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ABSTRACT

The D310 EC cell line is multipotent and
differentiation can be directed along the neuronal pathway
by addition of retinoic acid (RA). The correlation between
the expression of tau protein and the development of stable
microtubule arrays during neuronal differentiation was
studied by indirect immunofluorescence, ELISA
immunoblotting and Immunogold labelling technigues. By
immunof luorescence staining tau protein is not detected in
undifferentiated EC cells, but it starts to be expressed at
day 3 of RA induction and shows a beaded morphological
appearance. The expression of tau increases steadily during
neuronal differentiation. Double immunofluorescence
labelling demonstrates that the expression of tau protein
correlates well with the development of colchicine-resistant
microtubules.

The levels of total cellular tubulin, total class IIT
p-tubulin and total tau protein were measured by ELISA. The
amount of class IIT P-tubulin and tau protein were expressed
as a ratio of the relative amount of class III P-tubulin or
tau protein/mg total tubulin. ELISA results support the
observations of immunofluorescence staining. The relative
amount of tau protein expressed after RA induction increases

steadily and parallels the increased expression of class III
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p-tubulin, an indicator of neuronal differentiation.

Immunoblotting shows that both juvenile and mature
isoforms of tau protein are present in RA-induced EC cells.
Two isoforms are detected in day 3 RA-induced cells and four
isoforms are detected in day 6 RA cells. All four isoforms
associate with colchicine~stable microtubules.

A beaded morphological distribution of tau along
neurite processes seen by immunofluorescence staining
suggests that tau protein associates with some, but not all
microtubules in neurite processes. The prediction that tau
associates with colchicine-resistant microtubules was tested
by immunogold labelling at the light and electron

microscopic levels.



xii

RESUME

La cellules des D310 EC sont multiplicitées et leur
différentiation peut &tre menée le long du chemin neuronal
par l’addition d’acide rétinoique (AR). La corrélation
entre la production de la protéine tau et le développement
de microtubules stables durant la différentiation neuronale
a été étudiée par immunofluorescence indirecte, par les
techniques immuno-enzymatiques (ELISA) et par la
localisation d’or immunocytochimique. Par la coloration
d’ immunoflucorescence, la protéine tau ne peut pas étre
détectée dans des cellules EC nondifféreciées, mais est
exprimée a partir du troisiéme jour d‘’induction & 1’AR et a
un aspect en chapelet. L‘expression de la protéine tau
augmente de fagon réguliére durant la différentiation
neuronale. Le marquage par double immunofluorescence
démontre que l’expression de la protéine tau est bien
corrélée avec le développement de microtubules résistants a
la colchicine.

Les niveaux totaux de tubuline cellulaire, de p-
tubuline de classe III et de la protéine tau ont été mesurés
par les tests ELISA. Les quantités de pP-tubuline de classe
III et de la protéine tau sont exprimées sous la forme du
rapport entre la quantité relative de p-tubuline de classe
III ou de protéine tau et la quantité totale de tubuline.

Les résultats des tests ELISA appuient les résultats de
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coloration dfimmunofluorescence. La gquantité relative de
protéine tau exprimée aprés l’/induction & 1’AR augmente
réguliérement et parallélement & 1lf/augmentation de
l’expression de la p-tubuline de classe III, un indicateur
de différentiation neuronale.

On a démontré, par immuno-transfert, que les
isoformes jeunes et vieillies de la protéine tau sont toutes
deux présentes dans les cellules EC induites par 1‘AR. Deux
isoformes sont détectées au sixiéme jour dé 17/induction a
1/AR, et guatre isoformes sont détectées au troisiéme jour
de 1’induction & 1’AR. Ces quatres isoformes sont associées
aux microtubules stables & la colchicine.

Une distribution de tau en forme de chapelet lors du
processus neuronal, révélée par la coloration
d’ immunofluorescene, suggére que la protéine tau s’associe &
quelques microtubules, mais pas tous, lors de ce processus.
L’hypothése gue tau s’associe aux microtubules résistants a
la colchicine a été vérifiée par marquage & l’or
immunocytochimique en microscopie photonique et

électronique.



INTRODUCTION

The cytoskeleton is an extensive array of fibrous
elements, which defines the shape of cells and organizes
their cytoplasm to carry out a variety of metabolic and
motile processes which are important to life (Bershadsky and
vVasiliev, 1988). The cytoskeleton is composed of three
major classes of filaments: microtubules, intermediate
filaments and microfilaments.

Microtubules are a major component of the
cytoskeleton and are present in all eukaryotic cells. They
are hollow rod-like structures with a diameter of
approximately 24 nm. Microtubules are polarized structures
which have a "+" end radiating toward the cell membrane and
the "-" end facing toward the centroscme. Microtubules
elongate by adding tubulin subunits to the "+" ends. In
vitro, microtubules can be depolymerized and repolymerized
depending upon the environmental conditions. In the
presence of GTP and magnesium and the absence of calcium,
tubulin dimers are added to the "+" (growing) end (reviewed
by Gelfand and Bershadsky, 1991). Real time observation of
microtubule dynamics in tissue culture demonstrates that
there are two populations of microtubules in cells: a
dynamic population in which individual microtubules elongate

then shrink rapidly and a stable population which shows a



slower turn over rate of tubulin subunits {(Schulze and
Kirschner, 1987; Sammak and Borisy, 1988; Cassimeris et al.,
1988). Most interphase microtubules are very dynamic and
turn over quickly, whereas most microtubules in neurons are
more stable and turn over more slowly. What makes
microtubules, which are indistinguishable in their
ultrastructure, behave so differently? Are there regulatory
mechanisms controlling microtubule organization and
stability? These questions initiated the study of the
biochemical characterization of microtubules, their
posttranslational modifications, and their interactions with
microtubule-associated proteins (MAPs).

Neurons are highly specialized cells which generally
have a small cell body, several branched dendrites, and a
single long axon. Axons and dendrites contain a very high
concentration of microtubules as well as MAPs. Microtubules
in neurons are more stable than those in other cell types
and the stability of microtubules to depolymerization varies
according to the location of the microtubules within the
neuronal cells (Lim et al., 1989). These gqualities make the
neuronal cells a good model system for investigating the
temporal and spatial relationships between microtubule

stability and MAP expression.



1.1 Microtubules

Composition and gtructure

Microtubules are composed principally of 100 kD
heterodimers of the protein tubulin. The tubulin
heterodimer is formed by the noncovalent, hydrophobic
interaction of a- and P-tubulin subunits. Both a- and p-
tubulins are highly flexible, globular proteins, each with a
predicted 25% a-helical and 40% B-pleated sheet content
(Audenaert et al., 1989). Microtubules are formed when
tubulin heterodimers self-assemble by a head-to-tail
interaction to form 4-5 nm diameter linear protofilaments
which then interact laterally with other protofilaments to
form the microtubule wall. Microtubules typically contain

13 protofilaments.

Heterogeneity

Most tissues contain several a- and f-tubulin
proteins. Vertebrates have 6 expressed a-tubulin genes
which encode 6 different tubulin isotypes (Lewis and Cowan,
1988). There are also 6 vertebrate f-tubulin isotypes which

are derived from 6 functional genes (Wang et al., 1986;



Lewis and Cowan, 1988; Monteiro and Cleveland, 1988).
Tubulin heterogeneity is the result of multigene families of
tubulin in most organisms and post-translational
modifications of both a- and f-tubulins (Banerjee and
Luduena, 1987). For example, in mammalian brain there are
only five f-tubulin genes expressed, but as many as 14
electrophoretic variants of B-tubulin have been detected in
bovine brain tubulin (Field et al., 1984).

The functional significance of tubulin isotypes and
isoforms is not known. It has been proposed that tubulin
isotypes are functionally differentiated such that each is
specialized for different microtubule arrays (Fulton and
Simpson, 1976; Murphy, 1988). Different isotypes often
occur in different tissues (reviewed by Iuduena, 1993). For
example, in mammals and birds PI is found in most tissues,
PII in most tissues but more abundant in the brain, pIII
localized in neurons and the Sertoli cells of the testis
(Lewis and Cowan, 1988). There are also examples where
different isotypes are segregated (spatial distribution) in
the same cell. Some segregation of PII and PIII was noted
in pheochromocytoma cells (Asai and Remolona, 1989).
Falconer and colleagues (1992) alsc demonstrated that during
the early days of RA-induced neuronal differentiation of P19
EC cells there was a preferential incorporation of PII and
BIII into colchicine-stable and colchicine-labile

microtubules respectively. Both BII and PIV are expressed



in bovine retinal rod cells and tracheal cilia, but PIV is
present preferentially in the axonemal microtubules, while
PII is associated largely with non~axonemal microtubules in

both cell types (Renthal et al., 1993).

1.2 Posttranslational Modifications of Tubulin

There are four known types of posttranslational
modifications of tubulin. Three affect a-tubulin and two p-
tubulin. With the exception of Lys%® acetylation, these
modifications occur on residues within the carboxyl-terminal

domain.

Acetylation

Acetylated a-tubulin, first discovered by L’/Hernault
and Rosenbaum (1985), is one form of pesttranslational
modification that may be important in determining
microtubule organization and function. This e-tubulin has
Lys?® whose e¢-amino group is acetylated in many organisms
(L’Hernault and Rosenbaum, 1985; LeDizet and Piperno, 1987).
The acetylation of a-tubulin occurs in different populations
of microtubules and in a variety of eukaryotic cells.

Acetylated e-tubulin is found in more stable microtubules.
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It occurs in the flagellar axoneme (Maruta et al., 1986), in
basal bodies (LeDizet and Piperno, 1987), among the
interphase microtubules that are more stable in cultured
mammalian cells (Bulinski et al., 1988), and in stable
microtubule arrays of neurons (Black and Keyser, 1987; Black
et al., 1989). Cytoplasmic microtubules containing
acetylated a-tubulin in Chlamydomonas were found to be more
resistant than other cellular microtubules to the effects of
antimitotic drugs (LeDizet and Piperno, 1987). In addition,
acetylation of a-tubulin has been observed in nerve growth
factor (NGF)-treated PC12 cells (Black and Keyser, 1987) and
in neuroblastoma cells (Edde et al., 1987). In mature
neurons, acetylated microtubules are localized to the axon
and thick dendritic trunks (Ferreira and Caceres, 1989).
This observation was also supported by studies in rat
cerebellum (Martin et al., 1987), and NB2a/dl neuroblastoma
cells (Shea et al., 1990).

Acetylated a-tubulin is polymer-specific since
quantitative analyses revealed that about 99% of the
acetylated tubulin partitioned with the cytoskeleton (Black
et al., 1989). However, the acetylation of a-tubulin does
not affect the in vitro assembly-disassembly kinetics of
microtubules (Maruta et al., 1986). Therefore, there must
be some other mechanism responsible for the enhanced

stability of microtubules containing acetylated tubulin.



Tyrosination/detyrosination

Tyrosination/detyrosination also meodifies a-tubulin.
A tyrosine residue can be reversibly removed and added to
the carboxyl-terminus of ce-tubulin. After tyrosine is
removed by a unigue carboxypeptidase, the next residue
exposed as the terminal amino acid in vertebrates is
glutamic acid (Raybin and Flavin, 1977; Argarana et al.,
1980; Kumar and Flavin, 1981).

Tyrosinated (Tyr) tubulin is present in very dynamic
microtubule populations. The microtubules containing
predominantly Tyr tubulin turn over with a half-life
measured in minutes, whereas the half-life of microtubules
enriched in detyrosinated (Glu) tubulin is on the order of
several hours (Kreis, 1987; Webster et al., 1987). In some
cultured cells, microtubules enriched in Glu tubulin are
also enriched in acetylated a-tubulin (Bulinski et al.,
1988). Glu a-tubulin is more concentrated in neurites
(Cambray-Deakin and Burgoyne, 1987), whereas tyrosinated a-
tubulin is localized within mcie motile cellular areas such
as growth cones (Gordon-Weeks and Lang, 1988). Stable
microtubule arrays contain detyrosinated as well as
acetylated e~tubulin, and acetylation and detyrosination
appear to be associated with the stabilization of
microtubule arrays during cell differentiation (Shea et al.,

1990). But neither modification has been shown to confer
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microtubule stability. Both detyrosination and acetylation
modifications occur in early neuronal differentiation of
cultured EC cells (Falconer et al. 198%a) and are also
present in processes of mature neurons (Baas and Black,

1990).

Glutamylation

Glutamylation is a posttranslational modification
consisting of the successive addition of glutamyl units on
the y carboxyl group of a glutamate residue (Glu%*® on a-
tubulin). Glutamylation occurs on both a¢- and p~tubulin.
During neuronal development, from one to six glutamate
residues may be added in the mouse Mal and Ma2-tubulin
isotypes (Edde et al., 1990). <Class III p-tubulin isotype
is modified by the addition of 1-6 Glu residues to Glu%3®
(Alexander et al., 1991). Approximately 85% of the class
III P-tubulin isotype in the mature bovine brain is
glutamylated. Interestingly, the class III P-tubulin
isotype is expressed in both the brain and the testis in
mamma 3, but glutamylation only occurs in the brain
(Alexander et al., 1991). Class II p-tubulin, the major p-
tubulin isdtype of adult brain, is also glutamylated on
glutamic acid residue 435 (Rudiger et al., 1992). It has

been suggested that glutamylation plays a role in regulating



microtubule dynamics, because of the location of the
modification within a region that is important in the

interactions of tubulin with MAPs (Edde et al., 1990).

Phosphorylation

Class III P-tubulin has been shown to be
phosphorylated on both ser44t and 'I‘yr437 residues (Gard and
Kirschner, 1985; Luduena et al., 1988; Edde et al., 1989).
0f the 85% of glutamylated class III B-~tubulin present in
brain, 10% is also phosphorylated (Alexander et al., 1991).
Phosphorylation of the Ser%* residue is found only on
neurocnal class III p-tubulin (Lee et al., 1990b; Alexander
et al., 1991). Glutamylation and phosphorylation occur
progressively during neuronal development. The function of
these posttranslational modifications is not clear. It is
possible that these modifications to specific isotypes in
developing brain favour the interactions between the

microtubules and specific MAPs.
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1.3 Neurcnal Microtubules

Neurons have long cytoplasmic extensions, termed
axons and dendrites, which contain large numbers of
microtubules. The neuronal microtubules show differences in
both composition and stability from the microtubules in non-

neuronal cells.

The properties and composition of mierotubules in neurons

Microtubules are one of the main cytoskeletal
elements in neurons. In axons all microtubules are oriented
in the same direction ("-" end toward the cell body and "+"
end away from the cell body), while in dendrites
microtubules have an antiparallel orientation. 1In axons the
microtubules form tight parallel arrays with cross bridges
cross-linking the microtubules (Hirokawa, 1982). In
contrast, microtubules in dendrites are gquite loosely packed
and have widely spaced parallel arrays (Black, 1987).

Mature neurons are enriched in stable populations of
microtubules, although the degree of microtubule stability
varies according to the location of the microtubules within
the cell (Lim et al., 1989). Microtubules in the neurite
processes are more stable to depolymerizing agents than the

microtubules in the cell body and at the growth cone (Cadrin
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et al., 1988). Microtubule stability also increases during
neuronal differentiation induced by RA in cultured P19 EC
cells (Falconer et al., 1992).

Several tubulin isotypes and isoforms have been found
in brain. Isoelectric focusing shows that all the brain
tubulins have a much larger degree of heterogeneity than
that predictable from the number of genes coding for the o
and p isotypes (Denoulet et al., 1982; Wolff et al., 1982;
Field et al., 1984). 1In addition, during brain development
there is an increase in the number as well as a change in
the distribution of the various tubulin isoforms (Gozes and
Littauer, 1978; Dahl and Weibel, 1979). Neuronal
microtubules also differ in the type of posttranslationally
modified tubulin that they incorporate. Dendritic
microtubules contain tyrosinated a-tubulin, while axonal
microtubules contain little or no tyrosinated a-tubulin and
are instead rich in posttransliationally detyrosinated and
acetylated a-tubulin. Work by Ferreira and Caceres (1989)
has shown that in cerebellar macroneurons maintained in
culture, the acetylation of a-tubulin is developmentally
regulated and that its levels and distribution vary with
axonal and dendritic growth. A subset of stable,
colchicine-resistant, microtubules that are acetylated is
exclusively localized in the axons during early neuronal
development. On the other hand, in mature neurons

acetylated microtubules display a more widespread
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distribution being localized in the axons and thick
dendritic trunks. Acetylation also increases during
neuronal differentiation in cultured EC cells (Falconer et

al., 1989a).

The stability of microtubules in neurons

Development of the nerve cells requires that the
neuronal cytoskeleton be endowed with the seemingly
incompatible properties of stability and plasticity.
Stability is critical for maintenance and proper function of
neuronal circuits, while plasticity is required for cell
growth and remodelling of cell processes during response to
environmental inputs or injury (Diaz-Nido et al.,1990).

Microtubule formation is required for the growth and
structural integrity of neuronal processes (Daniels, 1972).
Neurcnal microtubules exhibit unusual stability properties.
Several studies have shown that in vitro a significant
fraction of tubulin in brain is not solubilized by
conventional methods of temperature-reversible, assembly-
disassembly procedures (Webb and Wilson, 1980; Black et al.,
1984; Brady et al., 1984; Heideman et al., 1984; Sahenk and
Brady, 1987). When PC 12 cells are induced to extend
neurites by treatment with nerve growth factor (NGF), there

is an accompanying stabilization of their microtubule
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network of microtubules to the depolymerizing action of
colchicine and low temperature (Black and Greene, 1982).
Also, in a variety of neurons, many nicrotubules are
relatively insensitive to microtubule depolymerizing agents
(Morris and Lasek, 1982; Brady et al., 1984).

Biochemical studies indicate that axonal tubulin is
composed of at least two distinct pools that differ in cold
solubility and biochemical composition (Brady et al., 1984).
These two classes of microtubule polymers, stable and
labile, differ in their sensitivity to nocodazole, a
microtubule depolymerizing agent, by roughly 35-fold (Baas
and Black, 1990). The stable and labile polymer fractions
represent long-lived and recently assembled polymer,
respectively. When visualized by immunoelectron microscopy,
the labile polymers are stained densely with antibody to
tyrosinated a-tubulin, while the stable polymers are not
stained (Baas and Ahmad, 1992). The electron microscopic
studies also indicate that stable microtubule segments are
portions of longer microtubules containing both stable and
labile regions (Joshi et al., 1986; Sahenk and Brady, 1987).
The tyrosinated or labile domain is situated at the "+" end
of the microtubule, whereas the detyrosinated or stable
domain is situated at the "-" end of the microtubule (Baas
and Black, 1990).

It is unclear what factors are responsible for the

formation of microtubules with different stabilities in
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neurons, but it is likely that tubulin isotypes and isoforms
and MAPs are important. It has been shown that in nerve
cells microtubules are differentiated in terms of the
binding of MAPs; dendritic microtubules contain MAP-2, while
their axonal counterparts are enriched in tau protein
(reviewed by Matus, 1988). More importantly, the patterns
of intracellular distribution and levels of these proteins

are developmentally regulated (reviewed by Matus, 1988).

1.4 Microtubule-Associated Proteins (MAPS)

The microtubule-associated proteins (MAPs) are a
family of molecules which co-purifies with tubulin when
microtubules are repolymerized from brain homogenates. Up
to 35 MAPs can be separated by polyacrylamide gel
electrophoresis (Murphy et al., 1977). Among these MAPs,
two major groups, i.e., a group of high molecular weight
proteins known as MAP1 (350kD), and MAP2 (220kD) (Sloboda et
al., 1976; Kuznetsov et al., 1984) and a group of proteins
known as tau (50-70 kD) (Cleveland et al., 1977a, 1977b)
have been purified and tested for their ability to promote

tubulin polymerization in vitro.
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The structure and properties of tau protein

Tau protein was first puriiied from microtubules of
porcine brain (Weingarten et al., 1975). This protein was
initially considered to be a proteolytic fragment of high
molecular weight MAPs. It is now known that tau represents
a family of microtubule binding proteins (reviewed by
MacRae, 1992). This protein is associated with brain
microtubules and induces assembly of microtubules from
tubulin {(Cleveland et al., 1977a).

Tau protein, as characterized by SDS/polyacrylamide
gel electrophoresis, consists of four closely spaced bands
of apparent molecular weights from 55 to 62 kD that have
been shown to be closely related by both peptide sequence
and amino acid composition (Cleveland et al., 1977b). Tau
protein is heat stable (Weingarten et al., 1975). In adult
porcine brain, tau is composed of at least four related
phosphoproteins, while there are two isoforms present in
mouse brain (Lee et al., 1988) and six isoforms in human
(Goedert et al., 1989). The highly phosphorylated form of
tau is a major component of paired helical filaments in
Alzheimer’s disease (Wischik et al., 1988).

In structure, tau is a short, rod-like molecule that
forms cross-bridges between microtubules in vitro (Hirokawa
et al., 1988). Tau is elastic and can be induced to form

paracrystals by end to end or lateral associations with each
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other (Lichtenberg et al., 1988). This property is related
to the state of phosphorylation. When tau is
dephosphorylated by alkaline phosphatase, it becomes shorter
and more elastic, while when it is phosphorylated by
Ca++/calmodulin-dependent kinase, it becomes longer and
stiffer (Hagestedt et al., 1989).

Tau protein sequences have been determined from
mouse, human, bovine, and rat, and conservation between
species is high in the carboxy terminal half of the molecule
(Lee, 1990; Andreadis, et al., 1992). fhe family of tau
proteins within each species is generated from alternatively
spliced mRNA originating from one gene (Himmler et al.,
1989). Tau isoforms vary both in the N-terminal region and
in the C-terminal region. An 18-amino acid residue stretch
that is imperfectly repeated three or four times is located
in the COOH-terminal half of the molecule. The repeats are
separated by 13- and l4-residue stretches (Lee et al.,
1988). Each repeat resides in a different exon. These
three or four repeats are considered to represent
microtubule binding domains based on experiments using tau
fragments synthesized in vitro and synthetic peptides
(Himmler et al., 1989; Lee et al., 1989). Six isoforns
identified from full-length cDNA clones are present in human
brain (Goedert et al., 1989). The shortest human form is
352 amino acids in length and contains three repeats,

whereas the largest form is 441 amino acids in length and
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contains four repeats.

In addition to the tau isoforms of molecular weight
48-65 kD expressed in the immature and adult brain, other
proteins of higher molecular weight (110-125 kD} reacting
with tau antibodies have been detected in the peripheral
nervous system (PNS) (Oblinger et al., 1991). cDNAs
encoding these PNS taus have been cloned and sequenced in
rats (Goedert et al., 1992) and in mice (Couchie et al.,
1992). It has been suggested that PNS tau may play a role in
the specialization of the adult peripheral nervous system
(Couchie, et al., 1992). More interestingly, the presence
of tau in the nuclei of primate cells in culture has also
been reported (Loomis et al.,1990; Wang et al., 1993).
Nuclear tau was associated with both the fibrillar regions
of interphase nucleoli and the nucleolar organizer regions
(NORs) of mitotic chromosomes. Indirect immunofluorescence
and Western blotting have demonstrated that nuclear and
cytoplasmic tau proteins are present in human neurcblastoma
cell lines. Immunofluorescence showed that the cytoplasmic
tau was not localized to microtubules, suggesting non-
microtubule functions of tau in both the cytoplasm and the

nucleus (Wang et al., 1993).
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Developmental expression of tau proteins

The composition and expression of tau proteins are
developmentally regulated (Francon et al., 1982; Drubin et
al., 1984; Matus, 1988; Kosik et al., 1989). The transition
in expression from juvenile tau to mature tau isoforms
coincides with the period of formation of stable neurites
(Ferreira et al., 1989). The composition of these tau
isoforms changes during brain development. In embryonic rat
brain only one tau isoform (MW 48kD) is present, while in
mature rat brain six isoforms (MW 55-68 kD) are observed
(Goedert et al., 1989}). mRNAs encoding three-repeat
containing isoforms are found both in fetal and adult brain,
whereas mRNAs encoding four-repeat containing isoforms are
found in adult but not in fetal brain (Goedert et al., 1989;
Garcini et al., 1992).

Numerous studies of tau expression and localization
in neuronal cells both in situ and in culture have been
done. Initially, tau protein was found to be localized to
axons in the central nervous system (Binder et al., 1985).
Subsequent immunocytochemical studies indicated that tau was
localized within neurons and was concentrated in axons in
hippocampal pyramidal neurons in the rat in situ, but in
cultured neurons tau was present throughout the dendrites,
axons and somata (Dottl et al., 1987). This study also

suggested that the biochemical maturation of tau that occurs
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in situ failed to occur in culture (Dotti et al., 1987).
Further light and electron microscope localization by
Migheli et al. (1988) showed that tau protein is mainly
present in axons in white matter areas of rat brain, but is
also localized in the cell bodies in the brain stem and
basal ganglia and in the cell bodies of interfascicular
oligodendrocytes. This study also showed that tau protein
is colocalized with microtubules in axons and in the

cytoplasm of cell bodies.

The functions of tau protein

Tau proteins are generally considered to be involved
in microtubule stabilization. Early studies have
demonstrated that tau is a stimulatory agent for in vitro
microtubule assembly (Weingarten et al., 1975; Goedert and
Jakes, 1990). Subsequently, microinjection of tau protein
into a cell type that has no endogenous tau protein showed
that the injected tau protein associated specifically with
microtubules, increased tubulin polymerizatioh, and
stabilized microtubules against depolymerization (Drubin and
Kirschner, 1986). A recent study by Kanai et al (1992)
revealed that the N-terminal region of the tau molecule is
responsible for microtubule bundling in vivo.

Tau mRNA is abundantly expressed at the stage of
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neurite formation in developing rat brain (Takemura et al.,
1991). 1Inhibition of tau expression in primary cerebellar
neurons by addition of antisense oligonucleotides to the
culture media blocked the formation of the neurite asymmetry
and resulted in the failure to elaborate an axon (Caceres
and Kosik, 1990). In addition, tau is alsc believed to have
some role in the development of polarity. The study by Kosik
and Caceres (1991) has demonstrated that the inhibition of
tau expression by antisense oligonucleotides resulted in the
failure of a single minor neurite to elongate and form an
axon-like neurite. The requirement of tau expression for
axonal neurite elaboration was also examined in
neuroblastoma cells. This study indicated that both the
initiation and the continued outgrowth of neurites are
dependent on tau proteins (Shea et al., 1992).

Analysis of tau protein isoforms in NGF-induced PC12
cells shows a transition from immature to mature tau
isoforms, thus relating the appearance of the latter with
the stabilization step of neurite outgrowth. This suggests
that in vivo the mature tau isoforms are involved in the
transition from unstable to stable neurites, which is a key
step in neuronal development (Hanemaaijer and Ginzburg,
1991).

Transfection studies using rat tau cDNA show dramatic
bundling of microtubules in fibroblasts expressing tau

protein (Kanai et al., 1989; Bass et al., 1991). After
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infection with tau-expressing virus, Sf9 cells from a moth
ovary elaborated very long processes that resemble axons
morphologically and were densely packed with microtubules
(Knops et al., 1991). This supports the hypothesis that tau

functions in the formation of neurite processes.

1.5 Embryonal Carcinoma P19 Cells

Embryonal carcinoma (EC) cells are the stem cells of
murine teratocarcinomas and are morphologically and
functionally similar to the inner cell mass of mammalian
embryos (Graham, 1977; Jetten, 1986).

The P19 clone with a euploid chromosome complement is
one of the EC cell lines established by McBurney and Rogers
in 1982. These cells are easily maintained in culture,
they remain developmentally multipotential, and they can be
chemically induced to differentiate terminally.
Dimethylsulfoxide-induced differentiation proceeds along a
mesodermal lineage, resulting in the formation of muscle
cells (Edwards et al., 1983). Retinoic acid (RA) at a
concentration of 107°M induces the EC cells to follow a
neurocectodermal pathway resulting in terminally
differentiated neurons, glia, smooth muscle, and fibroblast-
like cells (Jones-Villeneure et al., 1983). The neuronal

differentiation in RA-induced P19 EC cells appears to be
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similar to that in brain. These neurons possess a small
cell body with several branched neurite extensions, express
several neurotransmitters and can form synapses (McBurney et
al., 1988).

Earlier studies by Falconer et al (198%a, 1989b,
1992) have documented that after RA-induced neuronal
differentiation P19 EC cells express several neuronal-
specific proteins, such as class III f-tubulin,
neurofilament protein, MAP2 and tau protein. Class III fp-
tubulin was detected by the TuJl antibody as early as 60
hours after RA addition, before the appearance of neurite
extensions (Falconer et al., 1989%9a; 1989b; 1992).
Microtubule stability to colchicine depolymerization was
also tested in the P19 cell line (Falconer et al., 1989a;
1992). The increase of microtubule stability starts within
the first 24 hours of differentiation as demonstrated by the
formation of a subpopulation of colchicine-stable acetylated
microtubules. Differential f-tubulin isotype sorting also
occurs in the P19 culture (Falconer et al., 1992). In the
early stage of neuronal differentiation class II pP-tubulin
is preferentially incorporated into stable microtubules,
while class III B-tubulin is incorporated into the dynamic
portion of the microtubule population (Falconer et al.,
1992; Falconer et al., in press). The increased stability
of microtubules in differentiating neurons is correlated

with changes in MAP expression similar to that observed in
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developing brain (Falconer et al., in press}.

The D310 cell line is a subclone of P19 cells. This
cell line is incapable of muscle development under DMSO
induction, but it does form neurons and glial cells when
exposed to high RA concentrations. It is suggested that
D310 EC cells differentiate into more neuronal cells than
the P19 cell line does (Edwards et al., 1983). Thus, this
cell line will generate a less heterogenous culture and is
an attractive model system for the study of some early

developmental events during neurogenesis.
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PURPOSE OF THE THESIS

The work in David Brown's laboratory is focused on the
investigation of the development of stable microtubules
during neuronal differentiation of P19 EC cells. It has
been demonstrated that tubulin and MAP expression in these
neuronally differentiated cells is similar to that in brain
and that tubulin isotype scrting into stable microtubules
occurs during differentiation. However, the mechanism by
which tubulin isotypes ar: differentially sorted into stable
microtubule arrays remains to be answered. It has long been
hypothesised that MAPs play a role in microtubule
stabilization during neurocnal differentiation since their
expression is developmentally regulated.

Tau protein is one of MAPs which has been considered
to be involved in microtubule stability. The studies of
microinjection (Drubin and Kirschner, 1986), antisense
oligonucleotide inhibition (Kosik and Caceres, 1991), and
transfection (Knops et al., 1991) all provided evidence that
tau is important in the establishment and maintenance of
neurite extensions.

The objectives of this thesis are: (1) to
characterize the expression of tau protein during RA-induced
neuronal differentiation of EC cells; (2) to examine the
temporal relationship between tau expression and the

development of colchicine-stable microtubules; (3) to
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determine whether or not tau protein associates with
colchicine-stable microtubules; and (4) to examine any
correlation between the expression of tau protein and the
expression of individual tubulin isoforms during neuronal

development.
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MATERIALS AND METHODS

2.1 Cell Cultures

EC cells of the mouse D310 line ({(Edwards et al.,

1983) were obtained from Dr. M. McBurney, University of
Ottawa. The cells were grown in tissue culture grade petri
dishes in a-MEM medium: Minimum Essential Medium with L-
glutamine without ribonucleosides and deoxyribonucleosides
(Flow Laboratories, Missisauga, Ont.)} supplemented with 10%
heat~inactivated fetal calf serum (FCS, Flow Lab.). The
cultures were maintained at 37°C in a 5% CO, atmosphere. To
maintain the cells in the uncommitted, proliferative state,
the cultures were passaged every two days using 0.025%
trypsin (Flow Labs) and 1mM EDTA in calcium- and magnesium-
free phosphate-buffered saline (PBS: 0.1309 M NaCL, 5.1 mM
Na,HPO,, 15.6 mM KH,PO,, pH 7.4), and replated at
approximately 3 X 10° cells per dish.

For RA-induced neuronal differentiation, the cells
were first dissociated using 0.025% trypsin and permitted to
aggregate in a-MEM medium with 10% FCS for at least two
hours in a bacterial grade petri dish, then seeded on to
coverslips in a 35 mm Corning tissue culture dish (Canlab)
in a=MEM plus 10% FCS. After 24 hours, the medium was

replaced with a-MEM plus 4% FCS, and 107° M RA was added to
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induce neuronal differentiation. A 107° M stock solution of
RA was prepared in ethanol, stored at -80°C, and diluted to
10"% M in medium for use. An appropriate amount was added
to the cultures for a final concentration of 107% M RA.
After that, the medium was changed every 2 days with o-MEM
medium supplemented with 4% FCS.

Experiments using colchicine were performed at days
0, 3, 6, 9 and 12 after RA induction. Cells, grown on
coverslips, were treated with 1 pg/ml of colchicine (Sigma
Chemical Co., St. Louis, MO) in culture medium for 45 min at
37°Cc. Colchicine was made up as a stock solution of 1 mg/ml

in sterile distilled water and was stored at -80°C.

2.2 Immunofluorescence Techniques

For immunofluorescence microscopy, the cells attached
to coverslips were briefly washed in PBS, fixed in 4%
paraformaldehyde (BDH Chemicals; Toronto, ont.) plus 1%
picric acid in 0.5 M dibasic sodium phosphate (pH 6.2) for 1
hour, and then permeabilized with 0.5% Triton X-100 (Pierce;
Rockford, IL) in PBS for 5 min. After 3 X 5 min washes in
PBS the cells were incubated in the appropriate primary
antibody solution for 45 min. Following 3 X 5 min PBS
washes, cells were incubated with the appropriate

fluorochrome-conjugated secondary antibody for 45 min,
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washed in PBS for 3 X 5 min, and stained for 2 min in lug/ml
Hoechst dye #33258 {(Calbiochem; LaJolla, CA) at 1:5000
dilution in PBS. Coverslips were then rinsed 3 X 5 min in
PBS, and mounted on glass slides in mounting medium
containing 0.1% p-phenylene diamine to retard fluorescence
bleaching during observation. All processing steps for
immunofluorescence were at room temperature. The samples
were examined and photographed on a ZEISS Axiophot
microscope equipped with phase contrast and epifluorescence
optics. All photomicrographs were taken on Ilford XP-1 400
ASA film.

For double immunofluorescence staining, the two
primary antibodies were sequentially applied, each for 45
min, and after 3 X 5 min PBS washes the two appropriate
secondary antibodies were mixed and applied at the same
time. Appropriate controls were done to ensure that no
cross~reaction among secondary antibodies occurred. These
included two non-mixed secondary antibodies applied
separately.

The following primary antibodies were used for
immunofluorescence. YOL 1/34 (Dimension Lab. Mississauga,
Oontario, Canada), a rat monoclonal antibody (Kilmartin et
al., 1982), was used as a general tubulin stain at a 1:200
dilution. A mouse monoclonal, tau-1, (Binder et al., 1985)
and a rabbit polyclonal antibody (Sigma) which recognize all

tau isoforms were used at a 1:80 and 1:300 dilution
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respectively. TuJl, the kind gift of Dr. A. Frankfurter,
University of Virgina, is a mouse monoclonal antibody (Lee,
et al., 19%0a) which recognizes PIII-tubulin and was used as
a neuronal marker at 1:300 dilution. Mouse monoclonal
antibodies to MAP2 (clones AP-14 and AP-18) from L. I.
Binder were used at 1:100 dilution (Binder et al., 1885). A
rabbit polyclonal antibody to neurofilament 150 kD protein
was purchased from Amersham, Inc. and used at a 1:200
dilution.

The following secondary antibodies were used: Texas
Red-conjugated donkey anti-rat IgG (1:80) cross-absorbed
against mouse and rabbit (Jackson Research, Westgrove, PA);
DTAF (dichlorotriazinyl amino fluorescein)-conjugated donkey
anti-rabbit IgG (1:200) cross-absorbed to rat and mouse
(Jackson Research); Rhodamine-conjugated donkey anti-rabbit
IgG (1:200) cross- absorbed to mouse (Chemincin,
International Inc) and DTAF-conjugated donkey anti-mouse IgG

(1:200) cross-absorbed to rabbit (Jackson Research).

2.3 Electrophoresis and Immunobletting

Two types of cell extracts were prepared for
immunoblotting: the detergent-insoluble proteins containing
the polymeric tubulin, and the detergent-soluble protein

containing the soluble, unpolymerized tubulin. Uncommitted



30
EC cells or 3, 6, 9 and 12 day RA-treated cells were
cultured in 100 mm tissue culture dishes to prepare cell
extracts. To prepare the soluble and polymeric fractions of
+ubulin from colchicine-treated cells, uncommitted EC cells
and 3, 6, 9, and 12 day after RA induction cells were
pretreated with lug/ml colchicine for 45 minutes at 37°C,

To prepare the soluble and polymeric fractions of
cellular tubulin from both colchicine-treated and non-
colchicine-treated cultures, cells were washed twice very
gently with warm PEM (80 mM PIPES, 5 mM EGTA, 1 mM MgCl, pH
6.8) buffer. Soluble proteins were extracted at 37°C for 5
min in 500 pl/100 mm dish of microtubule stabilizing buffer
(MSB: 0.1M N-morpholinoethesulfonic acid, 1mM MgSO, , 2 mM
EGTA, 0.1 mM EDTA, 4 M glycerol, pH 6.75) containing 0.5%
Triton X-100. The soluble extract was removed and
centrifuged for 3 minutes at 1000 g in order to pellet any
cytoskeletal material dislodged from the culture dish during
extractior. The remaining cytoskeletal fraction in the
culture dish was dissolved in 500 ul of 25 mM Tris (pH 6.8)
plus 0.5% SDS, and combined with the pellet from the scluble
extraction. Both soluble and polymeric fractions were
boiled in a water bath for 10 min, vortexed thoroughly, and
either used immediately or stored at -80°C. All buffers for
protein extractions contained 1lmM PMSF
(phenylmethylsulfonylfluoride), 10 pg/ml aprotinin, 10 ug/ml

leupeptin, and 10 pg/ml pepstatin. Protein concentration
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was determined by the bicinchoninic acid assay (Smith et
al., 1985) using BSA (bovine serum albumin) as the standard.
Polyacrylamide gels for analysis of protein samples
were performed according to Laemmli (1970) using the BioRad
mini-gel apparatus. Equal amounts of protein of the
polymeric and soluble fractions from the non-colchicine-
treated and colchicine-trecated samples were loaded in each
lane and electrophoresed on a 7.5% SDS polyacrylamide
separating gel and 4% stacking gel at a constant voltage of
200 volts in Laemmli gel running buffer. Following
electrophoresis the proteins were electrophoretically
transferred to a nitrocellulose membrane in transfer buffer
containing 20% methanol for 1 hour at a constant voltage of
100 volts or overnight at a constant voltage of 30 volts.
The membranes containing transferred proteins were
transiently stained with 0.2% Ponceau S in 3%
trichloroacetic acid to identify the positions of protein
samples and the molecular weight standards, then washed and
dried. The lanes of protein samples were marked around
their entire perimeter for use in a Miniblotter. After the
membranes were destained in PBS, they were incubated in 5%
(w/v) powdered skim milk in PBS overniéht to block the non-
specific binding sites and then mounted on a Miniblotter 28
(Immunetics; Cambridge, MA). Each sample was then probed
with the following primary antibodies: DM1B (1:5000), a

mouse monoclonal antibody, which recognizes all B~tubulin
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(Amersham, Inc.); 6~11iB-~1 (1:10), a mouse monoclonal
antibody, which recognizes all acetylated a-tubulin (Pipernoc
and Fuller, 1985) (the kind gift of Dr. Piperno); and tau-1
(1:80), a mouse monoclonal antibody, which recognizes all
tau isoforms, (the kind gift of Dr. L. I. Binder, University
of Alabama). All antibodies were diluted in 2.5% powdered
skim milk in PBS and incubations were for 1 hour at room
temperature. After incubation with the primary antibodies,
the blots were washed with PBS 3 x 5 min each. The blots
were then incubated with a biotinylated goat anti-mouse IgG
secondary antibody (Amersham) at a dilution of 1:5000 in
2.5% powdered skim milk in PBS for one hour. Following 3 x
5 min washes in PBS the blots were again incubated with a
streptavidin biotinylated complex (HRP) (Amersham) at a
dilution of 1:5000 for one hour, washed three times in PBRS,

and detected by chemiluminescence.

2.4 Enzyme Linked-Immunosorbent Assay (ELISA)

To prepare whole cell protein extracts for ELISA
cells were rinsed briefly in warm (37°C) PBS, washed twice
with warm PEM buffer, scraped into 500 ul of PEM buffer
using a rubber policeman and sonicated for one minute on ice
at a low speed to break the cells., Protein concentrations

were again determined by the bicinchoninic acid assay. The



33
samples were either used immediately or stored at -80°C.

To quantify the total amount of tubulin and the
relative amounts of class III P-tubulin and tau protein
expressed during neuronal differentiation, the indirect
ELISA technique was applied (Binder et al., 1985). Whole
cell proteins were diluted in 0.1 M sodium carbonate buffer
at pH 9.6. Immulon 1 ELISA plates (Dynatech Lab. Inc.) were
coated with 15 ug/well of whole cell protein and kept
overnight at 37°C. The plates were washed once with washing
buffer (PBS containing 0.05% Tween-20 and 2.5% powdered skim
milk) for three minutes, incubated in blocking buffer (PBS
containing 0.05% Tween-20 and 5% powdered skim milk) for 30
minutes at room temperature, and again washed once for 3
min. Plates were then incubated in primary antibody for two
hours at 37°C. After 3 X 3 min washes, an appropriate
secondary antibody conjugated with biotin was added and
incubated for one hour at 37°C. The plates were washed with
0.2% Tween-20 in PF5 for 3 X 3 minutes and incubated with
biotinylated horseradish peroxidase complex (HRP) at a
dilution of 1:750 for 45 minutes at 37°C. After 3 X 3 min
washes with 0.2% Tween-20 in PBS, the plates were incubated
with 100 ul substrate solution containing 50 ml citric
acid/Na, HPO, buffer at pH 5.0, 17 mg o-phenylenediamine
(OPD), and 20 ul 30% H,0,. The reaction was stopped after 5
minutes by adding 100 gl 1 N H,S0,. The absorbance values

were read on a BIOTEK EL310 autoreader (Mandel Scientific)
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at 490 nm. Purified tubulin from bovine brain prepared by
the phosphocellulose chromatography (PC) method (Weingarten
et al., 1975) was used to generate a standard curve and the
amount of total tubulin in the sample was determined within
the linear range of the PC-tubulin standard. The absorbance
values for PIII-tubulin and tau protein were expressed as a
ratio of relative amount of BIII-tubulin or tau protein/mg
of total tubulin.

The following primary antibodies were used for ELISA
experiments: DM1B (1:500) for total P-tubulin; TuJl (1:1000)
for class III P-tubulin; and tau (1:500), a polyclonal
antibody to recognize all tau isoforms. The secondary
antibodies were biotinylated goat anti-mouse JYgG at 1:1000
dilution, and biotinylated goat anti-rabbit IgG (Vector,

Inc.) at 1:1000 dilution.

2.5 Immunogold Labelling for Light and Electron

Microscopy

For light microscopic immunogold localization of tau
and BIII-tubulin, cells were differentiated on coverslips as
described for the immunoflucrescence samples. At day 6
after RA induction, the cells were rinsed in PHEM buffer
{containing 60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM

MgClH,0, pH 6.9), simultaneously fixed and permeabilized
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with 0.5% glutaraldehyde and 0.2% Triton X-100 in PHEM for
10 minutes, then further permeabilized with 0.5% Triton X-
100 in PHEM for 5 minutes. After 20 minutes washing in 20
mM glycine in PHEM to guench free aldehyde groups, the cells
were incubated in blocking solution (5% goat serum in
washing buffer containing 0.8% BSA and 0.1% gelatin in PBS)
for 30 minutes, washed in washing buffer for 5 minutes, and
incubated in the primary antibody for one hour at room
temperature. The primary antibodies were TuJ1l, at 1:300
dilution and tau, a rabbit polyclonal antibedy at 1:300
dilution. After 3 X 10 min washes in washing buffer, the
cells were incubated for one hour in either biotinylated
goat anti-mouse IgG secondary antibody (Amersham) or
biotinylated goat anti-rabbit IgG secondary antibody
(Amersham) depending upon the primary antibodies used.
Following 3 X 10 min washes, the cells were incubated in
AuroProbe One streptavidin (Amersham) at 1:50 overnight at
4°C. Following 3 ¥ 10 min washes in washing buffer, the
cells were post-fi«ed with 2% glutaraldehyde for 10 min and
silver enhanced (IntenSE M kit, Amersham) for 7-10 min.
After thorough washing in distilled water, the coverslips
were mounted on glass slides and visualized by both bright
and dark field optics using a Zeiss Universal microscope.
Micrographs were taken on Ilford XP 1-400 ASA film.

For electron microscopic immunogold localizations,

the cells were differentiated as aggregates in 100 mm
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bacterial grade petri dishes for two days in «-MEM medium
containing 10% FCS plus 10" M RA to induce the neuronal
differentiation and then seeded onto plastic films (Bellco
Glass Inc.). The medium was changed every two days, and six
days after plating the cells on the plastic support were
fixed and permeablized, blocked and immunostained as
described above with 5 min silver enhancement. After 3 X 10
min washes in distilled water, the cells were postfixed
sequentially with 2% glutaraldehyde in PHEM buffer for 10
minutes and 4% osmium tetroxide for 30 minutes. The samples
were dehydrated in 30%, 50%, 70%, and 90% ethanol for 10 min
respectively, 100% ethanol for 2 X 10 min, and then in
propylene oxide for 2 X 15 min. The samples were placed in
a mixture of 1:1 propylene oxide: resin overnight. The
resin was Epon-Araldite containing 15 gm of DDSA, 5.5 gm of
Araldite, 7.75 gm of Epon and 0.7 gm of DMP-30. The second
day, the mixture of propylene oxide and resin was replaced
with pure Epon-Araldite for 4 hours, and then the samples
were embedded in pure Epon-Araldite and polymerized for 36
hours at 60°C. Thin sections (silver-grey) were cut on an
ultramicrotome using a glass or diamond knife and collected
on copper grids. The grids were stained with 4% aqueous
uranyl acetate for 40 minutes followed by lead citrate for
10 minutes, and observed on the Phillips EM 201 electron
microscope. Micrographs were taken on Kodak Electron Image

Film S0-163.
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RESULTS

3.1 RA~induced Neuronal Differentiation

. In my initial studies, immunofluorescence staining
was used to monitor the morphological changes of the D310
line of EC cells during neuronal differentiation and to
assay for the expression of neuronal-specific cytoskeletal
proteins.

Fig. 1. shows the morphology of D310 cells before
neuronal differentiation. These undifferentiated EC cells
are irregularly shaped, but have no extended processes (Fig.
la). Tubulin antibody staining shows that microtubules in
the cytoplasm form a radial array extending from the
centrosome (Fig. 1b). The undifferentiated EC cells were
allowed to aggregate in bacterial grade petri dishes for 2
hours and the aggregates were then plated on glass
coverslips in the presence of RA for neuronal induction. At
2 days after RA induction, a few <cells extend short
unbranched processes (Fig. 2a) and start to express the
earliest neuronal marker I have monitored, class III B-
tubulin (Fig. 2b). At 6 days, many cells show a neuronal
morphology with a small cell body and long thin processes
(Fig. 3). At this time, in addition to BIII-tubulin (Fig.

3a), other neuronal markers like neurofilament (150KkD)
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Figure 1.

General morphology of undifferentiated EC
cells. (a) Phase contrast showing irregular
morphology. (k) tubulin antibody (YOL 1/34)
staining showing microtubules radiating from

centrosome in each cell. Magnification: 600X.









Figure 2.

(see the back of the page).

39



39

Figure 2.

Double immunofluorescence staining showing BIII
tubulin expression in day 2 RA-induced cells.
(a) The general tubulin antibody (YOL 1/34)
stained all cells in the culture. (b) Some
cells were labelled by the antibody (TuJl) to
BIIT-tubulin. Note that the cells stained by
the antibody to BIII-tubulin also were stained
more intensely by the general tubulin antibody
YOL 1/34. (c) Control for YOL 1/34 using only
the Texas Red~labelled donkey anti-rat
secondary antibody. (d) Contrel for TuJl using
only the DTAF-labelled donkey anti-mouse

secondary antibody. Magnification: 400X.
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Figure 3.

Single immunofluorescence staining showing
different neuronal markers expressed in day 6
RA-induced cells using antibodies to: (a) PIII-
tubulin labelled by TuJl; (b) Neurofilament
(150 kD) protein labelled by the antibody to
neurofilament protein; (c) MAP2 labelled by AP-
14; (d) MAP2c labelled by AP-18; (e) Tau
protein labelled by monoclonal tau-1 antibedy;
(f) Tau protein labelled by polyclonal tau
antibody. Note smooth and uniform staining for
BIII and neurofilament proteins and non-uniform

staining for MAPs. Magnification: 400X.
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protein (Fig. 3b), MAP2 (Fig. 3c and 3d) and tau (Fig. 3e
and 3f) are expressed. The antibodies to BIII-tubulin
(Fig. 3a) and neurofilament protein (Fig. 3b) stain the
processes uniformly, whereas the antibodies to MAPs (Fig.
3c, 3d, 3e, and 3f} stain the processes unevenly, giving the

neurites a beaded appearance.

3.2 Immunofluorescence Observations of Tau Expression

Expression of tau protein is developmentally
regulated during neuronal development in brain (Matus, 1988)
and has been reported to be localized in axons in mature rat
brain (Binder et al., 1985). To determine whether tau
protein is expressed in RA-induced neuronally differentiated
EC cells, and if so, the time course of its expression,
double immunostaining of tubulin and tau protein was

applied.

Double immunostaining of tubulin and tau protein

Undifferentiated EC cells (Fig. 4a) show centrosaomal
microtubule arrays by tubulin antibody staining (Fig. 4b),
whereas no staining is observed with tau antibedy (Fig. 4c).

After 3 days of differentiation (Fig. 4d-4f), the
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culture contains a small population of cells with short
neurite processes while the rest of the cells still have the
undifferentiated cell morphology (Fig. 4d). All cells in
the culture are stained by antibody to tubulin (Fig. 4e),
with the small number of cells with neurite processes
staining more intensely than the undifferentiated cells.
Some of these brightly stained cells also express tau
protein (Fig. 4f). The antibody to tau protein stains both
the cell body and the neurite processes. However, not all
neurites are stained by the antibody to tau.

After 6 days of differentiation (Fig. 5a and Sb), the
cells have a small cell body and long, thin neurite
processes (Fig. 5a). They are stained by both anti-tubulin
(Fig. 5a) and anti-tau (Fig. 5b). Tubulin staining of
neurite processes is very smooth and uniform, whereas tau
staining of extensions shows a beaded morphology.

The cells after 12 days of differentiation have long
branched processes (Fig. S5c and 5d). In samples stained for
tubulin, the tubulin staining is evenly distributed along
the extensions (Fig. 5c). In contrast, the staining of tau
protein shows a beaded morphology (Fig. 5d) that is more
prominent than in the earlier days of differentiation. It
appears that the antibody to tau only labels the long

processes, and the short neurites are not labelled.
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Figure 4.

Double immunofluorescence staining of tubulin

and tau in undifferentiated cells and day 3 RA-

induced cells. (a) Phase contrast of
undifferentiated EC cells. (b) Anti-tubulin
staining (YOL 1/34) of the szame cells. (c)

Anti-tau staining (polyclonal antibody) of the
same cells. (d) Phase contrast of day 3 RA-
induced cells. (e) Anti-tubulin staining (YOL
1/34) of the same cells. (f) Anti-tau staining
(polyclonizl antibody) of the same cells. Note
tau protein is not expressed in
undifferentiaited EC cells as shown in (c¢), but
in day 3 RA-induced culture, some cells with
short processes start to express tau as shown
in (f). Tau co-localizes with tubulin, but not
all the processes are labelled by anti-tau.

Magnification: 400X.
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Figure 5.

Double immunofluorescence staining of neurite
processes in day 6 and day 12 RA-induced cells.
(a) Anti-tubulin staining (YOL 1/34) of day 6
RA-induced cells. (b) The same field as (a)
stained with anti-tau (polyclonal antibody).
(c) Anti-tubulin staining (YOL 1/34) of day 12
RA-induced culture. (d) The same field as (c)
stained with anti-tau (polyclonal antibody).
(e) Control for anti-tubulin using Texas Red-
labelled secondary antibody alone. (f) Control
for anti-tau using DTAF-labelled secondary
antibody alone. Note smooth and uniform
staining of tubulin and beaded appearance of

tau protein. Magnification: 400X.
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Double immunostaining of class IIT f-tubulin and tau protein

Observations of the developing central nervous system
in chicken (Lee et al., 1990b) have indicated that class III
p-tubulin is present in all neurons during differentiation,
but is not present in undifferentiated neural precursors.
They concluded that BIII-tubulin was expressed coincidently
with the final mitosis of neuroblasts and with the initial
stages of neurite outgrowth. Therefore, class III p-tubulin
is one of the earliest markers for neuronal differentiation.
Double immunostaining was used to examine the expression of
tau protein relative to this neuronal marker to study the
early events during neuronal differentiation.

In undifferentiated EC cells, neither PIII (Fig. 6a)
nor tau (Fig. 6b) is expressed. PBIII starts to be expressed
at day 2 of neuronal differentiation as shown in Fig. 2,
whereas tau starts at day 3 (Fig. 4). At 3 days of
differentiation, PIII shows smooth and bright immunostaining
in the cell body and along the neurite extensions (Fig. 6d).
Double labelling shows that tau is co-expressed with BIII in
the cell body and neurite extensions (Fig. 6e). As noted
earlier, the staining of tau gives a beaded morphology to
the processes,

By 6 days of differentiation, all cells with long

processes express BIII (Fig. 6f), as well as tau (Fig. 6g).
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Figure 6.

Double immunofluorescence staining of
undifferentiated EC cells, day 3 and day 6 RA-
induced cells with anti~-fIII tubulin (TuJl) and
anti-tau (polyclonal antibody). (a) Anti-BIII
staining of day 0 cells. (b) Anti-tau staining
of the same cells. (c) Phase contrast of the
same field as (a) and (b). (d) Anti-SIII
tubulin staining of day 3 RA-induced culture.
(e) The same field as (d) stained with anti-
tau. (f) Anti-BIII staining of day 6 culture.
{(g) the sam: field as (f) stained with anti-
tau. Note anti-PIII shows a uniform staining
pattern, whereas anti-tau gives a beaded

morphology. Magnification: 400X.
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Figure 7.

Double immunofluorescence staining of day 9 and
day 12 RA-induced cells with anti-PIII tubulin
(TuJ1) and anti-tau (polyclonal antibody). (a)
Anti-fIYI of day 6 culture. (b) Anti-tau of
day 6 culture. (c) Anti-gIII of day 12 culture
after RA induction. (d) Anti-tau of day 12
culture after RA induction. Note some beaded
morphology is alsoc shown by anti-pIII staining

(arrows in a and c). Magnification: 400X.
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The cells at day 9 (Fig. 7a and 7b) and day 12 (Fig. 7c¢ and
7d) of differentiation are very similar to the cells at day
6, except longer branched processes are observed. Some
processes stained by the antibedy to BIII also show the
beaded morphology (arrows in Fig. 7a and 7c¢), but this is
not as obviocus as in the samples stained by the antibedy to

tau (arrows in Fig. 7b and 7d).

3.3 Enzyme~linked Immunosorbent Assay

The immunofluorescence staining results in section
3.2 indicated that there was an increase in total tubulin
and new expression of BIII-tubulin and tau protein during
neuronal differentiation of EC cells. To quantify these
changes, enzyme-linked immunosorbent assays (ELISA) of total
cell protein were carried out. Fig. 8 shows the change in
the ratio of total cell tubulin to total cell protein in
undifferentiated cells and up to 10 days of differentiation.
In undifferentiated EC cells tubulin makes up about 0.5% of
total cell protein. After RA induction,itgere is a gradual
increase of tubulin to about 0.75% of total protein by day
10 of differentiation.

The change in relative amount of BIII tubulin
expressed during neuronal differentiation to total cell

A
tubulin is shown in Fig. 9. In undifferentiated cells there
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is only a background level of fIII-tubulin detected.
Although by immunofluorescence a few cells can be seen to
express PIII-tubulin after 2 days of differentiation, no
increase is observed by ELISA. However, a significant
increase in the amount of PIII-tubulin is observed at day 4,
and there is continued increase at the later days of
differentiation.

The accumulation of tau protein during neuronal
differentiation (Fig. 10) occurs coincident with the
increase in the level of BIII-tubulin. Tau protein is at
background levels in the undifferentiated and 2 day RA-
induced cells. The amount of tau protein then increases
greatly at day 4 and continues to increase from day 4 to day

10 of differentiatieon.

3.4 Tau Expression and Microtubule Stability

Although it has been suggested in several studies
(Drubin et al., 1986; Kosik and Caceres, 1991; Knops et al.,
1991) that tau plays a role in stabilizing microtubules, the
correlation between tau expression and the development of
stable microtubules during neuronal differentiation has not
been examined. In this section immunofluorescence and
immuncblotting were used to investigate this proposed

temporal correlation. Stability of microtubules was tested
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Figure 8.

ELISA results showing total cellular tubulin in
undifferentiated EC cells and in cells
undergoing RA-induced neuronal differentiation.
The amount of total tubulin was derived from
the linear range of a standard curve dgenerated
using PC-tubulin of bovine brain. The values
for each day are derived from triplicate
samples from three separate experiments.
Standard deviations are indicated by error

bars.
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Figure 9.

ELISA results showing the change in the
relative amount of BIII-tubulin in the total
microtubule array during neuronal
differentiation. The values for each day are
derived from triplicate samples from three
separate experiments. Standard deviations are

indicated by error bars.
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Figure 10.

ELTISA results showing the change in the
relative amount of tau protein in the total
microtubule array during neuronal
differentiation. The values for each day are
derived from triplicate samples from three
separate experiments. Standard deviations are

indicated by error bars.
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by treatment of cells with the microtubule depolymerizing

drug colchicine.

Imnunofluorescence

Fig. lla-c shows double immunostaining of tubulin and
tau in undifferentiated EC cells after 45 minutes of 1 ug/ml
colchicine treatment at 37°C. Most microtubules in
undifferentiated cells (Fig. 1la) are depolymerized after 45
minute treatment with colchicine (Fig. 11b). Tau is not
expressed in undifferentiated cells, therefore, no staining
is observed for tau protein in the colchicine-treated
samples (Fig. 1llc).

At 3 days of differentiation (Fig. 11d-f),
microtubules in non-neuronal cells disappeared following
colchicine treatment, but the cells with short processes are
still stained by the antibody to tubulin (Fig. 1le) and by
the antibody to tiéu protein (Fig. 11f).

At 6 days (Fig. 1l2a-c) and 12 days (Fig. 12d-f) after
RA induction, many cells with extensions contain
microtubules which are colchicine resistant (Figs. 12b and
Fig. 12e), and these cells also express tau protein (Figs.
12c and Fig. 12f). After colchicine treatment, the staining

pattern with anti-tubulin becomes similar to the staining



Figure 11.
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Figure 11.

Double immunofluorescence staining of day 0
undifferentiated D310 EC cells and day 3 RA-
induced cells after 45 minutes colchicine
treatment. (a) Phase contrast of day O cells.
(b) Anti-tubulin (YOL 1/34) staining of tubulin
in same cells as (a). (c¢) The same cells as in
(b) labelled with anti-tau (polyclonal
antibody). (d), (e), and (£f) show
colocalization of tau protein and colchicine
stable microtubules in day 3 neurally
differentiated cells. (d) Phase contrast of
day 3 cells. (e) Anti-tubulin staining of same
day 3 cells. (f) Anti-tau staining of same day
3 cells. Note tau protein colocalizes with
stable microtubules in the cells with neurite

extensions. Magnification: 400X.
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Figure 12.

Double immunofluorescence staining showing the
colocalization of tau protein and colchicine
stable microtubules in day 6 and day 12 RA-
induced cells. (a) Phase contrast of day 6
colchicine-treated cells. (b) Anti-tubulin
(YOL 1/34) staining of same cells as in (a}.
(c) Anti-tau staining of same cells. (d) Phase
contrast of day 12 colchicine-treated cells.
(e} Anti-tubulin staining of same cells as in
(d). (f) Anti-tau staining of the same day 12
colchicine-treated cells. ©Note the beaded
morphology is shown by the anti-tubulin
staining (arrows in b and ¢). Magnification:

400X.
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with anti-tau showing the beaded morphology {arrows in Fig.

12).

Immunoblottin

Immunofluorescence microscopy shows that the
stability of neuronal microtubules to the depolymerizing
drug colchicine increases during RA-induced neuronal
differentiation. This increased stability of microtubules
is accompanied by induction of tau expression. To determine
whether the tau protein present is associated with assembled
microtubules and remains associated after colchicine
treatment, immunoblotting was carried out on unassembled
(soluble) and assembled (polymeric) tubulin fractions from
control and colchicine-treated cells (Fig. 13).

In undifferentiated EC cells, tubulin was identified
in both polymeric and soluble fractions. At 3 days of
neuronal differentiation, more tubulin assembles into
microtubules which are present in the polymeric fraction and
these are resistant to colchicine. At 6 and 12 days of
differentiation, the majority of tubulin is present in the
polymeric fraction of the untreated and colchicine-treated
cells.

The changes in amount of acetylated a=-tubulin in

soluble and cytoskeletal fractions are also shown in Fig.
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13. In undifferentiated EC cells, most acetylated a-tubulin
is polymer associated, but there is a small proportion
present in the soluble fraction in both untreated and
colchicine-treated samples. At 3 days of differentiation,
the amount of acetylated a-tubulin in the polymer fraction
increases, but some is still detectable in the soluble
fraction. At this time, although most acetylated a-tubulin
is resistant to colchicine, a small proportion of acetylated
a-tubulin appears in the soluble fraction after colchicine
treatment. At day 6 and day 12 of differentiation,
acetylated a-tubulin is no longer detectable in the soluble
fractions of both colchicine treated and non-colchicine
treated samples. The mobility of the acetylated a-tubulin
changes during differentiation and was at a lower apparent
molecular weight than the f-tubulin in the day 0 and day 3
samples.

In agreement with the immunofluorescence
observations, tau starts to be expressed at 3 days of
differentiation. Two low molecular weight isoforms are
detected in the polymer fraction and these appear to be
present in the polymer fraction after colchicine treatment.
At days 6 and 12 of differentiation, at least four isoforms
are observed in the polymer fractions and some of the two
isoforms expressed at day 3 start to be detected in the
soluble fraction in both the untreated and colchicine-

treated samples.



Figure 13.
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Figure 13.

Immunoblotting analysis of time course
expression of tau protein during neuronal
differentiation and of the partitioning of tau
protein into the soluble and polymeric tubulin
fractions of untreated and colchicine-treated
cells. P, polymer fraction and S, soluble
fraction from untreated cells. CP, polymer
fraction and €S, soluble fraction from
colchicine-treated cells. 50 ug protein were
loaded per well for each sample. 1, tubulin
probed with DM1B antibody; 2, acetylated a-
tubulin probed with 6-11b-1 antibody; 3, tau
protein probed with tau-1 antibody. Positions
of molecular weight standards are indicated on

the left.



R R EE
123 123 123
P s cP
DAY O
205—»
16— ~ T _———
80— 4 .-
50—
TEL ot bt
123 123 123
P s cp
DAY 6

-y

DAY

DAY 12







59
The bands on about 116 kD position in polymer
fractions from all day 0, day 3, day 6, and day 12 samples
and the bands on about 80 kD position in polymer fractions
from day 6 samples are caused by the non-specific secondary

antibody binding.

Immunogold labelling of light microscopy

To confirm that the beaded morphology of tau protein
cbserved by immunofluorescence was not due to the fixation
procedure, several other fixation protocols were tried, but
they failed to show immunofluorescence staining with anti-
tau antibody. In contrast, immunogold light microscopic
labelling using a different fixation protocol was positive.
One nm gold particles were silver enhanced and the samples
were observed by bright-field and dark-field microscopy.
The day 6 culture was chosen since the majority of cells in
the culture showed neuronal processes and expressed all the
neuronal specific proteins examined.

Fig. 14 shows the immunogold labelling of BIII-
tubulin (Fig. 1l4a, l4c and l14e) and tau (Fig. 14b, 1l4d and
14f) in untreated (Fig. l14a and 14b) and colchicine-treated
(Fig. 14c and 14d) cells. In these bright-field
micrographs, gold particles labelling tau and PIII are

localized in both the cell body and neurite processes (Fig.
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14a and 14b), but are more concentrated in the processes.
The gold particles over the processes show a discontinuous
pattern similar to the beaded morphology seen by
immunofluorescence {arrows in Fig. l4a and 14b). After
colchicine treatment, gold particles are still detected in
the cell body and neurite processes (Fig. 14c and 14d) and
the discontinuous labelling (arrows in Fig. l4c and 14d) is
more evident.

By dark-field microscopy (Fig. 15), the discontinuous
distribution of gold particles detecting PIII-tubulin and
tau proiein along neurite processes was even more evident.
The labelling of the cells after colchicine treatment shows
that gold particles are more densely packed in some parts of
the processes, whereas in other parts there are no gold
particles at all (arrows in Fig. 15c and 15d). The staining

patterns for PIII and tau are very similar at this point.

3.5 Localization of Tau Protein on Microtubules at EM

Level

The beaded morphology of neurite processes
immunolabelled for tau protein was cbserved by
immunofluorescence and was confirmed by immunogold light
microscopic labelling. To study the distribution of tau

more precisely, immunogold labelling at the electron



Figure 14.
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Figure 14. Immunogold bright-field light microscopy
showing the localization of tau and pIrIz-
tubulin in day 6 RA-induced cells. (a) BIII-
tubulin labelled with TuJl antibody. (b) Tau
protein labelled with anti-tau polyclonal
antibody. (c) BIII-tubulin in colchicine-
treated cells. (d) Tau protein in colchicine-
treated cells. (e) and (f) Controls for anti-
BITI tubulin and anti-tau staining in which the
primary antibodies were omitted. Note the
beaded morphology shown for both BIII and tau
(arrows in (a) and (b)). Arrows in (c) and (d)
chow discontinuous labelling of gold particles.

Magnification: B00X.
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Figure 15.

Immunogold dark-field microscopy showing the
localization of PIII-tubulin and tau protein in
6 day RA-induced cells. (a) BIII-tubulin
labelled with TuJ1 antibedy; (b) tau protein
labelled with anti-tau polyclenal antibody; (c)
BITII-tubulin in colchicine-treated cells; (d)
tau protein in cochicine-treated cells. (e)
and (f) controls for anti-SIII tubulin and
anti-tau staining in which the primary
antibodies were omitted. Arrows in (c) and (d)
show discontinous labelling of gold particles.

Magnification: 800X.
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microscopic level was performed on day 6 neuronally
differentiated cultures. Figs. 16 and 17 show the general
morphology of a cell body (Fig. 16a, 17) and neurite
processes from 6 day RA-induced cells (Fig. 16b and 16c).
These cells were grown on plastic coverslips and were
simultaneously fixed and permeablized with glutaraldehyde
and Triton x~100 using the same protocol as for immunocgold
labelling. The preservation of the structure of the
nucleus, nuclear envelope, and cytoplasmic organelles, such
as the mitochondria, is good. Within the neurites, some
organelles are present.

Immunogold labelling of tau protein is shown in Fig.
18. One nm gold particles were silver-enhanced. In many
fields of view, gold particles are showing a discontinuous
or non-uniform distribution along the microtubules of the
neurite processes (Fig. 18a). After coclchicine treatment
(Fig. 18b), anti-tau labelling remains localized on
microtubules, although the number of gold particles appears

fewer than on the samples that were not colchicine-treated.



Figure 16.
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Figure 16.

Electron micrographs of day 6 differentiated EC
cells. (a) Region of a cell bedy (Cb) showing
part of a nucleus, mitochondria and ribosomes.
(b) and (c) Regions cof neurite (N) processes
showing large numbers of filaments running
parallel to the long axis of the processes.

Magnification: 11250X.
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Figure 17.

Higher magnification of the cell body in Fig.
16a region from the day 6 differentiated EC
cell showing nucleus (N), nucleolus (Nu),
mitochondria (M), and rough endoplasmic

reticulum (Er). Magnification: 17500X.
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Figure 18.

Electron micrographs showing the localization
of tau on microtubules in neurite processes of
day 6 differentiated cells. (a) Tau protein
labelled by gold particles is localized on a
bundle of microtubules in a non-colchicine
treated neurite process. (b) Tau protein
labelled by gold particles is still seen on
microtubules in a neurite extension after
colchicine treatment. (c) Control sample in
which the primary antibody was omitted.
Magnification: (a), 25000X; (b), 37500X; (c),

37500X.
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DISCUSB8ION

In the present study D310 EC cells were used to
explore the relationship between tau expression and the
development of stable microtubules during neurogenesis. 1In
these neurally differentiated EC cells, tau expression is
developmentally regulated. Alsc, the increase of
microtubule stability and tau expression is highly

correlated.

4.1 RA-induced neurally differentiated D310 EC cells

The results of this study demonstrate that D310 EC
cells are capable of differentiating into neurons after RA-
induction and express several neuronal markers including
class III P-tubulir, juvenile MAP2c, high molecular weight
MAP2, neurofilament protein, and tau protein. Previous
studies by Falconer et al. (1989%a, 1989b, 1992) had already
documented that in early neurally differentiated cells
induced by RA, P19 cells also formed neurons and expressed
the same cytoskeletal neuronal markers. However, P19
cultures induced by RA are a heterogeneous mixture of cells
which includes neurons, glial cells and fibroblast-like

cells. The D310 cell line, which is a subclone of P19
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cells, still gives a mixed population of cells, but it has
been suggested ( M. McBurney, personal communication) that
this cell line differentiates into more neurons than the P19
cells do after RA induction. In addition, preliminary ELISA
experiments that I carried out using fIII-tubulin expression
as a marker for neuronal differentiation also showed that
D310 cells produce more deurons than P19 cells. This
provides a good model system for the study of tubulin
isoforms and their developmental regulation during

neurogenesis.

4.2 Developmental Regulation of Tau Expression

Tau protein is not expressed in undifferentiated EC
cells, starts to be expressed at 3 days of RA induction, and
the amount of tau increases about two-fold from day 4 to day
10 of differentiation as the number of neurons increases in
the culture. During RA-induced neuronal differentiation in
P19 culture the expression of MAP2 also showed developmental
regulation (Falconer et al., 1992, 1993). Juvenile MAP2c is
first detected at day 2 of neuronal differentiation and
expression of MAP2c increases through day 6 after RA
addition. High molecular weight MAP2 appears by day 6.
These changes in MAP expression in neuronally

differentiating EC cells are similar to that in brain.
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The study by Binder et al. (1985) concluded that tau
protein is localized in axons in the central nervous system
of rat brain. Although it has not yet been well established
that the neurons derived from EC cells have dendrites and
axons, double immunofluorescence staining with anti-tubulin
and anti-tau does show that anti-tau antibody only labels
some neurite processes. This suggests that the neurite
extensions expressing tau protein may be developing axons,
whereas those not expressing tau may be dendrites. The
study by Falconer et al. (198%a) demonstrated that MaP2c
first was detected at day 2 of RA-induced cells and at later
development, adult MAP2 starts to be expressed and was
localized to only some of the processes. This suggests that
MAP2 positive processes may differentiate into dendrites.
Previous study concluded that MAP2 localized to dendrites
while tau localized to axons (Hirokawa, 1982).

ELISA data provided in this study also support the
immunofluorescence observations of the increase in tau
expression during na2uronal differentiation. The amount of
total tubulin in undifferentiated EC cells is about the same
as the level of tubulin in fibroblast-like cells. The
statistical analysis (T-test) showed that there was no
significant difference between the amount of total tubulin
in day 2 RA cultures and the amount of total tubulin in day
0 cultures. The amount of total tubulin starts increasing

after day 4 of RA induction, and slowly reaches about 0.75%
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of total protein at 10 days of differentiation. This level
of tubulin is much lower than 11-12% of tubulin in adult
chick brain (Bamburg et al., 1973). It is not clear why the
amount of tubulin in RA-induced neuronally differentiated
cultures is so much lower than that in brain. However,
there are a few possibilities which may contribute to the
low level of tubulin. First, there are several types of
cells in the culture, such as the fibroblast-like cells
which probably have lower amount of microtubules than
neuronal cells. Second, the differentiation is not
synchronous, some neurons are more mature than the others,
and the immature neurons contain less microtubules.
Furthermore, the neurites differentiated from EC cultures
are smaller and thinner in comparison to those in mature
brain.

Class III f-tubulin is an indicator of neuronal
differentiation (Lee et al., 1990b). The TuJl antibody to
class III P-tubulin was used in this study to identify
neurons from a background of fibroblast-like cells. This
antibody can detect differentiating neurons as early as 2
days after addition of RA before the extension of neurites
occurs. In neuronally differentiated D310 EC cells, as soon
as tau starts to be expressed, the increase in the levels of
tau protein parallels the accumulation of class III B-
tubulin. During the period of 10 days after RA induction,

both class III P-tubulin and tau increased about two-fold.
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During early neuronal development class III f-tubulin is
differentially incorporated into colchicine~labile
microtubules (Facolner et al., 1993). Since BIII-tubulin is
an indicator of neurcnal differentiation, the increase in
the amount of PIII-tubulin indicates the increase in the
numbers of neurons as well as the maturation of neurons in
the culture. Therefore, the paralleled increase between the
amount of tau protein and BIII-tubulin expressed during
neuronal differentiation demonstrates that the expression of
tau is developmentally regulated in RA-induced EC cells.
This observation is also similar to that in PCl2 cells
differentiated by NGF (Drubin et al. 1985). Following long-
term NGF treatment, tubulin levels increased by about three-
fold, while the increase in the levels of the various MAPs
ranged between three- and 15-fold. The low level of class
III p-~tubulin detected in undifferentiated EC cells is
probably due both to the background caused by the secondary
antibody binding and the presence of some spontaneously
differentiated cells which express class III B-tubulin in
the culture. The apparent decrease in tan expression at day
8 of differentiation may be result from the presence of
rapidly dividing glial cells in the culture (M. McBurney,
personal communication) which would cause an increase in
total tubulin, but the relative amount of tau remains the

same.

Four isoforms of tau proteins were detected in RA-
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induced neuronally differentiated D310 cells by
immunoblotting. Two isoforms appeared at 3 days after RA
induction, and four isoforms were detected after 6 days of
differentiation. The changes from two isoforms to four
isoforms of tau proteins indicate that the transition from
juvenile isoforms to adult isoforms occurred during neurcnal
differentiation of D310 EC cells, as well as the
heterogeneity of tau increased during neuronal development.
This correlates well with the developmental changes of tau
in brain (Couchie and Nunez, 1985; Riederer and Innocenti,
1991; Takemura et al., 1991; Larcher et al,. 1992). 1In
newborn rat brain, the tau complex consists of two major
components, whereas in adult tissue six components are
present. The transition from juvenile tau to the adult
isoforms begins around postnatal day 15 and is completed by
day 35 (Couchie and Nunez, 1985). The developmental changes
of tau expression are also cbserved in developing cat
cerebral cortex and corpus callosum. During the postnatal
development of cat visual cortex and corpus callosum, the
molecular composition of tau protein changes between
postnatal day 19 and 39 from a set of two juvenile forms to
a set of at least two adult variants (Riederer and
Innocenti, 1991). Tau protein heterogeneity increases
dramatically during the second week of mouse brain
development (Larcher et al., 1992). The study of in situ

hybridization of tau mRNA in rat central nervous system
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shows that the expression of tau mRNAs is abundant during
the first postnatal week, but is reduced by the third
postnatal week in neural cells throughout the cortical plate
of the cerebral cortex (Takemura et al., 1991). The
increased heterogeneity of tau protein during neuronal
differentiation observed in this study is also similar to
that in PC12 cells induced to differentiate by NGF, in which
both immature and mature tau isoforms were detected and the
transition from the immature to the mature isoforms occurred

after 1-2 days in culture (Hanemaaijer and Ginzburg, 1991).

4.3 Tau Expression and Neurite Outgrowth

In neurons derived from D310 EC cells by RA
induction, the short neurite processes start to be observed
at day 3, although some cells start to express class III g-
tubulin before any obvious morphological change. The
expression of tau protein occurs at the time when neurite
processes appear and the level of tau increases as neurite
processes become branched and extended. Although this
observation does not provide a direct evidence for the role
of tau protein in neurite outgrowth, the strong correlation
between tau expression and neurite outgrowth is consistent

with tau playing a role in the establishment of neurite
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processes during neuronal development.

It has been suggested that tau functions in neurite
elongation (Drubin et al., 1985; Drubin et al., 1988). When
expressed in Sf9 cells from the moth ovary via a
baculovirus, tau induced the outgrowth of long processes
(Knops et al., 1991). Tau may also have a role in the
generation of asymmetric neuronal morphologies, because tau
antisense oligonucleotide exposure in neuronal cell culture
specifically inhibits the elaboration of an elongated,
nontapering axon-like structure (Caceres and Kosik, 1990;

Kosik and Caceres, 1991; Caceres et al., 1991).

4.4 Tau Expression and Microtubule 8tability

Neurite outgrowth is accompanied by an increase in
the microtubule population, as well as an increase in
microtubule stability (Matus, 1988).

The data presented in this study shows that during
RA-induced neuronal differentiation the microtubule
population increases steadily, and microtubule stability to
colchicine depolymerization also increases. Both of these
increases are accompanied by the increase in tau protein
expression.

Immunofluorescence staining demonstrates that in

undifferentiated EC cells almost all microtubules
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disappeared after 45 min colchicine treatment, whereas the
microtubules in RA-induced cells become more and more
resistant to colchicine depolymerization during
differentiation along the neuronal pathway. An early study
by Falconer et al., (198%a) also found that a population of
colchicine-stable, acetylated microtubules appeared during
early neuronal differentiation in P19 EC cells. In
undifferentiated EC cells, most of microtubules are labile
and are depolymerized by colchicine treatment (Fig. 11b).
The tubulin from these depolymerized microtubules should be
detected in the soluble fraction extracted from colchicine-
treated cells. This is not seen in the day 0 samples of
Fig. 13. The reason is prcbably caused by the percentage of
tubulin in whole cell proteins. 1In EC cells about 70% of
total cell protein is present in the polymer fraction and
30% is in the soluble fraction. It is possible that
colchicine treatment has an effect on protein solubility
which results in an increase in the percentage of soluble
protein in the colchicine-treated samples. It is also
possible that the extraction procedure applied in the
experiments is not effective in removing all colchicine-
labile tubulin from the polymer fraction. In the
immunoblotting experiments an equal amount of protein from
each sample was loaded. Therefore the amount of tubulin
from colchicine-treated soluble fraction was actually less

than that from untreated soluble fraction. At day 6 which
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is the best stage for neuronal cell production, tubulin
becomes prominent in the colchicine-treated polymer
fraction. The soluble fraction contains very little tubulin
after colchicine treatment. Again at day 12, more tubulin
appears in the soluble fraction after colchicine treatment
compared to that at day 6. This could be caused by the
increase of glial cells in the cultures since glial cells
start to proliferate at about day 8 after RA addition
(Jones-Villeneuve et al., 1982}).

In RA-induced D310 cells, after tau protein is
expressed, it appears that tau protein is consistently
colocalized with colchicine-resistant microtubules,
suggesting that tau is important in the formation of stable
microtubules during neuronal differentiation. This is also
supported by immunoblotting results. Tau protein started to
be detected in 3 day RA cells which agreed with the
immunofluorescence staining. Furthermore, tau appeared to
be present in colchicine-treated polymer fractions which
provided more evidence that tau colocalized with stable
microtubules. At later days of differentiation, both the
heterogeneity and the amount of tau protein increased.
Taken together, these results agreed with the early studies
in the developmental regulation of MAP expression in brain
(reviewed by Matus, 1991), which further supports the
hypothesis that tau protein is important in the development

of stable microtubules during neuronal development.
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Interestingly, the acetylated a-tubulin recognized by
the antibody 6-11b-1 ran faster than p-tubulin at day 0 and
day 3 and then shifted up at day 6 and day 12. «- and p-
tubulin are not usually separated on SDS/polyacrylamide gel.
To separate a- and P-tubulin, the proteins need to be
carboxymethylated, and subjected to electrophoresis in 8M
urea-acrylamide gels and usually f-tubulin runs faster than
@-tubulin (Bryan and Wilson, 1971). Although it is not
clear why a~ and B-tubulin were separated in these
experiments, the change in mobility of a-tubulin at day 6
and day 12 RA cells suggests that posttranslational
modifications may have occurred. It has been suggested that
posttranslational modifications of tubulin isotypes play a
role in the formation of stable microtubules during neuronal
differentiation (reviewed by Falconer et al., in press).
Preliminary isocelectric focusing data (Laferriere and Brown,
1992) indicate that undifferentiated P19 cells have a
single, non-phosphrrylated form of class III P-tubulin. 1In
3 day RA cells, twn isoforms are present, and by day 6 this
increases to six or more isoforms. One phosphorylated
isoform is detected and the other isoforms are presumed to
be due to polyglutamylation. To determine whether this
change in mobility of a-tubulin position is caused by
posttranslational modifications or not, isoelectric focusing

technique should be applied.
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4.5 Association of Tau and Stable Microtubules

In D310 cultures induced to differentiate along the
neural pathway, the beaded-morphology by anti-tau
immunofluorescence staining is consistently observed.
Preliminary immunogold electron microscopy indicated that
tau appeared to be unevenly distributed on microtubules. An
alternative explanation is that labelled portions of the
microtubule bundles were out of the plane of section.
Examination of thick sections or of serial sections would
have eliminated this possibility. Co-expression of tau
protein with colchicine-stable microtubules is also
demonstrated by both immunofluorescence and immunoblotting,
thus suggesting that tau protein associates with colchicine-
stable microtubules. Although the time course of tau
expression was examined in neurally differentiated D310 EC
cells and the correlation between tau expression and the
development of stable microtubules during neuronal
differentiation was explored, many questions regarding the
functions of tau protein in stabilizing microtubules still
remain to be answered. For example, is tau responsible for
the formation of the stable segments of microtubules in
axons or does it just passively associate with the stable
segments; are there any tubulin isoforms preferentially
associated with tau in the stable microtubules; and are any

posttranslational modifications of both tubulin and tau
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protein involved in the development of stable microtubules.
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