of
MAP?2 proteins does not seem to be the sole determinant involved in the production of
processes by these cells. For instance, at 24h post-infection, MAP2b-3 protein level was
10 times lower than that of MAP2b at 72h post-infection but the percentage of cells
presenting processes (~10%) was identical to that of MAP2b at 72h post-infection
(Table 1). This suggests that MAP2b-3 has a higher capacity than MAP2b, MAP2b-1
and MAP2b-2 to initiate process formation. Similarly, Mt and MAP2c protein level does
not seem to influence their capacity to induce process formation. At 24h post-infection,
Mt and MAP2c had a similar percentage of cells with processes (~20%) despite the fact
that the molar expression of Mt is higher than that of MAP2c (Table 1). On the other
hand, at 48h post-infection, 44% of Mt-expressing cells had processes compared to 80%
of MAP2c. These results indicate that Mt is less efficient than MAP2c¢ to induce process

outgrowth in parallel to the increase of its protein level.

2.4.3 Process length induced by MAP2 truncated forms

The process length was analyzed for each truncated form of MAP2b and MAP2c
(Figure 4). We first compare the process length of cell bearing one process. MAP2c-
expressing cells presented the longest process (72.7+2.2pm) followed by MAP2b-3

(62.4+2.5um), MAP2b-1 (52.4+1.9um), Mt (47.9+2.0um), MAP2b-2 (41.9+1.6pm) and
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MAP2b (35.8+1.4um). These differences of process length were statistically significant
except for Mt and MAP2b-1. Thus, a partial deletion in the 1372 a.a. domain had a
positive effect on process length whereas a deletion of Proc had a negative one.
However, the process length of MAP2b-1, MAP2b-2 and MAP2b-3 seems to correlate
with their level of protein expression as presented in Table 1. Indeed, MAP2b-2 has the
lowest protein expression and the shortest processes whereas MAP2b-3 has the highest
protein expression and the longest processes. However, the level of protein expression
does not seem to be the only parameter that determines process length since MAP2b-2
that has lower expression of MAP2b has slightly longer processes than MAP2b.
Moreover, the process length induced by Mt whose level of expression is a lot higher
than that of MAP2b-1 and MAP2b-2 is similar or slightly longer than the process length
of these MAP2b constructs. From the above observations, it appears that the additional
domain of 1372 a.a. in the projection domain of MAP2b is not only involved in
determining the number of processes per cell but also exerts an effect on process length.
Finally, we examined the process length of cells bearing multiple processes.
Since MAP2c and Mt induced the highest percentage of cells with multiple processes,
the process length was only analyzed for these two constructs. The process length of
MAP2c- and Mt-expressing cells bearing multiple processes was 31.5+1.4pum and
29.6+1.4um respectively. These length were not statistically different but were
significantly shorter than the process length of MAP2c- and Mt-expressing cells having

one process.
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2.4.4 Distribution of the microtubules and actin microfilaments in Sf9 cells
expressing MAP2c and MAP2b truncated forms

According to our previous work in Sf9 cells, microtubule formation is required to
get process outgrowth in Sf9 cells. Thus, we examined the distribution of microtubules
in cells expressing the full-length and the truncated forms of MAP2b and MAP2c. As
shown previously, in MAP2c-expressing cells having multiple processes, thin
microtubule bundles radiate tangentially from the cell surface to form processes
(Boucher et al., 1999). In MAP2b-expressing cells developing one process, a thick
bundle of microtubules originating in the cell body extends into the process. In MAP2b-
expressing cells without processes, microtubules are organized in a thick bundle that
forms a ring under the plasma membrane (Figure 5).

We analyzed the distribution of microtubules in cells expressing the different
truncated forms of MAP2b and MAP2c¢ using confocal microscopy (Figure 5). In cells
expressing Mt and having one process, several thin bundles of microtubules are found in
the cell body that form a thick bundle at the hillock region of the process and extends
into the process. In cells having multiple processes, the distribution of the microtubules
is reminiscent of that found in MAP2c-expressing cells presenting multiple processes. In
MAP2b-1, MAP2b-2 and MAP2b-3-expressing cells, a thick bundle of microtubules
was found in the cell body that extended in a process at one pole of the cell body as
previously described for MAP2b (Leclerc et al., 1996). In cells expressing either of
these MAP2b truncated forms that did not have processes, microtubules formed a ring
under the plasma membrane as reported for full-length MAP2b (Boucher et al., 1999).

From these observations, it appears that the projection domain is not necessary to induce
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microtubule bundling since the construct Mt promoted microtubule bundling. However,
the 1372 a.a. domain in MAP2b projection domain seems to favor the formation of a
thick bundle of microtubules rather than the formation of multiple thin bundles.
Furthermore, the packing density of microtubules does not seem to influence their
capacity to protrude from cell surface. For instance, Mt can induce the formation of one
thick bundle of microtubules (see figure 5) or of multiple thin bundles. The thick
bundles seem to have a similar capacity to protrude from cell surface than the thin ones.
Indeed, an equal number of Mt-expressing cells develop multiple processes (37%) and
one process (39%).

In cells expressing Prob, there was no formation of microtubules (Figure 9).
Interestingly, Prob expression was concentrated in the cell periphery. In these cells, F-
actin formed a ring under the plasma membrane and seemed to co-localize with Prob
(Figure 6). Proc expression had also the tendency to be concentrated in the cell periphery
and to co-localize with F-actin (Figure 6). F-actin nuclear staining was often noted in
cells infected with any truncated form of MAP2b and MAP2c as noted in wild-type
baculovirus infection (Charlton and Volkman, 1991). Finally, in Sf9 cells expressing
either full-length or truncated forms of MAP2b and MAP2c and presenting processes, F-

actin was found in the cell body and in the processes (Figure 5).

2.4.5 Bundling of microtubules in Sf9 cells expressing MAP2¢c and MAP2b
truncated forms

As revealed by light microscopy, MAP2c and Mt have a higher tendency to

induce multiple thin microtubule bundles than MAP2b, MAP2b-1, MAP2b-2 and
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MAP2b-3. This suggests that the 1372 a.a. domain favors the formation of a unique
thick bundle of microtubules. To better understand its role in microtubule bundling, we
examined the effect of partial or complete deletion of this domain on the spacing
between microtubules along the processes in Sf9 cells. This was examined in cells
expressing either MAP2b-1, MAP2b-2, MAP2b-3 and Mt as well as full length MAP2b
and MAP2c 72 hrs following the infection. Longitudinal sections were used (figure 7).
We measured wall to wall spacing between neighboring microtubules at 50 randomly
selected locations in the proximal region of the process. The results are shown in table 2.
Because of the very low capacity of MAP2b to induce process formation in Sf9 cells,
measurements were made in the cell bodies of the round infected cells expressing
MAP2b. In these cells, microtubules form a ring under the plasma membrane (figure 7).
To confirm that the spacing between microtubules is not different between the cell body
of the round infected cells and the processes, we performed measurements in the cell
bodies of the round cells expressing MAP2b-2 or MAP2b-3. The microtubules are also
organized as bundles under the plasma membrane in these cells (figure 7). There was no
statistically significant difference between the cell bodies and the processes for MAP2b-
2 and MAP2b-3 expressing cells. Thus, the measurements in these two compartments
were combined for those constructs (table 2). However, differences were observed in the
case of MAP2c expressing cells where the average spacing between microtubules was
13.05 + 0.23 nm in the cell bodies compared to 16.40 + 0.51 nm in the processes.

The average spacing between microtubules in MAP2b and MAP2c induced
bundles was 53 + 1.90 and 16.40 + 0.51 nm respectively. These values confirm previous

findings (Chen et al., 1992; Leclerc et al., 1996). As for MAP2b-1, MAP2b-2 and
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MAP2b-3, the average spacing between microtubules is 33.40 + 1.11, 39.70 £+ 1.10 and
41.00 +1.00 nm respectively. Thus, the spacing between microtubules is significantly
different between MAP2b-1 and MAP2b-2 and between MAP2b-1 and MAP2b-3. These
results indicate that equal size deletions in the 1372 aa domain of MAP2b give different
microtubule spacing. Moreover, MAP2b-1, which deleted sequence was slightly shorter
than that of MAP2b-2 and MAP2b-3, gave a narrower microtubule spacing than these
constructs. This suggests that the length of the projection domain of MAP2, although
important, is not the sole determinant of the spacing between microtubules. As for Mt
induced processes, the microtubules were so tightly packed that it was impossible to
make measurements (figure 7).

To verify whether the expression level of the protein affects the spacing between
microtubules, measurements were made 48 hrs following the infection and no
differences were observed (data not shown).

The above observations suggest that the structural properties of microtubule
bundling are not the sole parameters that regulate microtubule protrusion from Sf9 cells.
Indeed, MAP2b-1, which gives rise to a narrower spacing than MAP2b, MAP2b-2 and
MAP2b-3, does not present higher microtubule protrusion than these proteins.
Furthermore, MAP2b-3 induces a microtubule spacing similar to that of MAP2b-2 but

has a higher capacity to promote microtubule protrusion than MAP2b-2.

2.4.6 Microtubule binding properties of MAP2c and MAP2b truncated forms

The microtubule binding affinity of MAP2b and MAP2c¢ truncated forms was

evaluated by quantifying the amount of each truncated form in a preparation of



microtubules by dot-blot. The microtubules were prepared according to the protocol
developed by Vallee (‘86). As illustrated in Figure 8, similar amounts of tubulin were
found in the microtubule preparations from Sf9 cells expressing either the truncated
forms of MAP2 or full-length MAP2b and MAP2c. The amount of MAP2b, MAP2¢ and
MAP2 truncated forms in the microtubule preparation is presented as a percentage of the
total amount of protein in 4X10° S cells. All the deletion in the 1372 a.a. domain had a
positive effect on the microtubule binding affinity of MAP2b (Figure 8). 5% of MAP2b
was found in the microtubule preparation whereas 9%, 50% and 40% of MAP2b-1,
MAP2b-2 and MAP2b-3 was bound to microtubules respectively. Interestingly, MAP2b-
2 which has the lowest protein level presented the highest microtubule binding affinity.
Moreover, the microtubule binding affinity does not seem to influence the capacity of
microtubules to protrude from Sf9 cells since MAP2b-2 induced a lower percentage of
cells with microtubule protrusion than MAP2b-3. Moreover, MAP2c and Mt which
showed a significantly higher percentage of cells with microtubule protrusion than
MAP2b-2 and MAP2b-3, presented an equal or lower percentage of protein bound to
microtubules than these MAP2b truncated forms. Indeed, 34% and 39% of MAP2c and
Mt was bound to microtubules compared to 50% and 40% for MAP2b-2 and MAP2b-3.
The amount of polymerized tubulin induced by the expression of MAP2c and
MAP2b truncated forms was also evaluated by extracting the cytoskeleton 48 hrs
following the infection as described in methods. Similar amounts of tubulin were found
in the extracted cytoskeletal pellets indicating that differences in the binding affinities of
MAP2c and MAP2b truncated forms to microtubules did not affect the amount of

polymerized tubulin. Thus, the amount of polymerized tubulin is not a limiting factor in
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microtubule protrusion from cell surface in S9 cells. For instance, MAP2b-3, which has
a higher protrusion activity than MAP2b, MAP2b-1 and MAP2b-2, induces a similar
amount of polymerized tubulin than these proteins. Furthermore, we examined the effect
of cold treatment (30 min) on the stability of the polymerized microtubules in the cells
expressing MAP2c and MAP2b truncated forms. The amounts of tubulin remaining in
the extracted cytoskeletal pellet following cold treatment compared to control levels are
the following: MAP2b, 30%, MAP2c, 30%, MAP2b-1, 35%, MAP2b-2, 28%, MAP2b-
3, 25% and Mt, 26%. These results indicate that cold treatment destabilized the
microtubule polymers induced by MAP2c and MAP2b truncated forms as well as by full
length MAP2b and MAP2c to the same extent. Finally, we examined the effect of
treatment with the microtubule depolymerizing agent colchicine (2 hrs) on the stability
of the microtubule polymers induced by MAP2¢c and MAP2b truncated forms. The
amounts of tubulin remaining in the extracted cytoskeletal pellet following treatment
with colchicine compared to control levels are the following: MAP2b, 34%, MAP2c,
12%, MAP2b-1, 17%, MAP2b-2, 33%, MAP2b-3, 28% and Mt, 25%. Thus, treatment
with colchicine destabilized the microtubule polymers induced by MAP2c and MAP2b
truncated forms as well as by full length MAP2¢ and MAP2b to different extents. After
2 hrs of treatment with colchicine, the amount of polymerized tubulin in the extracted
cytoskeletal pellet was higher for MAP2b than for MAP2c indicating that MAP2b might
confer more resistance to drug treatment. Furthermore, partial deletion in the 1372 aa
domain of MAP2b seems to render microtubule polymers less resistant to drug
treatment. This is particularly evident for MAP2b-1. Therefore, the 1372 aa domain

might play a role in conferring drug resistance to polymerized microtubules. Moreover,
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MAP2c seems to induce the formation of microtubule polymers more sensitive to
colchicine treatment than Mt. This indicates that the projection domain of MAP2c
confers drug sensitivity to polymerized microtubules. Thus, the microtubule resistance
to colchicine seems to be mainly induced by Mt but Proc decreases it whereas the 1372
aa domain enhances it.

As reported above for the structural properties of microtubules, one can conclude
from the present observations that the microtubule binding affinity and the polymerizing
activity of MAP2c and MAP2b truncated forms are not the only factors that control

microtubule protrusion and process formation in Sf9 cells.

2.4.7 Interactions between the projection domain and the microtubule-binding
domain in ST9 cells

To explore the mechanism by which Prob regulates microtubule protrusion and
process formation in Sf9 cells, we first verified whether Prob has to be attached to Mt to
impair the protrusion of microtubule bundles. Thus, Sf9 cells were co-infected with Prob
and Mt recombinant baculovirus. A quantitative morphological analysis was performed
as described in the previous section. To identify the cells that co-expressed Prob and Mt,
the cells were double stained with a polyclonal anti-MAP2 antibody (kindly provided by
Dr. Richard Vallee, University of Massachusetts Medical School, Worcester,
Massachusetts, USA) that recognizes an epitope contained in the projection domain of
MAP2b and the antibody 46.1 that recognizes an epitope found in Mt as described
above. For the quantitative morphological analysis, only the cells presenting a high

protein level of Prob and Mt were selected (Figure 9). The percentage of Prob/Mt co-
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infected cells presenting processes was significantly lower (30%) than that of Mt-
infected cells (44%) (Figure 10). Moreover, the number of processes per cell was
significantly lower in Prob/Mt-expressing cells than in Mt-expressing cells (Figure 10).
In Mt-infected cells, 37% and 39% of the cells had one and multiple processes
respectively compared to 51% and 28% of co-infected cells. From this set of
experiments, it appears that Prob does not have to be attached to Mt to impair its
capacity to induce process formation in Sf9 cells. Interestingly, co-expression of Proc
with Mt did not result in the pattern of process formation of full-length MAP2c but
rather gave rise to a pattern resembling that of Mt. 38% of the cells co-expressing Proc
and Mt had processes compared to 44% of Mt-expressing cells (Figure 10).

The co-infection experiments demonstrated that the projection domain of
MAP2b impairs process formation activity of Mt. This could be done by intramolecular
interactions between these two domains which would result in masking functional
domain(s) involved in process formation. Another possibility is that Prob could compete
with Mt for a common element that when bound to Mt, allows microtubule protrusion
and process formation and when bound to Prob, blocks them. However, previous studies
on MAP2 structure have suggested that MAP2b could adopt different conformations
including the formation of hairpin structures (Wille et al., 1992c; Wille et al., 1992b).
This indicates that Prob and Mt would interact to give rise to such conformation.
Moreover, these electron microscopic studies demonstrated that MAP2b can form anti-
parallel dimers reinforcing the possibility that Prob and Mt can interact. To verify this
possibility, we performed a co-immunoprecipitation experiment (Figure 11). We used

the anti-MAP2 antibody, AP20, that recognizes an epitope located in the additional
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sequence of 1372 a.a. in MAP2b projection domain, or the antibody HM2 to
immunoprecipitate Prob. The membrane was revealed with AP20 or HM2 to show that
Prob was immunoprecipitated. Then, the same membrane was probed with the antibody,
46.1 that recognizes the microtubule-binding domain of MAP2 isoforms to reveal the
presence of Mt. As shown in Figure 11, a band corresponding to the apparent molecular
weight of Mt co-immunoprecipitated with Prob (lanes 2 and 3). A similar band having a
higher intensity was found when Mt was immunoprecipitated with the antibody 46.1 in
cells only expressing Mt (lane 4). On the other hand, this band was not detected when
Prob was immunoprecipitated from cells only expressing Prob (lanes 6 and 7). These
results indicate that Prob interacts with Mt in Sf9 cells. We also verified whether Proc
interacts with Mt in Sf9 cells. In the present conditions, no interaction was detected
between Proc and Mt.

From the present study, one can conclude that the additional domain of 1372 a.a.
in Prob increases the spacing between microtubules and favors the formation of a single
thick bundle of microtubules. Most notably, it also regulates the capacity of this

microtubule bundle to protrude from cells. This could be through its interaction with Mt.

2.5 DISCUSSION

Even though the expression of MAP2b and MAP2c has been correlated with the
differentiation of neurites (Ludin and Matus, 1993; Mandell and Banker, 1996), their
respective roles remain elusive. These MAP2 isoforms share a common microtubule-
binding domain but in the projection domain, MAP2b has an additional sequence of

1372 a.a. (Papandrikopoulou ef al., 1989). In the present study, we showed that a partial
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or complete deletion of the projection domain of MAP2b has a strong positive effect on
process formation whereas a deletion of the projection domain of MAP2c¢ impairs
process formation in Sf9 cells. Indeed, 44% of the cells expressing the microtubule-
binding domain common to MAP2c and MAP2b developed processes compared to 7%
and 80% of MAP2b- and MAP2c-expressing cells respectively. Moreover, the 1372 a.a.
domain decreases the binding affinity of MAP2b to microtubules. This domain also is
involved in determining the spacing between microtubules. Most importantly, regions of
this domain seem to contribute differently to microtubule spacing. Indeed, our results
show that the spacing between microtubules is diminished but is not proportional to the
length of the deleted region in the 1372 a.a. domain. Other than determining the
structural properties of microtubule bundles, the 1372 a.a. domain also seems to regulate
the capacity of these bundles to protrude from Sf9 cells. Our data indicate that this
regulatory effect could be mediated by intramolecular interactions between the

projection domain and the microtubule-binding domain in MAP2b.

2.5.1 The microtubule-binding domain and the adjacent proline-rich region of
MAP2 proteins contain the domains involved in microtubule protrusion and
process formation in Sf9 cells

Our present results show that the expression of the construct Mt, which contains
the microtubule-binding domain and the adjacent proline-rich region, promotes
microtubule bundling, microtubule protrusion and process formation in Sf9 cells.
Indeed, it was previously shown that the proline-rich region and the microtubule-binding

domain were sufficient to induce microtubule bundling in non-neuronal cells (Umeyama
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et al., 1993; Ferralli et al., 1994). The microtubule-binding domain contains the three
repeated sequences of 18 a.a. responsible for microtubule assembly that share sequence
homology with MAP4 and tau (Lewis et al., 1988). Futhermore, MAP2, MAP4 and tau
also present sequence homology in the proline-rich region adjacent to the microtubule-

binding domain (Chapin and Bulinski, 1991; West et al., 1991; Ferralli et al., 1994). The
homology is found in the 25-30 a.a. adjacent to the first repeat. Two residues, Lys215

and Arg22l) are highly conserved. These amino acids are known to enhance the
microtubule binding activity of the microtubule-binding domain of tau (Goode et al.,
1997). The sequence homology indicates that this function is conserved between MAP2,
MAP4 and tau. Futhermore, previous studies demonstrated that the proline-rich region
adjacent to the microtubule-binding domain in tau interacts with the src-family of non-
receptor tyrosine kinases such as fyn through the SH3 domains of these kinases (Lee et
al., 1998). Interestingly, the binding of tau to fyn alters cell morphology which is
associated with a reorganization of the microtubules. A similar binding sequence to SH3
domains is found in MAP2 isoforms from 286 a.a. to 294 a.a.. However, this region does
not seem to be involved in the binding of the SH3 domains of Src and Grb2 to MAP2c
(Lim and Halpain, 2000). This interaction is rather mediated by the region from 300 a.a.
to 400 a.a. located in the microtubule-binding domain. Moreover, Src and Grb2 interact
preferentially with non-microtubule-associated MAP2c¢ (Lim and Halpain, 2000).
Nonetheless, these data indicate that, as noted for tau, the proline-rich region in MAP2
proteins could influence the microtubule bundling and protrusion from cells by its

binding to signaling proteins.
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2.5.2 Effects of the additional domain of 1372 a.a in the projection domain of
MAP2b on microtubule protrusion and process formation in Sf9 cells

Here, we show that a partial or complete deletion of the 1372 a.a. domain has a
strong positive effect on microtubule protrusion and process formation in Sf9 cells.
However, Proc, the projection domain of MAP2c seems to enhance these events since
MAP2c presents the highest percentage of cells with processes. This enhancing effect of
Proc on MAP2c ability to induce process formation was also reported in human
hepatoma cell line PLC (Ferralli et al., 1994). Previous studies have suggested that the
capacity of MAP2c constructs to support process formation was related to their strength
of binding to microtubules(Ferralli et al., 1994). However, in Sf9 cells, this correlation
does not seem to exist. Indeed, Mt has a slightly higher binding affinity than MAP2c but
presents a lower capacity to induce process formation in Sf9 cells. This difference might
be explained by the fact that in previous studies, cortical actiﬁ had to be depolymerized
by cytochalasin D to induce process formation whereas in Sf9 cells, process formation
occurs spontaneously (Leclerc ef al., 1993; Ferralli et al., 1994; Leclerc et al., 1996).
Therefore, in Sf9 cells, microtubule protrusion and process formation might require
additional cellular elements that influence MAP2 protein activity. Moreover, Proc seems
to decrease microubule stability as revealed by the lower percentage of microtubules
resistant to colchicine treatment in MAP2c-expressing cells compared to Mt-expressing
cells. Our results correlate with previous studies which showed that MAP2¢ does not
confer to microtubules resistance to colchicine (Olmsted et al., 1989; Caceres et al.,

1992; Takemura et al., 1995). However, some studies reported that MAP2c can induce
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drug resistance to microtubules (Takemura et al., 1992; Ferhat et al., 1996). These
studies used immunocytochemistry to evaluate the amount of polymerized tubulin
whereas in our study, we used a biochemical approach. Furthermore, a different cellular
system was used in these studies. These experimental differences might explain the
discrepancy between the results. In neurons, the suppression of MAP2 protein
expression blocks the induction of labile or tyrosinated microtubules but does not affect
the population of stable or acetylated microtubules resistant to colchicine (Caceres et al.,
1992). Moreover, it was shown that in the presence of MAP2c, microtubules display
dynamic instability (Kaech et al, 1996). The high capacity of MAP2c to induce
microtubule protrusion and process formation might be due to the induction of labile
microtubules which are mainly located in the growth region in neurons.

Our present results indicate that the additional domain of 1372 a.a. in MAP2b
projection domain decreases the positive effects of Proc on process formation in Sf9
cells. This could be explained by the fact that it significantly decreases the microtubule
binding affinity of MAP2b. However, MAP2b-2 and MAP2b-3 which have a higher or
similar binding affinity to microtubules than MAP2c, present a lower percentage of cells
with processes than MAP2c. Thus, the microtubule binding activity does not seem to be
sole factor involved in process formation by MAP2b in S9 cells. Interestingly, the 1372
a.a. domain seems to favor the formation of a unique thick bundle of microtubules
resulting in the formation of a unique process whereas MAP2c induces the formation of
mutliple thin bundles that give rise to the formation of multiple processes. The induction
of multiple thin bundles of microtubules was reported in other non-neuronal cell lines

(Ferhat et al., 1996). In cells expressing full-length or MAP2b truncated forms that do
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not have processes, the thick bundle of microtubules forms a ring under the plasma
membrane. Since microtubules have to penetrate in the actin network to protrude from
cell surface, the thickness of the microtubule bundles might be a limiting factor (Tanaka
and Sabry, 1995). However, this does not seem to be the case in Sf9 cells since MAP2b-
3 which induces a thick bundle of microtubules has a three times higher capacity than
MAP2b to induce process formation. Futhermore, the 1372 a.a. domain seems to
enhance the resistance of microtubules to colchicine, resistance which is mainly induced
by Mt expression. This could contribute to lower microtubule dynamics and thereby
their capacity to protrude from cells. The distinct organization of microtubule bundles by
MAP2c and MAP2b might reflect their distinct role in the elaboration of the dendritic
arborization. MAP2c, which leads to the formation of thin and labile microtubule
bundles that could easily penetrate the actin network of the growth cone, would be
invc.>1ved in the initial stage of dendritic outgrowth (Tanaka and Sabry, 1995). On the
other hand, MAP2b would be involved in the production of thicker bundles to increase
the diameter of dendrites and to stabilize microtubules to consolidate the newly formed

dendritic branches (Hillman, 1988).

2.5.3 Mechanisms regulating the effects of the additional domain of 1372 a.a in
the projection domain of MAP2b on microtubule protrusion in Sf9 cells

Microtubule protrusion and process formation induced by MAP2 proteins depend
on actin cytoskeleton as previously shown (Edson et al., 1993; Boucher et al., 1999).
Thus, the distinct effect of MAP2b and MAP2c on microtubule protrusion might be

related to their distinct effect on actin cytoskeleton. Indeed, MAP2b and MAP2c
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organize differentially F-actin in vitro. MAP2c is able to induce the formation of an
isotropic gel of F-actin whereas MAP2b induces the formation of F-actin bundles
(Cunningham et al., 1997). To bundle or cross-link F-actin, a protein has to contain two
actin binding domains or to have the capacity to dimerize (Puius e al., 1998). In either
case, the 1372 a.a. domain by allowing different conformational states to MAP2b might
modify the structural relation between the actin-binding domains and thereby the
organization of F-actin by MAP2b. An actin-binding domain was identified in one of the
repeat of the microtubule-binding domain (Correas et al., 1990). Futhermore, as revealed
in the present study, Proc and Prob co-localize with F-actin in Sf9 cells indicating that a
binding site to F-actin could be located in the region common to MAP2¢c and MAP2b.
This needs to be confirmed by in vitro studies. Finally, since simultaneous changes in
microtubule and actin organization are observed in process outgrowth, the 1372 a.a.
domain might compromise the molecular link between these cytoskeletal elements and
thereby impair process formation (Tanaka and Sabry, 1995). The 1372 a.a. domain also
influences the length of the processes since a partial deletion in this domain increases
process length in Sf9 cells. This could occur through its effect on actin organization.
Indeed, depolymerization of F-actin by cytochalasin increased importantly the rate of
process ougrowth in Sf9 cells (Knowles ez al., 1994). Thus, the organization of F-actin
induced by these MAP2b truncated forms could favor a higher rate of process
elongation.

The effect of the domain of 1372 a.a. on process formation can be also mediated
through its binding to signaling proteins. This domain contains a binding site for

calmodulin which is known to decrease the actin binding activity of MAP2b (Kotani et
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al., 1985; Kindler et al., 1990). This calmodulin binding domain was deleted in MAP2b-
3, the MAP2b truncated form that gave rise to the highest number of cells with
processes. Moreover, the domain of 1372 a.a. also contains a high affinity
phosphatidylinositol-binding site (Surridge and Burns, 1994; Burns and Surridge, 1995).
A recent study demonstrated that MAP2c process outgrowth activity can be inhibited by
the co-expression of a subtype of metabotropic glutamate receptors, mGluR1, in Sf9
cells (Huang and Hampson, 2000). mGluR1 stimulates phosphoinositide (PI) hydrolysis
(Pickering et al., 1993). Treatment of the cells with a phospholipase C inhibitor reversed
the inhibitory effect of mGluR1 suggesting that the PI pathway was involved in the
suppression of MAP2c-mediated process formation in Sf9 cells (Huang and Hampson,
2000). It was proposed that binding of PI to MAP2c reduced its binding to tubulin and
consequently microtubule assembly (Yamauchi and Purich, 1987). In Sf9 cells, MAP2b
promotes microtubule assembly (Leclerc et al., 1996). Therefore, if binding of PI to
MAP2b is responsible for its low capacity to induce process formation, it regulates a
function of MAP2b other than that of microtubule assembly. PI is also known to
decrease the binding of MAP2 to actin (Yamauchi and Purich, 1993). Since MAP2b
contains a high affinity PI-binding site, its actin-binding activity might be lower than
that of MAPZ2c.

By co-immunoprecipitation, we showed that intermolecular interactions occur
between Prob and Mt in S9 cells. Previous studies highlighted the possibility of such
interactions by demonstrating that MAP2b is able to form antiparallel dimers that are
nearly in complete overlap (Wille et al., 1992c). However, another study reported that

autonomous dimerization of MAP2c did not occur in human hepatoma cell line PLC or
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Hela cells (Burgin et al.,, 1994). It was reported that the ERM protein, ezrin, forms
oligomers and that the formation of oligomers depends on its state of phosphorylation
(Gautreau e al., 2000). Similarly, the interaction between MAP2 proteins might depend
on their state of phosphorylation which could vary from one cell type to another. Our
present data indicate that, in Sf9 cells, interactions seem to exist between the projection
domain and the microtubule-binding domain of MAP2b suggesting that MAP2 proteins
could form antiparallel dimers in Sf9 cells. Moreover, these interactions might be
responsible for the negative effect that Prob exerts on process formation by Mt. The
inhibitory effect of Prob is most likely mediated by the additional domain of 1372 a.a.
since we could not co-immunoprecipitate Proc and Mt in Sf9 cells. However, this does
not exclude the possibility that Proc interacts with Mt. Indeed, the effect of Prob on
process outgrowth could occur through its interaction with Mt and/or by modulating the
interaction of Proc with Mt. Futhermore, our data does not indicate whether the
interactions between Prob and Mt are direct or indirect. For example, the interactions
between these two domains could be mediated by signaling proteins involved in neurite

outgrowth and neuronal plasticity.

2.5.4 The length of the projection domain of MAP2b is not the sole determinant of
the spacing between microtubules

One known function of the projection domain is to set the spacing between
microtubules. Previous studies suggested that the primary sequence of this domain is one
primary determinant of the spacing between microtubules (Chen et al., 1992; Leclerc et

al., 1996). Furthermore, the loss of MAP2 and MAP1B in MAP2/MAPI1B knock-out
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mice results in a decreased microtubule spacing in axons and dendrites (Teng et al.,
2001). In this study, we show that the deletion of equal portions of the projection domain
of MAP2b gives different microtubule spacing. Moreover, MAP2b-1, which was deleted
of a slightly shorter sequence than MAP2b-2 and MAP2b-3, induces a narrower spacing
between microtubules than these proteins. This indicates that the primary sequence of
the projection domain of MAP2, although important, is not the sole determinant of the
spacing between microtubules. One possibility is that the deleted portions in the 1372 aa
domain contain different phosphorylation sites. Previous studies suggested that the
phosphorylation of the projection domain of MAP2 causes it to expand due to an
increase in intramolecular repulsion. This in turn could cause the distance between
adjacent microtubules to increase (Mukhopadhyay and Hoh, 2001). Thus, the
phosphorylation state of MAP2b might also be a key determinant of the spacing
between microtubules. This has previously been shown for neurofilament proteins
whose phosphorylation state regulates the spacing between them by regulating their
structural features (Glicksman et al., 1987; Myers et al., 1987). It is also well known that
the phosphorylation of Tau protein increases its rigidity (Hagestedt e al., 1989). Thus,
the phosphorylation state of MAP2 might regulate its flexibility, determining the spacing
between microtubules.

Another possibility is that those deleted portions are involved in different
structural configuration regulating the length of the protein. Previous atomic force
microscopy studies suggested that the projection domain of MAP2b could arbor
different structural conformations due to the existence of repulsive intramolecular forces

(Mukhopadhyay and Hoh, 2001). In this study, we demonstrate by co-
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immunoprecipitation the interaction of the projection domain of MAP2b with its
microtubule-binding domain. Thus, the deletion of different portions in the 1372 aa
domain, although of equal length, might have affected differently the conformation of

the projection domain.

2.5.5 Structural conformation of operative and inoperative MAP2b

Several studies, using different approaches, highlighted the possibility that Prob
can exist in different structural configurations. Firstly, this domain was shown to be
flexible (Woody et al., 1983). Computer-generated secondary structure predictions
suggest that the projection domain of MAP2b has a very important stretch of helices
separated by short turns (Kindler ez al., 1990). This secondary structure could contribute
to its flexiblity. Interestingly, tau's flexibility decreases considerably when it binds to
microtubules but not that of MAP2b (Woody et al, 1983). Phosphorylation also
diminishes tau's flexibility (Hagestedt et al., 1989). Such data do not exist for MAP2b.
Given that the projection domain of MAP2b contains several sites of phosphorylation, it
is possible that its phosphorylation has also some effects on MAP2's flexibility.
Variation of phosphorylation of MAP2b could allow a higher or lower degree of
extension which could result in masking or unmasking sites involved in process
formation. Secondly, several studies point out that the length of the projection domain
can vary. Voter and Erickson demonstrated by rotary shadowing that the length of
MAP2D varies by folding back (Voter and Erickson, 1982). Moreover, it was shown that
the length of the microtubule-binding domain is half of the length of the total protein

despite the fact that it contains only one-sixth of the mass (Wille et al., 1992a). Thirdly,
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there is also evidence that MAP2b is able to form hairpin structures. This was
demonstrated by electron microscopy (Wille er al., 1992a). This indicates that Prob
could fold back on the microtubule-binding domain in full-length MAP2b and thus
interactions between these two domains could contribute to the low capacity of MAP2b
to induce process formation in Sf9 cells. The detection of an interaction between Prob
and Mt in cells that co-express these two domains indicates that such situation might
exist in S9 cells. However, the fact co-expression of Prob and Mt does not completely
reconstitute the low capacity of MAP2b to induce process formation might indicate that
in these conditions the interactions between these two domains do not fully matched.

The folding back of the projection domain could mask binding sites to the
cytoskeletal or signaling proteins located in the microtubule-binding domain and in the
proline-rich region. This situation was reported for ezrin, a member of the ERM family
protein that links the actin cytoskeleton to the membrane. It was shown that ezrin exists
in a2 dormant form in which its actin binding site located in the COOH-terminus is
masked by the NHj-terminus that is folded back (Gary and Bretscher, 1995). Moreover,
the folding back of the NHj>-terminus of ezrin also masks its binding site for EBP50, the
ezrin-radixin-moesin-binding phosphoprotein 50 (Reezek and Bretscher, 1998). These
conformational changes of ezrin are controlled by intramolecular interactions. Similarly,
MAP2b function could be regulated by intramolecular interactions as suggested by our
data.

The truncated form, MAP2b-3 that has a deletion from 1035 to 1519, had the

highest capacity to induce process formation in Sf9 cells. This region is comprised in a
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proline-rich region extending from 1370 to 1650 a.a. that includes the splicing site of
MAP2c (1519 a.a.) (Kindler et al., 1990). The computer programs predict that there are
several secondary structures, 19 helices separated by very short turns, in the last two-
thirds of the projection domain adjacent to MAP2c splicing site. Therefore, this region
could serve as an hinge that would determine the position of projection domain. In the
truncated form, MAP2b-3, one part of the hinge (1370 to 1519 a.a) was removed. This
could compromise the folding back of the projection domain on the microtubule-binding
domain. Consequently, it would have reduced the possibility of intramolecular
interactions between the projection domain and the microtubule-binding domain and
thereby increase process formation by this MAP2b truncated forms.

None of the deletions performed in the 1372 a.a. could induce the formation of
multiple processes like MAP2c. In a previous study, we reported that the expression of a
truncated form of MAP2b, that has deletion from 228 to 1621 induces two times less
cells with multiple processes than MAP2c (Leclerc et al.,, 1993). Therefore, the
formation of multiple processes would not depend solely on the unfolding of the
projection domain but it appears that the junctional sequence at the splicing site of
MAP2c plays a role in this event.

Our data demonstrate that the projection domain of MAP2b regulates the
capacity of the microtubule-binding domain to induce microtubule protrusion and
process formation. As suggested by our present data, this regulation could happen
through intramolecular interactions between the projection domain and the microtubule-
binding domain most likely involving the 1372 a.a. domain present in MAP2b. Our data

suggest that the projection domain would allow MAP2b to exist in an operative form
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that is able to induce microtubule protrusion and process formation and in an inoperative
form that would not induce microtubule protrusion and process formation. In the later
form, the projection domain would be folded back on the microtubule-binding domain
and this would result in the decrease of the capacity of the microtubule-binding domain
to induce process formation. In the inoperative form, MAP2b would stabilize the
cytoskeleton to maintain the dendritic shape whereas in the operative form, it would

promote process formation and remodeling of dendrites.
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Table 1. MAP2 protein level in Sf9 cells

ng/108 cells
Proteins 24h 72h
MAP2c 6 20
MAP2b 0.2 20
Mt 6 18
MAP2b-1 0.35 22
MAP2b-2 0.7 16
MAP2b-3 2 31

MAP?2 protein level was measured as described in Materials and Methods.
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Table 2. Spacing between microtubules in the processes induced by truncated and
full length forms of MAP2

Construct MAP2b MAP2c MAP2b-1  MAP2b-2  MAP2b-3
n 10 18 15 21 27

Average (nm) 53.00 16.40 33.40 39.70 41.00

SEM 1.90 0.51 1.11 1.10 1.00

Cells were fixed 72 hours post-infection and processed for electron microscopy as
described in Materials and Methods. We performed 50 measurements per process, n
being the number of processes. The statistical significance of the spacing between
microtubules was determined by using a one-way ANOVA, followed by a Fisher’s
PLSD test. Statistical significance was accepted if P<0.05.
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Figure 1. Baculoviral constructs of MAP2 expressed in Sf9 cells. A) The three open
boxes represent the three repeat sequences involved in the microtubule binding activity
of MAP2. The highlighted parts of the sequence correspond to the highly conserved
regions. The percentage of cells with processes is indicated for each MAP2 construct.
For details on the morphological analysis see MATERIALS AND METHODS. B) SO
cells were infected with the recombinant baculovirus containing the truncated forms of
MAP2 at an m.o.i. of 5.0. At 72h post-infection, the cells were lysed and 30ug of cell
lysates was separated on SDS-PAGE (7.5%). The proteins were transferred to a
nitrocellulose membrane and the expression of the constructs was revealed using the
anti-MAP?2 antibodies HM2 except for the construct corresponding to the microtubule-
binding domain (Mt) that was revealed with the antibody 46.1. The molecular weight of
the standards is indicated on the left: myosin (209 kDa), B-galactosidase (134 kDa),
bovine serum albumin (84 kDa), carbonic anhydrase (40 kDa), soybean trypsin inhibitor
(32 kDa) and lysozyme (19 kDa). In lane MAP2b, MAP2b-1 and Prob, the multiple
bands are imputable to protein degradation that occasionally occurs during preparation

of cell lysates.
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Figure 2. Micrographs illustrating the different patterns of process formation induced by
the expression of the MAP2b and MAP2c truncated forms in Sf9 cells. All truncated
forms and full-length MAP2b and MAP2c were revealed with the anti-MAP2 antibody,
HM2 except for Mt that was revealed with the antibody 46.1. They were distributed
uniformly in the cell body and along the processes. MAP2c and Mt induced the highest
percentage of cells with multiple processes whereas MAP2b, MAP2b-1, MAP2b-2 and
MAP2b-3 induced the formation of a unique process. Prob and Proc did not induce

process outgrowth. Scale bar= 20pm.



95

MAP2b-3



96

Figure 3. Histograms illustrating the quantitative analysis of process formation for each
MAP2 construct. For cells expressing either a truncated or full-length MAP2c and
MAP2b that had processes, the percentage of cells having one, two or more than two
processes per cell was analyzed. Three sets of experiments were analyzed and 150 cells
were measured for each protein in each set of experiment. The distribution of cells
having one, two or more than two processes was analyzed by chi-square tests. Chi-
square tests were performed to compare the pattern of process formation of the different
MAP2 constructs. For all measurements, comparisons between the constructs were
significant with a p<0.0033. The horizontal line indicates the constructs that are not

statistically different.
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Figure 4. Histogram illustrating the mean of process length induced by the expression of
the MAP2 truncated forms in Sf9 cells. Three sets of 50 cells were analyzed for each
construct. The data are shown as mean + SEM. The length of process was analyzed by

one-way ANOVA followed by the Sheffe test. The horizontal lines indicate the

constructs that are not statistically different (p> 0.05).
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Figure 5. Micrographs showing the distribution of microtubules and F-actin in Sf9 cells
expressing the truncated forms of MAP2. The analysis was done by confocal
microscopy. Cells were fixed at 72 h post-infection and double-stained with an anti-a-
tubulin antibody (DM1A, Sigma) and rhodamine-phalloidin (Molecular Probes) to

reveal F-actin. Scale bar= 20um.
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Figure 6. Micrographs showing the distribution of F-actin in cells expressing Prob and
Proc. Cells were fixed at 72 h post-infection and double-stained with an anti-His

antibody to reveal Prob and Proc and rhodamine-phalloidin to visualize F-actin. Scale

bar=10um.
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Figure 7. Electron micrographs illustrating longitudinal sections of a) MAP2b, cell
body, b) MAP2c, cell body, ¢c) MAP2c, process, d) MAP2b-1, process, €) MAP2b-2, cell
body, f) MAP2b-2, process, g) MAP2b-3, cell body, h) MAP2b-3, process, i) Mt,
process. Scale bar forc, f,hand iis 0.5 um, for a, b, e and g, 0.25 pm and for d, 0.5 pm.
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Figure 8. Purification of microtubules from Sf9 cells expressing the truncated forms of
MAP2 and full length MAP2b and MAP2c. Microtubules were prepared 64 hrs
following the infection as described in methods. A) The purity of microtubules was
verified by Coomassie staining. 2 pg of microtubules were loaded per lane. Coomassie
staining revealed microtubules as well as their associated protein. The numbers indicate
respectively MAP2b, MAP2c, MAP2b-1, MAP2b-2, MAP2b-3 and Mt. The molecular
weight standards are (top to bottom): Myosin (203 kDa), B-galactosidase (135 kDa),
bovin serum albumin (86 kDa) and carbonic anhydrase (42 kDa). On a 7.5% acrylamide
gel, Mt and tubulin migrate at the same level and thus it is not posssible to visualize Mt.
However, Mt was revealed by dot blotting using the 46.1 antibody. B) To verify the
level of tubulin, proteins were transferred on a nitrocellulose membrane. The membrane

was revealed with an anti-tubulin monoclonal antibody.
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Figure 9. Sf9 cells co-infected with recombinant baculovirus containing Prob and Mt.
Prob/Mt co-infectted cells were double-stained with a polyclonal antibody anti-MAP2
(A) to visualize the expression of Prob and the monoclonal antibody 46.1 to reveal the
expression of Mt (D). Prob/Mt co-infected cells were also double-stained with the
polyclonal antibody anti-MAP2 and a monoclonal antibody against a-tubulin to
visualize the formation of microtubules by Mt. Cells expressing Prob were double-
stained with the polyclonal antibody anti-MAP2 and a monoclonal antibody against o-

tubulin to show that Prob does not induce the formation of microtubules in Sf9 cells.

Scale bar=40um.
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Figure 10. Quantitative morphological analysis of Sf9 cells co-expressing the constructs
Prob and Mt. A viral m.o.i of 4 was used for each virus A) In Prob/Mt-expressing cells,
the percentage of cells with processes was significantly lower than that of Mt-expressing
cells. However, it was not the case in Proc/Mt-expressing cells. p< 0.0166 B)The
percentage of cells presenting one, two or more than two processes was quantified in Sf9
cells co-expressing Prob and Mt and having processes. The number of processes per cell
in Prob/Mt-expressing was statistically different from the one found in cells expressing
Mt. p<0.0166. The horizontal lines indicate the constructs that are statistically different.
The reproductibility of the data from one experiment to another was analyzed using a
chi-square test. Chi-square tests were performed to compare the number of processes per

cell induced by the different MAP2 constructs.



®

SOT

45 +

40 +

w
[%,]
—

w
o

N
o

Percentage of cells
N
[%,]

—_
[%,]

o
+

(%]
g

o+—

60 +

50 +

»
o
+

w
o
+

Percentage of cells

N
o

111

Prob/Mt

Proc/Mt

Prob/Mt

Mt

Mt

B 1 process
W 2 processes
O>2 processes



112

Figure 11. Prob and Mt interact in Sf9 cells. Cells were co-infected with recombinant
baculovirus containing Prob and Mt. At 72 h post-infection, cells were lysed. Total cell
lysates were immunoprecipitated with either the anti-MAP2 antibody, AP20 or HM2
that recognize Prob. The presence of Mt in the immunoprecipitates was analyzed by
immunoblotting using the antibody 46.1. In lane 1, no antibody was added to the cell
lysates prepared from Prob/Mt expressing cells. In lane 2, the membrane was stained
with AP20 to reveal the presence of Prob in the immunoprecipitates. In lane 3, the
membrane probed with AP20 was stripped and stained with the antibody 46.1 to reveal
the presence of Mt in the immunoprecipitates (arrowhead). In lane 4, Mt was
immunoprecipitated using the antibody 46.1 from cells expressing only Mt. In lane 5, no
antibody was added to the cell lysates prepared from Prob-expressing cells. In lane 6, the
membrane was stained with AP20 to reveal the presence of Prob in the
immunoprecipitates. In lane 7, the membrane probed with AP20 was stripped and
stained with the antibody 46.1 to reveal the presence of Mt in the immunoprecipitates.
No band corresponding to Mt was found in the immunoprecipitates. The arrow indicates

the immunoglobulines.
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3.1 ABSTRACT

Alterations of the axonal transport and microtubule network are potential causes
of motor neurodegeneration in mice expressing a mutant form of the superoxide
dismutase 1 (SODlG37R) linked to amyotrophic lateral sclerosis (ALS). In the present
study, we investigated the biology of microtubule-associated proteins (MAPs),
responsible for the formation and stabilization of microtubules, in SOD1%*"® mice. Our
results show that the protein levels of MAP2, MAPI1A, tau 100 kDa and tau 68 kDa
species decrease significantly as early as 5 months before onset of symptoms in the
spinal cord of SOD1®"™® mice whereas decrease in levels of tau 52-55 kDa species is
most often noted with the manifestation of the clinical symptoms. Interestingly, there
was no change in the protein levels of MAPs in the brain of SOD1%"® mice, a CNS
organ spared by the mutant SOD1 toxicity. Remarkably, as early as 5 months before
disease onset, the binding affinities of MAP1A, MAP2 and tau isoforms to the

19" mice. This change correlated with a

cytoskeleton decreased in spinal cord of SOD
hyperphosphorylation of the soluble tau 52-55 kDa species at epitopes recognized by the
antibodies AT8 and PHF-1. Finally, a shift in the distribution of MAP2 from the cytosol

1G37R

to the membrane is detected in SOD mice at the same stage. Thus, alterations in the

integrity of microtubules are early events of the neurodegenerative processes in

SOD1%"R mice.

Keywords: Amyotrophic lateral sclerosis, microtubule-associated proteins, microtubules,

dendrites, axon, phosphorylation.
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3.2 INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease
characterized by the progressive loss of motor neurons leading to paralysis and death
within 3-5 years (for review see (Julien, 2001)). Five to ten percent of cases of ALS are
familial and the others are believed to be sporadic. Mutations in the gene encoding
superoxide dismutase 1 (SOD1) account for 20% of cases of familial ALS (Rosen, 1993;
Cudkowicz et al., 1997).

The SODI1 protein is a cytosolic copper- and zinc-dependent enzyme which
converts superoxide anions into hydrogen peroxide. Transgenic mice expressing mutant
SOD1 develop the ALS phenotype through the gain of novel, cytotoxic activity, of
which nature remains unknown (Wong et al., 1995; Bruijn et al., 1997; Bruijn et al.,
1998). Several primary mechanisms have been proposed to explain this cytotoxicity
such as oxidative stress (Wiedau-Pazos et al., 1996); glutamate-mediated excitotoxicity
(Trotti et al.,, 1999); apoptosis mediated by caspase activation (Li et al, 2000),
deregulation of cyclin-dependent kinase 5 (Cdk5) (Nguyen et al., 2001).

The most common pathological hallmark in both sporadic and SOD1-mediated
ALS is the abnormal accumulation of cytoskeletal proteins such as neurofilaments, in
the perikaryon or axon of spinal motor neurons (Hirano er al., 1984; Rouleau et al,,
1996). Such accumulation has also been observed in SOD1 mutant mice (Wong et al.,
1995; Bruijn et al., 1997). Furthermore, an accumulation of tubulin has been reported in
the perikarya and/or proximal axonal segments of spinal motor neurons in SOD1 mutant

mice (Williamson and Cleveland, 1999). These abnormalities are compatible with the
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slowing of the axonal transport detected in these mice (Williamson and Cleveland,
1999).

Of particular interest, are the aberrant modifications of microtubule-associated
proteins (MAPs) in ALS patients and in mice expressing SOD1 mutant. Indeed, the
abnormal hyperphosphorylation of tau is detected in SOD1 mutant mice 10-11 months
old (Nguyen et al., 2001) and has been attributed to deregulation of Cdk5, a prominent
kinase in the CNS (for a review see (Dhavan and Tsai, 2001)). Moreover, in dendrites,
the expression levels of MAP2 decreased in patients with ALS (Kikuchi et al., 1999).
This decrease correlated with the degree of degeneration and with the clinical symptoms
of limb weakness. Alternatively, the loss of the cytoskeleton within the dendrites of
spinal motor neurons in ALS patients may constitute a mechanism of neuronal atrophy
(Kiernan and Hudson, 1993).

It is however unclear whether alterations of the cytoskeleton occur at an early
stage of the disease before initiation of neuronal death. In the present study, we
examined the biology of axonal and dendritic MAPs in SOD1%® mice before and after
neurodegeneration. Our results provide compelling evidence that the molecular integrity
of the dendritic and the axonal microtubules is compromised months before the onset of

symptoms in SOD1%*’R mice.

3.3 MATERIALS AND METHODS
3.3.1 Materials

The cocktail of protease inhibitors was purchased from Roche Diagnostics

(Laval, Quebec, Canada). The Bio-Rad DC