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ABSTRACT

During the development of the central nervous system (CNS), cell surface 

molecules play an important role in determining the fate of neurones. The 

expression of these cell surface molecules changes throughout development. The 

changes are indicative of their involvement in events such as proliferation, 

differentiation, synaptic plasticity and neurite outgrowth. As a neurone matures 

and gains a differentiated character, synaptic plasticity remains but neurite 

outgrowth in the mature CNS is limited. The reasons for this limitation are 

unclear.

This study investigates some of the events which determine the survival and the 

development of mature cerebellar Purkinje cells in vitro. It was found that the 

yield of live Purkinje cells is greatly increased (6-fold) when sucrose and pyruvate 

are present in the buffer used for cell isolation. The enzyme pronase is also found 

to be of benefit in preserving the Purkinje cell’s dendritic tree. The increase of 

cell adhesion to the culture plate via Thy-1 or membrane-bound glutamate acid 

decarboxylase (GAD) support the survival of mature neurones in vitro. Purkinje 

cells’ morphological and molecular characteristics were preserved and these cells 

survived up to one month. Soluble antibodies to Thy-1, added to the medium of 

the culture were found to promote significant neurite outgrowth from mature 

Purkinje cells and their growth is greatly enhanced when NGF is also added. The 

neurite outgrowth pattern induced by anti-Thy-1 antibodies treatment differs from 

those induced by NGF. Anti-Thy-1 antibodies promote a single-branched type of 

elongation while NGF enhances mainly arborisation as well as a neurite 

elongation.

This study concludes that modulation of cell surface molecules can cause 

neurones to elongate neurites de novo and further differentiate even after they 

have reached maturity.
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Introduction

1.1 In t r o d u c t io n

1.1.1 B a c k g r o u n d

The ability of cells to respond to signals from their micro-environment is 

fundamental to their development. In the developing nervous system, neurones 

migrate and extend neurites to establish an intricate network of synaptic 

connections. During migration and neurite outgrowth, cells are guided by both 

attractive and repulsive signals (Hynes and Lander, 1992; Keynes and Cook, 

1992). The ability of neurones to respond to these signals is dependent upon cell 

surface molecules which receive signals and transmit them to the cell’s interior. 

This results in specific biological responses such as promoting morphological 

plasticity (Goodman and Shatz, 1993) and maintaining stable contact between 

cells (Bailey et al., 1992). This stability, however, may also contribute to the poor 

regenerative capacity of the adult central nervous system (CNS), (Doherty et al., 

1995). In fact, as a neurone reaches maturity, synaptic plasticity remains but 

neurite outgrowth remains limited. It has been shown that by blocking certain cell 

surface molecules of a neurone, mainly using specific antibodies directed against 

them, the ability to extend neurite can be modulated (Leifer et al., 1984; 

Mahanppatha et al., 1992(a); Doherty et al., 1993, Shea and Benowitz, 1995).

Investigation of this latter phenomenon might provide some valuable insight into 

practical means of promoting neuronal repair after injury or disease-induced 

neurodegeneration. However, none of the published studies have been confined to 

mature CNS neurones. In such a model, their ability to extend neurites would be 

naturally limited.

1.1.2 Sc o pe  o f  th e  p r o je c t

My project was to construct an improved primary culture system which would 

allow the study of cell surface molecules in mature CNS neurones and their 

relationship to survival and neurite outgrowth. The maintenance of neurones in

15



Introduction

vitro is more difficult as the age of the animal from which they are isolated 

increases (Messer et a l, 1984; Hockerberger et a l, 1989; Cohen-Cory et a l, 

1991). It was therefore important to study a cell type for which differentiation is 

easily recognisable in vitro, well described in the literature and occurs early in 

development.

Use of a cerebellar cell type was considered to hold possible advantages. The 

cellular organisation of the cerebellum is well characterised and composed of 

only a limited number of cell types, thereby simplifying the task of identification. 

Of these cell types, Purkinje cells have a unique and highly distinctive 

morphology. Their developmental maturation has been well studied in animal 

models and a variety of biochemical and immunological markers have been 

described. Post natal day twenty, in the rat, corresponds to the start of the final 

stage in the maturation of the Purkinje cells. They already present the typical 

morphology of a highly differentiated neurone and from now on are considered as 

mature neurones. They therefore provided an excellent model for this study.

However, no successful studies on the culture of mature Purkinje cells has been 

yet reported. The optimal conditions for isolating and maintaining mature 

Purkinje cells with preserved dendritic trees in vitro are largely undefined. A 

detailed investigation of isolation and culture conditions was required before 

progressing to functional studies of neurite outgrowth.

1.1.3 O v e r v i e w

This chapter reviews the gross and cellular organisation of the cerebellum, the 

development and maturation of the Purkinje cells in rodents, the current methods 

for their in vitro maintenance and finally the cell surface molecules implicated in 

modulating neurite outgrowth.

16
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1.2 T h e  c e r e b e l l u m

The cerebellum constitutes only 10% of the total volume of the brain but contains 

more than half of all its neurones. However the apparent anatomical organisation 

is relatively simple; five types of neurones (stellate, basket, Purkinje, Golgi and 

granule cells) which are organised in three distinct layers, two afferent pathways 

(the mossy fibres and the climbing fibres) and only one output pathway (the axon 

of the Purkinje cells). These components are highly organised in a regular 

repetition of simple circuits of neuronal connections (Leiner et al., 1989). These 

circuits mediate different functions according to the information they receive and 

relay it outwards.

1.2.1 O r g a n i s a t i o n  o f  t h e  c e r e b e l l u m

Anatomical organisation
The cerebellum occupies most of the posterior cranial fossa (see Fig.I-1). It is

composed of an outer mantle of grey matter (the cerebellar cortex), an internal 

white matter mantle and three pairs of deep nuclei which project out of the 

cerebellum, the fastigial, the interposed and the dendate nuclei (reviewed in 

Kandel et al., 1991). The cerebellum receives inputs from all levels of the central 

nervous system, and sends its outputs through the deep nuclei or the vestibular 

nuclei and then to the cerebral cortex and the rest of the brain stem. Inputs and 

outputs run through tracks called the cerebellar peduncles. Parallel transverse 

convolutions run from one side of the cerebellar surface to the other. Two deep 

transverse fissures divide the cerebellum into three major lobes: the anterior, the 

posterior and the small flocculonodular lobes. Each of these lobes is subdivided 

into lobules, themselves composed of successive folia.

17
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Functional organisation
The cerebellum can be divided into three regions running from the anterior to the

posterior lobe: the central part known as vermis, the intennediate and the lateral 

zones of each hemispheres (Fig. I-l.).

Flocculus Nodukis

Anljrk* lobe
 *— — Primary

fissure

vermisIntermediate part 
of fiemispftere

Lateral part 
of ftemisphere

\AnteriorMidbram-^—

Vermis

HorizontalcerebellarCerebellum fissurehemispheres

Flocculus
Posterior 
lobe

Posterior lobe
Medulla

Posterolateral
tissure

Flocculonodular 
lobe Flocculonodulsr lobe

Figure I-l Anatomical organisation the cerebellum
A. the cerebellum is unfolded to reveal the lobes normally hidden from view.
B. the main body o f the cerebellum is divided by the primary fissure into anterior and 
posterior lobes. The posterolateral fissure separates the flocculonodular lobe. Shallower 
fissures divide the anterior and posterior lobes into nine lobules. The cerebellum has three 
functional regions: the central vermis and the lateral and intermediate zones in each 
hemisphere, (adapted from Kandel et al., 1991)

A second functional division is based on the connections made to the different 

regions of the CNS, into the vestibulocerebellum, the spinocerebellum and the 

cerebrocerebellum (Ito et al., 1984). This division relates to the phylogenetical 

evolution of cerebellar regions. The oldest region is the vestibulocerebellum 

(anatomically the flocculonodular lobe) which is vital for movements. The second 

region, the spinocerebellum, receives proprioceptive information from the cortex 

for intended movements or from the spinal cord for other aspects of movement. 

It is able to detect errors and relay feedback signals to correct them. This is
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accomplished by controlling the firing patterns of the alpha and gamma 

motomeurones. This region therefore mediates the detailed execution of 

movements and helps to minimise disturbances that might throw them out of 

course (Stein et al., 1986).

The most recent phylogenetical region, the cerebrocerebellum, has more complex 

functions. It makes reciprocal connections with the cerebral hemispheres but 

receives no proprioceptive information from the spinal cord. This allows the 

cerebrocerebellum to rapidly control and plan learned, skilled movements without 

the delay of sensory feedback pathways needed for the actual execution and 

adjustment of movement. Lesion studies suggest that it also functions as a timing 

device as patients with cerebellar dysfunction are unable to reproduce precisely- 

timed tapping sequences (Ivry et al., 1988).

1.2.2 C e l l  t y p e s  a n d  c o n n e c t i o n s

The cerebellar cortex contains five different types of neurones: stellate, basket, 

Purkinje, Golgi and granule cells. All have specific dendritic and axonal 

ramification patterns as well as defined location in three distinct cortical layers: 

the molecular, the Purkinje and the granular layer (Fig. 1-2).
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Figure 1-2 Neuronal organisation o f thie 
adult mammalian cerebellar cortex.

A single folium o f  the mammalan 
cerebellum (a magnified section o f  ihe 
region shown in the rectangle).
BC = basket cell, CF= climbing fibres; 
Gran= granule cell layer, GC = Golgi II 
cell; gr = granule cells; MF = mossy fibres; 
Mol = molecular layer, P= Purkinje cell 
layer, Pur = Purkinje cell, PF = parallel 
fibres, SC = stellate cell, (adapted from 
Jacobson et al., 1991).

The molecular layer
Nearest to the surface of the cerebellum, the molecular layer is built up of the

dendritic arborisation of Purkinje cells and densely packed thin axons of the 

granule cells also called parallel fibres. They run parallel to the longitudinal axis 

of the folium. These fibres form synaptic connections on the dendritic spines of 

the Purkinje cells and also on the dendrites of the stellate, basket and Golgi cells. 

The cell bodies of the basket and the stellate cells, both interneurones, are also 

located in this layer. The stellate neurones form synapses on Purkinje cell 

dendritic shafts while the Golgi neurones form a local circuit with the granule 

neurones and do not interact directly with the Purkinje cells. The afferent 

climbing fibres which originate in the inferior olive, innervate the spine of the 

large dendritic branches of the Purkinje cells.

20
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The Purkinje cell layer 
The Purkinje cell layer is located beneath the molecular layer and contains the

characteristic, large, pear-shape like cell bodies of the Purkinje cells which are

arranged uniformly side by side in a single sheet. Their extensive dendritic trees,

confined to the transversal plane of the folium, rise up to the molecular layer. The

Purkinje cell bodies receive inputs essentially from the basket cells. The soma of

specialised astroglial cells (the processes of which are known as the Bergmann

glial fibres) are also present in this layer.

The granular layer
Innermost of the three, the granular layer is of uneven thickness. A vast number of 

densely packed small neurones, mostly granule cells, are confined to this layer. A 

few Golgi cells are found on the outer border. The important structural element of 

this layer is the cerebellar glomeruli where dendrites of the granule cells form 

complex synaptic contacts with the afferent mossy fibres.

Along the three layers lie monoamine-containing axons that originate in the locus 

coerelus, raphe nuclei, and substantia nigra and which target the Purkinje cells. 

The two afferent pathways, the parallel and the mossy fibres, innervate these 

layers with unerring precision on their postsynaptic targets.
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1.3 T h e  P u r k in je  c e l l s

The Purkinje cells have been described as one o f  the "most characteristic example 

o f highly differentiated neurones with respect to the specific beauty o f  their 

dendritic arborisations as well as the many different kinds o f  synaptic relations 

they have" (Eccles, 1967). Purkinje cells are GABAergic, easily recognisable, 

abundant, and have the potency to elaborate extended dendritic trees. At postnatal 

day 20 (PN20), in the rat, these cells are fully differentiated and are considered as 

mature (Fig. 1-3).

Figure 1-3 Purkinje cells labelled with anti-calbindin antibodies
Cerebellar section (80|im  thick) from a 20 days old rat.
([-]= 25 iim)
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1.3.1 PURKINJE CELL ONTOGENESIS

In general, the stage of development of the cerebellum at birth can be correlated 

with the development of an animal's power of locomotion and motor co

ordination. Time and sites of origin of the Purkinje cell and of the four types of 

cerebellar local-circuit neurones, as well as their migration routes to specific 

positions in the cortex, their distinctive pattern of differentiation and growth, and 

their synaptogenesis, have been described in several species (reviewed by 

Jacobson, 1991).

Well defined germinal zones can be demarcated which give origin to different 

types of neurones in a regular timetable. Histogenesis of large principal neurones 

occurs first, followed by genesis of local-circuit neurones. Cells originate from 

two separate germinal zones. A zone in the roof of the fourth ventricle (the 

rhombic lip) gives origin to deep cerebellar neurones in addition to the Purkinje, 

Golgi 11 cells, and the Golgi epithelial glial cells. Later another germinal zone, 

called the external granule layer, is formed immediately beneath the pia covering 

the cerebellar plate, and this gives origin to granule, stellate and basket cells and 

some glial cells, all of which migrate deeper into the cerebellar cortex.

1.3.2 D e v e l o p m e n t a l  ph a ses

The development of Purkinje cells can be divided into five phases. The first is 

embryonic (E) and all the others are postnatal (PN), (Fig. 1-4).

Phase 1. The presynaptogenic phase.
Purkinje cells originate from a ventricular germinal zone in the rhombic lip at

E l 0-El 3 in the mouse (Uzman et al., 1960; Miale et al., 1961) and from El 2-El 5 

in the rat (Altman et al., 1972a) and migrate to form the first neurones in the 

cerebellar plate. The production of Purkinje cells commences and ceases before 

that of any other cell types in the cerebellar cortex. At the birth of the rodent
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Purkinje cells are the most numerous cellular elements. Purkinje cells are 

scattered in 6 to 12 rows and have dendrites which are budding from all sides 

(Addison et al., 1911; Altman et al., 1972 a, b). Ramon y Cajal (1911) pointed out 

that in the same region, the Purkinje cells closer to the surface appear to be more 

mature than the others. Synapses are absent on the soma of newborn animals. 

More often, desmosome-like attachment membranes are visible between the 

perikarya of the Purkinje cells and unidentified processes and sometimes with 

adjoining Purkinje cells. The Golgi II glial cells start to appear during this phase.

 PARALLEL FIBER
-  -PA R A LLEL FIB E R  S Y N A P S E  

-G L IA L  SHEATH 
-C LIM B IN G  FIBER 

■ ^ .-C L IM B IN G  F IB E R  SYNAPSE 
» Y ^ - B A S K E T ( B )  o r  STELLA TE ( S )  C ELL SYNAPSE
t C  - g r a n u l e  c e l l

Figure 1-4 Purkinje cell developmental phase
Diagrammatic illustration o f  some major events in the maturation o f  a Purkinje cell. The 
width o f the molecular layer is a function o f the animal’s age. The five columns represent the 
five developmental phases. At day 3, the Purkinje cell is still immature and resembles to a 
neuroblast with a visible axon. During phase 2 (7 days), the Purkinje cell acquires transient 
structures (perisomatic processes) and the main dendrite start to grow. The climbing fibres 
and the granule cell axons develop their first synaptic contacts with the Purkinje cells. The 
maturation o f  the soma occurs in phase 3 .(1 2  days). The upward ‘march’ o f  glial sheeting o f  
the Purkinje cells commences. Basket cells (B) and stellate cells (S) form synaptic contacts 
respectively with the cell body and the newly elaborated dendrites o f  the Purkinje cell. Phase 
4 and 5 represent the maturation o f the dendritic tree of the cell. Permanent synaptic 
contacts are made as the cell elaborates secondary and tertiary dendritic branches, as well as 
spiny branchelets, and expands to the upper part o f the layer.
The cell width o f  the two zones o f  the external genninal layer is accurate but they are not 
drawn to scale. Adapted from Altman, (1972b).
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Phase 2. Formation o f transient structures
Maturation of the Purkinje cells begins with the permanent dispersion of Purkinje

cells into a monolayer, five days after birth in the rat (Addison et al., 1911) and 

ten days after birth in the mouse (Miale et al., 1961). Two transient cytoplasmic 

formations appear; an apical cone composed of a large concentration of 

mitochondria and agranular vesicles, and many perisomatic processes of the 

soma. The appearance of the latter is associated with the establishment of 

complex asymmetrical synapses, presumably those of climbing fibres. In the 

seven days old rat (or postnatal day 7), “early synapses” are formed between 

parallel fibres and the outgrowing dendrites of the Purkinje cells.

Phase 3. Synaptic maturation o f the soma.
Purkinje cells begin to differentiate rapidly after the granule cells migrate past

them from the external granule layer to the internal granule layer. During that 

phase, the synaptic maturation of the soma of the Purkinje cell is indicated by the 

gradual disappearance of perisomatic processes and of temporary synapses with 

climbing fibres and by the acquisition of permanent symmetrical basket cell 

contacts (Altman et al., 1972b). The axon of the Purkinje cell which can be seen 

at birth, spreads small collaterals which contact neighbouring Purkinje cells. Glial 

cell processes start spreading around the soma of the Purkinje cells. The neurones 

of the deep cerebellar nuclei make their first synaptic contacts. The nuclei of the 

Purkinje cell continues to increase in size until PNIO in the mouse and PN14 in 

the rat.

Phase 4. Maturation o f the lower synaptic domain o f  Purkinje cell 
dendrites
By the beginning of the third week of life, the Purkinje cell soma has an adult 

appearance, being round or pear-shaped, and is devoid of perisomatic processes 

(Altman, 1972b). The soma is covered by glial processes of the Bergmann glial 

cells. The dendritic growth starts with a single apical dendrite and is followed by 

a more developed secondary and tertiary dendritic branching in the lower part of 

the molecular layer. This occurs from PN4 to PN14 in the mouse (Henldelman
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and Aggerwall, 1980) and in the first 21 postnatal days in the rat (Addison et al., 

1911; Altman et al., 1972b). Dendritic growth is stimulated by contact with the 

parallel fibres and by the stellate cells.

Phase 5. Maturation of the upper synaptic domain o f Purkinje cell 
dendrites.
The development of permanent synaptic connections with climbing fibres and 

granule cell axons (the parallel fibres) continues over an extended time (up to 30 

days), during which elimination of synapses also occurs. Growth is now shifted to 

the rapidly arborising Purkinje cell dendrites, to secondary and tertiary branches 

and to terminal branchelets with spines in the upper molecular layer. The 

progressive upward march of synaptogenesis continues until the glial insulation 

over the Purkinje cell and its extended dendritic tree is completed.

Early in development there is a transient period of innervation of each Purkinje 

cell by several climbing fibres which is at its maximal at PN5. Following this 

period, the multiple innervations regress rapidly and disappear by PN15 (Mariani 

and Changeux, 1981), so that in the normal adult, there is only a one to one 

relationship between climbing fibres and Purkinje cells. The mechanism of 

selective association between climbing fibres and Purkinje cells is not known. 

Multiple innervations can persist into adulthood following the destruction of the 

granule cells by X-rays (Crepel et al., 1981) or in the case of hypothyroidism, in 

which development of granule cells is delayed. This could suggest that the 

regression of climbing fibres results from competition with the granule cell axons, 

which are the other main input to the Purkinje cells.
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1.3.3 M a r k e r s  f o r  P u r k in j e  c e l l s

An array of antibodies directed against a number of Purkinje cell proteins have 

been applied in developmental studies. Markers include vitamin D-dependent 

calcium binding protein also named calbindin (Jande et al., 1981; Baimbridge et 

al., 1982; Rogers et al., 1989; Celio et al., 1990), parvalbumin (Legrand et al.,

1983), motilin (Nilaver et al., 1982), cerebellin (Slemmon et al., 1984, 1985) and 

cGMP-dependent protein kinase (De camilli et al., 1984). Other immunochemical 

makers used include Glutamate decarboxylase (GAD; Chan-Palay et al., 1981), 

UCHT and Leu-4 (Garson et al., 1982), PEP-19 (Mugnaini et al., 1987; 

Sangameswaran et al., 1989), mabQl 13 (Ha^vkes et al., 1985), and zebrin I and II 

(Brochut et al., 1990; Wassef et al., 1990).

Expression of several of these markers appears to be related to different stages of 

Purkinje cell development. For example, calbindin appears at E l6, cGMP at E l7 

and PEP-19 at E19 (Jacobson, 1991). Markers are present on both migrating and 

static Purkinje cells.

Despite displaying similar morphology and degree of connectivity, Purkinje cells 

diverge in the expression of certain biochemical markers (Scott, 1963; Marani and 

Voogd, 1973, 1977; Chan-Palay et al., 1981; Nilaver et al., 1982; Hawkes et al., 

1985, 1987, 1992). Scott (1963) was the first to report a progressive gradient in 

the distribution of 5' nucleotidase from the anterior to the posterior lobe along 

with a series of longitudinal bands of activity in the cerebellar cortex. Later, 

Marani and Voogd (1977) and Boegman et al., (1988) showed an 

acetylcholinesterase band pattern amongst the Purkinje cell population. These 

patterns are not restricted to immature Purkinje cells and have also been 

investigated in the mature Purkinje cells (Hawkes et al., 1985, 1987; Wassef et al., 

1985, 1990). Purkinje cells constitute a biochemical heterogeneous population 

(Chan-Palay et al., 1981). However the functional extent of the heterogeneity is 

not know.
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The present study focused on three Purkinje cell markers: calcium binding 

proteins, GAD and Thy-1.

Calcium-binding proteins expression
Calcium binding proteins were first described in skeletal muscles where troponin-

C was shown to bind calcium in order to induce muscle contraction (Ebashi, 

1960). Then the number of others calcium-binding proteins was soon added to; a 

vitamin D-dependent calcium binding protein (more commonly designated 

calbindin) was added to the list by Wassermann and Taylor (1966), followed by S- 

100 by Calissano et al., (1969), and parvalbumin by Heizmann (1984). The 

discovery of the ubiquitous calcium binding protein calmodulin by Cheung 

(1980), prompted the search for related proteins. They are involved in calcium 

transport and act as intracellular calcium buffers (Celio, 1990). All of them, 

except troponin-C, have been isolated from the brain of various species. 

Calmodulin (Lin et al., 1980; Biber et al., 1984), parvalbumin (Celio and 

Heizmann, 1981; Celio, 1986) and calbindin (Baimbridge and Miller, 1982; 

Garcia-Segura et al., 1984; ) are present in neurones while S-100 is mainly found 

in astrocytes (Cocchia et al., 1981). Calmodulin is ubiquitous and occurs in all 

neurones while calbindin and parvalbumin are present in certain subsets of 

neurones. The majority of cerebellar Purkinje cells display at least three different 

calcium-binding proteins in co-existence: calmodulin, calbindin and parvalbumin. 

Antibodies directed against calbindin or parvalbumin have been extensively used 

in culturing studies to identify Purkinje cells (Gruol and Crimi, 1988 a, b; Mariani 

et al., 1991; Cohen-Cory et al., 1991; Torres-Aleman et al., 1992; de Talamoni et 

al., 1993; Baptista et al., 1994; Mount et al., 1993; 1994a, b).

Glutamic acid decarboxylase expression
The enzyme GAD synthesises y-aminobutyric acid (GABA) which is the principal

inhibitory neurotransmitter in the brain. This enzyme is highly expressed in the 

cytoplasm of GABA-secreting neurones. GAD exists as two isoforms of different 

molecular weight: GAD65 and GAD67 (Legay et al., 1987; Erlander et al., 1991). 

These proteins are encoded by two separate genes and differ substantially in their
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terminal amino acid compositions (Erlander et al., 1991, Solimena and De 

Camilli, 1993). Both forms require the cofactor pyridoxal phosphate (PLP or 

vitamin B6) for activity. However, GAD67 possesses a higher affinity for PLP and 

is therefore constitutively active (Denner and Wu, 1985). The lower affinity of 

GAD 65 for PLP means that its activity is more dependent on PLP availability. 

GAD65 cycles between PLP-bound (active, apo form) and PLP-unbound 

(inactive, holo form) forms (Martin et al., 1991). Differential tissue expression 

and sub-cellular distributions of these forms of GAD have been reported (Erdo 

and Wolff, 1990; Reetz et al., 1991; Kaufmann et al., 1991) as well as 

developmental expression (Bond et al., 1988, 1990). It has been suggested that 

GAD67 is predominantly located in cell bodies whereas the lower molecular 

weight form is primarily situated in the neurites and terminals (Kaufmann et al.,

1991). Membrane forms of GAD have also been identified (Covarrubias and 

Tapia, 1978; Christgau et al., 1992, Nathan et al., 1993). Purkinje cells, as well as 

the other inhibitory neuronal population of the cerebellum, express GAD 

(McLaughlin et al., 1975; Oertel et al., 1981; Chan-Palay et al., 1981).

GAD has been implicated in the aetiology of autoimmune diseases including 

insulin-dependent diabetes mellitus (IDDM) and stiff man syndrome (SMS, a rare 

neurological disorder). Autoantibodies to GAD have been identified in the CSF of 

patients with these diseases (De Aizpuria et al., 1992). These pathological 

conditions result from the destruction of GABAergic cells: the pancreatic beta 

cells in IDDM and the cerebellar Purkinje cells in SMS (reviewed by Ellis et al., 

1996). The membrane form of GAD has been implicated in the abnormal cellular 

recognition by the immune system.

Thy-1 expression
Thy-1, first described as a T lymphocyte surface antigen, is the simplest and 

probably the best characterised member of the immunoglobulin (Ig) superfamily 

(Barclay et al., 1976; Williams and Gagnon, 1982; Morris et al., 1989; Reif et al., 

1989; Ferguson et al., 1992). Thy-1 is composed of 110 amino acids with two
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disulfide bonds and three N-linked carbohydrates (Campbell et al., 1981). The 

molecule folds to form a structure similar to the immunoglobulin variable 

domain. It is anchored to the plasma membrane via a glycophosphatidylinositol 

(GPI) tail (Fig. 1-5). Thy-1 is expressed on a variety of cell types, including 

lymphocytes, epidermal cells, mammary glands, fibroblasts, bone marrow cells 

and nerve cells. The level of expression varies considerably between species for 

most cell types (Dalchau and Fabre, 1979), with the exception of the nervous 

system, where Thy-1 expression appears to be highly conserved between species 

(Morris et al., 1985). In the CNS, Thy-1 protein and its corresponding mRNA are 

not found on migrating cells and only appear on neurones when the cells have 

reached their final destination. Thy-1 mRNA first appears at El 8 in the rat and the 

protein is detectable in the cytoplasm two days after the first expression of its 

mRNA. However some neurones express comparable levels of mRNA for many 

days before expressing the protein (eg. mouse Purkinje cells). It seems that the 

appearance of Thy-1 protein is also linked to the cessation of axonal growth (Xue 

et al., 1991, Xue and Morris, 1992; Morris et al., 1992b). Thy-1 becomes 

abundant along the dendritic branches as they continue their elongation. By post 

natal day 19-21, the dendritic tree is fully differentiated and the expression of 

Thy-1 starts to decline. The expression is maintained at a stable level during the 

adult life. The climbing fibres start to express Thy-1 as they envelope the cell 

body and dendrites of the Purkinje cells (Reif et al., 1989). In the adult nervous 

system all neuronal elements are Thy-1 positive to a greater or lesser extent. 

There is one exception in the CNS where a mature neurone never expresses Thy-1 

on its axon: the primary olfactory fibres (Morris and Barber, 1983). The lack of 

Thy-1 expression might be involved in the continuous growth of these axons in 

the adult life.
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Figure 1-5 Schem atic d raw ing  of Thy-1 molecule
(adapted from Williams and Gagnon, 1982)

It has been suggested that Thy-1 mediates some intercellular adhesive function 

involved in regulating development (Messer et al., 1984; Morris, 1986, 1992a). 

Many groups have shown that antibodies to Thy-1 promote neurite outgrowth. 

These studies were undertaken on chromaffin cells (Mahanthappa et al., 1992a), 

on PC12 cell line (Mahanthappa et al., 1992a; Doherty et al., 1993) and on retinal 

ganglion cells (Lipton et al., 1992) but never in mature Purkinje cells maintained 

in vitro. Thy-1 produces inhibition of neurite outgrowth in the presence of 

astrocytes (Tiveron et al., 1992). Recently, studies in transgenic mice lacking Thy- 

1 have reported some alteration in LTP and learning processes (Nosten-Bertrand 

et al, 1996; Michalovich et al., 1996). The full picture of the function of Thy-1 is 

still unclear and its mode of action undefined.
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1.4 . T h e  I n  v itr o  C u l t i v a t i o n  o f  P u r k in j e  c e l l s _________________

The in vivo cellular events that lead to the morphological and functional 

differentiation of the Purkinje cell (Altman et al., 1972b; Berry et a l, 1976) and 

the role that environmental events such as contacts with afferent pathways or glial 

cells play in cerebellar ontogeny has been extensively studied (see Ito et a l, 1984 

for review). The importance of afferent innervations (Mariani et a l, 1991; 

Baptista et a l, 1994), the migration of granule cells (Rakic and Sidman, 1973; 

Sotelo et a l, 1976) and the role of growth factors (Cohen-Cory et a l, 1991; 

Torres-Aleman et a l, 1992; Lârkfors et a l, 1994) or neurotransmitters 

(Hockberger et a l, 1989; Mount et a l, 1993, 1994a) have been investigated 

during Purkinje cell development in vitro using embryonic tissue from rats or 

mice (see table I-l). The in vitro cultivation of Purkinje cells has been undertaken 

using three types of cerebellar cultures: explant or organotypic cultures, 

dissociated cultures prepared from embryonic tissue and dissociated cultures 

prepared from postnatal tissue (see table I - l. for summary).

1.4.1 Ex pl a n t  o r  o r g a n o t y pic  c u l t u r es

This type of culture involves the in vitro maintenance of either embryonic or early 

postnatal tissue slices ( 0.4 mm thick) obtained from rats or mice. Expiant 

cultures were pioneered by Gahwiler et al. (1973) and widely adopted as standard 

procedure over the next 16 years (Hendelman and Aggerwal, 1980; Aggerwall and 

Hendelman, 1980; Gruol, 1983; Gruol and Crimi, 1988a, b; Mariani et a l, 1991; 

Hauser et a l, 1994). Purkinje cells in explant cultures have been shown to 

differentiate morphologically and to develop electrical excitability similar to 

those in vivo (Gahwiler, 1973; Hendelman and Aggerwal, 1980; Gruol, 1983). 

Purkinje cells and other neuronal population survive well in vitro for up to a 

month. This is probably facilitated by the fact that the tissue geometry is 

minimally disturbed with preservation of the structural connections inside the 

slices in this type of culture.
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Table I-l (1/1) Principal in vitro Investigations of Purkinje cells
INVESTICATORS STUDY TISSUE MEDIA

BASE
TYPE O F  

CULTURE
RESULTS

L asher & Zagon, 1972 Effect o f potassium on neuronal 
differentiation in cerebellar cultures.

Rats,
P N 2

Serum Dissoc. 25mM ion supported survival and differentiation o f 
cerebellar cells (intemeurones, Purkinje, granule and glial 
cells). No survival with low potassium .

H endelm an & 
A ggerwal, 1980

A ggerw al & 
H endelm an, 1980

Golgi study o f  the Purkinje neurones and its 
development in the mouse and in culture.

Electron microscopic analysis o f the mature 
Purkinje neurones in organotypic culture.

Mice, 
PN 1-30

Mice, 
PN 1

Serum Explant Development o f the Purkinje neurones in organotypic culture 
and compared to the five stages o f  maturation that occurs in 
the intact animal
Synaptic relationships between Purkinje cells and other cell 
types.

F ischer, 1981 Culture o f cerebellar cells in serum-free, 
hormonally defined media.

Mice,
P N 6

Defined Dissoc. Survival o f the small neuronal population (not o f the Purkinje 
cells).

W eber & Schachner, 
1984

Maintenance o f Purkinje cells in monolayer 
culture.

Mice, 
PN 1-2

Defined Dissoc. Survival was best when cerebella were taken from mice not 
older than one day o f age, when cells were plated at high 
density and when cells were cultured in defined medium.

M esser et aL, 1984 Enhanced survival o f cultured Purkinje 
cells by plating on antibody.

Mice, 
PN 1

Defined Dissoc. Improvement o f  survival for Purkinje cells when plated on 
anti-Thy-1 antibodies. No survival after 2 weeks if Purkinje 
cells were isolated from 7 day old mice.

H irano  et al., 1986 Electrical properties in rat Purkinje cells in 
dissociated cultures.

Rats,
E20

Defined Dissoc. Purkinje cells retained their basic properties in dissociated cell 
culture (early Na, late Ca inward current, K^ outward currents 
and spontaneous synaptic activity).

G ruol, 1983 

G ruo l & C rim i, 1988b

Purkinje cells activity and membrane 
response to putative transmitters.

M orphological and physiological properties 
o f rat cerebellar neurones in mature and 
developing cultures.

Rats,
E20

Serum Explant Intracellular recordings. Glutamate depolarised Purkinje cells 
and evoked action potentials. GABA hyperpolarised them and 
depressed activity.
Characterisation o f the six neuronal cell types present in the 
culture: Purkinje, basket, Golgi, lungaro, stellate and granule 
cells.

Keys: (PN) post natal and (E) embryonic age o f the animal. (Dissoc.) dissociated culture.
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TABLE M  (2/2) 
INVESTIGATORS STUDY TISSUE MEDIA

BASE
TYPE OF  
CULTURE

RESULTS

Hockberger et al, 1989 Development o f cerebellar Purkinje 
cells.

Rats, E20- 
PN14

Serum Dissoc. Electrical properties o f  Purkinje cells acutely isolated at different 
stages o f development (from E20 to PN14) and comparison with long 
term culture. No differentiation occurred when Purkinje cells were 
isolated from 2 day old or older animals.

Cohen-Cory et al., 
1991

NGF and excitatory neurotransmitters 
regulate survival and morphogenesis 
o f cultured cerebellar Purkinje cells.

Rats, E l8 Serum Dissoc. NGF and potassium improved survival (NGF alone not sufficient) and 
both o f them (applied together or individually) promoted elaboration 
o f dendrites.

Mariani et al., 1991 Co-culture o f inferior olive and 
cerebellum.

Rats, 
PN 1

Serum Explant Electrophysiological evidences for multiple innervations o f Purkinje 
cells by olivary axons.

Torres-Aleman et al., 
1992

The influence o f growth factors on 
Purkinje cells survival.

Rats, E l5 Defined Dissoc. Insulin-growth factor 1 induced a 7-fold increase in Purkinje cell 
survival and a 2-fold increase in neurite-bearing cell numbers. Basic 
fibroblast growth factor produced an increase in the astrocyte 
population but did not have any effect on Purkinje cell survival.

Mount et al., 1993, 
1994a, b

Neurotransmitters, growth factors and 
survival.

Rats, E l 8 Serum Dissoc. NGF applied with excitatory amino acid transmitters or with 
carbachol increased survival. NT-3 also promoted Purkinje cell 
survival (50% increase) but by different mechanisms. BDNF did not 
improve survival.

Lârkfors et al., 1994 Ciliary neurotrophic factor (CNTF) 
and survival o f Purkinje cells in vitro

Rats, E16 Defined Dissoc. CNTF, by induction o f cFos-protein, resulted in 1.6-fold increase in 
the number o f Purkinje cells.

Baptista et al., 1994 Cell-cell interactions and survival. Mice, 
E19-PN 1

Defined Dissoc. Co-culture with granule cells promoted Purkinje cell survival and 
differentiation. Low cell density, pure culture o f Purkinje cells or 
inappropriate afferents led to poor survival.

Keys: (PN) post natal and (E) embryonic age o f the animal. (Dissoc.) dissociated culture.

34



Introduction

1.4.2 D isso c ia t e d  c u l t u r e s  fro m  e m b r y o n ic  tissu e  

Several investigators have attempted to culture Purkinje cells following their 

dissociation from cerebellar tissue (Woodmans et al., 1980; Hirano et al., 1986; 

Hockberger et al., 1989; Cohen-Cory et al., 1991; Torres-Aleman et al., 1992; 

Mount et al., 1993; Lârkfors et al., 1994; Baptista et al., 1994). Some approaches 

have employed defined serum-ffee medium, while others have opted for the more 

traditional approach of a serum-containing media (often horse serum, see Table I- 

1). Fischer (1981) was the first to define a hormonally-based medium which 

replaced the traditional serum-supplemented Eagle medium. The defined medium 

was composed of BME-Earle's supplemented with BSA, insulin, 1-thyroxine, 

transferrin, aprotinin, selenium, glucose and glutamine and it was found to greatly 

enhance the survival of cerebellar cells (Fischer, 1981; Weber et al., 1984; Torres- 

Aleman et al., 1992). Three vital conditions were required to obtain good survival 

and differentiation of Purkinje cells: (1) the early age of cerebella (E14-PN1), (2) 

sufficient plating densities (4xl0^cells/ coverslip of 1.5cm in diameter), and (3) a 

chemically defined culture medium (Weber et al., 1984).

In cultures grown with medium containing 10% horse serum the yield of the 

Purkinje cells was low and the dendritic tree less elaborated (Messer et al., 1984). 

Later, Hockberger et al. (1989) and Cohen-Cory et al. (1991) succeeded in 

maintaining Purkinje cells in the presence of serum with an acceptable yield and 

good differentiation when high levels of potassium (25mM) were included in the 

culture medium. The beneficial effect of potassium was first documented by Scott 

et al. (1971) in the survival of dissociated embryonic chick and human sensory 

neurones and was later shown to promote the survival of cerebellar cells (Lasher 

and Zagon, 1972). Insulin-like growth factor 1 (IGF-1), cilliary neurotrophic 

factor (CNTF) and nerve growth factor (NGF) have all been reported to support 

Purkinje cells’ survival (Cohen-Cory et al., 1991; Torres-Aleman et al., 1992; 

Lârkfors et al., 1994).
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1.4.3 D isso c ia t e d  c u l t u r e s  fro m  po st n a t a l  tissu e  

Purkinje cell cultures obtained from postnatal tissues have never attained the 

survival rates obtained with Purkinje cells derived from embryonic tissues (Weber 

et al., 1984). Hockberger et al. (1989) in parallel to his embryonic study, 

attempted to grow Purkinje cells from different postnatal ages. With cerebella 

originating from postnatal day 2 or older animals Purkinje cells survived poorly 

and did not differentiate properly even in the presence of high potassium, 

glutamate or aspartate. The reason for the addition of these neurotransmitters was 

to mimic the in vivo synaptic innervations (the parallel and climbing fibres).

The conditions of survival and growth of mature cells appear to rely on additional 

factors. Mature cells (isolated from postnatal animal) are more sensitive to 

enzyme treatment or trituration and their ability to recover is distinctly lower than 

embryonic cells. The conditions that foster cell survival and differentiation for 

mature neurones clearly still need to be elucidated.
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1.5 C e l l  S u r f a c e  M o l e c u l e s  a n d  t h e ir  In v o l v e m e n t  in  
A d h e s io n  a n d  N e u r it e  O u t g r o w t h _______________________________

The intrinsic capacity of a mature neurone to grow and /or regenerate is not lost 

but rather inhibited or down regulated by specific post-natal expression of 

particular molecules. Cells express an assortment of surface molecules that enable 

them to respond specifically to soluble signals (such as hormones, growth factors 

or neurotransmitters) or to bind in a characteristic way to other cells or to the 

extracellular matrix (ECM) in order to modify their behaviour. The expression of 

such molecules is not rigid, and it is plasticity that allows the cell to behave 

differently. (Krushel et al., 1993).

Cell adhesion molecules have been shown to play an important role in a variety of 

processes, including the migration of neuroblasts, neurite outgrowth and 

fasciculation, axonal guidance and establishment of functional synapses (Edelman 

and Crossin, 1986; Walsh and Doherty, 1991, [reviews]). Glycoproteins with 

immunoglobulin (Ig)-like domains have been implicated in adhesion and neurite 

outgrowth.

1.5.1 G l y c o p r o t e i n s  W ITH IG -LIK E DOMAINS

The immunoglobulin superfamily is named after their Ig-like domains which are 

characteristic of antibody molecules. The Ig-like domains can be sub-categorised 

according to the expression of Ig-like domains alone, or of both Ig-like and 

fibronectin type-III-related (FNIII) domains (reviewed by Rathjen et al., 1992). 

These glycoproteins possess an extracellular portion which is folded into 1 -5 Ig- 

like domains. They mediate adhesion via Ca^^-independent processes (Edelman 

and Crossin 1991; Walsh and Doherty, 1993). The most abundant glycoproteins 

on the surface of neuronal cells are the N-CAMs (Prieto et al., 1989; Eldelman 

and Crossin, 1991). Two of the major forms of N-CAM have full transmembrane 

and intracellular components, a third is attached to the membrane via a glycosyl-
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phosphatidylinositol (GPI) linkage and a fourth form is secreted. N-CAMs form 

homophilic or heterophilic interactions with other cells (Fig.I-6). Twenty forms of 

N-CAM exist which are generated from alternative splicing of RNA transcript 

produced from a single gene. When N-CAM is highly glycosylated, sialic acid is 

formed and the charge of the surface becomes very negative, preventing cell 

adhesion and therefore promoting nerve outgrowth.

Other members of the Ig superfamily group have restricted distribution and 

participate in more selective interactions. They usually do not span the membrane 

but are attached to the plasma membrane by a GPI anchor. These include cell- 

surface molecules such as LI (Persohn and Schachner, 1987), TAG-1 (Dodd et a l, 

1988), F3/ FI I (Gennarini et a l, 1989; Brummendorf et a l, 1989) and Thy-1 

(Morris et a l, 1985). Some molecules can also be secreted and/ or incorporated 

into the ECM. The cellular distribution can be restricted to subsets of neurones or 

subcellular compartments within a given neurone. For instance, the mouse F3 

protein (FI 1 counterpart of the chicken molecule) is confined to a subset of 

neurones in the cerebellum. Developing granule cell axons and growing parallel 

fibres strongly express F3. By contrast, Purkinje cell bodies and dendritic 

arborisations as well as the stellate cells do not express F3 (Faivre-Sarrailh et a l,

1992).

Studies of these molecules during CNS development have provided clues for their 

various functions. Apart from their homophilic and heterophilic interactions, 

providing cell-cell adhesion and cell-substrate adhesion, these molecules have 

been shown to be involved in cellular events determining the balance between 

neurite extension and stabilisation (Chang et a l, 1985; Doherty et a l, 1995). The 

appearance of these molecules at particular stages of development give clues to 

their different functions. For example, LI and N-CAM, which are expressed 

during early postnatal morphogenesis (Persohn and Schachner, 1987), stimulate 

neurite outgrowth of cerebellar neurones (Doherty et a l, 1995) whereas Thy-1, 

which is only expressed in mature neurones, has an inhibitory effect on neurite 

outgrowth, therefore providing stability (Doherty et a l, 1993; Morris et a l,
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1992a). It is possible that an imbalance in favour of stability may contribute to the 

poor regenerative capacity of the adult CNS (Doherty et al., 1995). Studies on the 

modulation of the expression of cell surface molecules in mature neurones would 

provide invaluable clues on the mechanisms of action of these molecules. In 

addition, the second messenger pathways involved in these events need to be 

investigated.

H.CiLMs

secreted GPI anchor with transm em brane
^  dom ains

Ig  d om a inD
S - S  b o n d

3

FN dom ain

Thv-1
O O H

CYTOSOLOOH

10 |im

Figure 1-6 Schematic drawing of some of the glycoproteins with Ig domains
The extracellular part o f the polypeptide chain in each case is folded into one to five Ig-like 
domains and one or two fibronectin type III repeats (case o f N-CAMs). The disulfide bonds 
connect the ends o f  each loop forming each Ig-like domain. (Adapted from Alberts et al., 
1994).
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1.5.2 O t h e r  t y p e s  o f  c e l l  s u r f a c e  m o l e c u l e s

How cell surface molecules activate intracellular pathways in order to alter the 

cell behaviour is not well understood. In the case of immunoglobulins, which do 

not possess an intracellular domain, the problem is even more cloudy. One 

supposition is that cell surface molecules activate intracellular pathways by 

interacting with other types of cell surface molecules which have full intracellular 

pathways. In addition, by binding to each other (in an homophilic or heterophilic 

manner), they promote cell to cell and cell to substrate adhesion; a process which 

is also related to neurite outgrowth. Three other families of cell surface molecules 

have been found to be involved in adhesion and/or neurite outgrowth: the 

integrins, the cadherins and the cell surface receptors.

Integrins
Integrins are the main means by which cells to bind to the ECM. Binding is 

dependent on calcium or magnesium, and its low affinity for them is compensated 

by high concentrations of these molecules on the surface. Integrins are composed 

of two associated (non-covalent) transmembrane glycoproteins (subunits) which 

result from alternative splicing. Multitude subunit associations exist: a ip 2 , a ipS , 

a6 p i, a5 p l, aSp3. They bind collagen, fibronectin, laminin or other components 

of the ECM (Anderson and Springer, 1987; Hynes et al., 1987). Integrins can also 

bind to other cells (eg. p2 and p3 interact with blood cells) via intracellular actin 

filaments except in hemidesmosomes where they link intermediate filaments 

(Burridge et al., 1988; Sastry and Horwitz, 1993). Intracellular signalling cascades 

including inositol phopholipid pathway and tyrosine kinase proteins can be 

activated by integrins (Damsky and Werb, 1992; Schwartz, 1992). Culturing 

studies have suggested that signalling by both integrins and growth factor 

receptors are required for an optimal cellular response such as proliferation 

(Schwartz, 1992).
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Cadherins
The cadherins are calcium-dependent cell surface molecules which keep cells 

attached to each other (Geiger and ayalon, 1992). In vitro, the removal of calcium 

is followed by tissue disruption and the isolation of individual cells. Three types 

of binding are possible, homophilic binding (same type of molecule), heterophilic 

binding (different type of molecules bind to each other) or binding to a cell 

surface receptor by a linker molecule (Geiger and Ayalon, 1992; Takeichi, 1990). 

There are at least 15 types of cadherins depending on where they are expressed. 

Another member of this group, the selectins, are cell surface carbohydrate-binding 

proteins also known as lectin.

The majority function as transmembrane linker proteins which mediate 

interactions between the actin cytoskeleton of the cells which are joined together. 

Developmental phases exist during which the loss of these molecules allows the 

cell to migrate. Later, the cell re-expresses them, aggregation occurs, and a 

ganglion is formed.

Cell surface receptors
These are transmembrane receptors to either channel-linked receptors, enzyme-

linked receptors or G-protein-linked receptors (Kandel et al., 1991). Many of them 

have already been implicated in morphological changes of a cell such as growth.

Enzyme-linked cell surface receptors bind to soluble signalling molecules 

(including neurotransmitters, hormones and growth factors). They are 

transmembrane proteins with a ligand binding domain on the outer surface of the 

plasma membrane and a catalytic site inside. Most of them function as tyrosine- 

specific protein kinases that phosphorylate tyrosine residues and thereby activate 

ras proteins, allowing cell proliferation or differentiation to occur (Bollag and Me 

Cormick, 1991; Downward, 1992; Lowy and Willumsen, 1993). Receptors for 

platelet-derived growth factors (PDGF), insulin, IGF-1 or NGF belong to this 

category (Carpenter, 1987; Ullrich and Schlessinger, 1990; Schlessinger and 

Ullrich, 1992; Fantl et al., 1993). Mutations affecting genes coding for tyrosine
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protein kinases or any elements of the subsequent cascade (e.g.. the ras proteins) 

can lead to excessive cell division and proliferation which are no longer under the 

normal 'social' control of adjacent cells. Other enzyme-linked receptors function 

as receptor- tyrosine phosphatases which remove phosphate groups from tyrosine 

residues. Finally, some cell surface receptors belong to the guanylyl cyclases 

family and catalyse the production of cyclic GMP in the cytosol (Yuen and 

Garbers, 1992).

The channel-linked cell surface receptors are transmitter-gated ion channels 

involved in rapid synaptic signalling between electrically excitable cells. Small 

neurotransmitters transiently open or close the ion channel to which they bind, 

briefly changing the permeability of the plasma membrane and thereby the 

excitability of the postsynaptic cell.

G-protein-linked cell surface receptors indirectly activate a separate plasma 

membrane-bound enzyme or an ion channel. The interaction mediated by a GTP- 

binding regulatory protein (or G-protein) activates a chain of intracellular 

messengers which in turn alter the behaviour of other target proteins (e.g. 

activation or inhibition of adenylate cyclase, activation of inositol phospholipids 

(IP3) pathways by phospholipase C) or ion channels in the cell (Bimbaumer, 

1990). Two of the most important intracellular messengers are cyclic AMP and 

Ca^^ which are generated by different pathways (Gs increases cAMP while Gi 

decreases it; Gq activates Ca^^ release via IP3). These pathways alter protein 

turnover, gene expression and thereby growth and proliferation (Houslay and 

Milligan, 1990).
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1.6 A im s  o f  t h e  s t u d y

The structure and pattern of connectivity of the mature nervous system is a result 

of complex developmental processes which include cell proliferation, migration, 

neurite extension, and synaptogenesis (Mendell et al., 1991). Cell surface 

molecules such as Thy-1 have been implicated in cell survival (Messer et al.,

1984) and neurite outgrowth (Mahanppatha et al., 1992a; Doherty et al., 1993). 

The studies on neurite outgrowth have been undertaken in several cell types 

(chromaffin cells, cell lines and sympathetic neurones) but never on mature CNS 

neurones. The aim of my project was to investigate the role of such molecules in 

mature neurones of the CNS. The maintenance of differentiated neurones in vitro 

has proven to be extremely difficult. However, as these molecules are likely to 

play an important role in the survival and growth of mature cells, it is essential to 

carry out such a study on primary mature neurones in order to understand their 

involvement. The present study investigated the ability of differentiated neurones 

to survive and grow in culture. The isolation and maintenance in vitro of fully 

differentiated Purkinje cells would provide an excellent model to study the role of 

these molecules.

The first step of this project was to isolate mature neurones from twenty day old 

rats. Cerebellar Purkinje cells isolated from such rats are fully differentiated and 

considered as mature neurones (Altman et al., 1972b). A protocol was designed to 

optimise the number of isolated live Purkinje cells. Composition of the buffer 

used for the isolation and different enzymatic treatments were studied by testing 

the viability and number of isolated cells. The factors influencing the growth of 

immature or young cells have been well documented and extensively studied in 

culture (Weber and Schachner, 1984; Messer et al., 1984; Schilling et al., 1991; 

Cohen-Cory et al., 1991; Torres-Aleman et al., 1991; Mount et al., 1993, 1994 a, 

b; Baptista et al., 1994). Because of the natural presence of growth factors during 

development, it is not surprising that NGF, IGF or other growth factors can 

enhance the survival of immature cells and help them to develop into fully 

differentiated cells. However, no studies have been successful in showing such an
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effect on Purkinje cells isolated from older animals (age superior to 7 days). The 

conditions for in vitro survival and growth of more mature Purkinje cells (isolated 

from animals older than 7 days) probably rely on the supply of different types of 

additives and other parameters such as adhesiveness and contact with other cell 

types. The role of synaptic innervations, cell surface molecules and soluble 

signals from the environment present later in development still need to be further 

identified in order to determine the conditions which will influence a mature cell 

to die or to survive and grow when its fate has been altered. Cerebellar mixed 

cultures (neuronal and non-neuronal cells) were chosen for this study because this 

type of culture allows the Purkinje cells to evolve in a relatively rich environment, 

as they would do in vivo. Culturing conditions for mature neurones were 

determined and survival conditions are detailed in Chapter two.

Purkinje cells isolated from cerebella of twenty day old rats were identified and 

characterised in four separate conditions: [1] cerebellar sections, [2] individual 

cells embedded into agarose gel, [3] long-term cultures and [4] at the mRNA 

expression level (Chapter Three). Several antibodies directed against Purkinje 

cells were used for immunocytochemical detection: anti-calbindin, anti-GAD and 

anti-Thy-1 antibodies. Total and messenger RNA expressions in Purkinje cells 

were analysed by reverse-transcriptase polymerase chain reaction (RT-PCR) This 

technique allowed the study of mRNAs expression in cerebellar slices and in 

single cells.

Long-term cultures of Purkinje cells provided an excellent model to study the 

plasticity of these cells. Chapter Four describes an examination of the 

involvement of cell-surface molecules such as Thy-1 in neurite outgrowth. NGF is 

often included in neurite outgroAVth studies and its involvement in our culture 

model was also investigated.
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C h a p t e r  Tw o

Iso la tio n  a n d  Cu ltu re
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2.1 In t r o d u c t io n

The in vivo survival and differentiation of the Purkinje cells are affected by 

multiple epigenetic factors which include the excitatory innervation of the parallel 

fibres (axons of cerebellar granule cells) and of the climbing fibres projecting 

from the inferior olive. Loss of these inputs, through olivary or granule cell 

ablation (Berry and Bradley 1976; Sotelo and Arsenio-Nunes, 1976; Crepel et al., 

1981), pharmacological blockade (Vogel et al., 1990) or mutation (Rakic and 

Sidman, 1973) can result in degeneration or aberrant development of Purkinje 

cells. Neurotrophic factors and neurotransmitters, such as NGF, IGF-1, NT-3 and 

glutamate, also play an important role in development and maturation of neuronal 

cells (Cohen-Cory et al., 1991; Wanaka and Jonhson, 1990; Mount et al., 1993, 

1994a, b; Lârkfors et al., 1994). The majority of studies on Purkinje cells have 

been undertaken in explant cultures (Hendelman and Aggerwall, 1980; Gruol, 

1983; Fields, 1984; Mariani et al., 1991; Hauser et al., 1994) and in dissociated 

cultures (Weber and Schachner, 1984; Messer et al., 1984; Hirano and Ohmori, 

1986; Hockberger et al., 1989; Cohen-Cory et al., 1991; Schilling et al., 1991; 

Mount et al., 1993). The starting material for these culture systems was 

embryonic or early post-natal cerebellar tissue.

The culture of Purkinje cells isolated from late postnatal tissue has proven to be 

extremely difficult (Weber and Schnachner, 1984; Messer et al, 1984; Hockberger 

et al., 1989). One of the reasons for these largely unsuccessful attempts may be 

the lack of adequate means of isolating mature neurones. The techniques 

commonly employed for neuronal cell isolation were developed for the 

dissociation of embryonic tissue and they may be unsuited to the isolation of 

mature neurones. Short-term survival (6 hours) of isolated adult neurones has 

been reported by Kay and Wong (1986), but extended maintenance in vitro such 

as more than 2 weeks has not yet been described.
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This chapter describes experiments performed to establish a method for the 

isolation of viable mature cerebellar Purkinje cells from 20 day old rats and the 

determination of the optimal conditions for their long term maintenance in vitro.

The method developed was derived from a number of studies. Cell isolation 

techniques were modified after Kay and Wong (1986), Kaneda et al., (1988) and 

Chad et al., (1991) and culture techniques were based on these described by 

Weber and Schachner, (1984), Messer et al., (1984), Hockberger et al., (1989), 

Cohen-Cory et al., (1991) and Mount et al., (1993). The influence of a number of 

parameters in Purkinje cell isolation and survival was investigated. These 

included the effects of oxygenation, buffer compositions, energy sources, 

proteolytic enzyme treatments and free radical scavenging on cell viability, and 

the effects of growth substrates, media, and growth factors on long term survival 

in culture.
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2.2 M e t h o d s

2.2.1 R e a g e n t s  AND MATERIALS

A total of 300 twenty day old Wistar rats and 10 twelve days old Wistar rats, 

either male or female, were used for this study. The materials and reagents used 

for the experiments are listed in Appendix A l.

Û 2

Glass vessel 

Bufifer

W ater bath

Brain slices

Figure II I Apparatus used for cell isolation
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2.2.3 B u f f e r s  a n d  s o l u t i o n s  u s e d  f o r  c e l l  i s o l a t i o n

The composition of the buffer used for cell isolation is detailed in table II-1 and 

the composition of all the solutions are described in Appendix A2.

2.2.4 I s o l a t i o n  o f  P u r k i n j e  c e l l s

Animals were either anaesthetised with isoflurane by inhalation and then 

decapitated, or directly decapitated with a guillotine. The brain was carefully 

removed and the cerebellum placed in 1ml of basic isolation buffer composed of 

240mM sucrose, 20mM PIPES di-potassium, lOmM KCl, 25mM glucose, 6mM 

MgCl], ImM CaCl], pH 7 and pre-warmed to 37°C. Sagital slices were cut 

manually using a razor blade. From each cerebellum, 10 slices (thickness ranged 

from 0.5 to 1 mm) were obtained and placed in a glass vessel containing the 

buffer used for the dissociation (4 slices in 4ml of buffer per vessel).

Tissue slices were pre-incubated for one hour at 37°C and equilibrated with 100% 

O2 (see apparatus. Fig. II-1). This step was followed by enzymatic digestion of the 

slices using a solution containing either pronase E (0.1-0.2%), trypsin (0.06%), 

collagenase (0.1%), thermolysin (0.2%), (weight/volume in buffer) or 

combinations of these enzymes. The enzymatic treatment (4ml of enzyme 

solution/vessel) was applied to the slices for 15-30 min at 37°C with oxygenation. 

Tissue slices were then washed four times with 4 ml of basic isolation buffer. 

Sections were held at 37°C for one hour with oxygenation in the fourth buffer 

change.

After one hour, the incubation volume was reduced from 4 ml to 2 ml in order to 

obtain an efficient trituration. Cells were isolated by mechanical dissociation. 

Slices were passed repeatedly through Pasteur pipettes of successively smaller 

diameters (from 800 to 200pm). Usually, three passages through a Pasteur pipette 

of 800pm and two passages though a pipette of 200 pm in diameter were 

employed. Isolated cells were kept at 37°C under oxygenation until needed (for
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times ranging between 5- 120 min). For culturing purposes, isolated cells were 

used within 15 min of isolation.

2.2.5 A s s e s s m e n t  o f  C e l l  V i a b i l i t y

Trypan blue exclusion test 
Isolated cells were centrifuged at 1500 rpm for 2 min and the resulting pellet was

resuspended in 4ml volume of 300mM PBS. Coverslips bearing cultured cells

were washed once with 0.4ml volume of 300mM PBS per coverslip. A 1ml

volume of Trypan blue stain (0.08%, w/v) was added. After 5 min at room

temperature, the cells were repelleted and once again suspended in a 4ml volume

of PBS. Aliquots of cells were removed and placed in the chambers of an

haemocytometer slide. A minimum of 100 isolated Purkinje cells were contained

in each chamber. Purkinje cells were observed under the microscope noting

whether or not Trypan blue was inside the cell. Two different aliquots per

condition were assessed. For cells in culture, the Purkinje cells on two coverslips

were observed. The percentage score of live cells (colourless and bright) over

total number of Purkinje cells was calculated.

Esterase activity assessment 
Cell viability was also determined using the fluorescent dyes calcein and ethidium

homodimer. These dyes were applied on freshly isolated cells or on cultured cells.

A solution of 2pM ethidium homodimer and 4 |liM calcein-AM made up in

300mM PBS was applied to the cells for 20 min at room temperature. Cells were

then viewed under a fluorescent microscope. For one experiment, the number of

cells assessed was between 50 and 100 for isolated cells and between 10-50 for

cultured cells. The percentage score of live cells over total number of Purkinje

cells was calculated.
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2.2 .6  I n  v i t r o  C u l t iv a t io n  o f  P u r k in je  c ells

Culture plate substrates
a) peptide or protein substrates

Poly-D-lysine was coated on the coyerslips or on the 16-well-chamber plates at 1 

pg/cm^ oyemight at 37°C. After four washes with sterile water (0.5ml per 

coyerslip or 0.2ml per well of chamber plate), culture dishes were air-dried before 

use.

Laminin or fibronectin was coated at 2.5pg/cm^on poly-D-lysine pre-coated plates 

for two hours at 37°C, and then washed and air-dried as for poly-D-lysine 

procedure.

ProNectin was applied at 2pg/cm^ for two hours at room temperature or oyemight 

at 4°C, and then washed 4 times and air dried as for poly-D-lysine procedure. 

Matrigel was used at 12.8mg/ml for thick coating or diluted (1:1) in culture 

medium for thin coating and applied while cool (+4°C) onto coyerslips or 8-well 

chambers.

b) on cerebellar glial cells pre-cultured for 10 days.

Cerebellar glial cells were obtained from either 2-4 day or 7-8 day old rats. The 

cerebella were sliced carefully using a razor blade and incubated with trypsin 

(0.05% in BBSS) for 15 min at 37°C. Slices were washed twice in BBSS and 

mechanically dissociated by four passages through a Pasteur pipette of 500pm 

diameter. The cell suspension was centrifuged (1500 rpm for 5 min), resuspended 

in culture medium A (see Appendix A2) and plated at a density of 5x10^ cells/cm^ 

on 13mm-coyerslips pre-coated with poly-D-lysine. The cells were kept at 37°C 

with 5% CO2 , and the medium changed eyery fiye days.

c) on granule cells pre-cultured for 4 days

Cerebellar granule cells were prepared from 6-7 day old rats. The protocol for the 

isolation of granule cells was similar to the isolation of glial cells except that the 

cells were maintained in Medium C (Appendix A2) supplemented with 25mM 

potassium chloride which is required for optimal granule cell surviyal.
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d) on antibody-coated 16-well chamber plates.

A mouse monoclonal antibody to Thy-1 (TY, 50|ig/ml) diluted in a solution of 

lOjig/ml Poly-D-lysine was coated on the 16-well chamber plates (80pl/well) 

overnight at 4®C. A rabbit polyclonal anti-GAD (SOpg/ml) and a normal mouse 

serum IgG fraction (Zymed, 50 pg/ml) were coated onto 16-well chamber plates 

in a similar manner. The plates were rinsed four times with sterile water and air 

dried before use.

Culturing procedure
Cerebellar cell suspensions (containing Purkinje cells) were centrifuged for 2 min

at 1500 rpm and resuspended in various culture media. The cells were plated at a 

density o f 5x10^ cells/ml on the protein substrates or on the monolayer cultures of 

glial or granule cells or on antibody-coated chamber plates. Cultures were 

maintained at 37°C, in a humid atmosphere supplemented with 5% CO2. The 

medium was changed after two days in vitro and thereafter at weekly intervals. 

Growth factors were added in some culture media; lO-lOOng/ml NGF, 20-40ng/ml 

IGF or O.l-lOpg/ml Insulin. The growth factors were added at the beginning of 

the culture and maintained in the media as long as the culture was kept. Table II-3 

(in the results section) gives a description of the different cultures.
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2 .3  R e s u l t s

2.3.1 O p t i m i s a t i o n  o f  C e l l  I s o l a t i o n  

Yield
The isolation procedures produced heterogeneous population o f cells: Purkinje 

cells, granule cells, as well as glial cells and small intemeurones. Around 350, 

000 ± 50,000 isolated Purkinje cells were obtained per cerebellum. These 

Purkinje cells presented a typical neuronal morphology: large, pear shape cell 

body from which extended from one side a short proximal axon (5-20 pm long) 

and from the opposite side a more or less extended dendritic tree (20 to 120 pm 

long). The majority of the cells were phase bright under the microscope.

Cell viability
The criteria for defining a Purkinje as viable, were as follows:

1. phase bright appearance and smooth cell surface,

2. transparent internal structure (no granular appearance),

3. exclusion of the Trypan blue stain,

4. maintained esterase activity

5. presence of a dendritic tree

(For practical reason. Trypan blue exclusion test and esterase activity could not be 

assessed on the same cell).

Several conditions were examined under standardised periods of pre-incubation, 

incubation times and temperature in order to maximise the yield o f intact Purkinje 

cells (see table II-1). Cell viability was assessed by the Trypan blue exclusion test. 

Typical staining patterns obtained with live and dead cells are illustrated in Fig.II- 

2A. Dead cells were stained blue and live ones were not stained. Two fluorescent 

dyes were also used to assess cell viability (example in Fig. II-2B). Calcein-AM 

which is cleaved only in viable cells by their intracellular esterase activity, formed 

a green fluorescent membrane-impermeant product as seen in the Purkinje cell of 

theFigII-2B(B2).
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Cells with damaged membrane were revealed by ethidium homodimer which 

binds to accessible DNA showing a red fluorescence as shown in the granule cells 

ofFig.n-2B(Bl).
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Table II I Variations in the procedure used for Purkinje cell isolation

Basic Cell Isolation Buffer 240mM sucrose,
20mM PIPES di- potassium, pH 7 
lOmMKCÎ,
25mM glucose,
6mM MgCli,
Im M CaCb,

MODIFICATIONS EXAMPLES

Use of anaesthetics 
during killing procedure

Oxygenation of the slices Fig. II 3, II-7

Different buffer-base 
instead of PIPES; Tris, Hepes

Sucrose /NaCl concentrations 
no sucrose/ 120mMNaCl, 
60mM Sucrose/ 90mM NaCI, 
120mM Sucrose/60mM NaCl, 
180mM sucrose/ 30mM Nad 
240mM Sucrose/no NaCl.

Fig. II-4

With basic buffer 2mM Dvruvate added. Fig. II-5

With basic buffer Absence of glucose. Fig. II-5

With basic buffer 500pM ascorbic acid added. Fig. II-7
Enzymatic Treatment : Usually: 0.2% pronase E in basic 

buffer, for 30 min.

MODIFICATIONS

With basic buffer 

With basic buffer

Enzyme concentrations: 0.05%, 
0.1%, 0.2% and 0.5% pronase E, 
Different incubation times :15, 30, 
60 min.

Other enzymes:
0.2 % thermolysin,
0.06% trypsin 
0.1% collagenase.

Fig.II-6, 
Table II-2

Fig. II-6
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Figure II-2A. Cell viability assessed by Trypan blue exclusion test.
A l shows a Purkinje cell excluding the dye, A2 and A3 show Purkinje cells which 
have taken up the blue stain. ([_] = 10pm).
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Figure II-2B Esterase activity in cultured Purkinje cells
B1 and B2 show Purkinje cells plated on the granule cells and cultured for 10 
days. The cell viability was assessed by two fluorescent dyes, Calcein (green, 
reflecting esterase activity in live cell) and ethidium bromide homodimer (red, 
when associated with DNA, entry permitted by damaged membrane). The same 
cell was visualised under phase contrast, green fluorescence (emission at 530 nm) 
and under red fluorescence (emission at 500nm). B1 shows two large green cells 
surrounded by red granule cells. B2 shows a typical Purkinje cell with an intense 
esterase activity (green fluorescence) and no ethidium homodimer /DNA binding 
(red fluorescence). The pictures were obtained using a CCD camera attached to a 
fluorescent microscope. ([-]=10]um)
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Statistical tests
Cell viability results obtained after different isolation conditions were subjected 

to statistical tests. The mean of three to four experiments was analysed by the 

student t test and significance was shown on graphs by adding one star for p<0.05 

and two stars for p<0.01.

Optimisation of cell isolation 
The use of anaesthetic during the killing procedure did not appear to influence the

yield of viable Purkinje cells (results not shown). Oxygenation of the slices during

the procedure was an important factor in obtaining a good yield of live Purkinje

cells. A 10% increase in the number of live Purkinje cells was observed when the

slices were oxygenated throughout the isolation procedure (Fig 11-3 and 11-7).

3 0  -

2 5  -

2 0  -

1 5  -

1 0 -

N o oxy g e n a tio n W ith oxy  g e n a tio n

Figure II-3 Influence of oxygenation on cell viability
The basic isolation buffer was used and 0.2% Pronase E solution was applied to the slices as 
enzymatic treatment. Trypan Blue exclusion test was performed on freshly isolated cells. Two 
aliquots o f 100 Purkinje cells was counted per condition and the experiment was repeated three 
times. The results (n=6) are given as the mean o f  percentage scores o f  live Purkinje cells versus 
total number o f Purkinje cells ± s.e.m. * p<0.05.
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PIPES buffer provided significantly higher yield of viable Purkinje cells (30 to 

40%) than either Tris or Hepes buffers (25-35%).

The yield of live Purkinje cells was improved by six-fold when NaCl was totally 

replaced by an isotonic solution of sucrose (Fig 11-4). When no sucrose was 

present in the buffer, the yield of live Purkinje cells was very low (<5%). The 

supply of two energy sources, glucose and pyruvate, was also beneficial as shown 

in Fig. 11-5. The addition of 2mM pyruvate to a buffer containing already 25mM 

glucose, gave 30% viable isolated Purkinje cells compared to a viability of 15% in 

the absence of pyruvate and only 7% in the absence of both energy sources. .

40 -

<Uo
<u
c

3cu
0)
>

C+H

O

0 60 120 180 240

Sucrose  concen t r a t i on  in m M

Figure 11-4 Influence o f sucrose on cell viability
This study shows the results obtained on Purkinje ceils viability as it was influenced by the sucrose 
concentration in the buffer. Five buffering conditions were carried out : no sucrose/ 120mM NaCl, 
60mM sucrose/ 90mM NaCl, l20mM  sucrose/60mM NaCl, 180mM sucrose/ 30mM NaCl and 
240mM sucrose/no NaCl. All the other components o f the experiment were the same (see Table 11- 
I). 0.2% Pronase E solution was used as enzymatic treatment. Trypan Blue exclusion test was 
performed on freshly isolated cells. Two aliquots o f cells (100 Purkinje cells per aliquot) were 
counted per condition and the experiment was repeated four times (= using a total o f  4 cerebella). 
Results (n=8) are given as the mean ± s.e.m. for each conditions. * p<0.05; ** p<0.01.
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Figure ri-5 Influence of glucose and pyruvate on cell viability
Three modified versions o f basic isolation buffer were used: [I] the buffer contained no glucose no 
pyruvate, [2] it contained 25mM glucose and [3] 25mM glucose and 2mM pyruvate were included. 
0.2% Pronase E solution was applied to the slices as enzymatic treatment. Trypan Blue exclusion 
test was performed on freshly isolated cells. The results are given as the mean o f  percentage scores 
o f live Purkinje cells versus total number o f Purkinje cells ± s.e.m . (n=6) **p<0.01

Various enzymes were used and the subsequent results are shown in Fig. II-6 and 

in table 11-2. The optimum treatment for the isolation of Purkinje cells was 0.1 to 

0.2% pronase E solution (w/v) for 30 min at 37°C. An incubation of 15 min for 

the enzyme was not sufficient to disrupt the tissue and additional vigorous 

trituration was then required. On extended incubation (up to one hour), isolated 

cells were irreversibly damaged with only low number of live cells recovered 

(results not shown). Incubation of the slices for 15 min with trypsin was suitable 

for granule cell isolation but the viability of Purkinje cells was greatly diminished 

even at low trypsin concentration (0.06%, w/v). Furthermore, the use of pronase E
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gave a good preservation of the elaborate dendritic tree of the Purkinje cell, in 

contrast to trypsin, thermolysin or collagenase (see table II-2). Incubation in 

buffer for extended periods (“resting periods”) between manipulations had a 

positive effects Purkinje cell appearance (and, by inference, on viability). A one 

hour resting period after cutting of the tissue slices, and another after enzymatic 

treatment, were employed routinely. When these resting periods were not 

maintained, Purkinje cells looked granular, swollen and no tree were recovered..
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1 . 0 .2 %  p ro n a s e

2. 0 .1 %  p ro n a s e  + 0 .1 %  th e rm o ly s in

3. 0 .2 %  th e rm o ly s in

4. 0 .0 6 %  try p s in

Figure II-6 Effect o f different enzymatic treatm ents on cell viability
The experiments were carried out in the basic isolation buffer. Different enzymatic treatments were 
applied for 30 min and after successive rinses, the slices were dissociated and cell viability was 
assessed by Trypan blue exclusion test. Two aliquots o f  100 Purkinje cells were counted and the 
experiment was repeated four times. The results are given as the mean (n=8) o f percentage scores ± 
s.e.m. * P<0.05; ** P<0.01.
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Table II-2 Morphology o f Purkinje cells depending of the enzymatic treatment.

ENZYM ES M ORPHOLOGY COMMENTS

0.06%  trypsin Swollen Purkinje cells, no 
dendritic trees.

»

Problem o f  frothing during 
oxygenation.
Viability <10%

Very good granule cells. 
Viability >90%

0.05%  pronase Damaged Purkinje cells Tissue slices are hard to 
dissociate due to low enzyme 
concentration.

0.1% pronase Intact Purkinje cells with 
dendritic tree

Slices need to be well 
triturated to obtain a good 
number o f  cells.

0.2% pronase Intact Purkinje cells with 
dendritic tree

Greater yield o f Purkinje cells 
with minimum trituration. 
Viability; 30-40%

0.5% pronase Swollen and granular 
Purkinje cells, no tree

Tissue slices very easy to 
dissociate. Low number o f 
live Purkinje cells (<I5% ).

0.1%
Collagenase

Isolation o f  live Purkinje 
cells but without a 
dendritic tree.

. ' I

Presence o f  connective 
tisssue, preparation not clean. 
Viability <25%

0.2%
Thermolysin

Swollen Purkinje cells and 
no trees.

Low yield 
Viability < 20%

64



Isolation and Culture

The free radical scavenger, ascorbic acid (SOOjuM) was added in some 

experiments (Fig. II-7). A 5% increase in the number of live Purkinje cells was 

observed when ascorbic acid was added after the enzymatic treatment. However 

the results obtained in general with ascorbic acid were not significantly different 

at p<0.05. Fig.II-7 also illustrates that oxygenation improved cell viability. The 

percentages of live cells obtained in the conditions where the slices were 

oxygenated were superior to those of live cells in the conditions where the slices 

were not oxygenated (+10%). These results were significantly different with

p<0.01.

I I C on t rol
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W ith W i t h o u t  

O xy gen  a t ion

Figure II-7 Effect o f ascorbic acid on cell viability
500|j.M o f ascorbic acid was present in the buffer (basic isolation buffer supplemented with 2mM 
pyruvate) or only added after the enzymatic treatment. The first group o f results were obtained with 
oxygenation o f  the slices and the second group without oxygenation. A control condition was done 
in parallel in which no ascorbic acid was added. The results are given as the mean (n=6) o f 
percentage score o f the number o f live Purkinje cells versus total number o f  Purkinje cells ± s.e.m.
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2.3.2 C u l t u r e s

Cells plated on peptide or protein substrates.
Mature Purkinje cells adhered very weakly to the coated coverslips and even after

six days in vitro, cells were still floating freely in the medium. No increase in cell 

adhesion was observed with any of the culture media or in the presence of growth 

factors. The non-adherence greatly complicated the assessment of cell viability. 

Table II-3 shows in details the results on cell viability obtained with the different 

cultures. Purkinje cell survival on poly-D-lysine coated coverslips was low. 

ProNectin did allow the cells to weakly stick to coverslips, although these were 

readily lost in the processing for immunocytochemical analysis. Neither 

fibronectin nor laminin gave improved cell adherence. Most of the Purkinje cells 

were floating freely in the medium; however 15-18 % of these cells appeared 

viable even after 18 days in culture (see Table II-3). Purkinje cells on laminin 

were granular in appearance (see Fig II-8). Matrigel gave reasonable adherence of 

Purkinje cells but it was difficult to apply (needed to be kept under 4°C for 

coating) and gave high backgrounds in immunocytochemical studies. In the 

search for an ideal growth which will support adhesion and survival of Purkinje 

cells, media from cultured granule or glial cells were collected and added to the 

Purkinje cells culture. However no improvement in adherence or survival was 

observed.

Using similar procedures, the attempt to isolate and culture Purkinje cells 

obtained from younger animals (twelve day old rats) was successful. The problem 

of adherence encountered with less mature Purkinje was insignificant and these 

“younger” Purkinje cells remained well attached to the coverslips even after 

immunocytochemistry (see Fig. II-9). Their morphology in culture was different 

from the Purkinje cells isolated from 20 day old rats: smaller and more roundish 

cell body with a short and more spiky dendritic tree.
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Table II-3 (1/2) Summary of Purkinje cells cultures

CULTURES COATING PLATED on.. MEDIA GROW TH
FACTORS

ADHERENCE SURVIVAL  
(% of live Purkinje cells) 

D IV 6" DIVIS'^

C 1,C 2, C3 ProNectin or 
Poly-D-lysine

Coverslips (24-wells plate) A, B ,D +
+/-

16-20% 12-18.5 %

C4, C5 Fibronectin Coverslips (24-wells plate) A, B ,D + 15-16.5% 13-14%

C6, C7 Laminin Coverslips (24-wells plate) A ,E - <10% <5%

C8, C9 ProNectin or 
Poly-D-lysine

Coverslips (24-wells plate) 
Coverslips (24-wells plate)

A ,B lO-lOOng/mlNGF 
+/- 25mM KCl

+ +NGF (50ng/ml)= 13.5- 
17%
+NGF+KC1 = 15% 
Control = 14-20%

12-15%
11%
7-15%

C10,C11 ProNectin Coverslips (24-wells plate) A ,D 20- 40ng/ml IGF + + IGF (40ng/ml)= 13-18% 
Control = 14.5-21%

11-15%
10-15%

C 1 2 ,C 1 3 ,C 1 4 ,C 1 5 ,C 1 8 Matrigel 4-wells chamber plates A ,E ++ 22-24% 20-21%

C16 Matrigel 4-wells chamber plates A ,E 20-40 ng/ml IGF ++ + IGF (40ng/ml)= 14-22% 
Control = 22-26%

15-16%
16%

C17 Matrigel 4-wells chamber plates A ,E O.l-lOpg/ml
Insulin

+ + Insulin (5pg/m l) = 12- 
13%
Control = 18-19%

11%
16-17%

+++ = High adherence , ++ = average, + = low, +/- = very low and - = null. A minimum o f ++ in adherence is required for immunocytochemistry to be completed. 
# = days in vitro; * Glial cells culture issued from PN6-7 rats, ** Glial cells culture originating from PNO-1 rats.
(1) Purkinje cells culture issued from PN12 rats, IM = immunocytochemistry. Media compositions in appendix A2.

67



Table II-3 (2/2)

CULTURES COATING PLATED on.. MEDIA ADHERENCE SURVIVAL  
(% of live PCs)

D IV 6

C l9, C20, C21 Glial cells * Coverslips (24-wells plate) A, B +4 16-21%

C22, C23, C24 Glial cells ** Coverslips (24-wells plate) A ,B - <2%

C25 (from PN12(i)} Poly-D-Lysine Coverslips (24-wells plate) A +++ not assessed 
(interest in adherence)

C26, C27, C28 Granule cells Coverslips (24-wells plate) A ++ 17-20%

C29, C30, C 31,C 32 Poly-D-lysine 
+ Antibodies

16-wells chamber plates or 
Coverslips (24-wells plate)

B ,C With anti-Thy-1 = +++, 
normal mouse sera = +, 
Just poly-D-lysine = -

18-27%

+++ = High adherence , ++ = average, + = low, +/- = very low and - = null. A minimum of ++ in adherence is required for immunocytochemistry to be completed. 
# = days in vitro; * Glial cells culture issued from PN6-7 rats, ** Glial cells culture originating from PNO-1 rats.
(1) Purkinje cells culture issued from PN12 rats, IM = immunocytochemistry. Media compositions in appendix A2.
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Figure II-8 Phase contrast photographs showing Purkinje cells cultured on 
laminin.
C6, 6 days in vitro; [_] = 10|am.
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Figure II-9 Photographs of Purkinje cells isolated from 12 day old rats.
C25, DIV 6, anti-calbindin staining; [-]=20|Lim.
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Cells plated on glial cell cultures 
Purkinje cells adhered better on confluent glial cells cultures produced from 6-7

day old rats (see Table II-3 (2/2)and Fig. II-lOB) than on peptide or protein

substrates: 4 Purkinje cells/ cm^ were found compared to 1 Purkinje cells/ cm^ on

poly-D-lysine. When younger animals were used as a source of glial cells (C22,

C23, C24), Purkinje cells died very quickly (after 2 days in culture). In culture

C19-C21 (where glial cells were isolated from older animals), the viability was

improved and all the steps for immunocytochemistry could be achieved (Fig. II-

lOA and 11). However, the number of Purkinje cells remaining after processing

for immunocytochemistry was still low.

Cells plated on granule cell cultures 
After 4 days in vitro (granule cell culture time), granule cells ceased to divide and

began to spread neurites all over the cultured plate. They provided a good

substrate for the Purkinje cells to adhere to and 5 Purkinje cells/ cm^ could be

observed after 10 days in v/Yro(Fig. II-10A, 11). Granule cells started to die after

10 days in vitro but Purkinje cells remained attached to the coverslip. Fig.II-2B

illustrates this fact and shows live Purkinje cells among dead granule cells. The

number of Purkinje cells per coverslip remaining after immunocytochemistry was

still very low compared to the number of live Purkinje originally plated (3-16

/875, Fig. II-11). The Purkinje cells cultures were maintained for up to four weeks

in vitro.

Cells plated on antibody-coated chamber plates 
Purkinje cells adhered well to anti-Thy-1 antibodies-coated chamber plates: After

10 days in vitro, 15 Purkinje cells/ cm^ were recovered after immuno

cytochemistry (see Fig. 11-11). The number of Purkinje cells still attached to the 

chamber after full immunocharacterisation was 3-fold greater than that observed 

with control antibodies (normal mouse sera), or with the number of Purkinje cells
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found on chamber pre-coated with poly-D-lysine only (see Table II-4). Anti-GAD 

antibodies also provided a suitable substrate for Purkinje cells.

. . . OF CELLS / cmT

Poly-D-lysine (PL) only 6 ± 1

PL + mouse IgG 5 ± 2

PL + anti-GAD 1 2 ± 6

PL + anti-Thy-1 1 5 ± 5

Table 11-4 Adherence of Purkinje cells depending on the coated-antibody.
The table shows average numbers o f cultured Purkinje cells, after 10 days in vitro, remaining after 
immunocytochemistry (see next chapter for methodology). The culture plates were coated with 
poly-D-lysine (PL) or with poly-D-lysine containing either anti-GAD antibodies, anti-Thy-l^-y) 
antibodies or control antibodies (mouse IgG). The results are given as the mean ± standard 
deviation o f three different cultures.
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Figure 11-10 Photographs of Purkinje cells co-cultured with granule cells (A) 
or glial cells (B).
(A), P26, 6 days in vitro; fB), P20, 6 days in vitro. [_] = 20)Lim.
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Figure II-l 1 Influence of the type of substrate on the survival of Purkinje
cells

A /

Peptide/

protein

SUBSTRA1 

Glial cell 

culture

PES 

Granule cell 

CpMure

Antibodies 

(to Thy-I)

Type o f culture dish 

(size)

coverslip

(1.77cm")

coverslip

(1.77cm")

coverslip

(1.77cm")

chamber

(0.8cm")

Initial number fl] 2500+450 2500±450 2500+450 1700+300

Final number [2] 2 ±1 7 + 6 9 + 7 12+4

Number per cm^ [3] l .±  0.5 4 + 3.3 5 + 4 15 + 5

B/

E 5

P eptides G lial cells Granul e  cells Ant ibodies

Type of coating substra tes

A/ The table shows the number o f  cultured Purkinje cell remaining on the culture plate after 
immunocytochemistry. Purkinje cells were plated either on peptide/protein substrate, on glial cells, 
on granule cells or on anti-Thy-l^y) antibodies- coated chambers. Cultures were maintained in 
vitro for 10 days. The results are given as [1] the range o f  initial number o f  Purkinje cells plated on 
different substrates and [2] as the mean (n=5) ± standard deviation o f the number o f  cells per 
coverslip or [3] per cm^ (number o f cells remaining after immunocytochemistry).
8 /  The figure shows graphically the results obtained in AJ (number o f  Purkinje cells/cm^ depending 
on the type o f substrates), and given as the mean ± s e m. (n=5). *, p<0.01 (by student t test).
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2 .4  D i s c u s s i o n

2.4.1 P u r k i n j e  c e l l  i s o l a t i o n  

Methodology
The viability of the desired neurones can be irreversibly reduced at any stage of 

the preparation, therefore speed and accuracy during tissue dissection and slice 

manipulations must be maximised by considerable practice. Dissection and 

manipulation of the slices, pre-heated solutions to 37°C, delicate but efficient 

washing of the slices after the enzymatic treatment were all crucial to success. 

However, the slices also needed to be rested for periods of time. Resting periods 

were critical in obtaining maximum cell yield, as previously shown by Chad et al., 

(1991). In our procedure, a one hour resting period before the enzyme treatment 

allowed the slices to recover from the physical trauma of dissection and cutting. 

After enzyme treatment, the slices were also rested for one hour at 37°C with 

oxygenation before the dissociation. This incubation period was very important; 

remaining proteolytic enzymes were removed from cells. When the trituration 

was undertaken immediately after the enzyme treatment, the yield was very low. 

Cells had a granular appearance and no dendritic trees were recovered.

The assessment of cell viability by Trypan blue exclusion test allowed the 

examination of the influence of different parameters and determine those which 

were critical for successful isolation. The number of cells assessed with Trypan 

blue exclusion test was always higher than the number examined with fluorescent 

dyes. In fact, the intensity of the green fluorescence faded very rapidly after its 

excitation at the correct wave length. The information provided by the esterase 

activity assessment was very interesting because it revealed an active process 

within the cell, which strongly suggest that this cell was viable.
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Parameters examinedfor an optimal cell isolation 
The first parameter examined was the use of anaesthetic during the killing

procedure. Anaesthetics were found not to alter the final yield of the live Purkinje

cells. When isoflurane is used intravenously (unlike in the present procedure

where isoflurane was used through inhalation), it has been reported to potentiate

GABAergic transmission, reducing the effect of excitatory pathways (Lin et al.,

1992). Anaesthetics are expected to act as a protection against the toxicity of

excitatory amino acid released by these pathways (Yang et al., 1992). However in

the present study, the beneficial effect of using anaesthetic was not noticeable

probably because anaesthetics applied by inhalation are very versatile (Kmjevic,

1992).

The apparatus used for tissue dissociation was adapted from Kaneda et al. (1988) 

who succeeded in isolating individual neurones from adult rat hippocampus and 

from 9 day old rat cerebellum. Oxygenation of the slices gave a 5 to 10% increase 

in the number of live Purkinje cells. This is in agreement with other studies where 

oxygenation of the slices was also shown to be beneficial (Kaneda et al., 1988; 

Chad et al., 1991). The findings of Kay and Wong. (1986) suggest that a PIPES- 

based saline consistently yielded more cells than an equivalent HEPES-buffered 

saline influenced the use of PIPES. The pH of the buffer was set at 7 using this 

buffer and not at the physiological pH 7.4. Low extracellular pH (pH <7.2) leads 

to a fall in intracellular pH which may affect cell-cell-interactions. Some studies 

on glial cells have shown that a fall in intracellular pH closes their gap junctions 

and therefore releases them from aggregates (Connors et al., 1984). In this study, 

PIPES promoted a satisfactory yield of Purkinje cells.

A critical component for successful Purkinje cells isolation was the amount of 

sucrose present in the buffer. The yield of live Purkinje cells was increased by six 

fold when NaCl was totally replaced by an isotonic sucrose solution. The 

beneficial effect of sucrose may be due to reduction of action potentials. For 

culturing purposes, cells had to be transferred in a medium where action
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potentials and cell’s ‘active’ life would be restored. In order to minimise the 

number of manipulations, cells were transferred in one step from the sucrose 

containing buffer to the culture medium.

As expected, glucose was essential for cell survival. Pyruvate gave a 10% increase 

in the yield of viable cells. The beneficial effect of this additional energy source 

might reflect impaired glucose transport in isolated cells due to either enzyme 

treatment or some other aspects of the tissue dissociation process.

The enzyme pronase provided an efficient dissociation of the Purkinje cells and 

concentrations between 0.1 and 0.2% (wt/vol) was in balanced between the yield 

of live cells and the presence of a dendritic tree. Pronase was also the choice of 

enzyme in Chad et al. (1991)’s study. They reported similar enzymatic results for 

the isolation of adult hippocampal neurones.

Ascorbic acid is a well known scavenger of free radicals. These latter are often 

released in large amounts during excessive breakdown of proteins, high rate of 

Ca^^ entry or excessive glutamate receptor activation. Their toxicity leads to 

massive cell death. On the basis of this argument, higher yields of viable cell 

might be expected in the presence of ascorbic acid. In the present study, the 

addition of ascorbic acid did not significantly alter the yield. Nevertheless, 

enzymatic treatment might lead to the release of significant quantities of free 

radicals and the presence of fresh ascorbic acid Just after the enzyme treatment 

probably explained the 5% improvement observed in some experiments (Fig II-7). 

This effect was observed only when the slices were oxygenated. Because of its 

marginal influence, ascorbic acid was not routinely added to the dissociation 

buffer.
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2.4.2 I n  v it r o  C u l t iv a t i o n  o f  P u r k in je  c e l l s

Cell culture from dissociated tissue allows the study of neuronal survival in a 

controlled environment. As for other cell types, success in neuronal culturing 

relies on the provision of adequate quantities of nutrients and on the expression of 

cell surface adhesion molecules which by providing stabilisation to the culture 

plate, will allow the cell to survive and grow.

Cell adherence to various substrates
Mature Purkinje cells could be maintained in vitro for up to four weeks. However

low yields of live Purkinje cells in long term culture were observed and was a 

consequence of poor cell adhesion. This low yield could be predicted from 

previous studies on Purkinje cells (Morrison et al., 1995). The success in culturing 

Purkinje cells isolated from younger animals (12 day old rats) confirmed the fact 

that immature cells survive better in culture than mature or adult cells.

Without cell adhesion, even viable cells can not be effectively studied. Therefore 

cell adhesion was a primary requirement for the study. An attempt to improve 

adherence by finding an appropriate substrate for Purkinje cells was made. None 

of the conventional substrates (ProNectin, fibronectin, laminin or poly-D-lysine) 

provided adequate Purkinje cells adhesion. After 2-4 rinses in medium or PBS, 

most of the cells were lost. Matrigel, a rich matrix of various glycoproteins, gave 

acceptable adherence, but had a number of attendant disadvantages including vast 

difficulty in application, uneven coating which complicated microscopic 

examination and a marginal effect on improved cell survival after 6 days in vitro.

Several studies have shown that by plating the cells on anti-Thy-1 antibodies, 

survival is enhanced (Messer et al., 1984; Leifer et al., 1984). In these studies, the 

cells in question were from embryonic tissue. In the present study, similar results 

were obtained with Purkinje cells isolated from twenty day old rats. Antibodies to 

Thy-1 coated to the culture plates appeared to be the optimal coating preparation
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for mature Purkinje cells. The number of Purkinje cells after ten days in vitro was 

three times higher compared to the number obtained with control antibodies or 

with poly-D-lysine alone. This property is not restricted to anti-Thy-1 antibodies. 

Anti-GAD antibodies, which recognise a membrane-bound form, also improved 

Purkinje cell adhesion. This has not been shown before and it is probable that any 

antibodies specific to a cell surface molecule will also improve adhesion and 

therefore survival. A substantial number of mature Purkinje cells could be 

functionally maintained long-term in vitro and the cell surface molecules of these 

cells further investigated

Growth factors
Many reports show that Purkinje cells isolated from embryonic or early post-natal 

rat or mouse cerebella can be maintained in culture in serum-containing media 

(Hockberger et al., 1989; Cohen-Cory et al., 1991; Mount et al., 1993). In the 

present study, either horse serum or foetal calf serum was used. The search for a 

vital growth factor (NGF, IGF, high potassium,) which would allow the Purkinje 

cells to adhere well to the culture dish, as well as improve their viability has not 

been very successful. However, the influence of growth factors was not examined 

on well-adhering cells and a good adhesion might be required for their 

neurotrophic action.

Cell-cell interactions
Extensive studies on cell-cell interactions and their influence on the survival of

Purkinje cells isolated from mouse embryonic tissue have been reported (Yusaki 

et al., 1993; Baptista et al., 1994). In these studies, survival of Purkinje cells was 

improved by plating them at high density and by co-culturing them on monolayers 

of glial or granule cells. The results obtained in the present study show an 

improvement in adherence (3-fold) and therefore an increase in cell survival. Cell 

viability is not always tested directly (as by Trypan blue exclusion test for 

example) and many research groups assess survival by counting the number of 

cells left after immunocytochemistry (Mount et a l, 1993; Baptista et a l, 1994;
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Morrisson et al., 1995). Does this mean that all the adhering cells were alive at 

the moment of the fixation? This can only be showed by Trypan blue exclusion 

test carried out before any immunocytochemical processing.

Purkinje cells adhered well to granule cells or glial cells only when these cell 

were actually present in the culture (cue-contact). If conditioned medium 

(medium from a glial cell or granule cell cultures) was added to the Purkinje cell 

cultures, no improvement in adherence was observed, implying that the physical 

presence of these cells was important or that the vital factors released by these 

cells had a short life span. These results were in agreement with those of Baptista 

et al. (1994).
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C h a p t e r  T h r e e

M o l e c u l a r  Ch a r a c t e r isa t io n
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3 .1  In t r o d u c t io n

During the development of a method for the isolation and maintenance of 

Purkinje cells, it was found that only a small proportion of isolated Purkinje cells 

were capable of long term survival in culture. This prompted the consideration 

that cell survival was associated with individual characteristics. The Purkinje cell 

population is known to be heterogeneous (Wassef, 1985, 1990; Hawkes et al., 

1985,1987).

This hypothesis was examined at both the protein expression and nucleic acid 

levels by applying the techniques of immunocytochemistry. Western blotting, and 

reverse transcription (RT) PGR to the characterisation of Purkinje cells. 

Differences in the expression of calbindin, parvalbumin, GAD and Thy-1 were 

studied in cerebellar sections, in freshly-isolated embedded cells and in cultured 

cells. Corresponding messenger RNA expression was investigated in cerebellar 

sections and in individual Purkinje cells.
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3 .2  M e t h o d s

3.2.1 M a t e r ia l s ,  r e a g e n t s  a n d  b u f f e r s

Details of materials, reagents, antibodies, enzymes and primers sequences are 

given in Appendices A3, A5 A6. Buffers and other solutions are detailed in 

Appendices A4, A7.

3.2.2 P r o t o c o l  f o r  im m u n o c y to c h e m is tr y

Immunological reagents
Anti-GAD antibodies

Rabbit polyclonal antibodies were obtained from Dr M. Docherty (Bradford et al., 

1989). These antibodies were produced according to the method of Wu and 

colleges (1986). Purified GAD preparations from rat extract were used as antigen. 

Rabbits were given 7 bi-weekly subscapular injection of 10-30pg of purified GAD 

in Freund’s complete adjuvant followed by monthly boosts of 10-30 pg of purified 

GAD. Animals were bled from the ear vein one week after the seventh injection 

and serum was fractionated with 50% ammonium sulphate, and a purified IgG- 

fraction prepared by ion-exchange chromatography on DE52 cellulose. Specificity 

for GAD was confirmed as described by Wu et al., (1986).

Anti-Thy-l antibodies 

Two mouse monoclonal antibodies were used:

[1] TY antibody provided by Dr M. Docherty. The immunogen was 

prepared from NP-40 extracts of whole rat brain by immunoprécipitation 

(Ledbetter et al., 1979) using an anti-Thy-1 antibody (0X7 antibody, Guenther et 

al., 1994). These antibodies are also refered as anti-Thy-l^jY)-antibodies.

[2] OX-7 antibody was provided by Dr R. Morris. 0X7 was originally 

characterised by Campbell et al., (1981) and Williams and Gagnon, (1982).
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The specificity of the anti-Thy-1 antibodies was verified by dot blots. Both 

antibodies recognised specifically purified Thy-1 protein. No signal was observed 

with BSA, or in absence of secondary biotinylated antibodies or HRP.

Dot blots
on p u rified  T h y - 1 p ro te in

Tests Controls

TY antibodies

no secondai}' no strcpt-HRP BSA
(no Thy-1 protein)

0 X 7  antibodies

no secondai}' 
antibodies

BSA 
(no Thy-I protein)

The specificity of the antibodies was also examined on tissue sections (tails) from 

mice expressing different Thy-1 phenotypes: Thy-1.1̂  and Thy-1.1'. No 

immunoreactivity was found (with either of the antibodies) on sections issued 

from mice with Thy-1' phenotype. However cell surface stainings were observed 

with TY and with 0X7 antibodies on sections prepared from Thy-1^ phenotype 

mice (results not shown).

Anti-calhindin and anti-parvalhumin antibodies 

Monoclonal antibodies were obtained commercially (see Appendix Al). 

Calbindin (28 kDa) purified from chicken gut was used as the immunogen for the
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production of anti-calbindin antibodies and parvalbumin (12kDa) purified from 

carp muscle was used for the production of anti-parvalbumin antibodies. 

Monoclonal anti-calbindin antibody reacted specifically with calbindin in brain 

from mouse and rat tissue amongst others. Monoclonal anti-parvalbumin antibody 

reacted specifically with parvalbumin of cultured nerve cells and tissue originated 

from human, monkey, rat, mouse, chicken and fish (data provided by supplier).

Preparation o f samples
Cultured cells

After two rinses in PBS, cultured cells were incubated with a solution of 4% 

paraformaldehyde for 20 min at room temperature. The cells were then rinsed 

twice in PBS, permeabilised with 0.05-0.1% Triton-x 100 for 15 min at room 

temperature and rinsed twice in PBS.

Embedded cells

Fixation and permeabilisation: freshly dissociated cells were centrifuged at 1500 

rpm (=281 x G) for 3 min, resuspended in 3 ml of 4 % paraformaldehyde (made 

up in basic isolation buffer (see Chapter II, table II-1), and incubated for 30 min at 

room temperature on a plate shaker. Cells were then centrifuged for 3min at 1500 

rpm and washed with 3ml PBS. After another wash, cells were resuspended in 

PBS (3ml) containing 0.1 % Triton-XlOO and incubated for 30 min at room 

temperature. Cells were centrifuged again and resuspended in 2ml PBS until 

embedding.

Embedding: a 3 % type VII Agarose (low melting temperature) was liquefied in 

PBS by microwave heating. Microscope slides and coverslips were used to 

construct a thin “sandwich”, with a well, into which, cells/ agarose mixture, was 

poured. The cell suspension was diluted to obtain 20x10^ cells/ml. When all the 

solutions and apparatus were equilibrated at 45-50°C, cells were embedded in 

agarose, ' V/V (200pi/ 200pl),, and the mixture poured into the well. The agarose 

solid film, 0.5 mm thick, was left to set for 15 min at room temperature. Squares
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(Icm^) were cut manually with a razor blade, and placed individually into wells of 

a 24-well plate, before rinsing twice with PBS.

Sections

Twenty day old rats were anaesthetised with halothane and perfused with 400ml 

of 4% paraformaldehyde solution. The cerebella were removed and incubated for 

two hours at 4®C in the fixative solution. Slices (80pm) were cut using a 

vibrotome and placed into 0. IM Phosphate buffer.

Immunocytochemical reaction 
Samples (sections or cells) were first incubated with PBS containing 3% non-fat

dried milk for one hour at room temperature on a shaker plate. Primary antibodies

were diluted to appropriate concentrations in PBS containing 3% non-fat dried

milk and 0.1% Triton-x 100. This solution was applied to the samples overnight at

4°C. The next day, the samples were washed four times with 1ml PBS each.

Biotinylated anti-mouse or anti-rabbit antibodies were diluted (1/250, Zymed) in

PBS, applied to the samples for one hour at room temperature on a shaker plate

and then washed four times in 1ml PBS each. The detection of the complexed

antigen/ biotinylated antibody was by the streptavidin-horse radish peroxidase

method (strept-HRP, schematically described in Fig.III-1). Samples were

incubated with strept-HRP (1/250, Zymed kit) for one hour at room temperature

on a shaker plate and rinsed four times with PBS. Strept-HRP was then revealed

by applying a substrate/chromogen solution (VIP or AEC Kit) which gave either a

purple or orange-coloured product.

Samples were then dehydrated using successive concentration of alcohool (50 to 

100%), tansfered to an histoclear solution, and mounted on microscope slide in a 

Xam solution (Merck) when VIP (water soluble) was used as the chromogen. 

When AEC was used, samples were directly mounted in a permanent aqueous 

mounting solution (Histotech).
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Appropriate controls were performed in every experiment. [1] absence of primary 

antibody, [2] use of non-immune sera (mouse or rabbit); [3] omission of one step 

of the immuno-reaction (for example absence of streptavidin); and finally [4] use 

of a mixture of cell types which do or do not express the peptide of interest to 

examine the antibody specificity.

Legend:

#  ■ Antigens 

Jî  Piimai^' antibody
V  B T

/ - +  Biotinylated secondary antibody 

51 Sti'eptavldin- HRP conjugate

> 4 -  >—4- V 4 -
'  BT ^  BT '  BT

1 1 1 1

Figure III-l Schematic representation of immunocytochemistry
The immunocytochemical reaction is designed to reveal the presence o f  antigens in tissue or 
in cell preparations by an indirect Enzyme Linked Immuno-Sorbant Assay (ELISA) reaction 
using a streptavidin-biotin amplification. After the primary antibody has been incubated with 
the sample a biotinylated secondary antibody is used to bind to the primary antibody. The 
horseradish peroxidase enzyme labelled with streptavidin (Strep-HRP) is then bound to  the 
biotinylated antibody. The chromogen/substrate system creates an intense insoluble red or 
brown deposit around the antigen/antibody/enzyme complex in the sample.
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A  colour rating scale was established depending on the intensity of the positive 

signal (e.g.purple for VIP substrate):

++++ black,

+++ dark purple.

++ purple,

+ light purple/ pink

+/- very light colouration.

no colour.

Immunocytochemistry on embedded cells was undertaken in 24 well plates, where 

each well was placed a thin square of agarose gel containing the cerebellar cells. 

A minimum of 60 Purkinje cells was contained in each square. Four wells per 

condition were selected randomly and all the Purkinje cell present in these wells 

were assessed according to the above colour scale. This system allowed to 

examine with accuracy the expression of the different markers. The colour rating 

scale was also used to assess the results of immunocytochemistry on cultured 

cells.

3.2.3 P r o t o c o l s  f o r  W e st e r n  blottfng

Preparation o f samples 
Rat cerebella were homogenised in PBS using a mechanical homogénéiser. The

resulting homogenates were aliquoted and stored at -20°C.

Freshly isolated cells were also homogenised using a fine diameter Pasteur pipette 

and stored at -20°C.
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Protein estimation
Protien concentration was determined using a Coomassie Brillant blue G-250 dye 

binding microassay (BioRad; Bradford, 1976), using bovine serum albumin (BSA) 

as a standard. Samples were appropriately diluted and 0.8ml was added to 0.2ml 

BioRad dye. After a 10 min incubation, samples were read against water and dye 

only (blank) at 595nn.

Western blotting
SDS-Polyacrylamide Gel Electrophoresis

Discontinuous SDS-PAGE was performed according to the method of Laemmli 

(1970). Protein samples and molecular weight standards were mixed with the 

sample buffer (v/v of Ix sample buffer), heated to 95°C for 5 min in a boiling 

water bath. Samples were then loaded in the wells of the stacking gel (Mini 

Protean II, BioRad) and electrophoresed by applying 150V for approximately one 

hour (until the bromophenol blue dye reached the bottom of the resolving gel).

Electroblottins o f proteins onto nitrocellulose membrane.

Proteins were electroblotted from SDS-PAGE onto nitrocellulose membrane 

using a semi-dry blotter following a modified method of Towbin et al., (1979). A 

sandwich made up of filter papers (Whatman, grade 3MM), gel and nitrocellulose 

was prepared. The nitrocellulose membrane were pre-soaked for 15 min in the 

blotting buffer. The gel and the filter papers were rinsed once in the blotting 

buffer before constructing the sandwich. The gel was placed on the nitrocellulose 

and both were inserted between the filter papers. The semi-dry blotter containing 

the sandwich was then connected to a power pack and constant current 

(5mA/cm^) was applied for 24-40 min (depending of the acrylamide content of 

the gel).

Gel stainins

Gels were stained with Coomassie blue ( G-250) for 30 min and then destained 

for one hour in several changes of destain solution until clear peptide bands
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appeared. Gels were air-dried between two sheets of cellulose acetate overnight at 

room temperature.

Nitrocellulose staining.

The membrane was incubated with a solution of Ponceau S for 10 min and rinsed 

several times with distilled water before being air-dried.

Immunoblottinz

Individual blots (nitrocellulose membrane with bound peptides) were cut 

manually and rinsed twice in PBS. The unbound sites of the membranes were 

quenched by incubating the blots with a solution of PBS containing 3% non fat 

milk and 0.05% Tween-20 for one hour on a shaker plate. Primary antibodies 

diluted in the blocking solution were incubated overnight at room temperature on 

a shaker plate. The blots were then rinsed 4 times with PBS. Secondary 

biotinylated antibodies were diluted (1/250, Zymed immunoblot kit) in PBS 

containing 0.05% Tween-20 and applied to the blots for one hour at room 

temperature on a shaker plate. After 4 rinses in PBS, the blots were incubated 

with a solution of Streptavidin-HRP (Zymed immunoblot kit, 1/250 in PBS) for 

one hour at room temperature on the shaker. Following subsequent washes in 

PBS, the blots were revealed by AEC substrate (orange-brown, Zymed), rinsed in 

distilled water and dried.

3.2.4 R e v e r se  T r a n sc r ip t a seP o l y m er a se  Ch a in  R e a c t io n  (R T-PC R ) 

Precautions
All plastic ware (tips, pipettes and tubes) was sterile or autoclaved before use and, 

always handled with gloves. The use of positive displacement pipette reduced the 

risk of contamination. All reagents were RNAse-free. The water was diethyl 

pyrocarbonate (DEPC)-treated and autoclaved. Instruments and glass pipettes 

were baked at 200°C for two hours prior use, and the procedure was performed in 

a class II hood.
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Schematic representation o f the protocol

Samples (tissue slice, individual cell) 

Extraction“i
Total RM A mRNA

'■v'srTTTririsr'

i  I
RNA p re p a ra tio n

Reverse transcription + random  h ex am er 
+ MuLV "•

V /
'TTiinapTfnarosr'

i
cDNA p rep a ra tio n

PCR + Tajqj specific p rim ers .

m m ™
P C R  products

Figure 111-2 The different steps o f  RT-PCR
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Samples preparation
Cerebellar slices

Cerebella of twenty day old rats were removed and slices were cut manually using 

a razor blade. Each slice was placed in an RNAse-free 1.5ml polypropylene tube 

(Eppendorf) and immediately frozen at -70°C. In some experiments, slices were 

processed through the cell isolation procedure (described in Chapter two). 

Isolated cells were centrifuged at 2,000 rpm for 5 min and the pellet stored at - 

70°C.

Single cell preparation 

Individual Purkinje cells were collected from cultures or freshly isolated cell 

suspension with a RNAse-free glass electrode of 50-80pm in diameter. The cell 

was ejected into an RNAse-free 0.5ml polypropylene tube (Eppendorf) containing 

20pl of lysis buffer (Dynal mRNA direct kit) and immediately frozen at -70°C. 

Fig.III-3 shows a series of pictures taken during a cell collection procedure.

Total RNA extraction (GITC method)
Extraction

The extraction method was modified after Chomczynski and Sacchi (1987). 

Immediately upon removal of the samples from the freezer, 0.5ml of solution D 

was added to the tube and the tissue or cell suspension homogenised using a glass- 

Teflon homogeniser. The homogenate was then transferred to a 1.5 ml tube 

(Eppendorf) and 50pl of 2M sodium acetate (pH5), 500pl acidic phenol and 

lOOjLil chloroform were added sequentially. After each addition, the tube was 

well-vortexed for 10 sec. The mixture was incubated on ice for 10 min and 

centrifuged at 4°C, 13,000 x g for 20 min. The upper aqueous phase was 

transferred to a fresh tube to which was added 300pl phenol and 300pl 

chloroform. The suspension was vortexed for 10 sec, incubated on ice for 5 min 

and centrifuged again for 10 min at 13,000 x g. The upper aqueous phase was 

transferred to a fresh tube and extracted once more with 300pl chloroform. After 

centrifugation, the chloroform layer was removed and 2 vol. of absolute ethanol 

added to the remaining phase. The tube was placed at -20°C overnight.
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Figure 1II-3 Collection o f individual Purkinje cells

1 The electrode is placed near a cell 2. The cell is gently sucked in the electrode

5  X  The cell goes in. 4, and in.

3/'^, When the cell is inside the electrode, 
the culture plate is removed.

isss
6. The electrode is placed in an eppendorf tube 
in which the cell is ejected.

([-}= 20|im)
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After centrifugation at 4°C , 13,000 x g for 20 min, the ethanol was removed from 

the eppendorf tube and the dried RNA pellet was washed with ice-cold 70% 

ethanol. The pellet was dried again and then dissolved in 40pl DEPC-treated 

water. The RNA suspension was aliquoted and stored at -70°C.

RNA purity

5pi of RNA was diluted in 495pi DEPC-treated water and the absorbance was 

read at 260 and 280nm against blank (5pi SDS + 495 pi water). The ratio 260/280 

was calculated. A ratio obtained between 1.8 and 2 indicated an acceptable pure 

RNA preparation.

Messenger RNA preparation
This method was used for crude samples (tissue slices), single cells or from total

RNA preparation. Dynabead mRNA direct kit was designed for rapid isolation of 

highly purified, intact mRNA. The sample was incubated with the lysis buffer 

(500pl for slices, 20pl for single cell) for 1-2 min and homogenised with a glass, 

RNAse-free, Pasteur pipette, until complete lysis was obtained. The lysate was 

centrifuged for 1 min in an eppendorf centrifuge and the supernatant was 

transferred to a clean tube containing 10-50 pi of pre-washed magnetic oligo-dTs 

beads. mRNA contained in the lysate was allowed to bind via their poly-A tail to 

the oligo-dTs beads for 7 min at room temperature. Using a magnet, the beads 

were washed with 3x 200pl of lysis buffer, 3x 200pl of washing solution (mRNA 

direct kit), and 2x lOOpl of the buffer used for the reverse transcription.

Primer design
Human Genome Mapping Project (HGMP) facilities were used to find specific 

primers to actin, GAD65, GAD67 and Thy-1. First, the mRNA sequence was 

retrieved from the database using ‘GCG’ programs. GCG is a collection of 

programs run in the UNDC environment for sequence analysis and manipulation. 

The databases available are EMBL, EM-TAGS, GENBANK GB-TAGS, and 

others. Using the fetch command, sequences such as GAD nucleotide sequence
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were retrieved (example in Fig.III-4). Suitable primers were selected from the 

particular sequence by the 'PRIMER' program of the HGMP. PRIMER is a 

computer program for automatically selecting PCR primer pairs to amplify 

specific regions of sequenced DNA. PRIMER tests oligos for annealing 

temperature, complementarity to genomic repeat sequences, ability to form 

primer-dimer, and other criteria. An example of primer selection for GAD 65 is 

shown in Fig.III-5. Potential primer sequences were then checked for homologies 

with other known sequences in the HGMP database using 'blast' program. BLAST 

is a program to quickly search a protein or nucleic acid database for similarity to a 

test sequence. An example of such search is illustrated in Fig. III-6.
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F igu re  n i-4  GAD 65 DNA sequence 

The sequence for GAD 65 gene was retrieved from the database using CGC program.

RX
RA
RA
RT
RL
XXX
cc
FH
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FT
FTFT
S Q

MEDLINE; 91299343.
Erlander M.G., Tillakaratne N.J., Feldblum S., Patel N., 
Tobin A.J.;
“Two genes encode distinct glutamate decarboxylases"; 
Neuron 7:91-100(1991).

NCBI giI
Key
source

mRNA

CDS

204225
Location/Qualifiers 
1. .1966
/organism="Rattus norvegicus"
/clone="4817.seq"
/sequenced_mol="cDNA to mRNA" 
/tissue_type="hippocampus"
/tissue_lib="lambda-Zap"
1. .1966
/partial 
/gene="GAD2"
/product="glutamic acid decarboxylase" 
75. .1832 
/gene="GAD2"
/EC_number="4.1.1.15"
/note="NCBI giI 204226"
/codon_start=l
/product="glutamic acid decarboxylase" 
/db_xref="PID:g204226"
/db_xref="SWISS-PROT:Q05683"

1966 BP; 534 A; 445 C; 514 G; 473 T; 0 O t h e r ;Sequence
M72422 Length: 1966 August 20, 1996 17:59 Type: N Check: 2455

1 GGGCGTGCGG GGTCGAGCCG AAGCAGCTTG CCCGCAGCCA CTCGGAGGCG 51 ACCAGCGCCA GACTAGCAGA ACCCATGGCA TCTCCGGGCT CTOGCTITTG

101 GTCCTTCGGA TCTGAAGATG GCTCTGGGGA TCCTGAGAAC CCGGQAACAG 151 CGAGAGCCTG GTGCCAGGTG GCCCAAAAGT TCACGGGCGG CATCGGAAAC

201 AAGCTATGCG CTCTGCTCTA CGGAGACTCT GAGAAGCCA6 CAGAGAGCGG 251 CGGGAGCGIG ACCTCGCGGG CCGCCACTCG GAAGGTCGCC TGCACCTGTG

301 ACCAAAAACC CTGCAGCTGC CCCAAAGGAG ATGTCAATTA TGCACnCTC 351 CACGCAACAG ACCTGCTGCC AGCCTGTGAA GGAGAAAGGC CCACTCTCGC

401 ATrrCTGCAA GATGTAATGA ACATTTTGCT TCAGTACGIG GTGAAAAGIT 451 TTGATAGATC AACTAAAGTG ATTGATnCC ATIACCCCAA TGAOCTTCTT

501 CAAGAGTATA ATTGGGAATT OGCAGACCAA CCGCAAAATC TGGAGGAAÀT 551 TTIGACGCAC TGCCAAACAA CTCTAAAATA TGCGATTAAA ACAGGGCATC

6 01 CCCGATATTT TAATCAGCTQ TCTACCGQAT TQGATATGGT TGQATTAGCA 651 GCAGATTGQT TGACATCAAC AQCAAACACG AACATOnTA CCTATGAGAT

7 0 1 COCCCCTOTA TITOTACTAC TGGAATATOT OACACTAAAG AAAATOAOOO 751 AAATCATTOG CTGGCCAOGA OOCTCTOGCO ATOGAATCXr T T C T C C T O G T

801 OOTOCCATCT CCAACATGTA COCCATOCTC ATTGCCCOCr ATAAOATOTT 851 TCCAOAAGTC AAOGAAAAOO OOATOOCOOC QGTOCCCAOG CTCATCOCAT

901 TCACGTCAGA aCATAGTCAC TTTTCTCTCA AOAAGGGAGC TGCAGCCTT3 951 GGGATCG3AA CAGACAGCGT OATTCTiGATT AAATOTGATG AGAGAGOGAA

1001 AATGATCCCA TCTGACCTTG AAAGAAGAAT CCTTGAAGrc AAACAGAAAG 1051 GATTIGmCC TITCCTGGTG AGTGCCACAG CTGGAACCAC TGTGTACGGG

1101 GCTTrXGATC CTCTCTTGGC TOriAGCTGAC ATCTOCAAAA AATATAAGAT 1151 CTGGATGCAT GTGGATGCTG CTTGGGGTGG AGOGITACTG ATGTCTCGGA

1201 AACACAAGTG GAAGCTGAAC GGTGTGGAGA GGGCCAACTC TQTTGACATGG 1251 AATCCCCACA AGAT6ATGGG TGTCCCCTTG CAATGITCGG CTCTCCTQGT

1301 CAGAGAGGAG GGACTGATGC AGAGCTGCAA CCAGATGCAT GCnCCTACC 1351 TCTTTCAGCA AGATAAGCAC TATGACCTGT CCTATGACAC GGGAGACAAG

1401 OCCTTGCAGT GTGGACGCCA CGTCGATOTC TnAAATTAT GGCTCATGTG 1451 GAGAGCAAAG GGGACTACTG GATTTGAAGC TCACATIGAT AAGTGm GG

1501 AGCTGGCAGA GTATTTATAC AATATCATIA AAAACCGAGA AGQATATGAA 1551 ATGGTGITCG ATGGGAAGCC TCAGCACACA AATGTCTGCT TCTGGTTTGT

1601 ACCTCCTAGT TTGCGAGTTC TGGAAGACAA TGAAGAGAGA ATGAQCCGCC 1651 TCTCAAAGOT GGCGCCAGTG ATTAAAGCCA GAATGATGGA GTATGGGACC

1701 ACAATG6TCA GCTACCAACC CTIAGGAGAT AAGGTCAACT TCTTCCGCAT 1751 GGTCATCTCA AACCCTGCAG CAACTCACCA AGACAITGAC TTCCTCATTG

1801 AAGAAATCGA ACGCCTGGGA CAAGATCTGr AATCACm G CTCACCAAAC 1851 m c A C j n c T CTAGGTAGAC AGCTAAGTTG TCACAAACTG TGTAAATGTA

1901 ÎT T G I A G m GTICCAGAGT AATrCTATIT CTATATCGTG GTGTCACAGT 1951 AGAGTCCAGT TTAAAA
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Figure III-5 Results o f a primer selection from GAD 65 sequence

Criteria :

OPTIMAL p r i m e r  l e n g t h  [ 2 0 ] :  2 0
MINIMUM p r i m e r  l e n g t h  [ 1 8 ] :  16
MAXIMUM p r i m e r  l e n g t h  [ 2 2 ] :  22
OPTIMAL p r i m e r  m e l t i n g  t e m p e r a t u r e  [ 6 0 ] :  60
MINIMUM a c c e p t a b l e  p r i m e r  m e l t i n g  t e m p e r a t u r e  [ 5 7 ] :  5 6
MAXIMUM a c c e p t a b l e  p r i m e r  m e l t i n g  t e m p e r a t u r e  [ 6 3 ] :  6 4
MINIMUM a c c e p t a b l e  p r i m e r  GC% [ 2 0 ] :  2 0
MAXIMUM a c c e p t a b l e  p r i m e r  GC% [ 8 0 ] :  80
S a l t  c o n c e n t r a t i o n  (mM) [ 5 0 ] :  50
DNA c o n c e n t r a t i o n  (nM ) [ 5 0 ] :  5 0
MAXIMUM n u m b e r  o f  u n k n o w n  b a s e s  a l l o w e d  i n  a  p r i m e r  [ 0 ] :  0 
MAXIMUM a c c e p t a b l e  p r i m e r  s e l f - c o m p l e m e n t a r i t y  [ 1 2  b a s e s ] : 12 
MAXIMUM a c c e p t a b l e  3 '  e n d  p r i m e r  s e l f -  c o m p l e m e m t a r i t y  [ 8  b a s e s ] : 8 
GO c l a m p  h o w  m a n y  3 '  b a s e s  [ 0 ] :  0
R e s t r i c t i o n  s i t e s  w h i c h  f l a n k  r e g i o n  o f  i n t e r e s t [ n o n e ] : n o n e  
P r o d u c t  l e n g t h  r a n g e s  [ 1 0 0 - 1 5 0 ; 1 5 0 - 2 5 0 ] ,  [ 2 5 0 - 4 0 0 ] :  4 0 0 - 7 5 0

Results o f the search:
FORWARD pr i  m er  ; g c c c c s c t c  t c p c a t  t  t u t c j  
F<ë;VERSE pI-1 mer : t c.a t  t, \: t c:c:c t c  tc: t c a t c a c a

b a s e  pi i i T i e i  5 '

3 8 9  OCCCACTCTCGCATTTCTG  
1 0 0 5  I' CAT I T r CCCTCT CTCATCACA

ok
ok

PCR p r o d u c t .  .1 en g tk ,  : 6 1 . ’ , GC = 45% , p a i r w i s e  , i ,a tc h  ( a n y  3 ’ 3 ' ) :  2 .1. 2

The program “PRIMER ” from the HGMP facilities was useci for an automatic search. Each criteria 
can be changed. The number in braket shows the usual search for a given sequence.
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Figure ni-6  Results of a ‘BLAST’ search

BLAST - SEARCH DATABASE rodents

BLASTN 1.4.9 [26-March-19%] [Build 10:36:43 Aug 2 1996]

Reference: Altschul, Stephen F., Warren Gish, Webb Miller, Eugene W. Myers, 
and David J. Lipman (1990). Basic local alignment search tool. J. Mol. Biol.
215:403-10.

Notice, this program and its default parameter settings are optimized to find nearly identical 
sequences rapidly. To identify weak similarities encoded in nucleic acid, use BLASTX, TBLASTN 
or TBLASTX.

gad65 forward

Query= mgad65f [Unknown form], 19 bases, B5402388 checksum. 
Database: rodents

29,765 sequences; 33,925,736 total letters.
Searching........................................................ done

Probability
Sequences producing High-scoring Segment Pairs:
EM.RNGAD65 M72422 Rat glutamic acid decarbo:i^lase (GAD65)..

gad65 reverse

Queiy= mgad65r.seq [Unknown form], 22 bases, F4F3D963 checksum. 
Database, rodents

29,765 sequences; 33,925,736 total letters.
Searching........................................................done

Probability
Sequences producing High-scoring Segment Pairs;
EM:RNGAD65 M72422 Rat glutamic acid decarboxylase (GAD65... 
EM:S67454 S67454 65 kDa glutamate decarboxylase [m ice,... 
EM:MMGAD65A LI6980 Mus musculus glutamate decarboxylase

(19 letters)

Score P(N) N
95 0.25 1

(22 letters)

Score P(N)
110 0.016
101 0.082

101 0.087
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RT-PCR
Protocol

A l)j,l volume of total RNA (or mRNA-beads complex solution) was reverse 

transcribed to cDNA using 50 U murine Leukaemia Virus Reverse Transcriptase 

(MuLV-RT) in the presence of 3mM MgCL], ImM DTT, ImM of each dNTP, 

ImM random hexamers, 50mM KCl, lOmM Tris-HCl pH8.3, (final volume, 20pl 

) at 42°C for 45 min. Two drops of mineral oil (Sigma) were added to each tube 

to prevent evaporation. The resulting cDNA species were then amplified 

specifically using Taq DNA polymerase and specific primers. The PCR reaction 

mixture tube contained 2U of Taq, 0.2mM each dNTP, 2.5 mM MgCli, 0.5mM of 

each primers, 50mM KCl, lOmM Tris-HCl, pH8.3, and Ipl or 5pi of cDNA (Ipl 

when RNA was purified from cerebellar slices and 5pi when RNA purified from 

single cell). The final reaction volume was 25pl. Two drops of mineral oil were 

added to each tube. The tubes were incubated in a thermocycler at 95°C for 3 min 

and cycled through 1 min at 95°C, 1 min at 54°C and 2 min at 72°C. After 20-30 

cycles, a last extension of 7 min at 72°C was allowed. When the cDNA clones 

were obtained from a single cell, two rounds of 35 cycles were performed. The 

tubes were stored at 4°C.

In some experiments the DNA polymerase Tth (Thermus thermophilus HB8) was 

used in the RT and in the PCR reactions. Tth reverse-transcribes in the presence 

of manganese and extends primers in the presence of magnesium. A typical RT- 

tube contained Ipl RNA, 4U Tth, ImM of each dNTP, 0.9mM MnCl2 , 0.75mM 

reverse primer, 90mM KCl, lOmM Tris-HCl, pH8.9. Two drops of mineral oil 

were added to the tubes. The reverse transcription reaction was carried out in the 

thermocycler for 5 min at 54°C followed by 15 min at 65°C. The PCR reaction 

was done in the same RT tube by adding 0.75mM EGTA, 2.5mM MgCl2 , 0.5mM 

forward primer, 80mM KCl, and 8mM Tris-HCl, pH 8.9 (final volume, 25 pi). 

PCR cycles were applied as described previously.
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The pH of the buffer and the concentration of magnesium varied depending on the 

enzyme system and primer used (pH 8.3 or 8.9).

Electrophoresis o f PCR products

A lOpl volume of PCR products were added to 2pl of (6x) gel loading sample 

buffer. The mixture was loaded in a 2% agarose gel and electrophoresed at 72V 

for 50 min. The gel was then stained with 0.05% ethidium bromide for 25 min 

and the highlighted DNA products were observed under UV light. A DNA ladder 

(standards) loaded in parallel to the samples allowed an estimation of the size of 

the PCR products. The gels were photographed using a Polaroid camera.
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3 .3  R e su l t s

3.3.1 W e s t e r n  b l o t t i n g

Detection of calbindin and Thy-1 proteins
The Purkinje cell markers, calbindin, GAD and Thy-1 were detected in cerebellar

samples. The immunoblots of Fig. 111-7 shows the band pattern obtained with anti- 

calbindin, anti-GAD and 0X7 antibodies. Anti-calbindin antibodies recognised a 

protein of 28.2 kDa (apparent) molecular weight. Anti-GAD detected a set of 

protein of a 57 kDa (apparent) molecular weight. AntiThy-1 anitbodies (0X7) 

recognised a protein of 25-28 kDa apparent molecular weight. No proteins were 

recognised on the immunoblots with no primary antibody or prepared with non- 

immune sera (controls).

kDa Std

66,2

31

2 1 .5 —  I -

14

GAD 0X 7  Calbindin Controls
C l C2 C3

Figure III-7 Detection of GAD, Thy-1 and calbindin proteins.

20 pg/ml/lane o f  proteins were electrophoresed and blotted onto nitrocellulose membrane. 
Immunoblotting was performed using anti-calbindin, anti-Thy-1 and non-immune mouse 
serum (C l, C2). No primary antibodies were added for C3.
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“Before and after dissociation” studies 
In order to estimate the damage inflicted on freshly isolated cells by enzymatic

treatment (see Chapter Two), antibodies to cell surface molecules and

intracellular proteins were applied to immunoblots prepared from samples

obtained before and after the isolation. SDS-PAGE gels of proteins obtained from

such samples are shown in Fig. 111-9. After transfer to nitrocellulose, the different

proteins were identified by immunoblotting (Fig. 111-8). The immunoblots obtained

from samples taken before cell isolation showed similar band pattern for 0X7 and

calbindin to previous immunoblots. The TY anti-Thy-1 antibodies did not

recognise any proteins. Immunoblots obtained from samples selected after cell

isolation indicated that lower amounts of intracellular proteins and cell surface

molecules were recovered. However, Thy-1 molecules were still present in

sufficient amount to be detected in samples after isolation.

B E FO R E A FT E R

kD a

66.2 -  

45 _

31 _

21.5 -

S td

4 |N |M h

- # #  ■

T i i
0X7 TY Calb Controls 0X 7 TY Calb. Controls

C 1 C 2 Cl C2 C3 C4

Figure II1-8 Immunoblots on samples taken before and after cell isolation
Proteins from SDS-PAGE gels were blotted onto nitrocellulose membrane and processed 
for immunoblotting. Antibodies to Thy-1 (0X 7  and TY) and calbindin were applied. 
Controls were carried out in parrallel: C l, C2 ,non-immune mouse sera; C3 and C4, 
absence o f primary antibody.
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STD Protein samples

W  êêêê

BEFORE AFTER

Cell isolation

Figure 111-9 12% SDS-polyacrylamide gel of proteins from samples taken before and after 
the dissociation o f cerebellar slices
20 iig/ml o f  protein were loaded in each lane. The gel was stained with Coomassie blue.
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3.3.2 Se c t io n s

Fig.Ill-10 and 11 show the organisation of Purkinje cells in the cerebellum. The 

Purkinje cell layer was highlighted with anti-calbindin antibodies which stained 

strongly and uniformly the majority of the Purkinje cells. Their extended dendritic 

trees as well as their axons were labelled.

Anti-parvalbumin was mostly distributed in the basket cell fibres surrounding the 

Purkinje cell body (Fig.Ill-12A,B)- Cell bodies of small intemeurones and 

dendrites of Purkinje cells were also immunoreactive to anti-parvalbumin. Most, 

but not all, of the Purkinje cell bodies were stained (Fig. III-12B). Anti-GAD 

staining was concentrated in the cell body of Purkinje cells and more widely 

spread to other smaller intemeurones (Fig. Ill-13). No staining was observed when 

non-immune sera were used (photographs 1 IB, 12C, 13C).

Overall, the majority of Purkinje cells expressed calbindin, parvalbumin and 

GAD. However, differential distribution and intensity of staining were observed 

within the Purkinje cell population, especially, with parvalbumin and GAD (Fig. 

III-llA, III-12A).
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Figure HI 10 Photographs of a cerebellar section

The Purkinje cell layer was labelled with anti-calbindin antibodies. ([-]=100pm).
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Figure III - ll  Photographs of Purkinje cells in sections stained with anti- 

calbindin antibodies

AJ Use of anti-calbindin antibodies.

B/ Negative control processed with non-immune mouse serum.

([-]=20iLim).
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Figure m  i 2 Photographs of anti-parvalbumin staining in cerebellar sections

Photographs AJ and B/ show anti-parvalbumin stainings in cerebellar sections; C/ 

is the control with non-immune mouse serum. Arrows are directed toward 

Purkinje cells. ([-]=20pm).
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Figure IQ-13 Photographs of anti-GAD staining in cerebellar sections

Photographs AJ and B/ show anti-GAD antibodies staining in cerebellar sections. 

C/ is the control with non-immune rabbit serum. (PC, Purkinje cell; [-]=20pm).
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3.3.3 Iso lated  cells 

Embedded cells
Embedding cells in agarose gel allowed the study of the morphology of 

individual Purkinje cells as well as the detection of particular markers. Before 

undertaking immunoreactions on embedded cells, the influence of the fixation 

and the efficiency of the permeabilisation by Triton was examined in preliminary 

experiments. The influence of detergent on antibody penetration and subsequent 

antibody binding was also assessed by ELISA. Fig. Ill-14 shows that the use of 

Triton radically improved the penetration of the antibody. The signal was twice as 

intense when Triton was included in the mixture. In Fig. Ill-14, samples were 

either fixed or not fixed before the immunodetection. Immunoreactivity was 

preserved in both cases.

Influence o f Triton 

in fixed and unfixed samples.

0 20 n

1 W ith T riton

u m 1 N o T rito n

0.15 -

0,10  -

0.05 -

0,00

F ixed  N ot fixed

Figure 111-14 Influence o f Triton in fixed and unfixed samples.
A mouse antibody (IgG, diluted 1/50 in PBS) was embedded in agarose to  check the influence o f  
the permeabilisation and o f the fixative on immuno-detection. The agarose gels were either fixed 
and permeabilised, fixed and not permeabilised, not fixed and permeabilised or finally not fixed and 
not permeabilised. The resulting gels were incubated with a biotinylated antibody and the complex 
was revealed by the strept-HRF method using AEG substrate (orange). The optical density o f  the 
coloured gels was determine at 595nm. Each condition was done in duplicate and the whole 
experiment was repeated twice. Results are given as the mean ± s.e.m..(n=4). *,p<0.01.
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Immunocytochemistry was performed on embedded cells identifying the Purkinje 

cells ( Fig.III-15). The optimal blocking agent was detennined to be non-fat dried 

milk (Table III-l). Controls using non-immune mouse or rabbit sera showed no or 

few positive cells. GFAP antibodides (directed against a glial cell protein), was 

used as a control and it did not stain Purkinje cells. The 5-7 % found were at the 

level control and probably due to some edge-artefacts.

! Calbindin 69 ±  1 % ! 60 ±  39%

i
Normal mouse serum 0 % 26 ± 4  %

GFAP 7 ±  1 % 1 5 ± 2 %

Normal rabbit serum
1

0 % 0 % _

Table 111-1; Percentage of positively stained embbedded cells.
Freshly isolated cells were embedded in agarose and the resulting gels were processed for 
immunodetection as described in the method section. Anti-calbindin and anti-GFAP 
antibodies along with appropriate controls were used. (n=3x (120 ±12 cells/condition)).

Embedding studies showed that 69% of the Purkinje cells expressed calbindin 

(Table III-l). The majority of Purkinje cells also showed reactivity with anti-GAD 

(Fig. 111-16). Generally, Purkinje cells had round/oval cell bodies of 20 to 25 pm 

in diameter, a extended dendritic tree (from 30 to 150 pm long) and a proximal 

axon of 5-15 pm long. Variations in the morphology of the cell body were more 

often observed in embedded cells than in cells in sections (Fig. I11-15C).
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Figure 01-15 Photographs of embedded cells labelled with anti-calbindin 

antibodies

AJ and B/ show Purkinje cells labelled with anti-calbindin antibodies. C/ is a 

control with non-immune mouse serum. ([-]=20jiim).

114





Molecular characterisation

Cultured cells
After 10 days in vitro, cells were processed for immuno-cytochemistry. Different 

markers, specific to particular cell types, were used to characterise the cultures. 

RT-97 antibodies labelled the neurites of the neuronal population (Fig. II1-17A) 

while anti-GFAP revealed the glial cell population in different cultures (Fig. III- 

17B). Anti-calbindin staining specifically labelled Purkinje cells (Fig. III-l 8A). 

Anti-GAD staining revealed the inhibitory neuronal population of Purkinje cells 

and small intemeurones (Fig. III-l9). Anti-Thy-1 staining was observed in 

Purkinje cells and very weakly in glial cells (Fig. III-18B and 20A). No positive 

staining was observed when a step in the immunoreaction was omitted (no 

primary antibody) or when non-immune-sera was used instead of the specific 

primary antibody (Fig. III-19B, 20B).

As for embedded cells, variations in morphology and in signal intensity between 

individual Purkinje cells were noted with cultured cells (Fig. III-21). Differences 

in the staining of Purkinje cells was more evident with anti-GAD or anti- 

parvalbumin than with anti-calbindin or anti-Thy-1, both of which labelled 

between 90% and 100% of the Purkinje cells. The following table summarises 

antibody staining in cultured cells.

Calbindin -H -+ - - -

Parvalbumin ++/+++ + + - -

GAD -H - 4 -H - - -

RT-97 ++ ++ 4-+ + / -

1 GFAP - - - 4 -H -

Thy-l(TY) + -H - + + + / -
L....................- ...... .J

Table 1II-2 Antibody-stainings o f  the cell types in culture.
(Key: [+++] dark purple, [++] purple, [+] light purple, [+/-] very light colouration, [-] no colour).
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Figure ni-16 Photographs of embedded cells labelled with anti-GAD 

antibodies.

AJ Purkinje cell labelled with anti-GAD antibodies.

B/ control with non-immune rabbit serum.([-]=20^m).

The arrow points to a Purkinje cell.
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Figure HI-17 Photographs of granule cells and glial cells stained respectively 

with RT-97 (A) and anti-GFAP (B) antibodies.

The photograph AJ shows RT-97-labelling of neurites in Purkinje cell cultures 

plated on granule cells and cultured for 5 days before immunocychemistry 

processing. B/ shows glial cells labelled with anti-GFAP present in a different 

culture of Purkinje cells after 10 days in vitro. ([-]=20pm).
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Figure ni-18 Photographs of cultured Purkinje cells labelled with AJ anti- 

calbindin and B/ anti -Thy-1 antibodies.

Purkinje cells were plated on Thy-l(jY) antibodies, cultured for 10 days, and 

labelled with AJ anti-calbindin antibodies and B/ anti -Thy-lgv) antibodies.

C/ is a control with non-immune mouse serum. ([-]=20pm).
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Figure ni-19 Photographs of various GABAergic neurones co-cultured with 

granule cells.

Purkinje cells were plated on granule cells and cultured for 10 days. The cells 

were then labelled with anti-GAD antibodies (A/, C/ and D/). B/ is a control with 

non-immune rabbit serum. The photographs C/ and D/ show anti-GAD antibodies 

staining on small intemeurones present in the same culture.

([-]=20pm).
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Molecular characterisation

Figure IQ-20 Photographs of Purkinje cells plated on glial cells, cultured for 

10 days and stained with anti-Thy-1 antibodies.

Purkinje cells were plated on glial cells and cultured for 10 days. A/ was labelled 

with anti-Thy-1 (TY) antibodies and B/ is a control with non-immune mouse serum. 

([-]=20pm).
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Molecular characterisation

Figure III-21 Photograph of Purkinje cells displaying various morphologies 

and labelled with anti-GAD antibodies

Purkinje cells were plated on antibody-coated chamber plate and culture for 10 

days. Cells were stained with anti-GAD antibodies. ([-]=20pm).

128



m



Molecular characterisation

3.3.4 RNA EXPRESSION STUDY

RNA expression in cerebellar slices 
Messenger RNA populations were extracted from cerebellar tissue slices. From

these, cDNAs were constructed by reverse transcription and successfully

amplified by PCR. The sizes of PCR products obtained with the different sets of

primers were as expected; 764bp for actin (Oswell primer), 726bp for GAD67 and

617bp for GAD65 (Fig.III-22). mRNAs for the two forms of GADs, GAD65 and

GAD67, were detected in abundance in cerebellar tissue.

GAD65
GAD67

Actin

600bp

Figure III-22 PCR products obtained with GAD 65, GAD67 and actin primers
The gel shows PCR products obtained from total RNA, extracted from a cerebellar slice 
using the GITC method. Total RNA was reverse transcribed by Tth using random hexamer 
nucleotides and specific cDNA clones were amplified using specific primers and the 
polymerase activity o f  Tth (addition o f  magnesium and chelation o f  the manganese ions with 
EGTA). After 26 cycles, lOpl were loading onto a 2% agarose gel, electrophoresed and 
stained with ethidium bromide. The gels were viewed under UV and photographed 7 shows 
a range o f  ladder DNA markers.
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In order to optimise the RT-PCR reactions, different parameters were examined:

• Materials: total RNA or mRNA 

The GITC method of RNA extraction (Chomcynski and Sacchi, 1987) was 

modified to my requirements. Mainly smaller volumes were used. By this method, 

purified total RNA preparations were obtained, could be reverse transcribed and 

specifically amplified as shown in Fig.III-23. Messenger RNA could also be 

directly purified from crude material using the Dynabeads mRNA direct kit, 

reverse transcribed and amplified. The staining of PCR products obtained from 

total RNA preparation was stronger than with mRNA indicating that there was 

more PCR product in the sample from the RNA.

• Number o f cycles

The optimisation of the number of cycles required to obtain abundant PCR 

product was carried out. 25-26 cycles was sufficient to obtain readily detectable 

PCR products. Fig.III-24 shows actin PCR products after 15, 20, 25 and 30 cycles.

• Enzymes

Two reverse transcription methods were used in this study. One method was 

based on the double activity of Tth which can be used in the RT and PCR steps by 

changing the ionic composition of the reaction mixture. PCR products of actin, 

GAD65, or GAD67 were obtained using this system (Fig.III-22 to 24). Fig.III-24 

shows that by reducing the amount of enzyme, the amount of PCR product is also 

reduced. A minimum of 2U/ml of Tth was necessary for effective amplification of 

cDNA.

The second method was based on the use of two different enzyme: Murine 

Leukaemia Virus reverse transcriptase (MuLV-RT) and Taq DNA polymerase. 

The results shown in Figs.111-25 to 28 were from experiments using MuLV-RT 

and Taq. Results obtained with MuLV-RT and Taq were similar to the ones using 

Tth although MuLV-RT produced more cDNA species.
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PCR products from Total RNA 
or from mRNA

Actin primers

600 b p  -

Total
RNA

mRNA

GAD67 primers

600 bp

Total mRNA 
RNA

Figure III 23 PCR products obtained from mRNA and total RNA preparations
Total RNA preparation was obtained from a cerebellar slice using GITC method. The 
mRNA sample was extracted using Dynal mRNA kit from a cerebellar slice o f  similar 
weight. Tth enzyme system was used. The intensity o f the PCR products obtained with total 
RNA was always stronger than the intensity o f  the PCR products obtained with mRNA 
(despite more mRNA starting material).
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PCR products after 15,20 25 
and 30 cycles

764 b p

15 20 25 30 15 20 25 30

4UTth lUTth

Figure 111-24 PCR products obtained with different am ount of Tth and after different 
number o f cycles.
Total RNA was the starting material and actin primers were used. PCR products were 
collected after 15, 20, 25 and 30 cycles o f amplification with 1 or 4U o f Tth. Strong PCR 
products were obtained with 4U o f  Tth after 25 cycles. When the amount o f  enzyme was 
reduced, the PCR product were weak even after 30 cycles.
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Figure III-25 Influence of Magnesium concentration and pH in RT-PCR.
Total RN A  preparations w ere reverse transcribed w ith 5 OU o f  M uLV -RT using specific primers 
(lane 1 & 3) o r random  hexamer nucleotides (lanes 2 & 4). Tw o concentrations o f  magnesium were 
used: 3mM (lanes 1, 2, 5, 6, 7 & 8) and 5mM (lanes 3 and 5). Ip l o f  the resulting cD N A  mixture 
was then amplified using 2U  o f  ampIiTaq and specific primers to  GAD67 (lanes I, 2, 3 & 4) Thy-1 
(lanes 5 & 6) and GAD65 (lanes 7). The P C R  reactions w ere undertaken either in a buffer o f  a) pH
8.3 or b) pH  8.9. The following table summarises theses conditions.

Lanes M g2+ in 
RT

primers in RT primers in PCR pH  o f  PCR's buffer

1. a 3mM GAD67rev GAD67rev+for 8.9
b 3mM GAD67rev GAD67 rev+for 8.3

2 a 3mM rand, hexamers GAD67 rev+for 8.9
b 3mM rand, hexamers GAD67 rev+for 8.3

3 a 5mM GAD67rev GAD67 rev+for 8.9
b 5mM GAD67rev GAD67 rev+for 8.3

4 a 5mM rand, hexamers GAD67 rev+for 8.9
b 5mM rand, hexamers GAD67 rev+for 8.3

5 , ^ 8
a 3mM rand, hexamers Thy-1 rev+for 8.9
b 3mM rand, hexamers Thy-1 rev+for 8.3

7 a 3mM rand, hexamers GAD65 rev+for 8.9
b 3mM rand, hexamers GAD65 rev+for 8.3

GAD 65 and 67 PCR products w ere detected in all cases. Thy-1 PC R  products w as not detected 
when the PC R  was performed in the buffer o f  pH  8.9. Com paring PC R  products in lanes 1,2,3&4, 
the use o f  random  hexamer nucleotides gave w eaker but cleaner results than specific priming.
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a n d  pH v a r ia t io n s

GAD 67 PCR products

726 bp

1 2  3 4
a b a b a b a b

Thy-1 & GAD 65 PCR products

665 bp 
617 bp

5 6 7 8
o b o b o b a b
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• Primers

Primers used in reverse transcription were either random primer hexamer 

nucleotides or specific reverse primer (for GADs sequence). Specific primers used 

in the RT step provided stronger PCR products than when random hexamer 

nucleotides were used to reverse transcribe (as shown in Fig.III-25).

• pH  o f the PCR reaction

Suppliers (Boehringer Mannheim and Perkin Elmer) provided buffers with 

different pHs: pH8.9 in the Boerhinger Mannheim system and pH8.3 in the Perkin 

Elmer system. The majority of primers (actin primer, GADs primer) annealed at 

both pHs. However, some sets of primers did not work at a particular pH. This 

was the case for the Thy-1 primers which never worked in pH8.9 (as shown in 

Fig.III-25).

RNA expression in individual Purkinje cells
Controls to detect cDNA contamination were undertaken in parallel and no PCR 

products were obtained in tubes containing the PCR mix, in the absence of cDNA. 

PCR products were not obtained when RT-PCR was performed on a sample of 

culture supernatant. Fig.III-26 and 27 show Thy-1 and actin (Perkin Elmer 

primers) PCR products amplified from individual Purkinje cells. No PCR product 

were obtained with GAD65 or 67 primers (Fig..111-27). Gel B of Fig.III-27 is a 

positive control of the reactions. It shows the efficiency of RT-PCR when a 

sufficient amount of mRNA is used (mRNA extracted from tissue slices).
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C eU l. CeU 2.

700bp —
600 bp —

Thy-1 65 Thy-1 65 67 CT-
Thy-1

Figure 111-26 Detection o f Thy-1 mRNA from single cell.
Individual Purkinje cells were collected and processed for RNA extraction. Random hexamer 
nucleotides were used in the RT step and specific primers to Thy-1, GAD65 and GAD67 in 
the PCR step. Strong PCR products were obtained with Thy-1 primers but non were 
recovered with the other two primer sets. CT-Thy-1 is a control for contamination (PCR mix 
with Thy-1 primers but no cDNA).
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GELl .
C e ll 1 

A B C
C e l l  2

A. Actin
B. GAD65
C. GAD67

GEL 2.
GAD PCR products 
6 7 6 5  67 65

X.

600bp

Figure III-27 Detection o f actin mRNA from single cell
The first gel shows PCR products obtained from two different Purkinje cells with actin 
primers (Short PCR product, lane A). No PCR products were obtained with GAD 65 (lane 
B) or GAD67 (lane C) primers from the same cells. The second gel shows positive controls 
o f  the reaction. PCR products with GAD 65 and GAD67 were obtained from mRNA sample 
extracted from one cerebellar slice. These RT-PCR reactions w ere undertaken in parallel to 
the single cell RT-PCR.

138



Molecular characterisation

3 .4 . D is c u s s io n

3.4.1 P r o t e in  st u d ie s  b y  W e ste r n  B l o t t in g

Immunoblotting performed verified the specificity of the antibodies used in the 

study. Anti-GAD, anti-calbindin and 0X7 antibodies recognised proteins with 

appropriate molecular weights. Anti-GAD antibodies recognised a protein of 57 

kDa which indicates that the lower molecular weight-form of GAD was 

recognised preferentially. Anti-calbindin antibodies detected a 28 kDa protein. 

0X7 antibodies labelled a protein band around 25kDa as shown by Campbell et 

al., 1981; Mahanppatha et al.., 1992b). TY antibodies did not work on western 

blots. They might not recognise the denatured peptide.

The degree of cell damage inflicted by the successive manipulations of cell 

isolation was also assessed by Western blotting. Samples taken before and after 

the dissociation of cerebellar cells showed that proteins are affected by enzymatic 

treatment. The signal intensity of the protein recognising calbindin and Thy-1 on 

the immunoblots was lower in samples taken after dissociation (as shown in the 

immunoblot of Fig.III-8). This loss, probably reflecting protein degradation due to 

the enzyme treatment, is inevitable but limited and reversible as the studies in 

culture show 90-100% of the cultured Purkinje cells strongly expressed calbindin 

and Thy-1 de novo .

3.4.2 G e n e r a l  c e r e b e l l a r  o r g a n isa t io n : se c t io n  st u d ie s  

Immunocytochemical staining of cerebellar sections revealed a distinct cellular 

architecture, showing the organisation of the Purkinje cells in their natural 

environment. The Purkinje cell layer was identified by anti-calbindin, anti- 

parvalbumin and anti-GAD antibodies. Anti-GAD antibodies were particularly 

useful in visualising the fibres and intemeurones of the cerebellum. Purkinje cells
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from 20-day old rats were fully differentiated and aligned in distinct layers 

following successive folia. The presence of climbing fibres and the distribution of 

the basket cell fibres around the Purkinje cell body were revealed by anti- 

parvalbumin reactivity. The majority of the Purkinje cells strongly expressed the 

calcium binding proteins calbindin and parvalbumin as previously described 

(Baimbridge et al., 1982; Endo et al., 1986; Jande et al., 1981, Legrand et al., 

1983; Rogers et al., 1989; Celio et al., 1990). Anti-calbindin staining was 

occasionally distributed around the nuclear and plasma membranes (Fig.III-llA), 

an observation previously reported by Thomasset et al. (1982). This could be 

predicted as calbindin is needed most where Ca^^ entiy and synaptic vesicle 

exocytosis occur , and near the nucleolar membrane to deliver Ca^^ for protein 

activation and DNA synthesis.

3.4.3 Iso l a t e d  P u r k in je  c e l l s : f r e sh l y  d isso c ia t e d /  c u l t u r e d  

The immunoreactivity of freshly dissociated cerebellar cells was maintained after 

agarose embedding. The agarose served as a physical support for the 

immunoreaction and preserved structural integrity. Many dendritic tree were 

recovered. Differences were noted between isolated cerebellar Purkinje cells and 

cerebellar sections. For instance only 70% of the isolated Purkinje cells (as 

opposed to the 90% seen in section studies) expressed calbindin. Variability in 

morphology was also found. This loss of immunoreactivity could be due to the 

epitopes being destroyed during the isolation or embedding procedure. 

Alternatively, the calbindin-negative Purkinje cells might use other types of 

calcium-binding protein than the one tested in this study. Cultured cells showed 

similar staining patterns to the embedded cells. The stainings obtained with anti- 

calbindin, anti-Thy-1 and anti-GAD antibodies were intense and uniformly 

distributed over the cell body and neurites. Some variation in staining intensity 

was observed with anti-GAD and anti-calbindin but never with Thy-1(TY) which 

was always present in Purkinje cells after 10 days in vitro.
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These variations suggest that there are, in fact, sub-populations of Purkinje cells. 

Some have different cell body shapes, some are highly susceptible to changes in 

their environment and others express proteins at different levels. A particular 

Purkinje cell could belong to all or none of these categories and a more in depth 

correlation study is needed in order to characterise the subtypes. The 

heterogeneity of Purkinje cell types possibly underlies variability in function. 

Heterogeneity of Purkinje cells has been well studied in sections (Hawkes et al., 

1985, 1987; Wassef et al., 1985, 1990) although the functional basis of the 

phenomenon has not been described. The reasons why the functional aspect has 

not been elucidated is probably due to inadequacies in the section model. Despite 

of being very useful for anatomical purposes, the section model is not a useful 

system for functional studies.

3.4.4 RNA EXPRESSION IN P u r k in je  c ells

Optimisation o f RT-PCR
RT-PCR allows the detection of small amounts of RNA. The sensitivity of RT-

PCR is the result of a chain reaction where the products from one cycle of 

amplification serve as substrates for the next, resulting in an exponential increase 

in product. In actuality, beyond a certain number of cycles, the efficiency of 

amplification decreases resulting in a plateau effect (Cause and Adamovicz, 

1994). It is therefore important to compromise between the number of cycles and 

the amplification efficiency. In the present study, the number of cycles for 'usual' 

PCR (compared to PCR of mRNA from single cells) was set at 25 cycles. The 

plateau was not reached at 25 cycles as increased amount of PCR products were 

collected after 30 cycles.

A number of factors are thought to influence the efficiency of the PCR reaction, 

including (1) degradation of nucleotides or primers, (2) magnesium concentration, 

(3) pH and annealing temperature, (4) inactivation of the DNA polymerase 

enzyme (Taq has a half life of 40 min at 95 C), (5) re-association of single-
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Stranded PCR fragments before primers can anneal or be extended, (6) substrate 

excess where there is more DNA than the amount of enzyme available to replicate 

it in the allotted polymerisation time, (7) competition by non-specific 

amplification products, and (8) accumulation of inhibitors of polymerase activity 

such as pyrophosphates. The number of cycles at which the plateau effect occurs 

varies greatly between particular DNA sequences and can be affected by factors 

such as length, GC content, and presence of secondary structure in the sequence to 

be amplified. Each of these parameter should be optimised for each set of 

primers.

A great deal of the RT-PCR work was undertaken to optimise the reaction in 

order to perform single cell RT-PCR. The present study has shown that mRNA 

species coding for GAD65 and GAD67 were detected both in abundance in 

mRNA populations extracted from cerebellar slices. They showed similar levels 

of expression within the limits of visual estimation. Previous correlation studies 

using in situ hybridisation and immunocytochemistry have reported strong 

parallels between the intensity of immunocytochemical labelling of cell bodies 

and the levels of mRNA for both GAD isoforms (Wuenschell et al., 1986). Cells 

containing high level of GAD67 in their cell body also present high level of GAD 

67 mRNA. A weak immunoreactivity for GAD 65 also correlates with low level 

of GAD65 mRNA (Esclapez M et al., 1994). mRNA for GAD67 has been shown 

to be concentrated in the cell body whereas GAD65 mRNA is mainly localised in 

nerve terminals. Ruppert et al (1993) studied the distribution of GAB A in GAD 

form-restricted clones and no differences in the relative amounts or distributions 

of GABA were found between the clones expressing GAD65 and those expressing 

GAD67.

In the present study, PCR product were be obtained from total RNA and from 

mRNA preparations. Both reverse transcriptase methods (Tth and MuLV) allowed 

amplification of actin, GAD and Thy-1 sequences prepared from mRNA 

populations. The MuLV +Taq method was favoured as it was found to produced
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results with high fidelity. Enough template DNA was produced from one RT 

reaction to allow several pairs of primers to be tested for PCR amplification.

The amplification of a housekeeping gene, p-actin in the study served as means of 

assessing the integrity of individual RNA samples. Even if the same quantity of 

RNA is used for each preparation, the final quantity of product may be greatly 

affected by differences in RNA integrity and the presence of inhibitors of reverse 

transcription (Foley et al., 1993). Including the detection of an housekeeping gene 

in the amplification step of the experiment also permits relative quantification 

(Cause and Adamovicz, 1994). This was very useful in estimating the relative 

amount of PCR products obtained with different primers and from individual 

cells. In the present study, p-actin was always detected in parallel to the gene of 

interest in order to control the integrity of the sample as well as to assess the 

efficiency of the reaction.

Single cell observation
Single cell RT-PCR allows the study of the regulation of mRNA levels in

individual cells (Kumazaki et al., 1994). The examination of the mRNA 

population of a cell is an important aspect of cellular responsiveness since mRNA 

level changes often dictate changes in protein concentration (Eberwine et al., 

1992). The biochemical basis of the Purkinje cell heterogeneity was not found at 

the level of the gene. This study hoped to show differences in the expression of 

GAD in cultured Purkinje cells. The amplification from GAD 65 or 67 mRNA 

was found to be problematic and, despite many attempts, no PCR products were 

obtained from single cells when GAD primers were used. Because Thy-1 and 

actin PCR products could be obtained from same individual cells, the RNA 

preparation and the efficiency of the reaction were not the cause. They are a 

number of reasons for the failure in the detection of GAD mRNA in the present 

study;

- One obvious reason is that the method was not sensitive enough to detect 

GAD mRNA expression. A low mRNA copy number available might prove to be
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a limitation for single cell-RT-PCR. Actin and Thy-1 mRNAs are highly 

expressed in Purkinje cells. This study detected both of them at the single cell 

level. The copy number of their respective mRNAs are higher than those of 

GAD65 or 67 which would explained the absence of PCR product.

- Long term culture might provide additional constraints in the detection of 

specific mRNA. The majority of successful studies on single cell RT-PCR have 

been carried out on freshly isolated cells or immediately following 

electrophysiology recordings. Glutamate receptor channels and the composition of 

their subunits at single cell level have been one of the main area studied by single 

cell RT-PCR (Lambolez et al., 1992; Brochet et al., 1994; Jonas et al., 1994; 

Johansen et al., 1995). As no study has been reported on long term cultured cell as 

carried out in the present study, long term culture produced additional constraints 

in the detection of specific low copy type mRNA. Ten attempts (10 cells) using 

three different Purkinje cell cultures sources were carried out to detect GAD 

without any success. It is possible that the cultured cells were unhealthy or that 

the synthesis of the specific species under investigation had stopped in vitro. 

Neuronal activity in cultures has been shown to decrease to low levels when not 

driven by any external input (Rimvall and Martin, 1991).
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C h a p t e r  F o u r

In v o l v e m e n t  of  Th y -1 in  th e

MODULATION OF NEURITE OUTGROWTH
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4 .1 . In t r o d u c t io n

Published studies suggest that antibodies directed against Thy-1 molecules are 

capable of enhancing neurite outgrowth from sympathetic neurones, adrena’ 

chromaffin cells, retinal ganglion cells (Leifer et al., 1984; Lipton et al., 1992; 

and from PCI2 cells (Mahanthappa et al., 1992a; Doherty et a l, 1993). During 

optimisation of the culture procedure the use of anti-Thy-1 antibodies coated- 

chamber plates was found to greatly improve Purkinje cell survival. It then 

became reasonable to suppose that these antibodies could also trigger neurite 

outgrowth.

Mature Purkinje cells express significant levels of Thy-1; as this confirmed by the 

study presented in chapter three. Thy-1 has been previously reported to be 

involved in the inhibition of neurite outgrowth (Xue et a l, 1991, 1992; Morris et 

a l, 1992a, b; Lipton et a l, 1992; Doherty et a l, 1993). The relationship between 

Thy-1 expression and neurite outgrowth was investigated using the optimised 

Purkinje cell culture model. Neurite outgrowth from Purkinje cells was examined 

in cultures in which Thy-1 and membrane-bound GAD were blocked by 

antibodies either present on the culture plate or added to the culture medium. The 

influence of NGF was also examined. While NGF was not found to enhance cell 

adhesion during development of the optimised culture procedure, it was 

considered of interest to determine its growth-induction effect on neurite 

outgrowth from adherent cells. Adhesion and growth are related processes and 

neurite outgrowth in PCI2 has been shown to be dependent on the strength of cell 

adhesion (Ferriero et a l, 1994; Roivainen et a l, 1993).
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4 .2 . M a t e r ia l s  a n d  M e t h o d s

4.2.1 M a t e r ia l s  a n d  b u ffe r s

Materials and buffers used in the isolation and the culture of Purkinje cells were 

as described in the Appendices A l, A2, A3 and A4.

4.2.2 C u l t u r e s

Cerebellar Purkinje cells were obtained from 20 day old rats as previously 

described in chapter two. Isolated cells were plated at a density of 5x10^ cells/ml 

in 16 well-chamber plates pre-coated with the substrates (poly-D-lysine (Spg/ml) 

containing 50pg/ml of anti-Thy-1 gy) antibody or poly-D-lysine containing 50p 

g/ml of anti-GAD antibody). The cultures were maintained in MEM containing 

10% PCS supplemented with penicillin and streptomycin at 37°C with 5% CO2 

for 5 days.

4.2.3 A n t ib o d y  a n d  NGF t r e a t m e n t s

Each experiment was performed on two separate Purkinje cell cultures. Before 

treatment, the number of Purkinje cells was approximately the same in each well 

of the chamber plate (200 (± 30) cells per well). Treatment were assigned to 

individual well at random to give three or four groups (each comprising at least 

five wells) per culture plate. Two control groups were included on each plate: [1] 

cells incubated with MEM only and [2] cells incubated with anti-Thy-1 antibody 

(7pg/ml) and NGF (50ng/ml).

The third growth was treated with either one of two anti-Thy-1 antibodies (TY or 

0X7; 7pg/ml) with anti-MHC class I monoclonal antibody (7pg/ml ), or with anti

prion protein monoclonal antibody (7pg/ml), in the absence or presence of NGF. 

(at 50ng/ml). Cultures were incubated for 4 days before examination for evidence 

of neurite outgrowth.
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The study design is summarised in Table IV-1. Several separate experiments were 

undertaken in order to test the different treatments on cells plated on the two types 

of substrates.

Table IV-1 Study design

GROUPS SUBSTRATES
Poly-D-lysine and Poly-D-lysine and
anti- Thy-1 antibody anti-GAD antibody

No treatment (MEM only) + +
Anti-Thy-1 antibody (TY) + Not done
Anti-Thy-1 antibody (0X7) + +
NGF + +
Anti-Thy-1 (TY) and NGF + +
Anti-Thy-I (0X7) and NGF + +
Anti-MHC class I antibody + Not done
Anti-Prion protein antibody + Not done
Anti-PCNA antibody + Not done

4.2.4 A sse ssm e n t  o f  n e u r it e  o u t g r o w t h

Cultures were processed for immunocytochemical staining as previously 

described (Chapter Three). Processed cultures were examined at 200x 

magnification and images were captured onto video tape for computer assisted 

image analysis. Neurite length (in pm) was determined by superimposing a 

software-generated linear scale and electronically marking two points on the 

video image. Straight line distances (representing neurite length) between the tow 

points were automatically calculated (Fenestra image analysis software package: 

Kinetic Imaging,, UK). For significantly curved neurites, a series of points was 

electronically marked on the image and the straight-lines distances summed to 

give total neurite length.
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Only the longest neurite present on each cell was taken into account. The number 

of primary and secondary neurites (i.e., those depending from a primary neurite) 

were also recorded for each Purkinje cell. Details were recorded for each Purkinje 

cell found on the culture plate.

Results were given as the mean of neurite lengths ± s.e.m. obtained in a typical 

experiment. Histograms were constructed showing the neurite length and the 

distribution of the neurite growth as functions of treatments.

4.2.5 St a t ist ic a l  t est s

The significance of apparent differences between control and treatment groups 

was determined using Student r-test. The significance of apparent differences in 

distribution between treatment groups was assessed using the non-parametric 

Kolmlgrov-Smimov test. Results with significant differences were shown on 

histograms by one star for p<0.05 and two stars for p<0.01.
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4 .3 . R e s u l t s

4.3.1 E f fe c t  o f  a n t i-T h y -1 a n t ib o d ie s  o r  NGF on  n e u r it e  o u t g r o w t h  

Purkinje cells treated with soluble anti-Thy antibodies (TY antibodies or OX-7 

antibodies) had longer neurites than those untreated (MEM only). Compared to 

non-treated cells, a significant increase of 9 pm in the length of the longest neurite 

was observed in the treated conditions (Fig.IV-1 and 2). Both anti-Thy-1 

antibodies promoted growth in a similar fashion. Control antibodies (anti-MHC 

class I and anti-PCNA antibodies) did not promote neurite outgrowth as the 

average neurite length observed in these conditions were similar to those of non

treated cells (Fig. IV-1). No significant inhibition was observed on incubation 

with anti-Prion protein antibodies.

NGF promoted neurite outgrowth from Purkinje cells. A significant increase of 

+14pm in the length of the neurite was observed when cells were treated with 

50ng/ml NGF (Fig. IV-3).

The majority of non-treated cells (64%) had neurites shorter than 30 pm 

compared to 41% when cells were treated with anti-Thy-1(ty) antibodies, and 40 

% when cells were treated with NGF (Fig. IV-4). In contrast, less than 10% of the 

non-treated Purkinje cells had neurites longer than 50pm compared to 21% of the 

anti-Thy-1 (TY) -treated Purkinje cells and 25% of the NGF-treated cells.

4.3.2 E ffe c t  o f  a n t i-T h y -1 a n t ib o d ie s  a n d  NGF a pp l ie d  t o g e t h e r

Purkinje cells plated on anti-Thy-1, 7̂) and treated with both anti-Thy-1 antibodies 

(0X7 or TY antibodies) and NGF had longer neurites than untreated Purkinje 

cells. A significant increase of 37 pm in the neurite length was observed (average 

values from Fig. IV-2 and 3). This increase was more than twice the increase 

observed with individual treatments (9 pm with anti Thy-1,^7) and 14 pm vdth
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NGF) which indicates a synergistic effect of the treatments. The number of (NGF 

+ anti-Thy-1^7Y))-ti'eated cells with neurites longer than 50gm was 74% (three 

times higher than the 20% obtained in the control group) and twice as high as for 

individual treatments (34% for anti-Thy-1 and 38% for NGF).
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Figure IV-1 Effect of soluble 0 X 7  antibodies in the presence and absence of NGF.
The experiment was divided into six groups [1] control group (no treatment), [2] cells treated 
with a solution o f  7|ug/ml 0 X 7  antibodies; [3] cells treated with 0 X 7  antibodies and 50ng/ml o f 
NGF, [4], [5] and [6] cells treated respectively with 7p.g/ml solution o f anti-PCNA, 7|ig/ml 
solution anti-Prion antibodies and 7|iig/ml solution anti-MHC class I antibodies. The length o f the 
longest neurite in each cell was assessed. The results are given as the mean ± s.e.m (n=67 for [1], 
n=46 for [2] and n=74 for [3], n=21 for [4], n=27 for[5] and n=34 for [5]). * p<0.01.
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Figure IV-2 Effect o f soluble TY antibodies in the presence and absence of NGF.
The experiment was divided into three groups; [1] control group (no treatment), [2] cells treated 
with a solution o f 7pg/ml anti-Thy-1 (ty) antibodies and [3] cells treated with anti-Thy-1 (jy) 
antibodies and 50ng/ml o f NGF. The length o f  the longest neurite in each cell was assessed. The 
results are given as the mean ± s.e m (n=26 for [1], n=32 for [2] and n=26 for [3]) * p<0.05, **
p<0.01.
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Figure IV-3 Effect o f NGF in the presence or absence of soluble anti-TV antibodies.
The experiment was divided into three groups: [1] control group (no treatment), [2] cells treated 
with a solution o f 50ng/ml o f NGF [3] cells treated with 50ng/ml NGF+ 7}ig/ml anti-Thy-1 
antibodies. The length o f  the longest neurite was assessed. The results are given as the mean ± 
s.e.m (n=55 for [1], n=24 for [2] and n=36 for [3]). * p<0.05; ** p<0.01.
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Figure IV-4 Distribution of the neurite lengths obtained in the different conditions.
Percentages o f  Purkinje cells with neurites shorter than 30|im, between 30 and 50 |im long or 
longer than 50 jim are shown in this figure. The cells were plated on anti-Thy-1(ty) antibodies, 
cultured for 5 days and treated with different treatments; anti-Thy-1(ty> treatment, NGF treatment, 
and NGF + anti-Thy-1(jy) treatment. In the control condition, no treatment was added. After 4 days 
in vitro and immunocytochemistry, the length o f  the longest neurite per cell in each condition was 
assessed. The assessed neurites were divided in 3 groups depending on their length: [1] neurite 
shorter than 30 pm, [2] neurite between 30 and 50 pm long and [3] neurite longer than 50 pm. The 
proportion o f  each group within a condition is shown above. The number o f  cells assessed for each 
condition was n= 64 for anti-Thy-1 treatment, n= 56 for NGF treatment, n= 82 for NGF + anti- 
Thy-1 treatment and n==I09 for the control condition. The results are given as the percentage o f 
cells o f each group within a condition. The distributions were statistically assessed with 
Koimogorov-smirnov test: p < 0.001 between the control distribution and individual treatments.
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4.3.3 G r o w t h  pa t t e r n s

Treatments induced changes in the morphology of the Purkinje cells. Fig. IV-5 

shows pictures of a typical Purkinje cell in different conditions. The type of 

neurite growth varied between treatments. Purkinje cells treated with anti- 

Thy-1 antibodies displayed a long, single branch neurite. The growth was 

essentially resumed in the elongation of the primary neurite. A 2.6-fold increase 

in the number of secondary neurites per cell was observed. The number of cells 

with no neurite was lower than that in the control groups.

Cells treated with NGF displayed a more multi-branched neurite type, with both 

the length and the number of primary and secondary increased (Fig. IV-6). A 5.7- 

fold increase in the number of secondary neurites was observed with NGF 

treatment.

Purkinje cells treated with both anti-Thy-1 antibodies and NGF displayed the 

morphology of characteristic differentiated neurones, with several dendritic 

branches and spines. 98% of the cells displayed at least one neurite and 56% 

extended a secondary neurite (= 7.8-fold increase). The effects of anti-Thy-1 

antibodies and NGF(applied together) were additive.
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Figure IV-5 Pictures of typical Purkinje cells observed in the different conditions
The Purkinje cells w ere plated onto anti-Thy-1 (ty) antibodies and cultured for 5 days before 
subsequent treatm ents. They w ere treated either with NGF, anti-Thy-1(ry) antibodies o r NGF + 
anti-Thy-1(TY) antibodies. After immunocytochemistry, cells were observed under a microscope 
fitted with a video camera and the pictures w ere recorded and transferred to  ‘Fenestra’ com puter 
software. ([-]=  20pm ).
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Control
Purkinje cell plated on anti-Thy-1; 

neurite length = 20pm.

NGF treatment
Purkinje cells plated on anti-Thy-1 antibodies (1) or on anti-GAD antibodies 
(2); neurites length = 70-80pm

( 1 ) (2)

Anti-Thv-1 treatment
Cells plated on anti-Thy-1 antibodies, neurites = 25-60 pm

ê

NGF-i-anti-Thv-1 treatment
Purkinje cells plated on anti-Thy-1 antibodies (1-2) or on anti-GAD 7-l antibodies (3); neurites = 75-90pm
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Figure IV-6 Number of primary and secondary neurites per cell in each condition.
The presence o f primary and secondary Purkinje cell neurites was assessed after different 
treatments: NGF, anti-Thy-1(ty) antibodies or both anti-Thy-1 (ty) antibodies + NGF. The results 
are given as the percentage score of number o f neurites over the total number cells in each category 
(n=78 ceils in control, n=62 cells in anti-Thy-1 antibodies condition, n=73 cells in the NGF  
condition and n= 68 cells in the anti-Thy-1 antibodies + NGF condition. Student / test was 
performed to compare the results o f  each treatment to those o f  the control condition. *, p<0.05; **, 
p< 0.01. Treatments were also found to be significantly different from each others (p<0.05).
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4.3.4 N e u r i t e  o u t g r o w t h  f r o m  c e l l s  p l a t e d  o n  d i f f e r e n t  s u b s t r a t e s  

When Purkinje cells were plated on poly-D-lysine containing anti-GAD 

antibodies, NGF alone promoted significant neurite outgrowth (32pm, Fig.IV-7). 

This increase was higher than when Purkinje cells were plated on anti-Thy-1 

antibodies (14pm). Treatment with both NGF and anti-Thy-1 antibodies also 

promoted major neurite outgrowth from Purkinje cells. A 196% increase (45pm, 

compared with 23pm in the control) in neurite length was observed. This increase 

in neurite outgrowth was also greater than the increase for cells plated on anti- 

Thy-1 antibodies (45/37pm). The differences in neurite length between treatment 

and no treatment were significant. Flowever the difference between the two types 

of treatments (NGF and NGF + anti-Thy-1 antibodies) was not significant (Fig.IV- 

7).
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Figure IV-7 Influence of NGF on neurite outgrowth from cells plated on anti-GAD  
antibodies.
The experiment was divided into three groups: [1] control, [2] cells treated with a solution o f  
50ng/ml NGF and [3] cells treated with both anti-Thy-1(xy) and NGF, The length o f the Purkinje 
cell longest neurite was assessed. The results are given as the mean ± s.e.m ( n=14 cells for the 
control group, n=22 for NGF group and n=18 for anti-Thy-1 antibodies + NGF group). *p<0.05,
** p<0.01.
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Soluble 0X7 antibodies also promoted neurite outgrowth from Purkinje cells 

plated on anti-GAD antibodies coated chamber plates (Fig.IV-8). A +14pm 

increase in neurite length was observed which was also higher than the increase 

observed from cells plated on anti-Thy-1 antibodies (+9pm). No significant 

neurite outgrowth was observed with soluble anti-MHC antibodies (control 

antibodies).
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Figure IV-8 Soluble antibodies-treated cells on anti-GAD antibodies -coated chamber plate.
The experiment was divided into four groups: [1] control, [2] cells treated with a solution 7|j,g/ml 
o f 0 X 7  antibodies, [3] cells treated with a solution o f  7pg/ml 0 X 7  and 50ng/ml NGF and [4] cells 
treated with a solution o f 7|ng/ml anti-MHC antibodies. The length o f the Purkinje cell longest 
neurite was assessed. The results are given as the mean ± s.e.m (n=15 for [1], 38 for [2], 16 for [3] 
and 20 for [4]).
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4 .4 . D is c u s s io n

4.4.1 M e t h o d o l o g y

The majority of the results in this chapter were obtained from cultures of Purkinje 

cells plated on anti-Thy-1 or anti-GAD antibodies. This method provided better 

survival rates and consequently a higher number of cells could be analysed. The 

different treatments supported cell survival in different ways therefore the number 

of cells was not exactly the same for each condition. In order to examine the 

effects of the treatments in the absence of pre-coated antibodies, control 

experiments were undertaken on cultures grown on poly-D-lysine alone (results 

not shown). Very low numbers of cells were recovered (less than 5 cells/ group). 

As shown in chapter two, antibody-pre-coating was necessary to obtain a 

sufficient number of cells. The number of cells surviving when plated onto anti- 

GAD antibodies was high enough to validate the study but never as high as the 

number of cells achieved when plated on anti-Thy-1 antibodies. The strength of 

cell adhesion promoted by the interaction with anti-GAD antibodies might not be 

as strong as the strength of cell adhesion promoted by anti-Thy-1 antibodies. GAD 

molecules are not as abundant as Thy-1 molecules on the neuronal surface. The 

lower cell adhesion found with anti-GAD antibodies could be due to fewer 

interactions between the cell and the substrate.

Immunocytochemistry was performed before the assessment of neurite lengths for 

two reasons: [1] Dead cells and debris were washed away during the numerous 

rinses so that cleaner preparations were obtained; [2] Purkinje cells were stained 

with antibodies which made it easier to distinguish them from other cell types.

The methods used to assess neurite in vitro outgrowth in the literature vary 

considerably. Some are based purely on the number of neurites sprouting from a 

cell. Some are related to the sum of the lengths of all the neurites from a cell 

(Tiveron et al., 1992). Others assess the percentage o f cells bearing neurites 

(Leifer et al., 1984; Tiveron et al., 1992; Lipton et al 1992; Mahanthappa et al.,
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1992a). Finally, a fourth method concentrates on variation in the length of a single 

neurite (Doherty et al., 1993; Mark et al., 1995). In the present study, variation in 

the length of the longest neurite and the number of primary and secondary 

neurites per cell were assessed.

4.4.2 E v i d e n c e  o f  N e u r i t e  O u t g r o w t h

Soluble antibodies to Thy-1 were found to be capable of triggering neurite 

outgrowth from mature Purkinje cells. Both anti-Thy-1 antibodies produced the 

same effect. This was not an “antibody effect” as unrelated antibodies (anti-MHC 

and anti-PCNA) did not alter significantly the neurite outgrowth of Purkinje cells. 

The neurite outgrowth was greater when NGF was also added to the anti-Thy-1 

antibody treatment. Others have previously reported similar effects of anti-Thy-1 

and /or NGF on retinal ganglion cells (Leifer et al., 1984; Lipton et al., 1992) on 

sympathetic neurones and adrenal chromaffin cells (Mahanthappa et al., 1992a) 

and on PC12 cells (Mahanthappa et al., 1992a; Doherty et al., 1993). NGF alone 

also promoted neurite outgrowth from mature Purkinje cells. This NGF-induced 

growth effect has been well documented in cell line studies as NGF also promotes 

their differentiation (Connolly et al., 1984; Hashimoto et al., 1988; Mark et al., 

1995). It has been shown that the cascade of events resulting in neurite outgrowth 

involves the activation of various protein kinases and especially protein kinase C 

(Roivainen et al., 1993; d’Arcangelo and Halegova, 1993).

Anti-Thy-1 antibody coupled with NGF treatment promoted major neurite 

outgrowth. These agents acted in synergy since the increase in neurite length was 

more than 2-fold higher than the summation of their individual effects. In the 

present study, anti-Thy-1 antibody treatment induced 30-60% increase in the 

length of the neurite of Purkinje cells. The order of increase is in agreement with 

Mahanthappa et al.’s (1992a) study who reported 30 to 50% increase and with 

Doherty et al.’s (1993) study who also showed that anti-Thy-1 antibodies, when 

applied on their own, had a small but significant effect on neurite extension. 

These studies also showed that the effect was greater when NGF and anti-Thy-1
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antibodies were applied together. The correlation between the blockade of Thy-1 

and the increase in neurite outgrowth indicates that Thy-1 is normally involved in 

stabilising growth as previously suggested by Mahanthappa et al.( 1992a), Morris 

et al.(1992a) and by Doherty et al.(1993).

The mode of anchorage of Thy-1 by a glycosylphosphatidylinositol (GPI) group, 

has been shown to influence its function (Walsh and Doherty., 1991; Ferguson et 

al., 1992; Tiveron et al. 1994). Tiveron et al (1994)‘s study with hybrid molecules 

showed that the mode of anchorage to the cell surface selects the location of Thy- 

1 molecules in individual microdomains on the cell surface and determines the 

ability of Thy-1 to inhibit neurite outgrowth over astrocytes. Other GPI-linked 

molecules have been investigated (LI, mouse F3, rat TAG-1, prion protein; for 

review see Low (1989)) and their involvement in neurite development has been 

reported (Doherty et al., 1995; Olive et al., 1995). Antibodies to prion protein 

appear to inhibit neurite outgrowth from PC 12 (Dr E. Abdulla, personal 

communication). In the present study, cells treated with these antibodies displayed 

short neurites and in average shorter than those of non-treated cells. However, the 

differences were not significant. The mechanism by which GPI molecules 

modulate intracellular pathways to promote or inhibit neurite outgrowth is not 

known.

By plating cells on different substrates, the role of other type of cell surface 

molecules were investigated. When anti-GAD antibodies were used as a part of 

the pre-treatment (coating procedure), NGF and antibodies treatments were more 

effective in promoting neurite outgrowth. These results suggest that the 

interaction of anti-GAD antibodies with the Purkinje cell has an influence on 

neurite outgrowth. By blocking GAD molecules, an upregulation of their 

production might occurred in the cell. This could indirectly induce an increase in 

neuronal activity which would enhance any initial induction of growth (such as 

the induction produced by anti-Thy-1 antibodies or NGF treatments). Doherty et 

al. (1993) reported that increase in neurite length is also dependent on the culture 

plate pre-treatment. Cells plated on 3T3 cells displayed a higher increase in
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neurite outgrowth. In that case, 3T3 cells might produce a growth factor. Tiveron 

et al. (1992) have studied the influence of culture plate pre-treatments. They 

showed that astrocytes can inhibit neurite outgrowth of a Thy-1-expressing neural 

cell lines but do not inhibit the growth when the cell lines does not express Thy-1. 

When these cell lines (whether expressing Thy-1 or not) were cultured on 

different substrates, the inhibitory effect was not observed. This suggests that the 

inhibition was restricted to the action of astrocytes. They proposed that Thy-1 had 

a ligand on astrocytes which promoted this inhibition. The identity of the ligand is 

not yet known.
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Ch a p t e r  F iv e

G e n e r a l  D is c u s s io n
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5.1 In t r o d u c t io n

This study investigated the events which contribute to the survival and the growth 

of mature cerebellar Purkinje cells in vitro, and informed the involvement of the 

cell surface molecules, Thy-1, in both survival and growth.

The method used for cell isolation was defined and optimised for the isolation of 

fully differentiated neurones with preserved dendritic tree. Previous studies have 

found in vitro survival of mature neurones difficult to achieve (Messer et al., 

1984; Cohen-Cory et al., 1991). Neurones isolated from 2 weeks old animals (rats 

or mice) died after 1-5 days in vitro. The major reasons why mature neurones do 

not survive well in vitro in these studies are that:

- Neurones are irreversibly damaged during the isolation procedure. An 

inadequate method of cell isolation with an inadequate enzymatic treatment, the 

lack of vital buffer component (s) and the presence of toxic agents could have 

participated to the exhaustive death pattern.

- The culturing method was not optimised for mature neurones.

Cohen-Cory et al., (1991)’s study applied the same culturing procedure regardless 

of the age of the animal from which the neurones were isolated. Particular 

vitamins or other growth factors essential to mature neurones might have been 

absent from the culturing medium. In this study, the lack of cell adhesion to the 

culture plate was problematic and jeopardised the development of a suitable 

culture system.

After extensive experimentation. Key requirements for the successful isolation 

and in vitro maintenance of mature Purkinje cells has been defined. This study 

has shown that the yield of live Purkinje cells is increased 6-fold when sucrose 

and pyruvate were present in the buffer used for cell isolation. Enzymatic 

treatment with pronase allowed the isolation of substantial yields of live Purkinje 

cells and was of benefit in preserving the dendritic tree. The presence of the cell’s 

axon and dendritic tree was undoubtedly important in preserving the integrity of
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the cell and therefore viability. With the optimised method, forty percent of 

isolated Purkinje cells were viable and suitable for culturing purposes. The 

problem of low adhesion of these mature neurones to the culture plate was solved 

by co-culturing Purkinje cells with glial or granule cells. Cell adhesion was 

further enhanced by plating Purkinje cells on antibody-coated culture plates. The 

increase of cell adhesion greatly supported the in vitro survival of mature 

neurones. By establishing a culture system for mature Purkinje cells, it was 

possible to undertake their molecular characterisation, and to explore the 

involvement of cell surface molecules in neurite outgrowth. Soluble anti-Thy-1 

antibodies promoted specific neurite outgrowth from mature Purkinje cells and 

this growth was greatly enhanced when NGF was also added. Their combined 

effect on neurite outgrowth was synergistic. The significance of these findings 

will be discussed in the context of fimction.
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5.2  I s o l a t io n  o f  m a t u r e  P u r k in je  c e l l s

Mature Purkinje cells with dendritic arborisation were isolated using an improved 

method for the isolation of neurones. This method was adapted from a number of 

studies; Kay and Wong (1986), Kaneda et al., (1988) and Chad et al., (1991). The 

modifications of each study were examined in relation to the isolation of mature 

Purkinje cells and optimal conditions were established. Several reasons can be 

presented why these previous studies were not directly applicable for the isolation 

of mature Purkinje cells.

Kay and Wong (1986) undertook their study on adult tissue, using PIPES buffer, 

which provided a greater yield of cells than HEPES buffer. The slices were 

oxygenated and agitated during the procedure. Finally trypsin was used for the 

enzymatic digestion. This method provided an excellent isolation of mature 

hippocampal neurones and granule neurones but when applied to Purkinje cells, 

few were recovered. Cells of any type isolated by this procedure only survived for 

two hours. The failure to isolate Purkinje cells was probably related to their 

choice of proteolytic enzyme. Trypsin has been shown in this study to be 

unsuitable for the isolation of Purkinje cells. This enzyme has a restricted 

substrate specificity, and the use of an enzyme with broader specificity might 

have been more appropriate, as shown in the present study. In addition, the 

agitation of the slices probably contributed to the short survival time of the cells 

(Kaneda et al., 1988). This study also reported that HEPES buffer, pronase and 

oxygenation of cerebellar slices (without agitation) provided good isolation of 

Purkinje cells with dendritic trees. However, these cells were isolated from young 

rats (9 day old). Cells survived up to 10 hours which was suitable for 

electrophysiology but not for long- term study. HEPES might be the optimal 

buffer for the isolation of cells issued from early postnatal tissue but as shown in 

the present study, it was not suitable for cell isolation from late post natal tissue. 

Finally, Chad et al., (1991) stressed the importance of resting periods after 

enzymatic treatment and PIPES buffer. Their use of pronase was a better choice
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for the enzymatic digestion of late post natal tissue. However, their study was 

restricted to mature hippocampal neurones.

From the various components described above, the vital requirements for optimal 

isolation of mature Purkinje cells were determined by extensive experimentation. 

They were the use of PIPES buffer, pronase as enzymatic treatment, oxygenation 

of the slices (without agitation) and ‘resting’ periods which allowed the slices to 

recover from the trauma of the procedure.

This study has shown that the substitution of sucrose for sodium chloride in the 

buffer was of great benefit as the number of live Purkinje cells was 6-fold greater 

than the number obtained in the absence of sucrose. The yield of live Purkinje 

cells was further improved by the addition of 2mM pyruvate. By incorporating all 

of these modifications, yields of 30-40% viable neurones could be obtained. This 

percentage was higher than achieved by Kay and Wong (1988) who reported that 

10-20% of the isolated mature neurones were in good condition. Isolated Purkinje 

cells displayed a typical morphology; large, pear shaped cell body from which 

extended a proximal axon from the apical side, and a dendritic arborisation from 

the basal side of the cell body.
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5 .3  S u r v i v a l  o f  m a t u r e  n e u r o n e s  i n  v itr o

Even though an acceptable number of live Purkinje cells were isolated, there were 

still problems maintaining them in culture. Purkinje cells did not adhere well to 

commonly used substrates such as laminin, fibronectin or pronectin. The adhesion 

problem was solved by co-culturing Purkinje cells with other cell types such as 

glial or granule cells or by seeding the cells onto anti-Thy-1 or anti-GAD 

antibody-coated culture dishes. The use of antibodies greatly improved cell 

adhesion and allowed the cells to survive well in vitro.

Co-culture with granule cells was been previously shown to improve Purkinje 

cells survival and differentiation in vitro (Hatten et al., 1988; Baptista et al., 

1994). Glial cells have also been shown to favour short term survival of Purkinje 

cells, although an abnormal differentiation of Purkinje cells was found (Baptista 

et al., 1994). The majority of these studies were undertaken on immature cells 

which might retain the capacity to proliferate and differentiate in vitro.

The present study showed that granule cells and glial cells allowed mature 

Purkinje cell to adhere better to the culture plate. They provided numerous cell 

surface adhesion molecules with which the Purkinje cell could interact. These 

cells also probably nourished Purkinje cells with vital growth factors. Lindholn et 

al., (1993) have shown that granule cells release NT-3 which activates trk C 

receptors of the Purkinje cells. Activation of trk leads to a cascade of proteins 

synthesis and gene expression resulting in general cellular growth. Purkinje cells 

have been shown to express trk C and the low affinity p75 growth factor receptors 

(Lindholn et al., 1993).

Their activation by neurotrophic factors such as NGF, NT-3 or insulin-like growth 

factor (IGF-1) released from other cells or supplied exogenously, improves 

Purkinje cell survival and promotes differentiation and sprouting (Cohen-Cory et 

al., 1991; Mount et al., 1993, 1994a, b; Lindholn et al., 1993). NGF alone has
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been shown not to improve Purkinje cell survival and supportive effects were 

observed only with the addition of either high potassium, excitatory amino acids 

or acetylcholine (Mount et al., 1993, 1994a, Cohen-Cory et al., 1991). In the 

present study, neither IGF-1 nor NGF, with or without high potassium, improved 

cell survival. One of the vital factors for cell survival seems to be linked to cell 

adhesion however the search for a miracle growth factor which will greatly 

improve mature Purkinje cell survival has not been very successful. The 

inefficiency of growth factor in supporting survival could be attributed to a 

number of causes:

[1] the growth factors did not improve Purkinje cell adhesion which might 

be a requirement for cell survival.

[2] Purkinje cells at post natal day twenty did not express growth factor 

receptors. It has been shown that there are developmental windows of growth 

factor receptors expression (Lu et al., 1989; Cohen-Cory et al., 1991; Mount et al., 

1994b);

and;

[3] the cells had been too compromised by the isolation procedure and 

protein synthesis could not be activated.

However NGF alone promoted neurite outgrowth from mature Purkinje cells 

suggesting that Purkinje cells do express neurotrophic factor receptors. In 

addition, activation of these receptors could initiate intracellular cascade, promote 

protein synthesis and growth. The present study shows that growth factors might 

not improve survival but definitively promote neurite outgrowth and further 

differentiation of mature Purkinje cells.

The cascade of events following the activation of NGF receptors has been well 

studied in the past and its apparent complexity resides in the multitude of 

activated intracellular signalling pathways (reviewed by Altin and Bradshaw, 

1993). NGF receptors have been shown to increase cAMP, activating PKA and 

inducing changes in gene expression and enzyme activity such as tyrosine 

hydroxylase and ornithine decarboxylase. They also interact with phospholipase C
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which hydrolyses phosphatidylinositol 4,5-bisposphate (PIP2 ) generating two 

secondary messengers, inositol 1,4,5 -tris-phosphate (IP3) and 1,2 diacylglycerol 

(DAG), (Berridge et al., 1987). IP3 increases intracellular calcium which, with 

DAG, activates protein kinase C (Burstein et a l, 1982; Moskal and Morrison, 

1987). The latter phosphorylates numerous proteins such as MAP kinases and 

induces general gene activation (Altin and Bradshaw, 1993). Finally, growth factor 

receptors directly activate several members of the proto-oncogene family via their 

tyrosine kinase activity e.g., raf and ras and other substances such as protein 

kinase N, pp60 src, ser/thr kinase and MAP kinase (Morrison et a l, 1988; 

Cantley et a l, 1991). These activation result in morphological changes of the cell.
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5.4 MOLECULAR EXPRESSION OF CALBCVDIN, GAD AND THY~1_______

The cultured Purkinje cells were shown to preserve their characteristic expression 

of calbindin, glutamate decarboxylase and Thy-1.

5.4.1. C a l c i u m - b i n d i n g  p r o t e i n s

The study on cerebellar sections and on isolated cells confirms the finding of 

Celio et al., (1990) that the calcium-binding proteins, calbindin and parvalbumin, 

are extremely abundant in Purkinje cells. Antibody labelling revealed that these 

calcium-binding proteins were homogeneously distributed across the various cell 

processes and soma. Occasionally dendrites appeared to be devoid of staining and 

sometimes the Purkinje cell showed no staining at all. This phenomena was 

observed in sections, in embedded and cultured Purkinje cells, and has been 

reported by other investigators (Rogers et al., 1989; Celio et al., 1990).

No complete correlation between the distribution of the calcium binding proteins 

and neurotransmitters has been found (Celio et al., 1990). Overall, calbindin and 

parvalbumin co-localise with GAB A, and to a lesser extent with somatostatin, 

choline acetyltransferase and with enzymes involved in dopamine metabolism. 

Cells which display dihydropyridine sensitive calcium channel subtypes and 

calcium spikes and which have rich quantities of calcitonin and vitamin D 

receptors are preferentially labelled by calbindin antibodies (Celio et al., 1990). 

Interestingly, several of the pathways containing calbindin have been implicated 

in the pathology of neurodegenerative disorders such as Alzheimer’s, 

Huntington’s or Parkinson’s diseases (lacopino and Christakos, 1990). Calbindin 

might be a chemical marker for cells that are susceptible to degeneration. A 

malfunctioning in calbindin binding to free calcium may reflect intermittent 

calcium fluctuation. Uncontrolled elevation of calcium concentration leads to 

protein dénaturation and cell death (Celio et al., 1986).
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Parvalbumin, mainly present in inhibitory neurones, is associated with fast firing 

and slow adaptation (Roger et al., 1989). By binding to free calcium, parvalbumin 

releases magnesium, a potent multi-enzyme co-factor involved in intermediate 

metabolism and phosphorylation. Magnesium also participates in protein and 

DNA synthesis. (Anast et al., 1981). Parvalbumin is therefore involved in the 

general activation of the cell.

5.4.2 GAD EXPRESSION

Purkinje cells are GABAergic and therefore contain high amounts of glutamate 

decarboxylase (GAD). It is now well established that two distinct forms of GAD 

exist (Legay et al., 1987; Erlander et al., 1991). One isoform has a molecular 

weight between 60-64 KDa whereas the other has a higher molecular weight of 

66-67 KDa. Antibodies to both isoforms are available. Erlander et al. (1991) and 

Rimvall et al. (1993) have shown that they are both present in neuronal cell 

bodies as well as in neurites. However, in some brain regions (for example, the 

cerebellar cortex) the lower molecular weight form is preferentially distributed in 

neurites and terminals, whereas the high molecular weight form is mainly located 

in cell bodies. The present study also showed that GAD proteins and messenger 

RNA coding for both forms can be detected in the cerebellum.

The lower molecular weight isoform of GAD 65 has associated with synaptic 

membranes (Covarrubias and Tapia, 1980; Christgau et al., 1992, Solimena et al., 

1993; Martin et al., 1991). In the present study, the results obtained by western 

blotting showed that the antibody employed recognised the low molecular weight 

form of GAD. The same antibody, coated onto chamber plates, improved cell 

adhesion, suggesting that it interacted with a Purkinje cell membrane form of 

GAD. These two results confirm that the low molecular weight form of GAD 

(GAD65) is associated with the plasma membrane and that it can support Purkinje 

cell survival is enhanced by improving cell adhesion.
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5.4.3 THY-1 EXPRESSION

The present study has shown that cultured Purkinje cells isolated from 20 day old 

rats expressed abundantly Thy-1 mRNA and Thy-1 protein. This was shown by 

RT-PCR, by immunocytochemistry, and by Western blotting. In vivo studies have 

reported strong expression of Thy-1 at postnatal day 20 (Xue et al., 1992) which 

correlates with the fact that maturation is, at that stage, on-going. In culture, Thy- 

1 was abundantly detected in the Purkinje cell body and dendrites. Staining of the 

axon was difficult to determine because the axon is naturally fine and dark, and 

not always clearly visible.

As in other culture systems, the high level of Thy-1 expression might be 

associated with the inability of mature Purkinje cells to grow in vitro (Tiveron et 

al., 1992). This inhibition of growth is not due solely to the expression of Thy-1, 

and occurs only in the presence of astrocytes (Tiveron et al., 1992). Purkinje cell 

cultures contained significant number of astrocytes, and a direct interaction 

between Thy-1 molecules on the neuronal surface and an unidentified ligand on 

the astrocyte might have confer the inhibition.

The present study has shown that enhanced survival was associated with adhesion. 

Improvement of cell adhesion by plating the cells on glial or granule cells or by 

plating them on antibody-coated chambers suggest that a range of cell surface 

molecules can be exploited to improve adhesion. Antibody-cell protein interaction 

was more efficient in promoting Purkinje cell adhesion than cell-cell interaction 

(15 Purkinje cells/cm^ recovered compared to only 4-5 Purkinje cells/cm^ 

recovered when co-cultured with granule or glial cells). The interaction, produced 

between an antibody and its counterpart on the cell surface, has a high affinity. On 

the other hand, cell-cell interaction (Purkinje-granule cells or Purkinje-glial cells), 

probably involved homophilic and heterophilic interactions with low affinities. 

Various cell surface molecules (CAMs, integrins, cadherins) are probably 

involved. The present study suggests that Thy-1 and its interaction with other 

molecules was involved in the improvement of Purkinje cell survival and not Thy- 

1 molecule per se.
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5 .5  C e l l  s u r f a c e  m o l e c u l e s  a n d  neu r tte  o u t g r o w t h __________

The present study has shown that soluble anti-Thy-1 antibodies promote neurite 

outgrowth from mature Purkinje cells in culture. This effect involves specific 

interactions between the antibody, Thy-1, and possibly a third participant which 

activates intracellular pathways (see situation 1., Fig. V-1). The idea of the third 

participant came from the fact that Thy-1 does not span the lipid bilayer and thus 

can not activate directly intracellular pathways (or at least, not as it is generally 

thought). The effect of anti-Thy-1 antibodies on neurite outgrowth was specific 

for different reasons. Such effect has been shown in many other culture models 

such as chromaffin cells, retinal ganglion cells and PC 12 cells (Leifer et al., 1991; 

Mahanppatha et a l, 1992a; Doherty et a l, 1993). Irrelevant antibodies (anti-MHC 

and anti-PCNA antibodies used in the present study) have been shown not to 

induce neurite outgrowth. These antibodies were also used as negative controls by 

other research groups (Doherty et a l, 1993). In addition, it has been reported that 

not all monoclonal anti-Thy-1 antibodies induce neurite outgrowth suggesting that 

only antibodies recognising a particular epitope of Thy-1 are capable of inducing 

growth (Lipton et al., 1992).

Neurite outgrowth can be triggered in chromaffin cells by treatment with 

phosphotidylinositol-specific phospholipase C (PI-PLC) which removes any GPI- 

anchored molecules, including almost 70% of Thy-1 from the cell surface 

(Mahanppatha et a l, 1992). When PI-PLC is added with anti-Thy-1 antibodies, 

the typical neurite outgrowth effect of these antibodies is inhibited (Doherty et a l, 

1993). The response induced by the antibodies might not be due to the removal of 

Thy-1 molecules as such but rather to the specific binding of the antibodies to 

Thy-1 and/or to the involvement a third participant. Doherty et a l, (1993) have 

highlighted that the total removal of Thy-1 by PI-PLC did not mimic to any extent 

the robust response induced by the anti-Thy-1 antibodies. Removal of Thy-1 and 

any other GPI molecules had no effect on basal neurite outgrowth. Their 

suggestion is in accord with Tiveron et a l, (1992) in that they show that the 

expression of Thy-1 per se is not inhibitory.
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Figure V-1 Schematic representation of possible mechanisms of action 

involved in neurite outgrowth.

Situation 1. The neurone in the situation 1. receives some inputs from an 

astrocyte which interact directly with Thy-1 molecules and associated ligands. 

These inputs inhibit neurite outgrowth (-). Soluble anti-Thy-1 antibodies added 

exogenously interact with Thy-1 molecules and promote neurite outgrowth (+).

Situation 2. NGF has been shown to induce neurite outgrowth via diverse 

intracellular pathways. NGF also hydrolyses GPI molecules (eg. Thy-1), 

preventing the astrocyte to inhibit neurite outgrowth. In the present study, NGF 

promotes a higher increase in the neurite length than anti-Thy-1 antibodies.

Situation 3. NGF and anti-Thy-1 antibodies were added and synergistic effects on 

neurite outgrowth were observed.
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In their study, Thy-1^ clones extended neurites in the absence of astrocytes. The 

neurite outgrowth inhibition was initiated only when Thy-1 was physically 

attached to the neuronal surface as no inhibition was found when Thy-T clones 

cultured on astrocytes were supplemented with soluble Thy-1 molecules. The 

absence of astrocytes and Thy-1 molecules (Thy-T clones) resulted in ‘free’ 

neurite outgrowth stimulation as Thy-1' clones were shown to extended neurites 

in their experiments. Finally, treatment of rat cerebellar neurones and chick 

retinal ganglion cells with PI-PLC also does not alter their ability to extend 

neurites in response to CAMs (Doherty et al., 1989,1993).

What is the neuronal response triggered by specific antibody binding resulting in 

re-growth?

Thy-1 molecules do not span the lipid bilayer, the means by which antibody 

binding might activate intracellular pathways is obscure. Thy-1 molecules might 

interact with nearby molecules with transmembrane domains (Morris et al., 

1992a, b). This is in agreement with the idea of a third participant mentioned 

above (Fig. V-1). The antibody binding and the interaction with a third participant 

(or ligand) can then activate second messenger systems. Calcium is involved. 

Doherty et al. (1993) have shown that by reducing extracellular calcium or by 

blocking neuronal calcium channels, neurite outgrowth induced by antibodies, is 

inhibited. They also reported that pertussis toxin (which inactivates Gi/o subtype 

of G-proteins) inhibits Thy-1 antibody-triggered neurite outgrowth suggesting that 

Thy-1 acts upstream of a G-protein in the activation of the pathway.

Clustering of GPI molecules have been described in various cell types. In neural 

cell lines, GPI molecules have been found to be clustered in specialised 

microdomains (Tiveron et al., 1994). The mode of anchorage of the molecule to 

the cell surface seems to determine the localisation and the specialisation of the 

molecules within a microdomain (Tiveron et al., 1994 Draberova et al., 1993). 

GPl-anchored molecules have also been found to be associated with caveolin 

protein complex in epithelial cell lines to form micro-invaginations also termed
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caveolae on the cell surface (Lisant! et al., 1993). These caveolae have particular 

biochemical properties. They are detergent insoluble, cholesterol and pH - 

dependent clustering. G proteins have been found in these caveolae (Lisanti et al., 

1993; Shenoy-Scaria et al., 1992). These complexes could explain how GPI 

molecules, such as Thy-1, activate intracellular pathways.

In lymphocytes, GPI-anchored proteins have been found to be associated with a  

subunits of G-proteins and src family member tyrosine kinases (Solomon et al., 

1996; Stefanova et al., 1991; Thomas and Samelson, 1992). The role the src 

kinases play in the GPI-anchored protein signal transduction is not known. G- 

proteins are involved in many signal transduction pathways, including stimulation 

of adenylate cyclase, regulation of Ca^^ channels, stimulation of phospholipase 

A2 , activation of phosphoinositide 3-kinase and stimulation of phospholipase C 

among other transduction activities. These pathways overlap with those 

stimulated by the src kinases and the two mode of transduction may synergise 

downstream activations (Solomon et al., 1996).

This type of activation is similar to that induced by cell adhesion molecules 

(CAMs) in general but is different from calcium-independent NGF activation 

(Safell et al., 1992). Thy-1, with the interaction of its ligand (or with proteins of 

the caveolae), has the potential to trigger neurite outgrowth probably via the 

activation of a CAM pathway. The definite pathway can only be determined after 

the identification of the all the participants. Astrocytes, which have been shown to 

prevent neurite outgrowth, interfere with the Thy-1/ligand interaction. The 

activation pathway is dramatically reversed and results in the inhibition of neurite 

outgrowth instead of its activation or stabilisation. These effects are in line with 

the hypothesis that Thy-1 can stabilise synaptic membranes. In the adult CNS, the 

abundant mature astrocytes act firmly on the neuronal surface counterbalancing 

the Thy-1- neurite outgrowth linked-activation. Finally Thy-1 inhibition could 

partly explain why adult CNS neurones do not grow or significantly regenerate 

after injury or degeneration.
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General discussion

The present study has shown that the addition of NGF and anti-Thy-1 antibodies 

to the cultured Purkinje cells, has a synergistic effect on neurite outgrowth 

(situation 3., Fig.V-1). As mentioned above, NGF and Thy-1 do not act through 

the same pathways and NGF activates a broader range of intracellular system. In 

addition, neurite outgrowth triggered by anti-Thy-1 antibodies is linked to the 

activation of calcium channels which is not a requirement for NGF-trophic action. 

Even though NGF downstream intracellular pathway might involve intracellular 

calcium (Altin and Bradshaw, 1993). Chan et al. (1989) have suggested that NGF 

can stimulate the hydrolysis of GPI molecules (mode of anchorage of Thy-1 

molecules to the surface) in PCI2 cells. The hydrolysis of free GPI molecules 

would result in the production of DAG (diacyl glycerol) and inositol phosphate 

glycan which contribute to its neurotrophic effect. This accessory action of NGF 

might be of interest in the present Purkinje cell model. NGF, by removing Thy-1 

molecules, prevents the astrocytes from exerting their inhibitory effect (see Fig. V- 

1, situation 2). Subsequently, this absence of inhibition could lead to a greater 

activation of neurite outgrowth. In the present study, NGF promoted a greater 

increase in neurite outgrowth than soluble anti-Thy-1 antibodies (where the 

astrocytic inhibition is still present). Finally the synergetic effect observed when 

anti-Thy-1 antibodies and NGF are applied together can be explained by a positive 

feedback loop of the intracellular pathway activated by anti-Thy-1 antibodies to 

the NGF activation pathways (situation 3, Fig.V-1). A candidate could be an 

increase in intracellular calcium which will potentiate protein kinase C ( already 

activated by NGF receptors).
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General discussion

5.6 P e r s p e c t iv e s

One important challenge in characterising the antibody effect on Purkinje cells is 

to determine whether the newly synthesis neurite is dendritic, axonal or 

pluripotential. Evidence has accumulated showing that, in mature animals under 

normal conditions, the cytoskeletal protein MAP2 is localised to the 

somatodendritic compartment, and that a different cytoskeletal protein, tau is 

mainly found in axonal structures (Kosik and Finch, 1987; Dotti et a l, 1991; 

Leifer et a l, 1991; Hirokawa et a l, 1996). Early in development, however, some 

neurites contain both MAP2 and tau (Ferreira et a l, 1987). Antibodies to these 

proteins are commercially available and it would be very informative to examine 

whether the neurite newly synthesised from the cultured Purkinje cell has the 

characteristic of a mature dendrite or of a mature axon. One might expect that, 

because the neurites are newly synthesised, they will express both characteristics 

as Leifer et a l, (1991) have described in retinal ganglion cells. However, in the 

Purkinje cell model, the neurones displayed a mature differentiated morphology 

and the elongated neurite was thick and resembled of a dendrite. It would be 

interesting to see which cytoskeletal proteins are expressed in this system.

In order to further understand furthermore the mechanism of neurite outgrowth, it 

would be of value to investigate the effect of different inhibitors of NGF and Thy- 

1 activation. Antibodies to different NGF receptors types or specific inhibitor of 

kinases might provide new insight into the mechanisms involved. G-proteins have 

been known to be involved in intracellular pathway of the Thy-1 (Doherty e a l, 

1993). Inhibitors to specific type of G-proteins could also be applied to the 

system. The identification of which G-protein is involved in the ligand activation 

would revealed its intracellular pathway. By defining the interaction between 

NGF and Thy-1 intracellular pathways the effect of these agents might be 

explained.
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Appendix

Al. Reagents and materials used for the isolation and the culture of Purkinje
cells

REAGENTS SUPPLIERS

General uses Biochemicals 
Enzymes, antibiotics

M erck
Siema

Viability tests Trypan blue stain 0.4% 
Live/Dead Eukolight Kit

Siama
Molecular Probes .cat# L-3224

Culture media Media Gibco,
MEM-glutamax, cat# 41090-026, 
DMEM-F12, cat# 21331, 
DMEM-glutamax, cat# 61965-026;
EBSS without Ca^’or M g ^ \ cat# 410415,

Sera PCS, myoclone plus tested, cat#26050-050; 
HS, cat# 26050-047

ICN
Chick Embryo Extract (CEE), cat# 28501 46

Growth factors Boerhinaer Mannheim 
NGF, cat# 1058 231 
IGF-1, cat# 1048 058 
Insulin, cat# 977 420.

Substrates
Sigma
Poly-D-lysine (synthetic compound o f 70-150 
kDa),
Laminin and fibronectin (major component o f 
basement membranes)

Strataaene
ProNectin (recombinant cell adhesion factor) 

AMS Ltd
Matrigel (mixture o f laminin, collagen IV, 
Heparan sulfate proteoglycans, entactin, 
nidogens, several growth factors and unknown 
components)

MATERIALS
culture purposes Falcon

8, 16-well chamber plates (sterile), 
24-well plates (sterile),
Petri dishes (sterile), 
disposable sterile plastic pipettes,

Merck
Coverslips (13mm or 22mm),
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Appendix

A2 Buffers used for the isolation and the culture procedures

Basic buffer 
(for cell isolation)

240m M  sucrose, 20m M  PIPES di- potassium, lOmM KCl, 0 or 
25mM  glucose, 6mM  M gCl;, Im M  CaCl], 0 o r 2m M  pyruvate, 
pH 7.______________________________________________________

Phosphate buffer (PBS)
(150mM )___________________

136mM NaCl, 2.7mM  KCl, 6.4mM  N a2H P04, 1,5mM KH2PO4, 
pH  7 .2 -7 4 __________________________________________________

Culturing media M edium A  ; DM EM -glutam ax with sodium pyruvate + 10% PCS 

M edium A' : DM EM -glutam ax w ith sodium pyruvate + 10% HS 

Medium B ; M EM -glutam ax + 2mM  sodium pyruvate + 10%FCS 

M edium C : M EM -glutam ax + 2mM  sodium pyruvate + 10% PCS + 

2%  CEE

M edium D  ; D M EM -P12 w ith sodium pyruvate + 2mM  glutamine + 

10% PCS

M edium E : M EM -glutam ax +10%  HS

Antibiotics (Streptamycin and Penicillin mixture) w ere added to  all 

media.
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A3. Materials and reagents used for immunocytochemistry and Western
blotting

Immunocytochemistry
Suppliers

Buffer components Merck

except agarose type VII and Bovine albumin from Sigma

Fixatives ; Paraformaldehyde from Sigma, 

Glutaraldehyde from Agar Scientific Ltd.

Detergent : Triton-xlOO, Tween-20 from BioRad

Immunodetection : Vector; VIP substrate kit (cat# SK4600).

Cambridge BioScience fZymed products):

Histostain-SP kit (cat# 95-6543 for mouse antibody detection, and 

cat# 95-6143 for rabbit antibody detection),

Immunobiot-SP kit (cat# 96-6143 for rabbit, cat# 96-6543 for 

mouse), Streptavidin-HRP (cat# P50242), AEG kit (cat# 002007), 

GVA mounting solution (cat# 00-8000), XAM and HistoClear from 

Merck

Western Blotting

Buffer components BioRad

except acrylamide (Protogel) from National diagnostics containing 

0,27% (w/v) bis-acrylamide and ammonium persulfate from Merck

Main apparatus BioRad : semi dry blotter (Transblot SD). power pack, 

electrophoresis tank and glass plates.

Nitrocellulose membrane from Schleicher & Schnuell
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Antibodies

Polyclonal antibodies 

M onoclonal antibodies

Anti-GFAP (rabbit) from DAKO (cat# Z334)

Anti-GAD7-1 (rabbit), personal gift from D r Docherty.

Anti-parvalbumin (mouse. Sigma, cat# P31715)

Anti-calbindin (mouse, Sigma, cat# C8666), Anti-PCNA (mouse, 

Sigma, cat# P-8825), anti-MHC class I (mouse, Serotec. cat# 

MCA51F)

.Anti-Thy-1 aantibodies. [ 1 ]  TY antibodies (= T h y - l( T V )  X personal gift 

from Dr Maureen Docherty (mouse); [2] 0 X 7  antibodies (mouse, 

already diluted at working dilution), gift from Roger Morris.

Anti-prion antibodies (mouse, gift from Dr E, Abdulla (Institute o f  

Psychiatry)
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A4. Buffers and solutions used for immunodetection and Western blotting

Immunodetection

PBS 150mM, pH 7.2-7.4 (see previous chapter)

Fixative solution
4% (w/v) paraformaldehyde, pH 7 made up in PBS, 
0.01% glutaraldehyde added when necessary.

Western blotting

Polyacrylamide resolving gel 375 mM Tris-HCl, pH 8.8, 0.1% (w/v) SDS, 10% or 
12% (w/v) acrylamide, 0.06% (v/v) TEMED

Polyacrylamide stacking gel
125mM Tris-HCl, pH 6.8, 0.1% SDS, 4% (w/v) 
acrylamide and 0.1 % TEMED.

Ammonium persulfate solution 
(APS) both polyacrylamide resolving and stacking gels were 

polymerised by addition o f 0.1 and 0.05%, respectively, 
o f  APS ( 100 and 50 pi o f a 10% solution).

SDS-PAGE sample buffer: 62 5mM Tris-HCl, pH 6.8, 10% (v/v) glycerol and 
0.005% bromophenol blue.

SDS-PAGE running buffer:
25 mM Tris, 192 mM glycine and 0.01% (w/v) SDS, 
pH 8.3

Blotting buffer 25mM Tris pH 10.4, 190mM glycine and 20% methanol

Polyacrylamide gel stain:
Coomassie blue. 10% (v/v) acetic acid, 45% (v/v) 
methanol, 0.05% (w/v) Coomassie brilliant blue R250.

Destain solution for gel 10 % (v/v) acetic acid, 40% (v/v) methanol.

Ponceau S staining 0.2% (w/v) Ponceau S in 7% (v/v) acetic acid in water
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A5. Reagents used for RT-PCR

REAGENTS SUPPLIERS Description and purpose o f the product

MuLV reverse ranscriptase
Perkin Elmer
cat#N 808-0018 50 U/pl, reverse transcribes RNA to cDNA

Random hexamer nucleotides cat#N 808-0127 50|uM Random primers for reverse transcription

Oligo d(T) cat# N808-0128 50|iM  poly-T tail primer for reverse transcription

dNTPs cat# N808-0007 lOmM o f each dNTPs.

ampli-Taq DNA polymerase cat# N808-0060 5U/|ul, extends primers during PCR reaction

lOx Buffer II (pH 8 3) cat# N 808-00I0 500mM KCl, lOOmM Tris-HCl, pH 8.3

(with MgCl2) + 25mM M gCb required for enzyme activity

Tth polymerase kit
Boehrinaer Mannheim
cat.t# 1480 014 containing:

Tth enzvme. l-5U/uK reverse transcribes RNA to 
cDNA in the presence o f  M nCb and extends primers 
with MgCb.
I Ox RT buffer: 900mM KCL lOOmM Tris-HCL dH 8.9 
lOx PCR buffer: IM  KCL lOOmM Tris-HCl. 15mM 
MgCb, 500pg/ml BSA, 0.5% Tween-20, pH 8.9.
9mM MnCL solution 

7.5mM EGTA solution.

Agarose MP cat# 1388 983 DNA electrophoresis

Divers salts and solvents
Sigma
molecular grade buffers

guanidine thiocyanate cat# G-9277 RNA extraction

N-lauroylsarcosine cat# L-9250 RNA extraction

DNA markers cat# D-0672 DNA standards for electrophoresis

Dynabeads mRNA direct kit
Dvnal
cat# 610-11 containing:

magnetic beads in suspension; the beads are 2.8um  in 
diameter and contain 25 nucleotide long chains o f 
deoxy-thymidylate covalently attached to their surface 
via 5 ’ linker group, 
lysis buffer solution,
washing buffer solution containing LiDS

lOObp DNA ladder
Gibco
cat# 15628019 DNA standards for electrophoresis
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A6. Primer sequences used for RT-PCR

PRIMERS SUPPLIERS SEQUENCES

Thy-1 A forward: 
reverse 

PCR product: 665bp

Perkin Elmer
5’- CTCCTGCTTTCCCTCTCCTT-3’ (12.8 pmol/|il) 
5 -CTACCCCTTTCCCCAACATT-3' (9 pmol/pl)

Actin (Short product) 
forward 
reverse 

PCR product: 249bp

5 -CATCCATGCCCTGAGTCC-3 ' (12.5 pmol/^il)
5 ' -CGGTCTC ACGTC AGTGT AC A -3’ (11.5 pmol/^l)

Actin forward 
reverse 

PCR product: 764bp

Oswell
5’-TTGTAACCAACTGGGACGATATGG-3’(20 pmol/^l) 
5 -GATCTTGATCTTCATGGTGCTAGG-3' (21 pmol/^il)

GAD65 forward 
reverse 

PCR product: 617bp

5 -GCCCACTCTCGCATTTCTG-3' (23 pmol/jil) 
5’-TCATTTTCCCTCTCTCATCACA-3’ (19 pmol/pl)

GAD67 forward 
reverse 

PCR product: 726bp

5 -GCATCTTCCACGCCTTCG-3' (21 pmol/pl) 
5’-ACCATCTTTATTTGACCATCCA-3’ (18 pmol/fil)

Calcium channel
forward 
reverse 

PCR product at 587bp

5’-CAGCATCACAGACATCCTCG-3’(20 pmol/til) 
5’-AGACACGCACGTACTCATCC-3’(20 pmol/^il)

A7. Solutions used for RT-PCR

Solution D 4M guanidine thiocyanate (GITC), 0.5% N-Lauroyl sarcosinate, 25mM sodium 
(RNA extraction) citrate, pH7 and 2-mercaptoethanol (added just before use).

TBE 0 5 x : 45mM Tris-borate, ImM EOT A (pH8).

Gel loading buffer 0.25% bromophenol blue, 0.25%  xylene cyanol FF, 30% glycerol in water.

191



References

R e f e r e n c e s

192



References

Addison, W. H. F. (1911) The development of the Purkinje cells and of the 
cortical layers in the cerebellum of the albino rat. J. Comp, Neurol. 21: 459-485

Aggerwal, A.S. and Hendelman, W. J. (1980) The Purkinje neuron: II Electron 
Microscopy Analysis of the Mature Purkinje Neuron in Organotypic Culture. J. 
Comp. Neurol. 193:1081-1096.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K. and Watson, J.D. (1994) 
Molecular Biology of the cell. Garland Publishing Inc. N-Y& London, third ed. 
chapter 19: 966-1000.

Altin, J.G. and Bradshaw, R.A. (1993) Nerve growth factor and related 
substances: structure and mechanism of action. In Neurotrophic factors (ed. 
Loughlin, S.E., Fallon, J.H., Acad. Press Inc, USA), 129-180

Altman J. (1972a) Postnatal development of the cerebellar cortex in the rat I. The 
external germinal layer and the transitional molecular layer J. Comp. Neur. 145: 
353-398.

Altman J. (1972b) Postnatal development of the cerebellar cortex in the rat, II. 
Phases in maturation of Purkinje cells and of the molecular layer. J. Comp. Neur. 
145: 399-464.

Altman J. (1972c) Postnatal development of the cerebellar cortex in the rat III. 
Maturation of the components of the granular layer. J. Comp. Neur. 145: 465-514. 
353-514.

Anast, C.S., and Gardner, D.W. (1981) Magnesium metabolism. In disorders o f  
mineral metabolism feds Bronner F. and Cobum J.W. Acad. Pess NY..): 423-522

Anderson, D.C. and Springer, T.A. (1987) Leukocyte adhesion deficiency: an 
inherited defect in the Mac-1, LFA-1 and P I50,95 glycoprotein. Annu. Rev. Med. 
38: 175-194.

Bailey, C H., Chen, M., Keller, F., and Kandel, E.R. (1992) Serotonin-mediated 
endocytosis of apCAM: an early step of learning-related synaptic growth in 
aplysia. Science, 256: 645-648.

Baimbridge K. G. and Miller, J. J. (1982) Immunohistochemical localization of 
calcium binding protein in the cerebellum, hippocampal formation and olfactory 
bulb of the rat. Brain Res. 245: 223-229

Baptista, C. A., Hatten, M. E., Blazeski, R. and Mason, C. A. (1994) Cell-Cell 
interactions influence survival and differentiation of purified Purkinje cells in 
vitro. Neuron 12: 243-260

193



References

Barclay, A. N., Letarte-Muirhead, M., and Williams, A. F. (1976) Chemical 
characterisation of the Thy-1 glycoproteins from membranes of rat thymocytes 
and brain. Nature 263; 563-567.

Berridge, M. J. (1987) Inositol trisphosphate and diacylglycerol: Two interacting 
second messngers. Ann. Rev. Biochem. 56: 159-193.

Berry, M., and Bradley, P. (1976) The growth of the dendritic trees of Purkinje 
cells in the cerebellum of the rat. Brain Res. 112: 1-35

Biber A., Schmid G. and Hempel K. (1984) Calmodulin content in specific brain 
areas. Expl. Brain Res. 56: 323-326

Bimbaumer, L. (1990) G proteins in signal transduction. Annu. Rev. Pharmacol. 
Toxicol. 30: 675-705.

Boegman R., Parent A., and Hawkes R. (1988). Zonation in the rat cerebellar 
cortex; Patches of high acetylcholinesterase activity in the granular layer are 
congruent with Purkinje cells compartments. Brain Res. 448, 237-251.

Bollag, G. and Me Cormick, F. (1991) Regulators and effectors of ras proteins. 
Annu. Rev. Cell Biol. 7: 601-632.

Bond, R. W., Jansen, K. R. and Gottlieb, D. 1. (1988) Pattern of expression of 
glutamic acid decarboxylase mRNA in the developing rat brain. Proc. Natl. Acad. 
Sci. USA 85(9): 3231-3234.

Bond, R. W., Wyborski, R.J. and Gottlieb, D. 1. (1990) Developmentally regulated 
expression of an exon containing a stop codon in the gene for glutamic acid 
decarboxylase. Natl. Acad. Sci. USA 87(22): 8771-8775.

Bradford, M. (1976) A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Anal. Biochem. 72: 248-54.

Bradford, H. F., Docherty, M., Wu, J-Y., Cash, C. D., Ehret, M., Maitre, M., and 
Joh, T. H. (1989) The immunolysis isolation and properties of subpopulations of 
mammalian brain synaptosomes. Nerochem. Res. 14(4): 301-310.

Brochet, P., Audinat, E., Lambolez, B., Crepel, F., Rossier, J., Lino, M., Tsuzuki, 
K. and Ozawa, S. (1994) Subunit composition at the single cell level explains 
functional properties of a glutamate-gated channel. Neuron, 12: 383-388.

Brochu G., Maler L., and Hawkes (1990) Zebrin 11: a polypeptide antigen 
expressed selectively by purkinje cells reveals compartments in rat and fish 
cerebellum. J. Comp, Neurol. 291 : 538-552

194



References

Brummendorf, T. Wolff, J M, Frank, R., and Rathjen, F. G. (1989) Neural cell 
reco-gnition molecule FI 1: homology with fibronectin type III and 
immunoglobulin type C domains. Neuron. 2(4): 1351-61

Burridge, K., Fath, K., Kelly, T., Nuckolls, G., and Turner, C. (1988) Focal 
adhesions: transmembrane junctions between the extracellular matrix and the 
cytoskeleton. Annu. Rev. Cell Biol. 4: 487-526.

Burstein, D. E., Blumberg, P. M., and Greene, L. A. (1982) Nerve growth factor- 
induced neuronal differentiation of PCI2 pheochromocytoma cells: Lack of 
inhibition by a tumor promoter. Brain Res. 247: 115-117.

Cajal, Ramon Y. S. (1911) Histologie du système nerveux de l'homme et des 
vertébrés. Vol. 2, Maloine, Paris, 91-110.

Calissano, P., Moore, B. W., and Friesen, A. (1969) Effects of calcium-ions on S- 
100 a protein of the nervous system. Biochemistry. 8: 4318-4326.

Campbell, D. G., Gagnon, J., Reid, K. B. and Williams, A. F. (1981) Rat brain 
Thy-1 glycoprotein. The amino acid sequence, disulphide bonds and an unusual 
hydrophobic region. Biochem. J. 195(1): 15-30.

Cantley, L. C., Auger, K. R., Carpenter, C., Duckworth, B., Graziani, A., Kapeller, 
R., and Soltoff, S. (1991) Oncogenes and signal transduction. Cell, 64: 281-302.

Carpenter, G. (1987) Receptors for epidermal growth factor and other polypeptide 
mitogens. Annu. Rev. Biochem, 56: 881-914

Celio M. R., and Heizmann C. W. (1981) Calcium- binding protein parvalbumin 
as a neuronal marker. Nature 293: 300-302.

Celio M. R. (1986) G ABA neurons contain the calcium binding protein 
parvalbumin. Science 232: 995-997.

Celio, M. R. (1990). Calbindin D-28k and parvalbumin in the rat nervous system. 
Neuroscience 35, 375-475.

Chad, J. E., Stanford, I., Wheal, H. V. Williamson, R., and Woodhall, G. (1991) 
Dissociated neurons from adult rat hippocampus. In Cellular Neurology- A 
practical approach, ed Chad J. E. chap2: 19-37

Chan, B. L., Chao, M. V., and Saltiel, A.R. (1989) Nerve growth factor stimulates 
the hydrolysis of glycosylphosphatidylinositol in PC 12 cells: A mechanism of 
protein kinase C regulation. Proc. Natl. Acad. Sci. USA 86: 1756-1760.

Chang, W. S., Serikawa, K., Allen, K., and Bentley, D. (1992) Disruption of 
pioneer growth cone guidance in vivo by removal of glycosylphosphatidylinositol- 
anchored cell surface proteins. Development 114: 507-519.

195



References

Chan-Palay, V., Nilaver, G., Palay, S. L., Beinfeld, M. C., Zimmerman, E. A., Wu, 
J-Y. and ODonohue, T. L. (1981). Chemical heterogeneity in cerebellar Purkinje 
cells. Existence and co-existence of glutamic acid decarboxylase-like and motilin- 
like immunoreactivies. Proc. Natl.Acad. Sci. USA, 78, 7787-7791.

Cheung, W. Y. (1980) Calmodulin plays a pivotal role in cellular regulation
Science, 207: 19-27

Chomczynski, P. and Sacchi, N. (1987) Single-step method of RNA isolation by 
acid guanidium thiocyanate-phenol-chloroform extraction. Analyt. Biochem. 162: 
156-159.

Christgau, S., Aanstoot, H-J., Schierbeck, H., Begley, K., Tullin, S., Hejnaes, K., 
and Baekkeskov, S. (1992) Membrane anchoring of the autoantigen GADes to 
microvesicles in pancreatic p-cells by palmitoylation in the NH2-terminal domain. 
J. Cell Biol. 118: 309-320

Cocchia, D. (1981) Immunocytochemical localisation of S-100 in the brain of 
adult rat: an ultrastructural study. Cell Tiss. Res. 214: 529-543

Cohen-Cory, S., Dreyfus, C. P., and Black, I. B. (1991) NGF and Excitatory 
neurotransmitters regulate survival and morphogenesis of cultured cerebellar 
Purkinje cells. J. Neurosci., 11(2):462-471.

Connolly, J. L., Green, S. A ,and Greene, L. A. (1984) Comparison of rapid 
changes in surface morphology and coated pit formation of PC 12 cells in 
response to nerve growth factor, epidermal growth factor, and dibutyryl cyclic 
AMP. J. Cell Biol. 98(2):457-65,

Connors, B. W., Benardo, L. S., and Prince, D. A. (1984) Carbon dioxide 
sensitivity of dye coupling among glia and neurons of the neocortex. J. 
Neurosci., 4(5): 1324-1330.

Covarrubias, M., and Tapia, R. (1980) Brain glutamate decarboxylase: properties 
of its calcium-dependent binding to liposomes and kinetics of the bound and the 
free enzyme. J. Neurochemistry, 34(6): 1682-1688.

Crepel, F., Delhaye-Bouchaud, N., and Dupont, J. L. (1981) Fate of the multiple 
innervation of cerebellar Purikinje cells by climbing fibres in immature control, 
X-irradiated and hypothyroid rats. Dev. Brain Res. 1:59-71.

Dalchau, R,. and Fabre, J. W. (1979) Identification and unusual tissue distribution 
of the canine and human homologues of Thy-1 (theta). J. Exp. Med. 149(3):576- 
91.

196



References

Damsky, C. H., and Werb, Z. (1992) Signal transduction by integrin receptors for 
extracellular matrix: cooperative processing of the extracellular information. 
Curr. Opin. Cell Biol. 5: 772-781.

D'Arcangelo, G., and Halegoua, S. (1993). A branched signaling pathway for 
nerve growth factor is revealed by Src-, Ras-, and Raf-mediated gene inductions. 
MoL & Cell. Biol. 13, 3146-3155.

De Aizpurua, H. J., Wilson, Y. M., and Harrison, L. C. (1992). Glutamic acid 
decarboxylase autoantibodies in preclinical insulin-dependent diabetes. Proc. Nat. 
Acad. Sci. USA 89, 9841-9845.

De Camilli, O., Miller, P. E., Levitt, P., Walter, U., and Greengard, P. (1984) 
Anatomy of cerebellar Purkinje cells in the rat determined by a specific 
immunohistochemical marker. Neurosci. 11: 761-817.

Denner, L. A., and Wu, J.Y. (1985). Two forms of rat brain glutamic acid 
decarboxylase differ in their dependence on free pyridoxal phosphate. J. 
Neurochem. 44: 957-965.

de Talamoni, N., Smith, C. A., Wasserman, R. H , Beltramino, C., and Fullmer, C. 
S. (1993). Immunocytochemical localization of the plasma membrane calcium 
pump, calbindin-D28k, and parvalbumin in Purkinje cells of avian and 
mammalian cerebellum. Proc. Nat.Acad. Sci. USA 90: 11949-11953.

Dodd, J., Morton, S. B., Karagogeos, D., Yamamoto, M., and Jessell, T. M.
(1988) Spatial regulation of axonal glycoprotein expression on subsets of 
embryonic spinal neurons. Neuron. 1(2): 105-16.

Doherty, P., Barton C. H., Dickson, G., Seaton, P., Rowett, L. H., Moore, S. E., 
Gower, H. J., and Walsh, F. S. (1989) Neuronal process outgrowth of human 
sensory neurons on monolayers of cells transfected with cDNAs for five human 
N-CAM isoforms. J. Cell Biol. 109(2):789-98.

Doherty, P., Singh, A., Rimon, G , Bolsover, S. R., and Walsh, F. (1993) Thy-1 
antibody-triggered neurite outgrowth requires an influx of calcium into neurons 
via N- and L-type calcium channels. J. Cell Biol. 122:181-189.

Doherty, P., Williams, E., and Walsh, F. S. (1995). A soluble chimeric form of the 
LI glycoprotein stimulates neurite outgrowth. Neuron 14: 57-66.

Downward, J. (1992) Ras regulation: putting back the GTP. Curr. Biol. 2: 329- 
331.

Dotti, C. G., Parton, R. G., and Simmons, K. (1991) Polarized sorting of glypiated 
proteins in hippocampal neurons Nature 349: 158-161.

197



References

Draberova, L., Amoui, M., and Draber, P. (1996) Thy-1-mediated activation of rat 
mast cells: the role of Thy-1 membrane microdomains. Immunology 87: 141-148.

Ebashi, S. (1960) Calcium-binding and relaxation in actomyocin system, J. 
Biochem. 48: 150-151

Eberwine, J., Yeh, H., Miyashiro, K., Cao, Y., Nair, S., Finnell, R., Zettel, M., and 
Coleman, P. (1992) Analysis of gene expression in single live neurons. Proc. 
Acad. Soi. USA 89: 3010-3014.

Eccles, J. C., Ito M., and Szentagothai, J. (1967) The cerebellum as a neuronal 
Machine Springer, NY: 150-256.

Edelman, G. M., and Crossin, K. L. (1991) Cell adhesion molecules: implications 
for a molecular histology. Annu. Rev. Biochem. 60: 155-190.

Ellis, T. M., and Atkinson, M. A. (1996) The clinical significance of an 
autoimmune response against glutamic acid decarboxylase. Nature Med. 2(2), 
148-153.

Endo, T., Takazawa, K., Kobayashi, S., and Onaya, T. (1986). Immunochemical 
and immunohistochemical localization of parvalbumin in rat nervous tissues. J. 
Neurochem. 46: 892-898.

Erdo, S. L., and Wolff, J. R.(1990) Gamma-aminobutyric acid outside the 
mammalian brain. J. Neurochem. 54: 363-372

Erlander, M. G., Tillakaratne, N J. K. Feldblum, S., Patel, N., and Tobin, A. J. 
(1991) Two genes encode distinct glutamate decarboxylases. Neuron 7: 91-100.

Esclapez, M., Tillakaratne, N. J. K., Kaufman, D. L., and Tobin, A. J. (1994) 
Comparative localization of two forms of glutamic acid decarboxylase and their 
mRNAs in rat brain supports the concept of functional differences between the 
forms. J. Neurosci. 14(3): 1834-1855.

Faivre-Sarrailh, C., Gennarini, G., Goridis, C., and Rougon, G. (1992). F3/F11 cell 
surface molecule expression in the developing mouse cerebellum is polarized at 
synaptic sites and within granule cells. J. Neurosci. 12: 257-267.

Fantl, W. J., Jonhson, D. E., and Williams, L. T. (1993) Signalling by receptor 
trosin kinases. Annu. Rev. Biochem. 62: 453-481.

Ferguson, M. A. J. Low, M. G, and Cross, G. A. M. (1985) J. Biol. Chem. 260:
14547.14555.

Ferguson, M. A. J. (1992) Glycosyl-phosphatidylinositol membrane anchors: The 
tale of the tail. Biochem. Soc. Trans. 20: 243-255.

198



References

Ferreira, A., Busciglio., J., and Caceres, A, (1987) An immunocytochemical 
analysis of the ontogeny of the microtubule-associated proteins MAP2 and Tau in 
the nervous system of the rat. Dev. Brain Res. 34; 9-31.

Ferriero, D. M. Sheldon, R. A., and Messing, R. O. (1994) Somatostatin enhances 
nerve growth factor-induced neurite outgrowth in PC 12 cells. Dev. Brain Res. 80: 
13-18.

Fields, K.L. (1984) Neuronal and glial surface antigen on cells in culture. In cell 
culture in the Neurosciences (Bottenstein, J. and Sato, G. eds) Raven Press, N- 
Y:80-96.

Fischer, G. (1981) Cultivation of mouse cerebellar cells serum free, hormonally 
defined media : survival of neurons. Neurosc. Lett. 28:325-330.

Foley, K.P., Leonard, M. W. and Engel, J. D.(1993) Quantitation of RNA using 
the polymerase chain reaction. TIG 9: 380-385.

Gahwiler, B. H. (1973) Spontaneous bioelectric activity of cultured cerebellar 
purkinje cells during exposure to agents which prevent synaptic transmission. 
Brain Res. 53(1): 71-79.

Garcia-Segura, L. M., Baetens, D., Roth, J., Norman, A. W., and Orc,i L. (1984) 
Immunohistochemical mapping of calcium-binding protein in the rat central 
nervous system. Brain Res. 296: 75-86

Garson, J. A., Beverley, P. C. L., Coakham, H. B., and Harper, E. I. (1982) 
Monoclonal antibodies against human T lymphocytes label Purkinje neurons of 
many species. Nature 298: 375-377.

Gause, W. C., and Adamovicz, J. (1994) The use of the PCR to quantitate gene 
e x p r e s s i o n m e / A  &App. SI23-135

Geiger, B., and Ayalon, O. (1992) Cadherins. Annu. Rev. Cell Biol. 8: 307-332.

Gennarini, G., Rougon, G., Vitiello, F., Corsi, P., Di Benetta, C., and Gorida,C.
(1989) Identification and cDNA cloning of a new member of the L2/HNK-1 
family of neural surface glycoproteins. J. neurosci. Res. 22: 1-12.

Goodman, C. S., and Shatz, C. J. (1993) Developmental mechanisms that generate 
precise patterns of neuronal connectivity. Cell 72/ Neuron 10 (Suppl.): 77-98.

Gruol, D. L. (1983). Cultured cerebellar neurons: endogenous and exogenous 
components of Purkinje cell activity and membrane response to putative 
transmitters. Brain Res. 263:223-241.

Gruol, D. L. and Crimi, C. P. (1988a) Morphological properties of rat cerebellar 
neurons in mature and developing cultures. Dev. Brain Res., 41: 135-146.

199



References

Gruol, D. L., and Crimi, C. P. (1988b). Morphological and physiological 
properties of rat cerebellar neurons in mature and developing cultures. Brain Res. 
469: 135-146.

Guenther, E., Schmid, S., and Zrenner, E. (1994) In vitro identification of retinal 
ganglion cells in culture without the need of dye labelling. J. Neurosci. Meths. 
51(2):177-181.

Hashimoto, S. (1988) K-252a, a potent protein kinase inhibitor, blocks nerve 
growth factor-induced neurite outgrowth and changes in the phosphorylation of 
proteins in PCI2h cells. J. Cell Biol. 107: 1531-1539.

Hatten, M. E., Lynch, M., Rydel, R. E., Sanchez, J., Silverstein, J., Moscatelli, D., 
and Rifkin, D. B. (1988) In vivo neurite extention by granule neurons is dependent 
upon astroglial-derived fibroblast growth factor. Dev. Biol. 125: 280-289.

Hauser, K. P., Gurwell, J. A., and Turbek, C. S. (1994) Morphine inhibits Purkinje 
cell survival and dendritic differentiation in organotypic cultures of the mouse 
cerebellum. Exp. Neurobiol. 130: 95-105.

Hawkes, R., Colonnier, M., and Leclerc, N. (1985). Monoclonal antibodies reveal 
sagital banding in the rodent cerebellar cortex. Brain Res. 333: 359-365.

Hawkes, R., and Leclerc, N. (1987). Antigenic map of the rat cerebellar cortex : 
the distribution of parasagittal bands as revealed by monoclonal anti-Purkinje cell 
antibody mabQ113. J. Comp. Neurol. 256: 29-41.

Hawkes, R. (1992) Antigenic markers of cerebellar modules in the adult mouse. 
Biochem. Soc. Trans. 20: 391-395.

Hendelman, W. J., and Aggerwal, A. S. (1980) The Purkinje Neuron: i. A Golgi 
study of its development in the mouse and in culture. J. Comp. Neurol. 193: 1063- 
1079.

Heizmann, C. W. (1984) Parvalbumin, an intracellular calcium binding protein: 
distribution, properties nad possible roles in mammalian cells. Experiencia 40: 
910-921.

Hirano, T., and Ohmori, H. (1986) Voltage-gated and synaptic currents in rat 
Purkinje cells in dissociated cell cultures. Proc. Natl. Acad. Sci. USA 83:1945- 
1949

Hirokawa, N., Funakoshi, T., Sato-Harada, R., and Kanai, Y. (1996) Selective 
stabilization of tau in axons and microtubule-associated protein 2C in cell bodies 
and dendrites contributes to polarized localization of cytoskeletal proteins in 
mature neurons. J. Cell Biol. 132(4):667-679.

200



References

Hockberger, P. E. Tseng, H. Y. and Connor J.A. (1989) Development of rat 
cerebellar Purkinje cells. Electrophysiological properties following acute isolation 
and long-term culture. J. Neurosci., 9(7): 2258-2271.

Houslay, M. D., and Milligan, G. (1990) eds. G-proteins as mediators o f  cellular 
signalling processes. Chichester, UK: Wiley.

Hynes, R. O. (1987) Integrins: a family of cell surface receptors. Cell 48: 549-554.

Hynes, R. O., and Lander, A. D. (1992) Contact and adhesive specificities in the 
associations, migration, and targeting of cells and axons. Cell 68: 303-322.

lacopino, A. M., and Christakos, S. (1990a). Specific reduction of calcium- 
binding protein (28-kilodalton calbindin-D) gene expression in aging and 
neurodegenerative diseases. Proc. Nat. Acad. Sci. USA 87: 4078-4082.

Ito, M.(1984) The cerebellum and neural control. Raven Press, NY . 90-205.

Ivry, T. B., and Keele, S. W. (1988) Timing functions of the cerebellum. J. Cogn. 
Neurosc. 1/2:136-152

Jacobson, M. (1991) Histogenesis and Morphogenesis of cortical structures. In 
Developmental Neurobiology, 3̂^̂  ed.. Plenum Press, N-Y.section 10: 430-459

Jande, S. S., and Maler, L. (1981) Immunohistochemical mapping of vitamin D- 
dependent calcium-binding protein in brain. Nature, 294:765-767.

Johansen, F.F., Lambolez, B., Audinat, E., Bochet, P., and Rossier, J. (1995). 
Single cell RT-PCR proceeds without the risk of genomic DNA amplification. 
Neurochem. Int. 26: 239-243.

Jonas, P., Racca, C., Sakmann, B., Seeburg, P. H., and Monyer, H. (1994) 
Differences in Ca^^ permeability of AMPA-type glytamate receptor channels in 
neocortical neurons caused by differential gluR-B subunit expression. Neuron, 
12: 1281-1289.

Kandel, E., Schwartz, J., and Jessel, T. (1991). Principle of Neural Science.Third 
edition. Elsevier, NY  .*636-646.

Kaneda, M., Nakamura, H. and Akaike, N. (1988) Mechanical and enzymatic 
isolation of mammalian CNS neurons. Neurosci. Res., 5:299-315.

Kaufmann, D. L., Houser, C. R., and Tobin, A. J. (1991). Two forms of the 
gamma-aminobutyric acid synthetic enzyme glutamate decarboxylase have 
distinct intraneuronal distributions and cofactor interactions. J. neurochem. 
56:720-723.

201



References

Kay, A. R., and Wong, R. K. S. (1986) Isolation of neurons suitable for patch- 
clamping from adult mammalian central nervous systems. J. Neurosci. Meth. 
16:227-238.

Keynes, R., and Cook, G.M.W. (1992) Repellent cues in axon guidance. Curr. 
opin. Neurobiol. T. 55-59.

Kosik, K. S., and Finch, E. A. (1987) MAP2 and Tau segregate into dendritic and 
axonal domains after the elaboration of morphologically distinct neurite: An 
immunocytochemical study of cultured rat cerebrum. J. Neurosci. 7(10): 3142- 
3153.

Kmjevic, K. (1992). Cellular and synaptic actions of general anaesthetics. 
[Review]. Gen.Pharmacol. 23: 965-975.

Krushel, L. A., Prieto, A. L., Cunningham, B. A., and Edelman, G. M. (1993). 
Expression patterns of the cell adhesion molecule Nr-CAM during histogenesis of 
the chick nervous system. Neuroscience 53: 797-812.

Kumazaki, T., Hamada, K., and Mitsui, Y. (1994). Detection of mRNA 
expression in a single cell by direct RT-PCR. Biotechniques 16: 1017-1019.

Laemmli, U. K., (1970) Cleavage of structural proteins during the assembly of the 
head of bacteriophage T4. Nature, 227: 680-685.

Lambolez, B., Audimat, E., Bochet, P., Crepel, F., and Rossier, J. (1992) AMPA 
receptor subunits expressed by single Purkinje cells. Neuron, 9: 247-258.

Larkfors, L., Lindsay, R. M., and Alderson, R. F. (1994) Ciliary neurotrophic 
factor enhances the survival of Purkinje cells in vitro. Eur. J. Neurosci, 6: 1015- 
1025.

Lasher, R. and Zagon, I. (1972) The effect of potassium on neuronal 
differentiation in cultures of dissociated newborn rat cerebellum. Brain Res. 
41:482-488.

Ledbetter, J. A., and Herzenberg, L. A. (1979) Xenogeneic monoclonal antibodies 
to mouse lymphoid differentiation antigen. Immunol, rev. 47: 63-90.

Legay, F., Henry, S., and Tappaz, M. (1987) Evidence for two distinct forms of 
native glutamic acid decarboxylase in rat brain soluble extract: An 
immunoblotting study. J. Neurochemistry, 48(4): 1022-1026.

Legrand, C., Thomasset, M., Parkes, C. O., Clavel, M. C., and Rabie, A. (1983). 
Calcium binding protein in the developing rat cerebelum. An 
immunohistochemical study. Cell Tissue /?e5.233:389-402.

202



References

Leifer, D., Lipton, S. A., Barnstable, C. J., and Masland, R. H. (1984) Monoclonal 
antibody to Thy-1 enhances regeneration of processes by rat retinal ganglion cells 
in culture. Science 224: 303-306.

Leiner, H. C. Leiner, A. L. and Dos, R. S. (1989) Reappraising the cerebellum: 
what does the hindbrain contribute to the forebrain? Behav. Neurosci. 103: 998- 
1008.

Lin, C. T., Dedman, J. R., Brinkley, B. R., and Means, A. R. (1980) Localization 
of calmodulin in rat cerebellum by immunoelectron microscopy. J. Cell Biol 85: 
473-480.

Lin, L. H., Chen, L. L., Zirrolli, J. A., and Harris, R. A. (1992). General 
anesthetics potentiate gamma-aminobutyric acid actions on gamma-aminobutyric 
acidA receptors expressed by Xenopus oocytes: lack of involvement of 
intracellular calcium. J. Pharmacol & Exp. Therapeut. 263: 569-578.

Lindholm, D., Castren, E., Tsoulfas, P., Kolbeck, R., Berzaghi, M. P. Leingartner, 
A. Heisenberg, C-P. Tesarollo, L., Parada, L. P., and Thoenen, H. (1993) 
Neurotrophin-3 induced by tri-iodothyronine in cerebellar granule cells promotes 
Purkinje cell differentiation. J. Cell Biol, 122: 443-450.

Lipton, S. A., Leifer, D., and Barnstable, C. J. (1992). Selectivity of Thy-1 
monoclonal antibodies in enhancing neurite outgrowth. Neuosc. Lett.\yi\ 75-77.

Lisanti, M. P., Tang, Z. L., and Sargiacomo, M. (1993) Caveolin forms a hetero- 
oligomeric protein complex that interacts with an apical GPI-linked protein: 
Implications for the biogenesis of caveolae. J. Cell Biol 123(3): 595-604.

Low, M. G., (1989) Glycosyl-phosphatidylinositol : a versatile anchor for cell 
surface proteins. FASEBJ. 3: 1600-1608.

Lowy, D. R. and Willumsen, B. M. (1993) Function and regulation of ras. Annu. 
Rev. Biochem. 62: 851-891.

Lu, B., Buck, C. R., Dreyfus, C. F., and Black, I. B. (1989) Expression of NGF 
and NGF receptors mRNA in the developping brain. Evdence for local delivery 
and action of NGF. Exp. Neurol 104: 191-199.

Mahanthappa, N. K., and Patterson, P. H. (1992a) Thy-1 involvement in neurite 
outgrowth: Perturbation by antibodies, phospholipase C, and mutation. Dev. Biol 
150: 47-59.

Mahanthappa, N. K., and Patterson, P. H. (1992b) Thy-1 multimerization is 
correlated with neurite outgrowth. Dev. Biol. 150: 60-71

203



References

Marani, E., and Voogd, J. (1973) Some aspects of the localization of the enzyme 
5'-nucleotidase in the molecular layer of the cerebellum of the mouse. Acta 
MorphoL Neerl Scand. 11; 353-354.

Marani B. and Voogd J. (1977). An acetylcholinesterase band pattern in the 
molecular layer of the mouse cerebellum. J. Ana. 124: 335-345.

Mariani, J., and Changeux, J-P. (1981) Ontogenesis of olivocerebellar 
relationship. I. Studies by intracellular recordings of the multiple innervation of 
Purkinje cells by climbing fibres in the developing rat cerebellum. J. Neurosci. 1: 
696-702.

Mariani, J., Knopfel, T, and Gahwiler, B. H. (1991) Co-cultures of inferior olive 
and cerebellum: Electrophysiological evidence for multiple innervation of 
Purkinje cells by olivary axons. J. Neurobiol. 22(8):865-872.

Mark, M. D., Liu, Y., Wong, S. T., Hinds, T. R. and Storm, D. R. (1995) 
Stimulation of neurite outgrowth in PCI2 cells by EOF and Kcl depolarization: a 
Ca2+ -independent phenomenon. J. Cell Biol 130(1): 701-710.

Martin, D. L., Martin, S. B., Wu, S. J., and Espina, N. (1991). Regulatory 
properties of brain glutamate decarboxylase (GAD): the apoenzyme of GAD is 
present principally as the smaller of two molecular forms of GAD in brain. J. 
Neurosci. 11: 2725-2731.

McLaughlin, B. J., Wood, J. G., Saito, K., Roberts, E., and Wu, J-Y. (1975) The 
fine structural localization of glutamate decarboxylase in developping axonal 
processes and presynaptic terminals of rodent cerebellum. Brain Res. 85: 355-371.

Mendell, L. M.. and Lewin, G. R. (1992) Removing constraints on neural 
sprouting. Curr. Biol. 2(5): 259-261

Messer, A , Snodgrass, G. L., and Maskin, P. (1984) Enhanced survival of 
cultured cerebellar Pukinje cells by plating on antibody to Thy-1. Cell Mol 
Neurobiol. 4(3): 285-290.

Miale, I-L., and Sidman, R. L. (1961). An autoradiographic analysis of 
histogenesis in the mouse cerebellum. Exp. Neurol 4: 277-296.

Morris, R. J., and Barber, P. C. (1983) Fixation of Thy-1 in nervous tissue for 
immunohistochemistry: a quantitative assessment of the effect of different 
fixation conditions upon retention of antigenicity and the cross-linking of Thy-1. 
J. Histochem. Cytochem. 31: 263-274.

Morris, R. J. (1985). Thy-1 in developing nervous tissue. [Review]. Dev. 
Neurosci. 7: 133-160.

204



References

Morris, R. and Grosveld, F. (1989) Expression of Thy-1 in the nervous system of 
the rat and mouse, [review] in Cell surface Antigen Thy-1 Immunology, 
Neurology, and Therapeutic applications. Immunology Series. 45:121-148 ed Reif 
A.E. and Schlesinger, M. (Marcel Dekker, Inc. N-Y&Basel)

Morris, R. (1992a) Thy-1, the enigmatic extrovert on the neuronal surface. 
BioEssays, 14: 715-722

Morris, R. J., Tiveron, M. C., and Xue, G. P. (1992b). The relation of the 
expression and function of the neuronal glycoprotein Thy-1 to axonal growth. 
[Review]. Biochem. Soc. Trans. 20: 401-405.

Morrisson, M. E, Marcus R. C., and Mason, C. A, (1995) Granule neuron 
regulation of Purkinje cell development : role of neurotrophins and c-AMP. Soc
Neurosci. 21: 1040.

Moskal, J. R., and Morrison, R. S. (1987) Signal transduction mechanisms that 
promote neurite outgrowth in culture of CNS neurones. Soc. Neurosc. Abst. 13(1): 
1601

Mount, H. J. T., Dreyfus, C. F., and Black, I. B. (1993) Purkinje cell survival is 
differentially regulated by metabotropic and ionotropic excitatory amino acid 
receptors. J. Neurosci. 13(7): 3173-3179.

Mount, H. J. T., Dreyfus, C. F., and Black, I. B. (1994a) Muscarinic stimulation 
promotes cultured Purkinje cell survival: A role for acetylcholine in cerebellar 
development ? J. Neurochem. 63(6): 2065-2073.

Mount, H. J. T., Dreyfus, C. F., and Black, IB. (1994b) Neurotrophin-3 
selectively increases cultured Purkinje cell survival. NeuroReport 5:2497-2500.

Mugnaini, E., Berrebi, A. S., Dahl, A-L., and Morgan, J. I. (1987). The 
polypeptide PEP-19 is a marker for Purkinje neurons in cerebellar cortex and 
cartwheel neurons in the dorsal cochlear nucleus. Arch. Ital. Biol. 126: 41-67

Nathan, B., Bao, J., Hsu, C-C., Yarom, M., Deupree, D. L., lee, Y-H., Tang, X-W., 
Kuo, C-Y. Burghen, G. A., and Wu, J-Y. (1993) An integral membrane protein 
form of brain L-glutamete decarboxylase: purification, characterization and its 
relationship to insulin-dependent diabetes mellitus. Brain Res. 642:297-302.

Nilaver, G., Defendini, R., Zimmerman, E. A., Beinfeld, M.C., and ODonohue, 
T. L. (1982). Motilin in the Purkinje cell of the cerebellum. Nature 295:597-598.

Nosten-Bertrand, M., Errington, M.L., Murphy, K. P. S. J., Tokugawa Y., 
Barboni, E., Koslova, E., Michalovich, D., Morris, R. G. M. Silver, J., Stewart, C. 
L., Bliss, T. V. P., and Morris, R. J. (1996) Normal spacial learning despite 
regional inhibition of LTP in mice lacking Thy-1. Nature, 379: 826-829.

205



References

Oertel., W. H., Schmechel, D. E., Tappaz, M. L , and Kopin, I. J. (1981a) 
Production of specific antiserum to rat brain glutamic acid decarboxylase by 
injection of an antigen-antibody complex. Neuroscience,6{\2)\ 2689-2700.

Oertel., W. H., Schmechel, D. B., Mugnani, E., Tappaz, M. L., and Kopin, I. J. 
(1981b) Immunocytochemical localization of glutamate decarboxylase in rat 
cerebellum with a new antiserum. Neuroscience, 6(12): 2715-2735.

Olive, S., Dubois, C., Schachner, M., and Rougon, G. (1995) The F3 neuronal 
glycosylphosphatidylinositol-linked molecule is localized to glycolipid-enriched 
membrane subdomains and interacts with LI and Fyn kinase in cerebellum. J. 
Neurochem. 65:2307-2317.

Persohn, E., and Schachner, M. (1987). Immunoelectron microscopic localization 
of the neural cell adhesion molecules LI and N-CAM during postnatal 
development of the mouse cerebellum. J. Cell Biol. 105: 569-576.

Prieto, A. L., Crossin, K. L., Cunningham, B. A., and Edelman, G. M. (1989). 
Localization of mRNA for neural cell adhesion molecule (N-CAM) polypeptides 
in neural and nonneural tissues by in situ hybridization. Proc. Nat. Acad. Sci. USA 
86: 9579-9583.

Rakic, P., and Sidman, R. L. (1973) Sequence of developmental abnormalities 
leading to granule cell deficit in cerebellar cortex of weaver mutant mice. J. 
Comp. Neur.152: 103-132.

Rathjen, F.G. Norenberg, U. and Volkmer H. (1992) Glycoproteins implicated in 
neural cell adhesion and axonal growth. Biochem. Soc. Trans. 20: 405-409.

Reetz, A., Solimena, M., Matteoli, M., Folli, F., Takei, K., and De Camilli, P. 
(1991) GABA and pancreatic beta-cells: colocalization of glutamic acid 
decarboxylase (GAD) and GABA with synaptic-like microvesicles suggests their 
role in GABA storage and secretion. EMBO 10(5): 1275-84.

Reif, A. E. (1989) The discovery of Thy-1 and its development. [Review] in Cell 
surface Antigen Thy-1 Immunology, Neurology, and Therapeutic applications. 
Immunology Series. 45:3-45 ed Reif A.E. and Schlesinger, M. (Marcel Dekker, 
Inc. N-Y&Basel).

Rimvall, K. and Martin, D. L. (1991) GAD and GABA in enriched population of 
cultured GABAergic neurons from rat cerebral cortex. Neurochem. Res. 16(8): 
859-868.

Rimvall, K., Sheikh, S. N., and Martin, D. L. (1993) Effects of increased g- 
aminobutyric acid levels on GAD67 protein and mRNA levels in rat cereberal 
cortex. J. Neurochem. 60:714-720.

206



References

Rogers, J. H. (1989). Immunoreactivity for calretinin and other calcium-binding 
proteins in cerebellum. Neuroscience 31:711 -721.

Roivainen, R., McMahon, T., and Messing, R. O. (1993) Protein kinase C 
isozymes that mediate enhancement of neurite outgrowth by ethanol and phorbol 
esters in PC12 cells. Brain Res. 624(l-2):85-93.

Ruppert, C., Sandrasagra, A., Anton, B., Evans, C., Schweitzer, B. S., and Tobin, 
A. J. (1993) Rat-1 fibroblasts engineered with GAD65 and GAD67 cDNAs in 
retroviral vectors produce and release GABA.J. Neurochem. 61(2):768-71.

Saffell, J. L., Ashton, S. V., Walsh, F. S. and Doherty, P. (1992) The changing 
role of N-CAM as a neurite outgrowth-promoting molecule during development. 
Biochem. Soc. Trans. 20: 410-412.

Sangameswaran, L., Hempstead, J., and Morgan J. I. (1989) Molecular cloning of 
a neuron-specific transcript and its regulation during normal and aberrant 
cerebellar development. Proc.Ah/, &/. USA 86(14):5651-5.

Sastry, S. K., and Horwitz, A. F. (1993) Integrin cytoplasmic domains: mediators 
of cytoskeletal linkages and extra and intracellular initiated transmembrane 
signalling. Curr. Opin. Cell Biol 5: 819-831.

Schilling, K., Dickinson, M. H., Connor, J. A., and Morgan, J. I. (1991) Electrical 
activity in cerebellar cultures determines Purkinje cell dendritic growth patterns. 
Neuron, 7: 891-902.

Schlessinger, J. and Ullrich, A. (1992) Growth factor sgnalling by receptor 
tyrosine kinase. Neuron 9: 383-391.

Schwartz, M. A. (1992) Transmembrane signalling by integrins. Trends Cell Biol. 
2: 304-308.

Scott, T. G. (1963). A unique pattern of localization in the cerebellum. Nature 
200: 793.

Scott, B. S., (1971) Effect of potassium on neurons survival in cultures of 
dissociated human nervous tissue. Exp. Neurol. 30: 297-308.

Shea, T. B., and Benowitz, L. I. (1995) Inhibition of neurite outgrowth following 
intracellular delivery of anti-GAP-43 antibodies depends upon culture conditions 
and method of neurite induction. J. Neurosci. Res. 41: 347-354

Shenoy-Scaria, A. M., Kwong, J., Fujita., T., Olszowy, M. W., Shaw, A. S., and 
Lublin, D. M. (1992) Signal transduction through decay-accelerating factor. 
Interaction of glycosylphophatidylinositol anchor and protein tyrosine kinases 
p56“  and p59'^. J. Immunol. 149: 3535-3541.

207



References

Slemmon, J. R., Danho, W., Hempstead, J. L., and Morgan, J. I (1985). 
Cerebellin: a quantifiable marker for Purkinje cell maturation. Proc. Natl. Acad. 
Sci. USA. 82: 7145-7148.

Slemmon J. R., Blacker, R., Danho, W., Hempstead, J. L., and Morgan, J. I. 
(1984) .Isolation and sequencing of two cerebellum specific peptides. Procs. Natl. 
Acad. Sci. USA 81: 6866-6870.

Solimena, M., Aggujaro, D., Muntzel, C., Dirkx, R., Butler, M., De Camilli, P., 
and Hayday, A. (1993) Association of GAD-65, but not of GAD-67, with the 
Golgi complex of transfected Chinese hamster ovary cells mediated by the N- 
terminal region. Proc. Nat. Aca. Sci. US.A 90(7):3073-7.

Solimena, M., and De Camilli, P. (1995) Coxsackieviruses and diabetes. Nature 
Med. l(l):25-26.

Solomon, K. R., Rudd, C. E., and Finberg, R. W. (1996) The association between 
glycosyl-phosphatidylinositol-anchored proteins and heterotrimeric G protein a  
subunits in lymphocytes. Proc. Acad. Sci. USA 93: 6053-6058.

Sotelo, C., and Arsenio-Nunes, M. L.(1976) Development of Purkinje cells in 
absence of climbing fibers. Brain Res. 111:389-395.

Stefanova, I ,  Horejsi, V., Ansotegui, I. J., Knapp, W. ,and Stockinger, H. (1991) 
GPI-anchored cell-surface molecules complexed to protein tyrosine kinases. 
Science 254: 1016-1019.

Stein, J. F. (1982) An introduction to Neurophysiology. Blackwell Scientific 
Publ., London.

Stein, J. F. (1986) Role of the cerebellum in the visual guidance of movement. 
Nature, 323: 217-221

Takeichi, M. (1990) Cadherins: a molecular family important in selective cell-cell 
adhesion. Annu. Rev. Biochem. 59: 237-252.

Thomas, P. M., and Samelson, L. B. (1992) The glycophosphatidylinositol anchor 
is crucial for ly-6A/E-mediated T cell activation. J. Cell Biol. 112: 377-384.

Thomasset, M., Parkes, C. O,, and Cuisinier-Gleizes, P. (1982) Rat calcium- 
binding proteins: distribution, development and vitamin-D-dependence.
Endocrinology 3T. 1032-1044.

Tiveron, M-C., Barboni, E., Pliego Rivero, F. B., Gormley, A-M. Seeley, P. J., 
Grosveld, F., and Morris, R. (1992) Selective inhibition of neurite outgrowth on 
mature astrocytes by Thy-1 glycoprotein. Nature, 355: 745-748.

208



References

Tiveron, M.-C., Nosten-Bertrand, M., Jani, H., Garmnet, D., Hirst, E. M. A., 
Grosveld, F. and Morris, R. J. (1994) The mode of anchorage to the cell surface 
determines both the function and themembrane location of Thy-1 glycoprotein. J. 
Cell Sci. 107; 1783-1796.

Torres-Aleman, I., Pons, S., and Santos-Benito, F. F. (1992) Survival of Purkinje 
Cells in Cerebellar Cultures is increased by Insulin-like Growth Factor I. 
Eur J.Neurosci 4:864-869,

Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc. Natl Aca. Set (USA) 75: 4350-4354.

Ullrich, A., and Schlessinger, J. (1990) Signal transduction by receptors with 
tyrosine kinase activity. Cell 61: 203-212.

Uzman, B. G., and Villegas, G. M. (1960) The histogenesis of the mouse 
cerebellum as studied by its tritiated thymidine uptake. J. Comp. Neurol 114: 
137-160.

Vogel, M, W., Mclnnes, M. and Cline, H. (1990) Chronic exposure of the 
cerebella of neonatal mice to the NMDA receptor antagonist, AP5, disrupts 
Purkinje and granule cell development. Soc. Neurosci Abst. 16:647.

Walsh, F.S., and Doherty, P. (1991) Glycosylphosphatidylinositol anchored 
recognition molecules that function in axonal fasciculatioon, growth and guidance 
inthe nervous system. Cell Biol Int. Rep. 15(11):1151-1166.

Walsh, F. S. and Doherty, P. (1993) Factors regulatingthe expression and function 
of calcium-independent cell adhesion molecules. Cur. Opin. Cell Biol. 5: 791- 
796.

Wanaka, A., and Jonhson, E. M. (1990) Developmental study of nerve growth 
factor receptor mRA expression in the postnatal rat cerebellum Dev. Brain Res. 
55: 288-292.

Wassef, M., Sotelo, C., Thomasset, M., Granholm, A-C., Leclerc, N., Rafrafi, R., 
and Hawkes, R. (1990) Expression of compartmentalization antigen zebrin I in 
cerebellar transplants. J. Comp. Neurol. 294: 223-234.

Wassef, M., Zanetta, J-P., Brehier, A., and Sotelo, C. (1985) Transient 
Biochemical Compartmentalization of Purkinje Cells during Early Cerebellar 
Development. Dev. Biol. 11: 129-137 .

Wassermann, R. H , and Taylor, A. N. (1966) Vitamin D3 induced calcium- 
binding protien in chick intestinal mucosa. Science 152: 791-793.

209



References

Weber, A., and Schachner M. (1984) Maintenance of immunocytologically 
identified Purkinje cells from mouse cerebellum in monolayer culture. Brain Res., 
311: 119-130.

Williams, A. F., and Gagnon, J. (1982) Neuronal cell Thy-1 glycoprotein: 
Homology with immunoglobulin. Science 216: 696-703.

Woodhams, P.L., Cohen, J., Mallet, J., and Balazs, R. (1980). A preparation 
enriched in Purkinje cells identified by morphological and immunocytochemical 
criteria. Brain Res, 199: 435-442.

Wu, J-Y., Denner, L. A., Wei, S. C. Lin, C-T., Song, G. X., Xu, Y. F., Liu, J. W., 
and Lin, H. S. (1986) Production and characterization of polyclonal and 
monoclonal antibodies to rat brain ^-glutamate decarboxylase. Brain Res. 373: 1- 
14.

Wuenschell, C. W., Fisher, R. S., Kaufman, D. L., and Tobin, A. L (1986). In situ 
hybridization to localize mRNA encoding the neurotransmitter synthetic enzyme 
glutamate decarboxylase in mouse cerebellum. Proc. Nat. Acad. Sci. USA 83: 
6193-6197.

Xue, G. P., Rivero, B. P., and Morris, R .J. (1991). The surface glycoprotein Thy- 
1 is excluded from growing axons during development: a study of the expression 
of Thy-1 during axogenesis in hippocampus and hindbrain. Development 112: 
161-176.

Xue, G. P., and Morris, R. (1992) Expression of the neuronal surface glycoprotein 
Thy-1 does not follow appearance of its mRNA in developing mouse Purkinje 
cells: J. Neurochem. 58(2): 430-440.

Yang, J., Isenberg, K. B., and Zorumski, C. F. (1992). Volatile anesthetics gate a 
chloride current in postnatal rat hippocampal neurons. FASEB Journal 6: 914- 
918.

Yuen, P. S. T. and Garbers, D. L. (1992) Guanylyl cyclase-linked receptors. Annu. 
Rev. Neurosci. 15: 193-225.

Yuzaki, M., Mikoshiba, K., and Kagawa, Y. (1993). Cerebellar astrocytes 
specifically support the survival of Purkinje cells in culture. Biochem. & Biophys. 
Res. Com. 197: 123-129.

MEDICAL UBRARY 
ROYAL FREE HOSPITAL

210


