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Abstract

Lurcher is an autosomal dominant murine mutation. Lurcher heterozygotes (+/Lc) 

lose all their cerebellar Purkinje cells by adulthood. Cerebellar explants from 2 days 

postnatal (P2) wild-type (+/+) and +/Lc mutant mice were grown in vitro to investigate 

the role o f local neuronal environment and afferent input in the degenerating +/Lc 

Purkinje cell. No significant difference was observed between the numbers o f Purkinje 

cells in +/+ and +/Lc explants grown for 10-20 days in vitro (10-20 DIV), as revealed by 

calbindin-D (CaBP) immunocytochemistry. Quantitative analysis o f the morphology o f the 

CaBP immunostained Purkinje cells revealed significantly inferior dendritic development 

in the cells in the +/Lc explants (15-25 DIV). Wild-type and +/Lc explants were examined 

in the electron microscope after 10-25 DIV. No difference in ultrastructure was observed 

between +/+ and +/Lc Purkinje cells grown in vitro. Many features similar to normal 

Purkinje cell development in vivo were present, including basket and/or stellate cell axon 

synapses with the dendrites and somata o f Purkinje cells, and parallel fibre synapses with 

the Purkinje cell dendritic spines. Immunocytochemical labelling o f parvalbumin and 

y-aminobutyric acid (GABA) confirms the presence o f basket, stellate and Golgi cell 

inhibitory intemeurons in 4-/4- and 4-/Lc cerebellar explants grown in vitro (15 DIV). 

Electron microscopical analysis o f the GAB A immunolabelled 4-/4- and 4-/Lc explants 

revealed a complex distribution o f the immunostain and not all the basket and/or stellate 

cell-like structures were immunolabelled. It is proposed that the altered synaptic 

investment o f 4-/Lc Purkinje cells in culture, and the loss o f the climbing fibre input in 

particular, is responsible for their survival in vitro. Experiments conducted to investigate 

the influence o f the abnormal climbing fibre input on the developing +/Lc Purkinje cell 

neither confirmed, nor ruled out, a role for this afferent in the degeneration o f the cell in 

vivo.
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Chapter 1 

Introduction

The cerebellar cortex is probably the most thoroughly studied and well known 

region of the central nervous system (CNS). The principal cell types and their arrangement 

within the cortex have been recognised for almost a century, ever since the pioneering 

work of Ramon y Cajal. Based on his successful application o f the Golgi technique, 

Ramon y Cajal (1909-11) put forward a model for the structure and circuitry of the 

cerebellar cortex that more advanced anatomical techniques have only served to confirm 

(Palay and Chan-Palay, 1974). The uniform, geometric organisation of the small number 

of types o f neurons and the existence of only two closes o f afferents make the cerebellum 

an ideal part of the CNS to study.

This thesis is an investigation of the development o f the cerebellar Purkinje cell 

in wild-type and Lurcher mutant mice. Purkinje cell development was studied in culture 

and (to a lesser extent) in the intact animal. This chapter reviews studies carried out on 

the structure, development and function of the cerebellum and its afferents in normal and 

mutant rodents. Studies involving the experimental manipulation of the developing 

cerebellar cortex in vivo and in culture are also discussed.

1.1. The basic structure of the cerebellum

1.1.1. The cerebellar cortex

The cerebellum of the mouse is a highly folded, trilaminated sheet of cells (Ramon 

y Cajal, 1909-11). All the folia are elongated in the transverse plane and a sagittal section 

will reveal the constituent layers (Fig. 1). The relatively small and numerous neurons of 

the granule cell layer (that give rise to its name) project their axons into the molecular 

layer (Ramon y Cajal, 1909-11). Here they bifurcate and travel in parallel, longitudinally 

along the folia. Parallel fibres synapse with all the cell types which have dendrites in the 

molecular layer and constitute the bulk of the neuropil (Larramendi, 1969, 1970). Lying 

at the junction between the granule cell and molecular layers is the Purkinje cell 

monolayer (Braitenberg and Atwood, 1958). These large neurons have one of the most 

elaborate dendritic trees seen in the CNS. The dendrites are highly branched and studded
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with numerous spines (Ramon y Cajal, 1909-11). The dendritic trees o f  Purkinje cells 

extend into the molecular layer and radiate strictly in the sagittal plane. Thus, they 

intersect the parallel fibres perpendicularly, creating numerous sites for synapses between 

the dendritic spines and parallel fibres. Surrounding the somata o f  the Purkinje cells are 

the Golgi epithelial cells. These neuroglial cells send processes, known as Bergmann 

fibres, vertically to the pial surface (Ramon y Cajal, 1909-11).

Gc

rc.

d e n

F ig u re  1. Diagrammatic representation of one lobule of the  cerebellum taken  from Fox (1962). A 

sagittal view is shown on the right hand side of the figure, a coronal view on the left. The 

abbreviations are  a s  follows:- m, white matter; g, granule cell layer; mo, molecular layer; den, deep  

cerebellar nuclei; cf, climbing fibre; mf, m ossy  fibre; Pc, Purkinje cell; rc, Purkinje cell recurrent 

collateral; Gc, Golgi cell; gr, granule cell; pf, parallel fibre; be, basket cell; sc , stellate cell.

The axons o f  Purkinje cells emerge from the opposite pole o f  the soma to the 

dendrites and descend towards the deep cerebellar nuclei (DCN) through the granule cell

14



layer (Ramon y Cajal, 1909-11). Before they enter the white matter tracts they give rise 

to recurrent collaterals that return upwards, terminating in the Purkinje cell layer and 

superficial regions of the granule cell layer (Palay and Chan-Palay, 1974). Upon reaching 

the DCN, the Purkinje cell axons ramify and form synaptic connections with the dendrites 

and somata (Chan-Palay, 1977).

Basket and stellate cell neurons are morphologically similar and are both located 

within the molecular layer (Lemkey-Johnston and Larramendi, 1968a and b). The stellate 

cells are located in the upper portions of the molecular layer, closer to the pial surface. 

Their axons form synapses with the dendrites of Purkinje cells, whilst basket cell axons 

synapse with the more proximal dendrites, somata and axons of Purkinje cells. The axons 

of basket cells form a pericellular basket around the Purkinje cell soma and terminate as 

a pinceau around the initial axon segment (Palay and Chan-Palay, 1974).

Golgi cells are present in the upper regions o f the granule cell layer where they 

are considerably larger than the surrounding granule cells (Ramon y Cajal, 1909-11). The 

dendrites o f Golgi cells extend into the molecular layer and their axons terminate on the 

short dendrites of granule cells.

1.1.2. The cerebellar afferents

The afferent inputs to the cerebellar cortex fall into two groups: climbing and 

mossy fibres (Eccles et al., 1967; Larramendi, 1969, 1970; Palay and Chan-Palay, 1974). 

Climbing fibres originate from the inferior olivary nucleus (Armstrong, 1974; Desclin,

1974), whilst the mossy fibres project from numerous sources, both higher and lower brain 

centres and spinal cord (Larramendi, 1970; Palay and Chan-Palay, 1974). Mossy fibres 

terminate within the granule cell layer. Here they ramify and form synapses with the 

dendrites of granule cells in the form of characteristic glomeruli with Golgi cell axons, 

and with the somata of Golgi cells as en marron synapses (Larramendi, 1970; Palay and 

Chan-Palay, 1974). Climbing fibres ascend through the granule cell layer, where they also 

form synaptic glomeruli with Golgi and granule cells, before invading the molecular layer 

(Palay and Chan-Palay, 1974). Here they terminate in a highly branched plexus around 

the major dendrites of the Purkinje cell (Larramendi and Victor, 1967; Palay and Chan- 

Palay, 1974). Climbing fibre glomeruli are less common in the granule cell layer of mice 

compared to rats (Mason and Gregory, 1984). Both of these afferents send collaterals to 

the deep cerebellar nuclei.
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1.1.3. A neglected neuron o f  the cerebellar cortex

Until recently it was assumed that the anatomical identification and clarification 

of cell types within the cerebellar cortex was all but complete, requiring further refinement 

only in the differential expression of molecular markers. However, using a variant of the 

Golgi method, Mugnaini and Floris (1994) have identified a hitherto neglected neuron in 

the granule cell layer of the adult mouse, rat, cat and rhesus monkey. These neurons, 

termed unipolar brush cells (UBCs), have a single stubby dendrite with tightly packed 

groups of branches that resembles a paintbrush. The dendritic bran chi ets o f neighbouring 

UBCs converge and form close contacts with mossy fibre rosettes, Golgi cell axons and 

granule cell dendrites. Electron microscopical examination of UBCs reveals the presence 

of extensive synaptic contacts with one or two mossy fibre rosettes on the dendrites of 

each cell (Mugnaini et al., 1994). Golgi cell axons also form synapses with the branchlets, 

which are themselves presynaptic to the dendrites of granule cells. Although UBCs have 

a confined distribution within the vermis and flocculi, Mugnaini et al. (1994) speculate 

that their unusual synaptic investment, with its minimal convergence o f the mossy fibre 

input, may reveal a unique function.

1.2. The cerebellar circuitry

Figure 2 below summarises the neural connections of the adult cerebellar cortex 

and is adapted from Palay and Chan-Palay (1974). The figure does not include the 

recently identified unipolar brush cell (Mugnaini and Floris, 1994). The Lugaro cell, seen 

in the cerebellar cortex of monkeys and rats (Fox, 1959; Palay and Chan-Palay, 1974), has 

not been identified in the mouse. The synaptic actions of the neurons o f the cerebellum 

were largely unravelled by the electrophysiological approaches of Eccles and co-workers 

during the 1960's and early 1970’s. The circuitry described here is taken from the 

accumulation of this work described in Eccles et al. (1967) and Eccles (1973).

Both the mossy and climbing fibre afferents are excitatory. Mossy fibres exert an 

indirect excitatory effect on Purkinje cells via activation of granule cell parallel fibres, 

whilst the climbing fibres synapse directly with Purkinje cells producing a powerful 

excitatory response. Basket and stellate cells receive direct and indirect excitatory 

innervation from climbing and mossy fibres respectively. Both of these intemeurons exert 

an inhibitory effect on the Purkinje cells. The axons of Golgi cells inhibit granule cells
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at the mossy fibre glomeruli. Purkinje cell axons provide the sole output from the cortex 

and have an inhibitory effect on the deep cerebellar nuclei neurons, as well as on other 

Purkinje cells and Golgi cells via recurrent collaterals.

SC

PC

gr

DCN

Excitatory

Inhibitory
mf

p f

Figure 2. A basic circuit diagram of the cerebellum including the mossy and climbing fibre afferents 

(adapted from Palay and Chan-Palay, 1974). The abbreviations are as follows:- mf, mossy fibre; 

cf, climbing fibre; DCN, deep cerebellar nuclei; Pc, Purkinje cell; Gc, Golgi cell; gr, granule cell; pf, 

parallel fibre; be, basket cell; sc, stellate cell; Ic, Lugaro cell.

The many postsynaptic targets of cerebellar afferents, their ramification within the 

cortex and the number of possible intemeuronal circuits all illustrate the divergent
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properties o f the cerebellum. In contrast, the output from the cerebellar cortex is via the 

axons o f the Purkinje cells only, a powerful example of convergence.

1.2.1. The Purkinje cell

The central role of the Purkinje cell in the circuitry of the cerebellum has attracted 

much interest in its electrophysiological properties over the past thirty years (Eccles et al., 

1967; Eccles, 1973). Initial in vivo recordings (Llinas and Nicholson, 1971) demonstrated 

that the Purkinje cell is capable of various functional states that stem from a rich synaptic 

supply, coupled with its intrinsic electrical properties. The ionic membrane properties 

underlying this electrophysiological versatility have been further investigated in vitro (for 

a review see Llinas and Sugimori, 1992). Intracellular recordings o f cerebellar slices 

showed that the many dendritic spiking patterns of Purkinje cells are calcium-dependent 

(Llinas and Sugimori, 1980b), and are distinct from the somatic action potentials which 

are largely due to sodium conductances (Llinas and Sugimori, 1980a). This results from 

the spatial distribution of the types of voltage-gated channel that exist within the Purkinje 

cell membrane: calcium channels predominating in the dendrites and sodium channels at 

the soma (Llinas and Sugimori, 1992). Parallel fibre activation of the Purkinje cell 

dendritic spines produces a depolarization that activates voltage-gated calcium channels. 

Calcium entry produces local calcium plateau potentials that may reach threshold to 

produce full spikes in the secondary dendritic branches (Llinas and Sugimori, 1980b). The 

dendritic potentials are propagated orthodromically to the soma and antidromically to the 

other distal dendrites. In turn, the plateau potentials activate low-threshold sodium 

channels in the soma. The activation of sodium conductances produces plateau potentials 

that can trigger full action potentials. These propagate down the Purkinje cell axon and 

initiate transmitter release at the terminals with the deep cerebellar nuclei neurons (Llinas 

and Sugimori, 1980a). Voltage-gated and calcium-gated potassium conductances limit the 

amplitude o f the Purkinje cell responses to activation (Llinas and Sugimori, 1980b).

Climbing fibre activation produces powerful burst responses in the Purkinje cell 

(Eccles et al., 1966). Eccles et al. (1966) termed the response the "complex spike" and 

were able to demonstrate that they could induce different patterns of action potentials in 

the Purkinje cell axon depending on the membrane potential. Llinas and Sugimori (1980b) 

speculate that climbing fibre activation produces calcium plateau potentials in the 

dendrites, with large amounts of current flowing to the soma.
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Modulation of Purkinje cell firing by inhibitory synapses is provided at both the 

somatic (basket cell axon) and dendritic (stellate and basket cell axons) level. 

Immunocytochemical labelling of y-aminobutyric acid (GABA) and its synthesizing 

enzyme glutamic acid decarboxylase (GAD) strongly suggest that this amino acid is the 

neuroactive transmitter at these synapses (Gabbott et al., 1986; Ottersen et al., 1988; 

Ottersen and Laake, 1992). These GABAergic connections increase the conductance of 

chloride when activated, producing membrane hyperpolarizations that inhibit or curtail 

Purkinje cell firing (Llinas and Sugimori, 1992). Thus, the firing pattern o f the Purkinje 

cell is regulated by the interaction of parallel and climbing fibre activation with synaptic 

inhibition.

Electrophysiological recordings of Purkinje cells have provided evidence that the 

putative neurotransmitters o f the climbing and parallel fibres could be the excitatory amino 

acids (EAAs) L-aspartate and L-glutamate respectively (Crepel et al., 1982; Kimura et al., 

1985). However, immunocytochemistry has failed to detect significant levels of 

L-aspartate in climbing fibres at either the light or electron microscope level, seriously 

questioning its role as a neurotransmitter (Ottersen and Laake, 1992; Zhang and Ottersen, 

1993). Depolarizations induced by these EAAs have been suggested to be mediated via 

a-amino-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainate (KA), rather 

than N-methyl D-aspartate (NMDA) receptors on adult Purkinje cells (Crepel et al., 1982, 

1983; Hussain et al., 1991; Llano et al., 1991). The situation seems to be different in the 

immature cerebellum. In 1987 both Dupont and Garthwaite and co-workers reported a 

transient sensitivity of Purkinje cells to NMDA during development (Dupont et al., 1987; 

Garthwaite et al., 1987). These initial extracellular recordings have more recently been 

substantiated by intracellular analysis of the synaptic location of the NMDA receptors. 

Krupa and Crepel (1990) and Rosenmund et al. (1992) have both demonstrated a transient 

expression of NMDA receptors on Purkinje cells during postnatal development (although 

this has not been observed by all, see Farrant and Cull-Candy, 1991). Purkinje cells in 

isolated cerebellar slices show NMDA-induced depolarizations that decline in sensitivity 

from approximately PIG onwards, reaching adult levels by P21 (Garthwaite et al., 1987). 

No NMDA response is observed in PO-1 Purkinje cells (Dupont et al., 1987), the earliest 

recorded responses to NMDA are at P5 (Dupont et al., 1987; Garthwaite et al., 1987). 

Granule cells also show a transient sensitivity to NMDA (Garthwaite et al., 1987), whilst 

cerebellar inhibitory intemeurons respond directly to NMDA throughout adulthood 

(Hussain et al., 1991; Llano et al., 1991).
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1.3. The development of the cerebellar cortex

1.3.1. Prenatal development

The histogenic events in the cerebellum have been studied using tritiated thymidine 

autoradiography in the mouse (Miale and Sidman, 1961; Fujita, 1969), chick (Fujita, 1969) 

and rat (Altman, 1982), and by more classical histological approaches in conjunction with 

electron microscopy (Meller and Glees, 1969; Mugnaini, 1969). More recently the 

quail-chick chimera system has been used to study the cell migrations and settling patterns 

involved in the earliest events in the morphogenesis o f the cerebellum (Martinez and 

Alvarado-Mallart, 1989; Hallonet et al., 1990).

The cerebellum first appears as a pair of thickenings o f the metencephalic rhombic 

lip at embryonic day 11 (E ll)  in the mouse (Miale and Sidman, 1961). Histogenesis 

within the cerebellar anlage proceeds from two germinative layers: a ventricular matrix 

and an external germinal layer (EGL). The EGL arises on E l3 by migration of cells of 

the roof of the fourth ventricle onto and over the external surface o f the cerebellum (Miale 

and Sidman, 1961). Cells arising in the ventricular matrix at E ll  migrate into the mantle 

of the cerebellar anlage. By E l7 these are recognisable as two separate groups. One group 

occupies the deeper, medial part o f the mantle, and these differentiate into the deep 

cerebellar nuclei neurons, the other, more distal group become the Purkinje cells (Miale 

and Sidman, 1961). These neurons have generally undergone their final division by E13, 

whilst the genesis of Golgi cells, beginning at E l2, continues until E l5 (Miale and 

Sidman, 1961). Altman (1982) has reported Purkinje cell genesis in the rat from E13 to 

E16, slightly lagging behind the creation of the deep cerebellar nuclei neurons (E12-15). 

Golgi cell genesis is from E l6-19 in the rat (Altman, 1982).

Beginning at E l7 in the rat, the EGL spreads out over the cerebellum, below 

which the immature Purkinje cells are beginning to align (Altman, 1982). A thin band of 

fibres separates the two layers. Thus the newly postnatal cortex is a primitive trilaminal 

structure that is just beginning to fold into lobules.

Studies of quail-chick chimeras have strongly challenged the view that the 

cerebellum is solely derived from the metencephalon. By transplanting mesencephalic, 

rhombencephalic, and rhombencephalic/mesencephalic regions, Martinez and Alvarado- 

Mallart (1989) found that the caudal regions of the cerebellum were derived from the 

metencephalic source, whilst the rostral portions were entirely o f mesencephalic origin.
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Hallonet et al. (1990) have obtained slightly different results following transplantation of 

the metencephalic, lateral metencephalic and mesencephalic/diencephalic regions. These 

authors report that cells o f both mesencephalon and metencephalon origin were present 

in the rostral portions o f the cerebellum. The cells of the cortex and deep cerebellar nuclei 

displayed a similar rostral-caudal pattern of mesencephalic or metencephalic origin, but, 

contrary to the data of Martinez and Alvarado-Mallart (1989), all the cells o f the EGL 

were derived from the metencephalon.

1.3.2. Postnatal development

During the first two postnatal weeks the cells of the EGL proliferate and 

differentiate into the intemeurons o f the cerebellar cortex. The EGL reaches maximum 

thickness in the mouse during the second postnatal week and disappears in the third 

(Miale and Sidman, 1961). The multiplying cells of the EGL are extremely radiosensitive 

and exposure to X-irradiation will destroy them. Using this technique, Altman (1982) has 

investigated the differentiation of intemeurons from the EGL of the rat. The basket cells 

are the first neurons to differentiate from the EGL (P5), slightly before the earliest granule 

cells (P6). Stellate cells follow (P8), and like the basket cells, have completed their final 

divisions within 2-3 days. In contrast, granule cell genesis occurs over a prolonged period 

that overlaps and outlasts basket and stellate cell creation (until P I8). Cumulative tritiated 

thymidine injections have revealed a similar sequence of events in the mouse (Fujita, 

1967), although differentiation commences much earlier (Pl-3).

The quail-chick chimera data of Hallonet et al. (1990) suggest that the cells of the 

molecular layer and EGL (of the rostral cerebellum) are two independent populations and 

questions the notion that the basket and stellate cells differentiate from the EGL. However, 

the authors can provide no evidence of an altemative source or time o f origin for these 

intemeurons in the chimera. As such, the cumulative data in support of an EGL origin for 

the basket and stellate cells is still the most favourable.

The factors goveming the differentiation of the EGL into the three neuronal types 

are still unknown. Granule cells are determined before they migrate from the EGL. Prior 

to migration, axons emerge from the soma, or more often from the dendrites (Larramendi, 

1970), and extend bidirectionally in the transverse plane of the lobule (Altman, 1982). The 

granule cells then descend from the EGL along the Bergmann fibres of the Golgi 

epithelial cells (Sidman and Rakic, 1973; Hatten, 1990). The transverse projection of the
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axon serves as an anchor upon which other parallel fibres align. As a result o f this process 

the parallel fibres are stacked from the bottom up and the molecular layer increases in 

thickness (Altman, 1982). Migrating granule cells arrest in the granule cell layer where 

their small dendrites form connections with the ascending mossy fibres (Altman, 1982; 

Meller and Glees, 1969; Mugnaini, 1969). The growth of mossy fibres into the cerebellar 

cortex is synchronised with the descent of granule cells to meet beneath the Purkinje cell 

layer. If granule cell migration is delayed by irradiation of the dividing EGL, mossy fibres 

penetrate the molecular layer and the granule cells are arrested ectopically (Altman, 1982). 

Basket and stellate cells are thought to be arrested within the molecular layer as the 

developing parallel fibres grow above them (Altman, 1982).

By the end of the first postnatal week the Purkinje cells have aligned to form a 

monolayer (Caddy and Biscoe, 1979; Altman, 1982). During this period the Purkinje cells 

transform from the immature fusiform cell to what Ramon y Cajal (1909-11) refers to as 

the stellate cell stage. At this point (P4-6) the Purkinje cell lacks any polarity and somatic 

processes emerge in all directions (Hendelman and Aggerwal, 1980). Spines are clearly 

resolved on the soma, both in Golgi treated mice (Hendelman and Aggerwal, 1980) and 

in the electron microscope (Larramendi and Victor, 1967; Larramendi, 1969). This is 

followed by the retraction of the somatic processes and the development o f a single, 

thickened dendrite as the cell acquires an orientation (Hendelman and Aggerwal, 1980). 

The dendrites branch and continue to grow towards the pial surface as the molecular layer 

increases in thickness. Numerous spines develop on the more distal dendritic branches 

(Hendelman and Aggerwal, 1980). Collaterals are already visible on Purkinje cell axons 

at birth (Hendelman and Aggerwal, 1980) and myelination o f the axon (which commences 

at P8) is complete by P I5 (Caddy and Biscoe, 1979).

The earliest synapses of the cerebellar cortex occur before the Purkinje cell 

dendritic tree develops and are the transient connections between Purkinje cell somatic 

spines and climbing fibres (Larramendi and Victor, 1967). As the dendritic tree develops 

the somatic spines are reabsorbed by the Purkinje cell and the climbing fibre-Purkinje cell 

synapses translocate to form a peridendritic connection (Larramendi and Victor, 1967). 

Soon afterwards (P9), rounded basket cell synapses appear on the smooth Purkinje cell 

soma (Larramendi, 1969). Parallel fibre-Purkinje cell dendritic spine synaptogenesis takes 

place from P8 to PI6 in the mouse and corresponds closely to the development of 

dendritic spines (Hendelman and Aggerwal, 1980; Dumesnil-Bousez and Sotelo, 1993). 

This is somewhat earlier than that reported in the rat by Altman (1982), which commences 

at PIG.
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1.4. The organisation of the afferent projection

The uniformity o f the neuronal circuitry of the cerebellum belies its known 

functional segregation (Ito, 1984). It is well established that the different parasagittal zones 

of the cerebellar cortex have different afferent and efferent projections (Oscarsson, 1969; 

Voogd, 1969; Oscarsson, 1973; Haines et al., 1982; Voogd, 1982). More recently, 

biochemical heterogeneity within pre- and early postnatal cerebellar neurons (and amongst 

Purkinje cells in particular) has provided evidence that a parasagittal organisation of the 

cells is present prior to synaptogenesis (Sotelo and Wassef, 1991; Wassef et al., 1992a; 

Hawkes et al., 1992). This early segregation of target neurons has been proposed as a 

means for organising the afferent projection (Wassef et al., 1992a; Hawkes et al., 1992).

1.4.1. Purkinje cell heterogeneity

Heterogeneity amongst the Purkinje cell population has been revealed by the use 

of monoclonal antibodies (mabs) to a variety of antigens. In each case the antigen has a 

parasagittal distribution within the cortex, with alternate expressing and non-expressing 

Purkinje cell bands. Labelling with the mab Q113 produces a dramatic parasagittal striping 

of the cerebellum in both rats and mice (Hawkes et al., 1985; Eisenman and Hawkes, 

1993). This has led to the antigen being referred to as zebrin (I). An identical staining 

pattern has been produced using a mab generated against a separate antigen (termed zebrin 

II) in rat and fish (Brochu et al., 1990). Zebrin immunoreactivity is present throughout the 

cytoplasm of Purkinje cells. Immunoreactivity appears in the vermis at P5-7 in the mouse 

and spreads to the entire cortex by P12-15, after which immunoreactivity fades fast in 

subsets of Purkinje cells to reveal the adult pattern (Tano et al., 1992). Implantation of 

E12-15 rat cerebellar grafts into the eye chamber and neocortex of adults produces ectopic 

minicerebellar structures that have a similar distribution o f zebrin expression (Wassef et 

al., 1990). The zebrin phenotype therefore appears to mature independently o f afferent 

influences. Further subdivisions of the zebrin-positive and -negative bands have been 

revealed with antibodies to HNK-1, a cell surface carbohydrate epitope of both neurons 

and glia (Eisenman and Hawkes, 1993), and with P-path antibodies that recognise 

9-0-acetylated glycolipids (Leclerc et al., 1992). The complex, overlapping pattern of 

these antigens divides the cerebellar cortex into a still finer mosaic.
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A number of antigens that are exclusively expressed in Purkinje cells throughout 

the adult cerebellum have a transient compartmentalization during development. 

Immunolabelling of the cyclic GMP-dependent protein kinase cGK, the 

vitamin D-dependent calcium binding protein calbindin-D and the glycoprotein PSG 

revealed transient, reproducible staining patterns in embryonic and early postnatal 

cerebella of rats, mice and chicks (Wassef et al., 1985). Each antigen had a distinct 

cortical pattern that changed progressively with age. Compartments often overlapped, with 

a number of Purkinje cells expressing more than one antigen. Wassef et al. (1985) propose 

that the basic Purkinje cell compartment is not the immunopositive or -negative clusters, 

but the intersection of all these areas where, by definition, the Purkinje cells are identical. 

Compartmentalization of the developing Purkinje cell population is lost by P5 (Wassef et 

al., 1985).

Histochemical approaches reveal a similar parasagittal pattern within the cerebellar 

cortex (e.g. Scott, 1964). However, the techniques used to label these markers do not 

always identify their cellular location. Smeyne et al. (1991) have analysed the spatial 

expression of L7, a Purkinje cell-specific protein, by genetically linking the L7 promoter 

to the marker p-galactosidase (PGal) in transgenic mice. The transgene product was first 

detected at El 7 in four parasagittal bands. The bands increased in thickness and number 

during development (6 bands at PO, 10 at P4), in a medial to lateral direction. All the 

Purkinje cells expressed L7pGal by P9. The autonomous expression of the transgene was 

demonstrated by similar spatial patterns in the ectopic Purkinje cells of the reeler mutant 

mouse and by a comparable temporal expression in culture.

1.4.2. The olivocerebellar projection

If Purkinje cell heterogeneity is the map upon which the afferents are organised, 

then a correlation between the axons and target bands must exist. This has been shown 

to be the case using anterograde tracing of wheat germ agglutinin-horseradish peroxidase 

(WGA-HRP) from the inferior olive combined with mab Q113 immunolabelling (Gravel 

et al., 1987). A high level of concordance was revealed between the transition zones o f 

the zebrin-positive/negative layers with the divisions of the climbing fibre projection. 

Similar results have been obtained using tritiated leucine as the anterograde axonal tracer 

(Wassef et al., 1992a).
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A transient biochemical heterogeneity also exists within the inferior olive. 

Immunolabelling of the inferior olive for the calcium binding proteins parvalbumin and 

calbindin-D, along with the calcitonin gene related peptide CGRP, produces patches of 

immunoreactivity that change during development from E l6 onwards in the rat (Wassef 

et al., 1992b). Purkinje cells also share parvalbumin and calbindin-D immunoreactivity 

(Celio, 1990). The expression of calbindin-D immunoreactivity in Purkinje cells increases 

during development (Wassef et al., 1985). However, Wassef et al. (1992b) found that there 

was no matching of the immunoreactive compartments in the inferior olive and Purkinje 

cell layer through the olivocerebellar projection. Anterograde and retrograde labelling of 

fixed tissue in vitro indicates that the olivocerebellar projection is not established by E l6 

in the rat, the point at which biochemical heterogeneity first occurs in the inferior olive 

(Wassef et al., 1992b). Fasciculated climbing fibres have reached the limit o f the 

cerebellar plate by E l6 but do not enter until E l7. Once inside the cerebellum the 

climbing fibres defasciculate slowly, minimizing contact with the Purkinje cells. The 

biochemical heterogeneity within the inferior olive and Purkinje cells therefore arises 

independently.

A transient parvalbumin immunoreactivity is present in the dorsal cap of the 

medial accessory olive (MAO) of developing rats (Wassef et al., 1992b). In a follow-up 

examination of the parvalbumin immunoreactive climbing fibre projection, Wassef et al. 

(1992c) found their distribution to be restricted to the flocculus and lobules IX and X of 

the vermis. Labelling within the cortex was highly discontinuous and three 

immunoreactive bands were distinguishable, one in the flocculus and two in lobule IX 

(Wassef et al., 1992c). Immunolabelling of PEP 19, a peptide expressed in Purkinje cells, 

revealed a strong relationship between the two staining patterns. The limits of the more 

medial parvalbumin immunoreactive climbing fibre bands corresponded exactly with those 

of the PEP 19 immunonegative Purkinje cell clusters.

1.4.3. The spinocerebellar projection

Establishing a relationship between the biochemical heterogeneity o f Purkinje cells 

and the organisation of the spinocerebellar projection is more difficult. Spinocerebellar 

axons terminate as mossy fibres in the adult cerebellum and have no direct synaptic 

interaction with Purkinje cells. However, Mason and Gregory (1984) have demonstrated 

the existence of transient mossy fibre contacts with the somata of Purkinje cells during
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development. Anatomical and electrophysiological studies have shown that the 

spinocerebellar axons terminate almost exclusively in the vermis and are concentrated into 

two zones: the larger, anterior target zone extends over lobules I-V; whilst the posterior 

target zone is restricted to lobule VIII (Oscarsson, 1973; Arsénio-Nunes and Sotelo, 1985). 

Spinocerebellar axons are present in the white matter tracts at birth but do not penetrate 

the cortex until P3 in the rat (Arsénio-Nunes and Sotelo, 1985). Spinocerebellar axons first 

enter the vermis. At P5 the spinocerebellar axons in lobule VUI spread into the 

hemispheres and by P7 the adult columnar topography is attained. They therefore reach 

their destination before the arrival of the majority of their postsynaptic targets, the granule 

cells. Right from the onset of penetration into the cortex, the spinocerebellar axons remain 

clustered within their ultimate terminal domains and there are immature mossy fibre 

rosettes present as early as P5 in the anterior lobes (Arsénio-Nunes and Sotelo, 1985). 

Despite the temporal correlation between the columnar organisation of the spinocerebellar 

axons and the appearance of the earliest mossy fibre rosettes, Arsénio-Nunes and Sotelo 

(1985) failed to demonstrate a clear relationship between synaptogenesis and the 

topographic organisation of the spinocerebellar projection.

Mutant mice, in which the topography of the cerebellar cortex is severely altered, 

have been used to investigate the role of target neurons in the establishment of the 

spinocerebellar projection. Tracer labelling of the spinocerebellar afferents in homozygous 

weaver (wv/wv) mice and X-irradiated rats revealed, with few differences, the normal 

pattern, whilst the projection in homozygous staggerer (sg/sg) mice was severely 

disorganised (Arsénio-Nunes et al., 1988). Granule cell loss occurs during postnatal 

development in all three conditions. In the weaver mouse (Rakic and Sidman, 1973a; 

Sotelo, 1975) and X-irradiated rat (Altman, 1982; Mariani et al., 1990) the granule cells 

are affected directly and die early in development. Staggerer mutant mice suffer a complex 

set o f abnormalities that primarily affect the Purkinje cell and indirectly lead to the 

degeneration of almost all the granule cells (Sotelo and Changeux, 1974; Landis and 

Sidman, 1978). Arsénio-Nunes et al. (1988) conclude that whereas mossy fibre-granule 

cell synaptogenesis is not essential for the organisation of the spinocerebellar projection, 

Purkinje cells have a pivotal role. In a similar study o f the heterozygous Lurcher mutant 

mouse, in which the Purkinje cells are directly affected and rapidly degenerate during 

postnatal development (Caddy and Biscoe, 1979; Wetts and Herrup, 1982a), Vogel and 

Prittie (1994) found the spinocerebellar pattern was normal. These results are in agreement 

with anatomical and electrophysiological observations of the Lurcher spinocerebellar 

projection made by Caddy et al. (1977) and Martin and Caddy (1977), and would seem
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to question the role of the Purkinje cell as an organizing element. However, Lurcher 

Purkinje cell abnormalities do not appear until the end of the first postnatal week 

(Dumesnil-Bousez and Sotelo, 1992), by which time the spinocerebellar projection should 

have formed (Arsénio-Nunes and Sotelo, 1985).

In an investigation into the possible correlation of the antigenic zones of the 

Purkinje cell layer with the spinocerebellar projection pattern. Gravel and Hawkes (1990) 

have demonstrated that the limits of some, but not all, o f the terminal domains of mossy 

fibres correspond to the boundaries of zebrin I expression. Heterogeneity within the target 

granule cell population has so far not been demonstrated. Antibodies to synaptophysin, a 

protein that is localised to the synapse, do reveal a patchy parasagittal distribution that is 

strongest within the molecular layer, outlining the dendrites o f Purkinje cells (Leclerc et 

al., 1989). However, the cellular origins of the bands of synaptophysin immunoreactivity 

have not been identified.

1.4.4. Developm ental mechanisms

A number of authors have speculated upon the mechanisms involved in the 

establishment of the cerebellar afferents (for reviews see: Sotelo and Wassef, 1991; 

Wassef et al., 1992a; Hawkes et al., 1992). All agree that the establishment of increasingly 

finer maps by the progressive expression of biochemical markers provides the template 

upon which the afferents could be arranged. Several observations support this role. The 

expression of markers is autonomous and occurs, in most instances, prior to the invasion 

of the afferents; interestingly, both the climbing and mossy fibres have a period o f waiting 

at the periphery of the cerebellum, as if seeking out markers. The Purkinje cell, in which 

heterogeneity is most widespread, also appears to be the organising element for both 

projections. Finally, a direct correlation between the boundaries of biochemical zonation 

and the segregation of the afferents has been demonstrated in some areas o f the cortex (eg. 

Wassef et al., 1992c).

The cellular mechanisms responsible for the segregation of the incoming axons are 

as yet unknown. The most plausible proposal is that non-synaptic interactions within the 

white matter tracts of the cerebellum are involved (Hawkes et al., 1992). However, it is 

important to remember that a number of difficulties are still to be resolved. These stem 

principally from the lack of suitable markers. A number of the antigens expressed at 

different extents within the Purkinje cell layer are located intracellularly and as such are
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unavailable to the incoming afferents (eg. zebrin, see Hawkes et al., 1985). The 

comparatively late expression of some markers also rules them out as components of 

recognition (eg. zebrin, see Tano et al., 1992). Despite this, it is not over-optimistic to 

predict that suitable cell-surface recognition molecules will be revealed in the future.

1.5. Cerebellar mouse mutants and synaptogenesis

The mouse is unique among mammals in that a number of neurological mutant 

types have arisen spontaneously and been maintained in breeding colonies (for a dated but 

still useful catalogue of types see Sidman et al., 1965). Many of these mutants have 

phenotypes primarily expressed in the cerebellum and provide excellent models for the 

study of the development of its neuronal circuitry (Rakic and Sidman, 1973a; Sotelo and 

Changeux, 1974; Sotelo and Triller, 1975; Mullen et al., 1976; Mariani et al., 1977; Caddy 

and Biscoe, 1979). The well defined lesions produced by these gene mutations disrupt the 

normal pattern of neuronal migration, growth, contact and establishment of permanent, 

functional connections. As such they provide an insight into a number of problems. On 

a broad scale they help identify morphological defects with alterations in the genetic code 

and link these abnormalities to a particular phenotype. More specifically, they provide an 

invaluable tool for unravelling the complex cellular interactions that occur during 

synaptogenesis. For instance, what triggers the development of postsynaptic 

differentiations? Are mature presynaptic elements required? Or vice-versa^ are mature 

postsynaptic elements in the target cell necessary for the development of presynaptic 

profiles? How specific is synaptogenesis? Is there any degree of plasticity after a 

substantial alteration in the balance of pre- and postsynaptic targets following mutant gene 

lesions?

For each of these questions, evidence from morphological studies of mutant mice 

will be discussed.

1.5,1. The development o f  postsynaptic elements

In the homozygous mutant mouse weaver (wv/wv) most of the granule cells 

degenerate in the EGL prior to their incorporation into the synaptic circuitry (Rakic and 

Sidman, 1973a; Rakic, 1975; Sotelo, 1975). The wv/wv Purkinje cell dendrites are thus 

deprived o f their major afferent source, the parallel fibres. Despite this, wv/wv Purkinje
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cells develop spines on their dendrites that are morphologically comparable to the Purkinje 

cell dendritic spines in wild-type mice (Larramendi and Victor, 1967; Palay and 

Chan-Palay, 1974). Reeler mutant mice suffer a disruption in the radial development of 

the cerebellar cortex that results in most o f its Purkinje cells being located within a central 

ectopic mass (Rakic, 1975; Mariani et al., 1977), amongst other abnormalities (Blatt and 

Eisenman, 1985; Heckroth et al., 1989). These ectopic Purkinje cells also lack a parallel 

fibre input and yet develop spines on their dendrites. These two mutant mice demonstrate 

that cerebellar Purkinje cells develop postsynaptic structures in the absence of a 

recognised presynaptic stimulus. Sotelo (1990a) speculates that the autonomous nature of 

spinogenesis provides a mechanism by which the Purkinje cell can strictly regulate the 

amount of postsynaptic target available and ultimately the degree of innervation.

1.5.2. The development o f  presynaptic elements

Most staggerer Purkinje cells degenerate before granule cell proliferation and 

migration and those that remain fail to develop dendritic spines. The granule cell parallel 

fibres of the staggerer cerebellar cortex are therefore deprived of the majority of their 

postsynaptic targets (Sotelo and Changeux, 1974; Landis and Sidman, 1978). 

Vesicle-containing parallel fibre-like axon terminals are present in the molecular layer of 

the staggerer (Sotelo and Changeux, 1974; Landis and Sidman, 1978). However, these do 

not last long and by P28 most of the granule cells have degenerated (Landis and Sidman, 

1978). The cerebellar cortex of the mutant mouse nervous appears normal up until P23, 

after which 90% of the Purkinje cells degenerate by P60 (Landis, 1973; Sotelo and Triller,

1975). Therefore, parallel fibre-Purkinje cell dendritic spine synapses form before there 

is any disruption of the cortex. Following the loss of Purkinje cells in the nervous mutant, 

parallel fibres and granule cells do degenerate, but the process is slow and many granule 

cells remain (Sotelo and Triller, 1975). These two mutants demonstrate that presynaptic 

axon terminals will evolve in the absence of their postsynaptic dendritic spines, but the 

failure to establish mature, functional synapses will quickly result in the disruption of the 

axon and subsequent degeneration of the presynaptic cell. Once established, presynaptic 

elements are able to remain for longer periods when deprived of their postsynaptic target, 

indicating some sort of strengthening of the presynaptic structure during synaptogenesis 

(Sotelo, 1990a).
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1.5.3. The specificity o f  synaptogenesis

The ordered selectivity of synaptogenesis in the developing cerebellar cortex occurs 

despite the close proximity o f numerous possible postsynaptic targets for the innervating 

axons. Specificity, i.e. the correct matching of pre- and postsynaptic targets, is probably 

achieved by a combination of chemo-affmity and membrane recognition (Sperry, 1963). 

The retention of this specificity in mutant mice has been demonstrated by grafting normal 

embryonic Purkinje cells into the cerebellum of the adult Purkinje cell degeneration (pcd) 

mouse. Purkinje cell degeneration in the pcd begins at PI 5-18 and 95-99% of the cells are 

lost in the following 2 weeks (Mullen et al., 1976). Embryonic Purkinje cells grafted from 

normal mice migrate from the cerebellar implant into the molecular and granule cell layers 

of the pcd host (Sotelo and Alvarado-Mallart, 1987; Sotelo et al., 1990; Sotelo and 

Alvarado-Mallart, 1991; Sotelo et al., 1994). Here they form functional synapses with the 

host afferents that elicit normal Purkinje cell-like electrophysiological responses (Sotelo 

et al., 1990). Similar morphological results have been obtained using adult Lurcher 

cerebellum as the host for normal embryonic Purkinje cell grafts (Dumesnil-Bousez and 

Sotelo, 1993).

Under certain conditions the normal pattern of synaptogenesis is altered. 

Heterologous synapses, i.e. synapses between pre- and postsynaptic elements that do not 

normally form connections, are present in the agranular cerebellum of weaver and reeler 

mutant mice, as well as in X-irradiated rats. Purkinje cell dendritic spines form synapses 

with mossy fibres in the central ectopic mass of reeler (Mariani et al., 1977) and with 

mossy fibres and granule cell somata and dendrites in the weaver mutant (Sotelo, 1975). 

Heterologous synapses between Golgi cell perikarya and Purkinje cell dendritic shafts and 

spines occur in the X-irradiated rat (Sotelo, 1977) in which the granule, basket and stellate 

cell populations have been greatly reduced following the destruction of the mitotic EGL 

cells (Altman, 1982; Mariani et al., 1990). Sotelo (1990a) speculates that such findings 

plead in favour of a pluripotentiality of cerebellar neurons in the formation of the neural 

network, a potential that is normally overridden and only expressed when there is an 

imbalance in the ratio of synaptic targets. In each of the above cases it is an excess of the 

postsynaptic target.
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1.6. Synaptic remodelling: the climbing fibre-Purkinje cell synapse

The climbing fibre-Purkinje cell synapse provides an excellent model for 

examining the mechanisms of synaptic remodelling. During the initial period o f postnatal 

development, climbing fibres form a "nest" o f terminals around the somata o f Purkinje 

cells (Ramon y Cajal, 1909-11). Electron microscopical examination of these "nests" 

reveals climbing fibre synapses with the somatic spines o f Purkinje cells (Larramendi and 

Victor, 1967; Larramendi, 1969).The movement o f these synapses commences around the 

end of the first postnatal week in the mouse (Larramendi and Victor, 1967). The climbing 

fibres ascend the developing Purkinje cell dendritic tree and form synapses with the 

spines. This is concurrent with a modification of climbing fibre-mediated Purkinje cell 

responses. Step-wise increases in excitatory postsynaptic potentials (EPSPs), which can 

be evoked by climbing fibre stimulation in early postnatal development (Crepel et al.,

1976), transform to the all-or-nothing event observed in the adult (Eccles et al., 1966). 

There therefore appears to be a correlation between the structural and physiological 

maturation of the climbing fibre-Purkinje cell synapse.

A number of mutants that suffer disruption o f the normal sequence o f granule cell 

maturation and parallel fibre-Purkinje cell synaptogenesis fail to develop adult climbing 

fibre-Purkinje cell synapses. The translocation of the climbing fibre synapse is almost 

non-existent in weaver and staggerer mutant mice, and somatic spine-climbing fibre 

contacts still persist on most adult Purkinje cells (Sotelo 1975; Landis and Sidman, 1978). 

Climbing fibre stimulation in these adult mice reveals a multiple innervation o f the 

Purkinje cell (Crepel and Mariani, 1976; Mariani and Changeux, 1980). Similar step-wise 

increases in EPSP with increasing stimulus strength can be evoked in Purkinje cells of 

adult rats X-irradiated during early postnatal development (Benoit et al., 1984; Mariani 

et al., 1990). Perisomatic Purkinje cell-climbing fibre synapses are present in the adult 

mutant mouse hyperspiny Purkinje cell (hpc) but electrophysiological recordings reveal 

a monoinnervation (Guénet et al., 1983). Granule cells in the hpc form parallel fibre 

synapses with both normal and ectopic Purkinje cell dendritic spines. Therefore it appears 

that the translocation of the climbing fibre synapse from a perisomatic to a peridendritic 
Purkinje cell connection does not determine the number of climbing fibres providing a 

functional innervation. The fact that parallel fibre-Purkinje cell dendritic spine synapses 

are absent in all but the hpc cerebellum suggests that synaptogenesis in the Purkinje cell 

dendrites by granule cells plays a critical role in the modulation of the climbing fibre 

synapse.
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In an elegant approach, Rabacchi et al. (1992b) have clarified the signals involved 

in the remodelling of the climbing fibre synapse. By chronic in vivo application of the 

N-methyl D -aspartate (NMDA) receptor antagonist D,L-2-amino-5-phosphonovaleric acid 

(d,l-APV) in the developing rat cerebellum, these authors were able to demonstrate an 

activity-dependent role for the receptor in the regression o f supemumary climbing fibres.

In animals treated with D,L-APV, half of the adult Purkinje cellsj evoked step-wise 

increases in EPSP responses to climbing fibre stimulation, indicating innervation by more 

than one climbing fibre. In contrast, those treated with the inactive isomer L-APV were 

almost exclusively monoinnervated. Chronic application o f D,L-APV did not result in any 

granule cell toxicity; granule cells show dramatic increases in NMDA receptor-channel 

activity during differentiation, migration and synaptogenesis (Rossi and Slater, 1993) and 

the activity of the receptor is thought to regulate the migration of granule cells from the 

EGL (Komuro and Rakic, 1993).

Sotelo (1990a) has sought to explain the relationship between the translocation of 

the climbing fibre synapse and parallel fibre synaptogenesis in terms of competition for 

the common postsynaptic target, the Purkinje cell dendritic spine. Chemical lesion of the 

inferior olivary nucleus by systemic application of 3-acetylpyridine produces a rapid and 

complete destruction of the climbing fibres (Desclin, 1974). In response to this 

deafferentation, Purkinje cells become hyperspinous rather than retract their spines (Sotelo 

et al., 1975). These observations suggest that the normal occupancy by the climbing fibre 

of the lower portions of the Purkinje cell dendritic tree serves to limit the spread of 

parallel fibre synaptogenesis. Sotelo (1990a) postulates that the competition between the afferent 

axons for possible stabilising trophic factors at the postsynaptic target could not only 

shape the pattern of dendritic innervation, but also explain the regression of the 

supemumary climbing fibre-Purkinje cell synapses: the first translocated climbing fibre 

synapse will win the competition to be stabilised and so dominate.

1.7. The Lurcher mutant mouse

The Lurcher mutant mouse appeared as a spontaneous mutation in the Medical 

Research Council's Radiological Research Unit breeding colony in 1954. First described 

by Philips (1960), the Lurcher gene (Lc) is an autosomal dominant murine mutation. It 

is located on linkage group XI of chromosome 6 and is lethal when homo2ygous (Lc/Lc). 

Heterozygous Lurcher mutant mice (+/Lc) survive and breed in captivity. During the
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second to third postnatal week. Lurcher heterozygotes develop a characteristic "swaying 

of their hind quarters when moving, during which they fall from one side to the other as 

if their legs have given way" (Phillips, 1960). This ataxia has been confirmed by others 

(Fortier et al., 1987).

The postnatal development of the Lurcher mutant mouse has been studied for a 

number of years and the development of the lesion in the animal characterized both 

qualitatively and quantitatively. Caddy and Biscoe (1975) revealed that the neurological 

basis of the phenotypic ataxia seen in the adult Lurcher heterozygote is primarily a 

cerebellar defect: there was a marked reduction in the size of the Lurcher cerebellum 

when compared to wild-type littermates. Histological analysis of the Lurcher cerebellum 

by these authors indicated a complete absence of Purkinje cells at the boundary of the 

granule cell and molecular layers, both of which were also considerably reduced in 

thickness. Quantitative analysis of the Lurcher mutation has revealed a rapid and complete 

loss of the Purkinje cells during postnatal development. Caddy and Biscoe (1979) report 

that by postnatal day 26 (P26) only 10% of Purkinje cells present in the wild-type remain 

in the Lurcher, and this figure probably falls to zero by P90. Granule cell and inferior 

olivary neuron numbers are also reduced in the adult Lurcher and are 10% and 25% of 

the wild-type values respectively (Caddy and Biscoe, 1979). The degeneration o f inferior 

olivary neurons in the Lurcher has been confirmed by Heckroth and Eisenman (1991), 

who report a similar reduction in numbers. Granule cell loss in the Lurcher has been 

reported in premigratory, migrating and cells of the granule cell layer (Swisher and 

Wilson, 1977).

Purkinje cell abnormalities are evident as early as P8 in the Lurcher mutant mouse: 

the stems of the dendrites are thicker but the spread of the dendritic trees is reduced and 

less branched when compared to the wild-type; the dendrites are studded with ectopic 

spines; the axons contain numerous varicosities; the nuclear chromatin is clumped and the 

nuclear membrane irregular; the organelles of the dendritic cytoplasm are disorganised; 

the rough endoplasmic reticulum fails to form Nissl bodies; and the mitochondria appear 

distended with spherical profiles (Dumesnil-Bousez and Sotelo, 1992). Despite the early 

onset of atypical structures, the synaptic investment of Purkinje cells by parallel fibres is 

comparable to that in the wild-type in early postnatal Lurchers (Dumesnil-Bousez and 

Sotelo, 1992). However, by PIO the rate of parallel fibre-Purkinje cell synaptogenesis is 

decreased as dendritic development is retarded. The dendrites are thick and stunted and 

fail to reach the pial surface. Retraction of the dendrites follows with a dramatic decline 

in the number of parallel fibre synapses by PI6 (Dumesnil-Bousez and Sotelo, 1992).
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Figure 3. Golgi-Cox stained Purkinje cells in 100 pm thick sections. Micrographs taken from 

material donated by K.W .T. Caddy using Nomarski optics. (A) Postnatal day 15 wild-type mouse. 

Note the numerous spines on the more distal dendrites. (B and 0 )  Postnatal day 15 heterozygous 

Lurcher mutant mice in which the cells are clearly abnormal. The pial surface is indicated in each 

of the micrographs (arrows) to illustrate the reduced thickness of the molecular layer in the Lurcher. 

Scale bar = 50 pm.
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Golgi-Cox stained Purkinje cells from PI 5 wild-type and Lurcher mutant mice can 

be compared in Figure 3.

The poly innervation of Purkinje cells by climbing fibres is retained by most 

Lurcher Purkinje cells until cell death (Rabacchi et al., 1992a). Using anterograde 

transport of WGA-HRP from the inferior olive, Heckroth and Eisenman (1988) have 

shown that the climbing fibres fail to enter the molecular layer in the adult Lurcher. 

Instead, the dense climbing fibre "nests" around the Purkinje cell somata are maintained 

during late postnatal development (P13-P15) and continue to form synapses with somatic 

spines (Heckroth et al., 1990). Lurcher Purkinje cell axons also fail to acquire the 

characteristic basket cell pinceau terminals (Heckroth, 1992).

The later stages of Lurcher Purkinje cell degeneration are marked by an increase 

in the number of lysosomes and free ribosomes, vacuolation of the cytoplasm, cell lysis 

and removal o f the debris by macrophages (Caddy and Biscoe, 1979).

The Lurcher mutation is unique in producing such a complete and specific loss o f 

Purkinje cells during postnatal development. Other cerebellar mutants, for example: 

nervous, nr (Landis, 1973); reeler, rl (Mariani et al., 1977); weaver, wv (Rakic and 

Sidman, 1973a); staggerer, sg (Sotelo and Changeux, 1974) and stumbler, stu (Caddy et 

al., 1981) suffer some loss of Purkinje cells, but not at such a comprehensive and rapid 

rate. The one mutation with a comparable rate and extent of Purkinje cell loss is Purkinje 

cell degeneration, pcd (Mullen et al., 1976). However, pcd abnormalities, unlike those of 

the Lurcher, are not confined to the cerebellum and its afferents.

In contrast to the concomitant reductions in the presynaptic granule cells and 

inferior olivary neurons, the postsynaptic targets of the Purkinje cell remain relatively 

unaffected in the Lurcher. Caddy and Biscoe (1979) have recorded almost identical 

numbers of the deep cerebellar nuclei (DCN) neurons in adult Lurcher and wild-type mice. 

In a more detailed study of the adult Lurcher DCN, Heckroth (1994a and b) has revealed 

a slight reduction in the numbers of interposed and dentate nuclei neurons, whilst the 

fastigial nucleus is unaltered. The smaller neurons of the DCN were preferentially affected 

and only 63% of those present in the wild-type remained in the Lurcher, whilst the larger 

neurons suffered a mild, 20% or less, reduction. The small neurons of the DCN have been 

shown to have a considerable projection to the inferior olive (Tolbert et al., 1976) that is 

less prevalent in the cells of the fastigial nucleus. Small interposed and dentate nuclei 

neurons therefore suffer the greatest deficit of target following cell loss in the Lurcher 

inferior olive, a phenomenon that may explain the pattern of degeneration in the DCN of 

the mutant (Heckroth, 1994a).
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It is interesting to note that the pattern of degeneration in the Lurcher seems to 

follow responses to the loss of postsynaptic targets rather than deafferentation. On the 

basis of their morphological observations, Caddy and Biscoe (1979) proposed that the 

Lurcher gene acts directly on the cerebellar Purkinje cell itself. The cascade of cell death 

of other neuronal cell types was considered to be a response to the loss of postsynaptic 

target, rather than any intrinsic defect.

1.8. Chimeric mice

The establishment of techniques for producing chimeric mice has provided a means 

for altering the environment of developing neurons in vivo. In particular, the production 

of chimeras of neurological mutant mice provides a fine grained mosaic of cells o f both 

wild-type and mutant origin within the CNS. In this environment, the expression of the 

mutant phenotype should be restricted to cells that are the primary target(s) of the gene.

1.8 .1 Lurcher chimeric mice

Heterozygous Lurcher<->wild-type (+/Lc<->+/+) chimeras have confirmed that the 

Purkinje cell is the primary target of the mutation. Using chimeras constructed from 

Lurcher heterozygotes and wild-type mice that were each homozygous for a different 

allele at the p-glucuronidase locus, Wetts and Herrup (1982a) were able to identify the 

origin of large neurons in the adult chimera. Histochemical staining of P-glucuronidase 

activity revealed that only wild-type Purkinje cells remained, whilst both Lurcher and 

wild-type inferior olivary neurons were present. Wetts and Herrup (1982b) have also 

successfully identified the presence of both mutant and wild-type granule cells in adult 

chimeras constructed from Lurcher animals linked to the cell nucleus marker ichthyosis. 

These observations indicate that the death of inferior olivary and granule cell neurons is 

an indirect consequence of the Lurcher gene action. However, the number of surviving 

granule cells and inferior olivary neurons in the adult Lurcher<->wild-type chimera 

(although greater than in the adult heterozygous mutant) was less than in the adult 

wild-type<->wild-type chimera, indicating some cell loss.

The number of surviving Purkinje cells varied considerably in adult 

Lurcher<->wild-type chimeras. Interestingly, the variation in numbers was not random but 

differed in discrete quanta: the minimum number recorded being approximately 10,200
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and all other Purkinje cell totals were a multiple of this (Wetts and Herrup, 1982c). These 

observations indicate that Purkinje cells are derived from a small number of progenitors 

(normally a total of 18, that each give rise to about 10"* cells). Although further analysis 

of Lurcher chimeras has supported the existence of a small population o f Purkinje cell 

progenitors (Herrup and Sunter, 1986; Vogel and Herrup, 1993), their number and size of 

subsequent clones is highly variable amongst inbred strains o f mice.

The ratio of granule cells to Purkinje cells in Lurcher<->wild-type chimeras is 

unexpectedly higher than in wild-type mice (Wetts and Herrup, 1983). Vogel et al. (1989) 

speculate that the deafferentation of the surviving Purkinje cells (following the initial 

'trans-synaptic' degeneration of granule cells) in the chimera triggers the cell to confer a 

stabilizing trophic influence on the remaining granule cells that limits the cell loss. 

Accordingly, granule cells that mature early and establish synaptic contacts prior to the 

onset o f the Lurcher phenotype would be more likely to survive. Curiously, this was 

shown to be the case in the heterozygous Lurcher mouse but not in the Lurcher chimera 

(Vogel and Herrup, 1989). Vogel and Herrup (1989) therefore propose two stages to the 

process of neuron-target matching: an initial stabilization of the granule cells, followed 

by a remodelling as axons compete for permanent connections. The distribution of rescued 

granule cells and inferior olivary neurons in Lurcher chimeras strongly argues in favour 

of a limited spatial range of the trophic support conferred by the Purkinje cell (Vogel et 

al., 1991).

Caddy and Herrup (1990) have examined the morphology o f the remaining 

Purkinje cells in the adult Lurcher<->wild-type chimera using Golgi-Cox preparations. 

Contrary to original expectations that they would respond to the increased supply of 

afferents by developing more expansive dendritic trees, the Purkinje cells were more 

stunted than those in wild-type mice. As well as a loss of the overall isoplanarity of the 

dendritic tree, the spiny branchlets rarely reached the pial surface, the total number of 

branch points were reduced and the primary and secondary dendritic branches frequently 

ended abruptly in "stub ends". Quantitative analysis of Golgi-Cox stained Purkinje cells 

showed that the dendritic tree in the adult Lurcher chimera was reduced by more than 

60% when compared to wild-type mice (Caddy and Herrup, 1990). The authors suggest 

that the reduced dendritic development of the surviving Purkinje cells in the chimera is 

a response to parallel fibre deafferentation during development. Retraction of the parallel 

fibres would either retard Purkinje cell dendritic growth, reducing the number of branch 

points, or cease it altogether, resulting in "stub ends". Electron microscopical analysis of 

the remaining Purkinje cells in the chimera reveals an increased frequency of lysosomes
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and a disruption of the somatic endoplasmic reticulum and dendritic organelles (Caddy 

and Herrup, 1991). These ultrastructure observations suggest that the remaining Purkinje 

cells have undergone a high degree of trauma during development. The dendritic 

development of the remaining Purkinje cells in the chimera is therefore more likely to be 

a response to the trauma of parallel fibre deafferentation, rather than a failure to develop 

initially (Caddy and Herrup, 1991).

1.8.2. Other cerebellar mutant mice chimeras

Adult homozygous staggerer mutant mouse chimeras contain both wild-type and 

staggerer Purkinje cells, the latter of which clearly exhibit the mutant phenotype (Herrup 

and Mullen, 1979 and 1981). In contrast, staggerer granule cells, that are almost entirely 

lost in the homozygous mutant, can be rescued in their millions in the mosaic environment 

of the chimera (Herrup, 1983). These observations demonstrate that the primary target of 

the staggerer mutation is the Purkinje cell. Quantitative analysis of the adult staggerer 

chimera reveals a linear relationship between the number of surviving granule cells and 

Purkinje cells of wild-type origin (Herrup and Sunter, 1987). These authors suggest that 

this indicates numerical matching is an important function o f target-related cell death in 

the establishment of granule cell cerebellar circuits. Golgi-Cox analysis o f the wild-type 

Purkinje cells in staggerer chimeras has shown that the dendrites lack the aberrant 

morphologies found in Lurcher chimeras (Soha and Herrup, 1993). Staggerer Purkinje 

cells fail to form synapses with parallel fibres and are unlikely to provide trophic support 

for granule cells at any period of development in the chimera. The degeneration of 

staggerer Purkinje cells in the chimera is therefore unlikely to affect granule cells that 

have formed synaptic contacts with the wild-type Purkinje cells. Thus the wild-type 

Purkinje cells of the staggerer chimera would not be expected to suffer any loss of parallel 

fibre innervation during development. Soha and Herrup (1993) therefore conclude that 

these observations support the hypothesis of parallel fibre deafferentation in the Lurcher 

chimera proposed by Caddy and Herrup (1990).

The production of chimeras of weaver mutants has shown that the mutation is 

intrinsic to the granule cell. Goldowitz and Mullen (1982) and Goldowitz (1989) have 

analysed the cerebellar mosaics of weaver chimeras using the cell markers P-glucuronidase 

and ichthyosis. Ectopic Purkinje cells of both genotypes are present in the heterozygous 

weaver<->wild-type chimera cerebellum, whilst the ectopic granule cell component is

39



entirely of weaver origin (Goldowitz and Mullen, 1982). In chimeras of the homozygous 

mutant weaver, wild-type granule cells survived and occupied the granule cell layer, whilst 

all the genetically mutant granule cells died (Goldowitz, 1989). In contrast, both wild-type 

and mutant Purkinje cell and Bergmann glia mosaics were present. These observations 

imply that wild-type granule cells can successfully migrate along mutant glia in the 

chimera (as is the case in vitro, see section 1 .9.4 ), contrary to the hypothesis of Rakic and 

Sidman (1973b). Hence, the weaver gene acts directly on the granule cells and prevents 

them from migrating from the EGL.

Chimeras of homozygous reeler and wild-type mice contain a mosaic of both 

normal and mutant cell types (Terashima et al., 1986). The cerebellar cortex of these 

animals contains no abnormalities and the neuronal and glial populations are no different 

to those of wild-type mice. These observations indicate that the disruption of the 

cerebellar cortex in reeler mutant mice results from an abnormal interaction between the 

migrating neurons and the radial glial cells. Studies on the embryonic development of 

reeler mice have reached the same provisional conclusions (Goffinet, 1984, 1990).

1.9. The cerebellar cortex grown in vitro

The development of techniques for growing CNS tissue in vitro has greatly 

improved the understanding of the processes involved in the morphological and functional 

maturation of neurons. The unique advantage of CNS cultures is the easy access they 

provide to living cells during development. The growing of cerebellar tissue in vitro, like 

that o f other CNS regions, has followed two main approaches: the whole slice (Wolf and 

Dubois-Dalcq, 1970; Aggerwal and Hendelman, 1980; Hendelman and Aggerwal, 1980; 

Blank and Seil, 1982; Jaeger et al., 1988; Kapoor et al., 1988; Seil, 1989; Seil et al., 1991; 

Seil et al., 1992a and b) and dissociated culture system (Gruol, 1983; Weber and 

Schachner, 1984; Hirano et al., 1986; Gruol and Franklin, 1987; Gruol and Crimi, 1988; 

Hirano and Hagiwara, 1988; Cull-Candy and Usowicz, 1989a and b; Hockberger et al., 

1989; Brorson et al., 1991; Cohen-Cory et al., 1991; Franklin and Gruol, 1991; 

Torres-Aleman et al., 1992; Yool et al., 1992; Mount et al., 1993; Baptista et al., 1994; 

Brorson et al., 1994).

Whole slice preparations, often termed organotypic cultures, provide the best in 

vitro analog to the developing tissue in vivo. Slice cultures retain most of their cellular 

organisation and synaptic circuitry in vitro. Unfortunately, slices rarely 'thin out'
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sufficiently in vitro to allow access to all of the surviving cells. Cells that have been 

dissociated, either mechanically or by enzymatic treatment, or by a combination of both, 

form a monolayer in vitro. As such they are freely accessible to microelectrode recording 

and manipulation. However, dissociated neurons fail to develop much in vivo-like 

topography in vitro. The use of the roller-tube technique for growing slices in vitro has 

successfully combined the relative advantages of these two systems (Gahwiler, 1978, 

1981a and b, 1984, 1988; Llano et al., 1992). Slices cultured using this technique 'thin out' 

to a single cell layer thick in vitro and yet retain their topography. Despite these 

advantages the technique is difficult and has not been as widely used.

1.9.1. The morphological development o f  Purkinje cells grown in vitro

The morphological differentiation of Purkinje cells in vitro has been studied in 

slice and dissociated cultures of mouse cerebellum (Hendelman and Aggerwal, 1980; 

Blank and Seil, 1982; Weber and Schachner, 1984; Baptista et al., 1994). Purkinje cell 

development is remarkably similar in both in vitro environments and mimics the early 

stages of maturation in vivo. Within the first few days in vitro, Purkinje cells from 

embryonic, newborn or perinatal mice have elongated perikarya that are reminiscent of the 

fusiform cell in vivo. By the fourth day in vitro perisomatic processes emerge in all 

directions, signifying a transformation into the stellate cell phase. Retraction of these 

processes follows as thickened dendritic trunks develop. The dendrites subsequently give 

rise to branches and spines in vitro. Further maturation of the Purkinje cells is 

significantly altered in both dissociated and slice cultures and randomly orientated, 

multipolar dendritic trees develop. Spinogenesis of the dendrites is patchy and some 

authors report a complete absence of spiny branchlets (Hendelman and Aggerwal, 1980; 

Weber and Schachner, 1984). Somatic spines also persist on the fully developed Purkinje 

cells in some slice (Hendelman and Aggerwal, 1980;) and dissociated (Weber and 

Schachner, 1984) cerebellar cultures.

Electron microscopical analysis o f dissociated and slice cerebellar cultures has 

revealed both axo-dendritic and axo-somatic synapses with the Purkinje cells in vitro 

(Aggerwal and Hendelman, 1980; Blank and Seil, 1982; Weber and Schachner, 1984). 

Granule, basket and stellate cell-like synapses are present on the Purkinje cell dendrites, 

whilst the somata are partially enveloped in basket cell axon terminals. Aggerwal and 

Hendelman (1980) have also observed heterologous synapses between mossy fibre-like
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profiles and Purkinje cell dendritic spines, as well as naked spines (i.e. those that are not 

in synaptic contact) on the dendrites and somata of Purkinje cells in slice cultures. Parallel 

fibres are thought to form the heterologous synaptic connection with the Purkinje cell 

somatic spines in dissociated cultures (Weber and Schachner, 1984). The presence of 

abnormal Purkinje cell features in vitro  ̂ such as the persistence o f somatic spines and 

naked dendritic spines, varies. Blank and Seil (1982), who do not observe such features 

in cerebellar slice cultures from newborn mice, state that they may be a result o f retarded 

development in sub-optimal culture conditions.

The disorganised dendritic development of Purkinje cells in vitro resembles that 

in the agranular environment of X-irradiated rats and mutant mice (Sotelo, 1975; Mariani 

et al., 1977; Altman, 1982). Interestingly, Weber and Schachner (1984) have reported that 

dendritic development is greater in dissociated cultures maintained in serum-free media, 

in which the loss of small neurons is less prominent. Seil et al. (1991, 1992a and b) have 

analysed the development of slice cultures following exposure to the DNA synthesis 

inhibitor cytosine arabinoside. Granule cell, oligodendrocyte and astrocyte destruction is 

widespread in treated cultures and the Purkinje cell somata develop a scalloped appearance 

in response to the presence of numerous recurrent collateral terminals (Seil et al., 1991).

These collaterals also form the majority of synapses with the dendrites and persisting 

somatic spines of other Purkinje cells. The hyperinnervation of Purkinje cells by recurrent 

collaterals and the retention of the somatic spines does not occur in cultures treated with 

a cytosine arabinoside that spares the astrocyte population (Seil et al., 1992a). In addition, 

the exposure of cytosine arabinoside treated (astrocyte toxic) cultures to astrocyte 

conditioned media induces the proliferation of Purkinje cell dendritic spines (Seil et al.,

1992b). These observations suggest that normal astrocytic function is required for the 

formation of synaptic structures and connections.

The role of cell-cell interactions in the development of Purkinje cells has been 

investigated using reaggregate cultures o f purified cerebellar neurons (Baptista et al.,

1994). Cerebella from P4-5, newborn or E l9 mice were dissociated and the Purkinje cell, 

granule cell or astrocyte content purified and maintained in vitro. Purkinje cells were 

grown in isolation, on astrocyte monolayers, with pontine nuclei explants and in co-culture 

with purified granule cells.l Only in the last of these environments did the cultured Purkinje cells 

develop mature dendrites with spines in vitro. When isolated or in the presence o f pontine 

mossy fibres (an inappropriate afferent), Purkinje cell development did not extend beyond 

the stellate cell phase. Purkinje cells did develop long, highly branched perikaryal 

processes when cultured on astrocyte monolayers but these were vacuolated and failed to
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develop any spines. The Purkinje cells sprouted axons in all o f the culture conditions. 

Neuronal contact of any kind, either by granule cells or by the Purkinje cells themselves 

improved the survival of Purkinje cells in vitro. The authors conclude that unlike the early 

stages of dendritic (and axonal) development, the final maturation o f Purkinje cell 

dendrites is dependent on cell-cell interactions, provided in large part by the granule cell 

and not astrocytes.

1.9.2. The functional development o f  Purkinje cells grown in vitro

Dissociated Purkinje cells express many of the electrical and chemical properties 

in vitro that underlie the cells activity in vivo (Gruol, 1983). The response patterns elicited 

from Purkinje cells in culture change during development as the mechanisms required for 

complex activity are expressed (Gruol and Franklin, 1987). Sensitivity to transmitters and 

the ability to endogenously generate simple spikes are expressed early in development, 

prior to any obvious dendritic growth. Having reached a state of maturity in vitro, 

Purkinje cells will respond to both excitatory and inhibitory neurotransmitters with active 

voltage-sensitive ionic mechanisms, and are able to generate both simple and complex 

spikes (Gruol and Crimi, 1988). Dissociated Purkinje cells grown in vitro express multiple 

receptor subtypes that elicit both ionotropic and metabotropic components to excitatory 

amino acid (EAA) excitation (Franklin and Gruol, 1991; Yool et al., 1992). Despite the 

lack of organotypic organisation in dissociated cultures, typical in v/vo-like synapses 

occur. Hirano et al. (1986) have demonstrated monosynaptic connections between 

dissociated granule and Purkinje cells grown in culture. The activation o f Purkinje cells 

by parallel fibres in these cultures was mediated via non-N-methyl-D-aspartate 

(non-NMDA) glutamate receptor-channels in the Purkinje cell (Hirano and Hagiwara, 

1988). In contrast, Hockberger et al. (1989) and Cull-Candy and Usowicz (1989b) have 

reported NMDA-induced responses in Purkinje cells and "large cerebellar neurones" 

respectively in dissociated embryonic tissue grown in vitro.

Electrophysiological responses have also been recorded from slice cultures. Both 

excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs) can be evoked in 

Purkinje cells in cerebellar slices maintained in vitro (Kapoor et al., 1988). The EPSP 

responses recorded by these authors had the same time course as those evoked from 

parallel fibre stimulation in vivo (see Crepel and Delhaye-Bouchaud, 1978), confirming 

the functional nature of parallel fibre-Purkinje cell dendritic spine contacts seen in the
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electron microscope by Jaeger et al. (1988). Successful blockade o f the IPSPs by 

picrotoxin identified GABA as the neurotransmitter (Kapoor et al., 1988). In an 

investigation of the response of Purkinje cells in slice cultures to EAA application, 

Audinat et al. (1990) recorded activation exclusively through non-NMDA receptors. 

Application of glutamate, aspartate and homocysteate all produced inward currents that 

were unaffected by the addition of a selective NMDA antagonist. In contrast, deep 

cerebellar nuclei neurons were responsive to NMDA. Llano et al. (1988) also report the 

failure of Purkinje cells grown in roller-tube slice cultures to respond to NMDA.

The contradictory responses of Purkinje cells grown in vitro to NMDA may reflect 

the stage of maturation of the cells when recorded. Many recordings were taken from 

newborn tissue grown for well over 10 days in vitro, at which, if  development closely 

matches that in vivo, NMDA sensitivity is beginning to decrease (see Dupont et al., 1987; 

Garthwaite et al., 1987; Krupa and Crepel, 1990). Alternatively, the differences may 

reflect adaptations to the in vitro environment or an incorrect identification of cell types.

1.9.3. Co-cultures with extra-cerebellar afferents

The co-culture of remote areas of the CNS that form connections in vivo provides 

an alternative approach to studying the cellular properties o f the projection. The co-culture 

of cerebellar and inferior olivary slices has been most notably advanced using the 

roller-tube technique (Gahwiler, 1978). Fibres regenerated by the inferior olive slice in 

vitro grow towards and into neighbouring cerebellar slices. Morphological analysis o f the 

in-growing fibres reveals that they terminate within clusters of Purkinje cells and have 

spindle-like swellings along their course (Knopfel et al., 1990a), features reminiscent of 

climbing fibres in vivo. Following stimulation of the olivary tissue, the same authors have 

recorded all-or-nothing complex spikes generated by Purkinje cells. These closely 

resembled climbing fibre responses in vivo and were completely abolished by application 

of the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2-3-dione (CNQX); 

complex spikes were evoked in Purkinje cells in the presence of CNQX by depolarizing 

current injections (Knopfel et al., 1990a). Microfluorimetric measurements of cytosolic 

free calcium [Câ ]̂j in the Purkinje cells have revealed that the evoked complex spike is 

accompanied by a transient rise in [Câ ]̂j (Knopfel et al., 1990b). Complete abolition of 

the synaptically driven Câ  ̂ transient occurred in the presence of CNQX, whilst those 

evoked by current injections were unaffected. These observations indicate that climbing
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fibre stimulation evokes responses in Purkinje cells that are generated by voltage-gated 

Câ  ̂ channels activated by CNQX-sensitive synaptic depolarization.

In a further electrophysiological analysis o f the climbing fibre innervation of 

Purkinje cells in roller-tube co-cultures, Mariani et al. (1991) have generated both 

all-or-nothing complex spikes and step-wise increases in voltage responses in Purkinje 

cells to graded stimulation of the inferior olive. The latter response is similar to that 

obtained in Purkinje cells of the young postnatal rat (Crepel et al., 1976) and suggests that 

some of the Purkinje cells in vitro are innervated by more than one inferior olivary 

neuron.

The successful establishment of synaptic connections between inferior olivary 

slices and dissociated Purkinje cells in vitro has been demonstrated by Hirano (1990, 

1991). These synapses elicited a far more potent postsynaptic effect than those involving 

granule cells and were mainly generated by non-NMDA excitatory amino acid (EAA) 

receptors.

1.9.4. Mutant cerebellar cultures -in vitro analysis o f  the w eaver mutation

Tissue culture approaches have not been widely applied to the investigation of 

cerebellar mutant disorders. One exception, that has produced invaluable results, is the 

weaver mutation. Hatten et al. (1984) have shown that the weaver defects associated with 

granule cell survival and specific association with astroglial cells in vivo (see Rakic and 

Sidman, 1973a and b) also occur in dissociated mutant cerebellar cells grown in vitro. 

Whereas granule cell numbers are only slightly reduced in dissociated cerebellar cultures 

of weaver heterozygotes (+/wv) (compared to wild-type cultures), few if any homozygous 

weaver (wv/wv) granule cells survive in vitro. Glial cells are also predominantly normal 

in cultures of the heterozygous mutant, although some do have thickened processes and 

enlarged terminal "endfeet". Normal granule cell-glia interactions are entirely absent in 

homozygous weaver cultures and the Bergmann glia and astrocytes have enlarged somata 

and stunted processes (Hatten et al., 1984).

Whether the homozygous weaver gene induces the defects in the astroglia directly 

or as a result of the granule cell loss in vitro has been investigated using co-culture 

mixtures of purified wild-type and mutant neurons and glia (Hatten et al., 1986). When 

co-cultured with wild-type astroglia, homozygous weaver granule cells failed to form 

normal neuron-glia contacts characteristic of migrating neurons. In addition, the wild-type
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astroglia developed enlarged somata and swollen "endfeet" in vitro when grown in the 

presence of the mutant granule cells. Neuron-glia interactions that occur during normal 

granule cell migration in vivo were present in wild-type granule cell-homozygous weaver 

astroglia co-cultures. In this situation, the weaver astroglia also had a more normal, less 

stunted morphology. These observations are in agreement with the heterozygous weaver 

chimera data of Goldowitz and Mullen (1982), in identifying the granule cell as the 

primary target of the weaver gene.

The autonomy of expression o f the weaver gene has been ingeniously examined 

by Gao et al. (1992) using similar reagregated co-cultures of EGL precursor cells. By 

growing homozygous weaver granule cell precursors with similar cells from wild-type 

mice in vitro, these authors successfully induced neuronal differentiation in the mutant 

cells that matched that of homotypic wild-type cell cultures. Co-cultured weaver precursor 

cells expressed the neuronal markers TAG-1 and astrotactin, extended neurites equivalent 

in length to wild-type cells and migrated along astroglial fibres in vitro, none of which 

occurred in the homotypic weaver cultures. Neurite outgrowth was also rescued in weaver 

precursor cells by the addition of wild-type EGL cell membranes but not by wild-type 

EGL conditioned medium. These observations suggest that the weaver gene encodes a 

membrane associated ligand that induces aberrant differentiation in the EGL neurons.

It should be noted that the rescue of homozygous weaver granule cells has also 

been achieved in vivo. Implantation of mutant EGL into the cerebellum of early postnatal 

wild-type mice induces normal differentiation in the weaver cells (Gao and Hatten, 1993). 

Wild-type granule cell precursors are therefore able to induce normal differentiation in 

homozygous weaver cells in vitro and following implantation in vivo, but not in chimeras 

(Goldowitz and Mullen, 1982; Goldowitz, 1989). Gao and Hatten (1993) speculate that 

this is due to the limited contact between wild-type and weaver cells within the chimera. 

Indeed, the induction of normal differentiation o f homozygous weaver granule cells in 

vitro is dose-dependent on the ratio of wild-type to mutant cells (Gao et al., 1992).

1.10. Aims

This thesis examines the role o f the neuronal environment in the development of 

the cerebellar Purkinje cells in wild-type and Lurcher mutant mice. In this study tissue 

culture techniques have been employed to manipulate the cellular environment of the 

developing Purkinje cell. The data presented in this thesis demonstrates that Purkinje cells
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from the Lurcher mutant mouse will survive long-term in culture and suggests that the 

degeneration of the Lurcher Purkinje cell in vivo is non-autonomous. A hypothesis has 

been put forward to explain the survival of Lurcher Purkinje cells in vitro in the light of 

previous analysis of the Lurcher mutation. Experiments have been performed, both in vitro 

and in the intact animal, to explore this hypothesis.

A substantial body of data has been collected during this thesis on the normal 

development of Purkinje cells in the wild-type mouse. This data, that primarily stands as 

a control study, also provides a number of interesting points in its own right.
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Chapter 2 

Materials and Methods

2.1. Animals

The wild-type (+/+) mice used in this study were o f the C3H strain o f inbred mice. 

The Lurcher gene (Lc) is a dominant murine mutation and Lurcher mutant mice were 

obtained by breeding +/+ females with heterozygous Lurcher (+/Lc) males (C3H 

background). Heterozygous Lurcher (+/Lc) mutant mice develop ataxia during the second 

to third postnatal week. The +/Lc mice were identified prior to the obvious phenotypic 

behaviour by coat colour. The Lc gene is closely linked to the gene micropthalmia and 

white coat colour (Mi"̂ )̂, with a 10% frequency of cross-over. The +/Lc mice have a 

lighter brown coat colour than their +/+ littermates. The use of coat colour as a marker 

was sufficient for all young animals used, since early postnatal +/Lc littermates have a 

noticeably lighter colouring by postnatal day 2 (P2).

2.2. Cerebellar slice cultures

Two days postnatal (P2) +/+ and +/Lc mice were killed by decapitation and the

cerebellum, along with the brain stem, mid-brain and caudal regions of the cerebral

hemispheres were removed and sectioned into 300pm sagittal slices using a Sorval tissue

chopper. Fifty animals of each genotype were used for these experiments and an average

! of 8 slices (each approximately 4 mm  ̂ in area) were obtained from each cerebellum. The

slices were then transferred to a Petri dish on ice containing Geys BSS with extra glucose

(0.6%) and 20mg/l gentamycin. The slices were separated, the cerebellar tissue detached

at the proximal base of the peduncle and the dura removed. The cerebellar slices were left

in a Petri dish of fresh Geys BSS (0.6% glucose and 20mg/l gentamycin) at 4°C. After

1 hour the slices were transferred using wide bore Pasteur pipettes to collagen coated

(5 pg/cm^) Millicell-CM (0.4 pm pore, 30 mm diameter) culture plate inserts within

60 mm diameter Petri dishes. Wild-type and +/Lc slices were grown both separately and

within the same insert. In these 'mixed' inserts one +/+ slice was placed adjacent to one

+/Lc slice. Six slices were placed on each insert. The fine positioning of the slices on the

insert was achieved by manipulating the fluid transferred with the slices using a Gilson

pipette. Two and a half millilitres (2.5 ml) of culture medium was added to each Petri
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dish. The culture medium consisted of 50% Minimum Essential Medium-Eagle (GIBCO), 

25% Hanks salt solution (Sigma) and 25% horse serum (GIBCO), supplemented with 

2 mM glutamine (Sigma), 15 mM KCl, 2x10 ® M progesterone (Sigma), 10 " M putrescine 

(Sigma), 3x10 ® M sodium selenate (Sigma), 10 pg/ml of human transferrin (Sigma), 

10 pg/ml insulin (Sigma), and glucose to give a final concentration of 0.6% glucose.

In some experiments the above medium was replaced with a serum-free medium 

after one day in culture. The serum-free medium consisted of F 12-Ham nutrient mixture 

supplemented with 2 mM glutamine, 15 mM KCl, and glucose to give a final 

concentration of 0.6% glucose.

The cultures were maintained in a Heraeus incubator at 36°C in 5% CO2 in air, fed 

twice weekly and inspected using phase contrast microscopy.

2.2.1. Cerebellar slices cultured in medium containing N-methyl D-aspartate

Cerebellar slices were prepared from P2 +/+ and +/Lc mice as described above 

(section 2.2.). A total of twenty animals of each genotype were used for these 

experiments. The slices were grown on collagen coated (5 pg/cm^) Millicell-CM (0.4 pm 

pore, 30 mm diameter) culture plate inserts within 60 mm Petri dishes in medium 

containing N-methyl D-aspartate (NMDA, Tocris Cookson). NMDA was added to the 

culture medium at concentrations of 1 to 150 pM, either throughout the culture period 

(chronic), or for 24 hours after 7 days in vitro (acute). The medium was identical to that 

listed above (section 2.2.). Slices were also grown in medium containing 100 pM NMDA 

plus either 20 pM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, Tocris Cookson), or 

40 pM D-2-amino-5-phosphonopentanoic acid (D-APV, Tocris Cookson) as controls. The 

final concentration of NMDA, CNQX or D-APV was obtained by a minimum of a 1 in 

1000 dilution of a stock solution. NMDA and D-APV were dissolved in distilled water in 

the stock solutions, CNQX was dissolved in 100% dimethylsulphoxide (DMSO). The 

medium in all the control experiments was therefore made to a final concentration of 0.1% 

DMSO. Cerebellar slices were also grown in medium containing 0.1% DMSO only, and 

in medium containing 0.1% DMSO and 100 pM NMDA. In some cultures, including 

some controls, 2x10'^ M of the DNA synthesis inhibitor cytosine arabinoside was also 

added to the culture medium for the first 7 days in vitro.

The cultures were maintained in a Heraeus incubator at 36°C in 5% CO2 in air, fed 

twice weekly and inspected using phase contrast microscopy.
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2.3. Cerebellar and inferior olivary slice co-cultures

Eighteen animals of each genotype were used for these experiments. Cerebellar 

slices were prepared from P2 +/+ and +/Lc mice as described above (section 2.2.). For the 

preparation of inferior olivary slices, P2 +/+ and +/Lc mice were killed by decapitation 

and the brain stem, cerebellum, mid-brain and caudal regions o f the cerebral hemispheres 

were removed and sectioned into 300pm coronal slices using a Sorval tissue chopper. The 

slices were then transferred to a separate Petri dish o f Geys BSS (0.6% glucose and 

20 mg/1 gentamycin). The coronal slices were separated and the inferior olive excised 

from the ventral surface of slices in which the olive was visible under trans-illumination 

(Zeiss dissecting microscope). No more than 3 slices contained inferior olive. The inferior 

olivary and cerebellar slices were then left in separate Petri dishes o f fresh Geys BSS 

(0.6% glucose and 20 mg/1 gentamycin) at 4°C for 1 hour. The slices were then 

transferred to collagen coated (5 pg/cm^) Millicell-CM (0.4 pm pore, 30 mm diameter) 

culture plate inserts within 60 mm diameter Petri dishes using wide bore Pasteur pipettes. 

One inferior olivary slice was placed adjacent to one cerebellar slice. Six slices were 

placed on each insert. The fine positioning of the slices on the insert was achieved by 

manipulating the fluid transferred with the slices using a Gilson pipette. Two and a half 

millilitres (2.5 ml) of culture medium was added to each Petri dish. The medium was 

identical to that described in section 2.2.

The co-cultures were maintained in a Heraeus incubator at 36°C in 5% COj in air, 

fed twice weekly and inspected using phase contrast microscopy.

2.2.1. Labelling o f  the inferior olivary tissue

The lipid soluble dye 1, l-didodecyl-3, 3, 3', 3'-tetramethylindocarbocyanine 

perchlorate (D iloj) was used to trace any axonal growth from the inferior olivary tissue 

in culture. After fixation in 4% paraformaldehyde for calbindin-D immunocytochemistry 

(see section 2.6.1), a crystal o f Dil^^ (Molecular Probes) was placed on the inferior 

olivary tissue using a fine glass capillary. The co-cultures were then stored in a 1% 

solution of paraformaldehyde in 0.1 M phosphate buffer (PB) (pH7.4) for 4-6 weeks in 

a dark, moist environment at 4°C. The incorporated D ilc j was then excited (515-560 nm) 

by light from a mercury lamp filtered through a rhodamine filter block and the 

fluorescence (>580 nm) observed on an inverted Leitz Fluovert microscope. Photographs
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were taken using AGFA Pan AP400 35 mm film upgraded to 1600 ASA during exposure 

and processing.

2.4. Dissociated cerebellar cultures

Dissociated cerebellar cultures were established from a total of 20 +/+ and 16 +/Lc 

mice. The animals were killed at P2 by decapitation and the caudal regions of the cerebral 

hemispheres, the cerebellum and brain stem exposed. The whole cerebellum was removed 

from each animal with fine forceps and transferred to a microcentrifuge tube o f Geys BSS 

(0.6% glucose and 20 mg/1 gentamycin) on ice. The intact cerebella were minced with 

springbow scissors and left in fresh Geys BSS (0.6% glucose and 20 mg/1 gentamycin) 

at 4°C for 30 minutes. The tissue was then washed in Dulbecco’s Câ  ̂ free phosphate 

buffered saline (PBS) with extra glucose (20 mM) and incubated in 0.5 mg/ml bovine 

pancreas trypsin 1:250 (Serva) in PBS with 0.5 mM Mg^^and extra glucose (20 mM) for 

10 minutes at 37°C. The tissue was then washed in Hanks salt solution (Sigma) and 

triturated with flamed Pasteur pipettes o f decreasing bore in medium containing 0.05% 

deoxyribonuclease I (Sigma). The medium consisted of 50% Minimum Essential 

Medium-Eagle (GIBCO), 25% Hanks salt solution (Sigma) and 25% horse serum 

(GIBCO), supplemented with 2 mM glutamine (Sigma), 15 mM KCl, 2x10** M 

progesterone (Sigma), 10*" M putrescine (Sigma), 3x10'* M sodium selenate (Sigma), 

10'̂  M insulin-like growth factor I (Boehringer Mannhein), 10 pg/ml of human transferrin 

(Sigma), and glucose to give a final concentration of 0.6% glucose. The dissociated tissue 

was then washed and plated-out in fresh medium on collagen coated (5 pg/cm^) 

Millicell-CM (0.4 pm pore, 30 mm diameter) culture plate inserts within 60 mm diameter 

Petri dishes. Each cerebellum was suspended in 0.25 ml o f medium (a density of «10* 

Purkinje cells/ml) and 0.125 ml of the cell suspension was plated-out on a single 

Millicell-CM insert. Two and a half millilitres (2.5 ml) of culture medium was added to 

each Petri dish and the tissue left to settle overnight. A small amount o f medium 

(<0.5 ml) was then added within the insert. This was replaced with fresh medium twice 

weekly, whilst the medium within the Petri dish was replaced once a week.

The cultures were maintained in a Heraeus incubator at 36°C in 5% COj in air and 

inspected using phase contrast microscopy.

See appendix 1 for alternative dissociation methods tested.
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2.5. Dissociated cerebeliar and inferior olivary slice co-cultures

A total of 20 4-/4- and 24 4-/Lc mice were used in these experiments. Inferior 

olivary slices and dissociated cerebellar tissue were prepared as described in sections 2.3. 

and 2.4 respectively. Freshly prepared inferior olivary slices were incubated in 40pg/ml 

of 1, l'-didodecyl-3, 3, 3', 3'-tetramethylindocarbocyanine perchlorate (011^2, Molecular 

Probes) in culture medium for 30 minutes at 36°C in 5% COj in air. The slices were then 

washed in fresh medium before plating. The medium was identical to that described in 

section 2.4. The inferior olivary and cerebellar tissue were transferred to collagen coated 

(5 |ig/cm^) Millicell-CM (0.4 pm pore, 30 mm diameter) culture plate inserts within 

60 mm diameter Petri dishes using wide bore Pasteur pipettes. Three inferior olivary slices 

were placed on each insert, followed by 0.125 ml o f the cerebellar cell suspension (each 

cerebellum was suspended in 0.25 ml of medium, i.e. a density of «10^Purkinje cells/ml).

Two and a half millilitres (2.5 m) of culture medium was added to each Petri dish 

and the tissue left to settle overnight. The medium was replaced as described in 

section 2.4.

The co-cultures were maintained in a Heraeus incubator at 36°C in 5% CO2 in air, 

fed twice weekly and inspected using phase contrast microscopy.

The development of the inferior olivary tissue in culture was monitored and 

recorded by excitation of the incorporated D ild2 (see section 2.3.1).

2.6. Immunocytochemistry

2.6.1. Fixation

Unless otherwise stated, 4-/4- and 4-/Lc mice were deeply anaesthetized by 

intraperitoneal injection of 0.1 ml/lOg body weight of pentobarbitone sodium (6 mg/ml) 

and transcardially perfused with a solution of 4% paraformaldehyde in 0.1 M PB (pH7.4) 

for 15 to 20 minutes. The mice were then decapitated, the whole brain dissected out and 

placed in a fresh solution of 4% paraformaldehyde in 0.1 M PB (pH7.4) at 4°C for a 

further hour. The tissue was then transferred to a cryoprotectant solution of 10% 

polyvinylpyrrolidone (PVP), 6% sucrose in 0.1 M PB (pH7.4) at 4°C for 24-36 hours.

For sectioning, the rostral portions of the cerebral cortex and the caudal regions 

of the brain stem were discarded and the tissue freeze-mounted in O C T  compound
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(Tissue-tek) on an aluminum block in liquid nitrogen. Sagittal or coronal sections 

(20-60 )im thick) were cut on a cryostat and processed either free-floating or on slides 

subbed in a solution of 0.5% gelatin, 0.05% chromic potassium sulphate.

Unless otherwise stated, all culture inserts and attached explants were washed in 

Hanks salt solution (Sigma) and fixed for 1 hour in 4% paraformaldehyde in 0.1 M PB 

(pH7.4). The explants were then excised and incubated in antisera free-floating.

2.6.2. Calbindin-D immunolabelling fo r  all tissues

The tissue was washed in 0.01% Triton X-100 in 20 mM Tris buffered saline 

(pH7.4) and incubated serially with; 4% normal horse serum (blocking serum) for 20 

minutes; a 1 in 400 solution of mouse monoclonal anti-calbindin-D antiserum (Sigma) in 

0.2% Triton X-100 in 20 mM Tris buffered saline (pH7.4) at 4°C overnight; biotinylated 

rabbit anti-mouse anti serum (1:200 dilution) for 1 hour; and avidin-biotin horseradish 

peroxidase complex (Vectastain) for 1 hour. Between each treatment the sections were 

washed with, and all antisera (unless otherwise stated) diluted in, 0.01% Triton X-100 in 

20 mM Tris buffered saline (pH7.4). For visualization the tissue was incubated in 60 mM 

Tris buffered saline (pH7.6) containing 0.07% diaminobenzidine (DAB), 0.2% 

(Sigma) for 2-10 minutes. Incubation produced a red-brown reaction product. In some of 

the data included the tissue was labelled directly with peroxidase conjugated rabbit 

anti-mouse IgG (DAKO, 1:100 dilution for 1 hour) following the primary antisera. No 

difference in labelling was observed and the results are presented as a whole.

In some cases the tissue was incubated with a 1 in 300 dilution of 

streptavidin-Texas Red conjugate (Calbiochem) in 0.01% Triton X-100 in 20 mM Tris 

buffered saline (pH7.4) for 1 hour following the biotinylated anti-mouse antisera.

Unless otherwise stated, all antisera incubations were at room temperature.

2.6.2. Parvalbumin immunolabelling fo r  all tissues

The only difference from the procedure described above (section 2.6.2.) was that 

the tissue was incubated in a 1 in 1000 dilution of mouse monoclonal anti-parvalbumin 

antiserum (Sigma) in 0.2% Triton X-100 in 20 mM Tris buffered saline (pH7.4) at 4°C 

overnight as the primary antisera.
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2.6.4. y-aminobutyric acid  (GABA) immunolabelling fo r  all tissues

Wild-type and +/Lc mice were deeply anaesthetized by intraperitoneal injection of 

0.1 ml/lOg body weight of pentobarbitone sodium (6 mg/ml) and transcardially perfused 

with a solution of 1% paraformaldehyde, 1% glutaraldehyde in 0.1 M PB (pH7.4), 

followed by 5% glutaraldehyde in 0.1 M PB (pH7.4). The mice were then decapitated, the 

whole brain dissected out and left in a fresh solution o f 5% glutaraldehyde in 0.1 M PB 

(pH7.4) at 4°C for a further hour. The tissue was then transferred to a solution of 10% 

PVP, 6% sucrose in 0.1 M PB (pH7.4) at 4°C for 24-36 hours, mounted and sectioned on 

a cryostat as described above (section 2.6.1.).

Culture inserts were washed in Hanks salt solution (Sigma) and fixed in a 5% 

solution of glutaraldehyde in 0.1 M PB (pH7.4) for 1 hour and incubated in the antisera 

free-floating.

The immunolabelling procedure was the same for anti-calbindin-D, except for the 

following: the tissue was incubated in a 1 in 300 solution of rabbit polyclonal anti-GABA 

antiserum (Sera-lab) in 0.2% Triton X-100 in 20 mM Tris buffered saline (pH7.4) 

overnight at 4°C, followed by a 1 in 200 solution of biotinylated goat anti-rabbit 

anti serum (Sigma) in 0.01% Triton X-100 in 20 mM Tris buffered saline (pH7.4) for 1 

hour at room temperature.

2.6.5. Neurofilament immunolabelling: co-cultures only

The procedure was identical to that described for calbindin-D 

immunocytochemistry (section 2.6.2.), except for the following: the tissue was incubated 

in a 1 in 200 solution of rabbit polyclonal anti-neurofilament 200 antiserum (Sigma) in 

0.2% Triton X-100 in 20 mM Tris buffered saline (pH7.4) at 4°C overnight, followed by 

a 1 in 200 solution of biotinylated goat anti-rabbit antiserum (Sigma) in 0.01% 

Triton X-100 in 20 mM Tris buffered saline (pH7.4) for 1 hour at room temperature.

2.6.6. Controls

For each of the immunocytochemical procedures described above, controls were 

simultaneously performed by omitting the primary antisera and incubating the tissue in
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0.2% Triton X-100 in 20 mM Tris buffered saline (pH7.4) instead. The rest of the 

procedure was identical.

2.6.1. M icroscopy

For light microscopy the tissue sections were dehydrated in an ascending series of 

alcohols and mounted under Permount, the cultures were mounted under glycerol in Tris 

buffered saline (pH7.4). Horseradish peroxidase labelled tissue was examined under a 

Leitz Orthoplan microscope and photographs taken on 35 mm Pan-X film (Kodak). 

Streptavidin-Texas Red labelled tissue was visualised under a Leitz Orthoplan or Fluovert 

inverted microscope. The Texas Red, often simultaneously with Dilcn in co-cultures (see 

sections 2.3.1. and 2.5.), was excited (515-560 nm) and fluorescence observed (>580 nm) 

by light from a mercury lamp filtered through a rhodamine filter block. Photographs were 

taken using AGFA Pan AP400 35 mm film upgraded to 1600 ASA during exposure and 

processing.

For electron microscopy the tissue was processed as described in section 2.7

below.

2.7. Electron microscopy

2.7.1. Fixation

Wild-type and +/Lc mice were deeply anaesthetized by intraperitoneal injection of 

0.1 ml/lOg body weight of pentobarbitone sodium (6 mg/ml) and transcardially perfused 

with a solution of 1% glutaraldehyde, 1% paraformaldehyde in 0.1 M PB (pH7.4), 

followed by 6% glutaraldehyde in 0.1 M PB (pH7.4) until fully fixed (approximately 15 

minutes). The whole brain was dissected out and placed in a fresh solution of 6% 

glutaraldehyde in 0.1 M PB (pH7.4) for a further hour. The intact brain was sagitally 

separated down the midline and the rostral portions of the cerebral hemispheres and caudal 

portions of the brain stem were discarded. The right cerebellar hemisphere and 

surrounding tissue were then sectioned sagitally with a razor blade, the left hemisphere 

coronally, all sections approximately 1 mm in thickness.

The culture inserts and attached explants were washed in Hanks salt solution 

(Sigma) and fixed in 6% glutaraldehyde in 0.1 M PB (pH7.4) for 1 hour.
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2 . 7. 2. Processing fo r  all tissues

Following primary fixation the tissue was washed four times in 0.1 M PB (pH7.4) 

and fixed in 2% osmium tetroxide (OsOJ in 0.1 M PB (pH7.4). The tissue was then 

washed in 0.1 M PB (pH7.4), followed by 0.1 M maleic acid (pH5.2), stained 'en bloc' 

with 2% uranyl acetate in 0.1 M maleic acid (pH5.2) and dehydrated in ascending 

concentrations o f ethyl alcohol. The dehydrated tissue was then washed in propylene oxide 

and infiltrated with an equal mixture of Epon 812 and propylene oxide (animal sections), 

or infiltrated with ascending concentrations o f Epon 812 in ethyl alcohol (explant 

cultures), before embedding in pure Epon 812. The embedded tissue was polymerised at 

60°C. The culture inserts were embedded intact, ensuring the membrane and explants 

remained flat. The explants were then excised and remounted on Epon blocks for 

sectioning.
One micrometre (1 pm) thick sections were cut with a glass knife using a Reichert 

ultramicrotome and stained with 1% toluidine blue in 1% borax. An area of the explant 
was selected under the light microscope and the block was trimmed to a trapezium 
(approximately 1 mm in width) around this area, the rest of the explant was excised and 
discarded. From this trapezium, 50 to 70 nanometre (50-70 nm) thick sections were cut 
with a diamond knife using a Reichert ultramicrotome. The sections were collected on 
copper or nickel mesh grids, stained in Reynolds (1963) lead citrate and examined in a 
Jeol 100-CX electron microscope. Photomicrographs were taken on Kodak 4489 cut film.

2.8. Quantitative analysis of Purkinje cell survival and morphology 

in culture

2.8.1. Purkinje cell counts

Cells that were immunostained for calbindin-D and had distinctive somatic and 

dendritic profiles were assumed to be Purkinje cells. The number of calbindin-D 

immunostained Purkinje cells was recorded in each cultured cerebellar explant. The area 

of each explant was calculated from camera lucida drawings (40X magnification) o f the 

perimeter o f the explant using a Reichert microscope and a Summagraphics tablet 

(Summagraphics Corp.) in conjunction with Bioquant system IV software (R&M 

Biometrics Inc.). The number of Purkinje cells was then expressed per mm  ̂ of explant. 

Purkinje cell counts were taken from explants grown for 10 to 20 days in vitro. The data 

was statistically analyzed on a Dell 466/ME computer with Microsoft Excel software
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using analysis of variance (ANOVA) of maximum equal sample sizes following random 

deletions, or an unpaired two-tailed student's t-test, .

2.8.2. Purkinje cell morphology

The following parameters were recorded from camera lucida drawings of 

calbindin-D immunostained Purkinje cells in +/+ and +/Lc cerebellar explant cultures: the 

diameter of the soma; the number of primary dendrites; the distance from the base of the 

primary dendrite to the furthest point of the dendritic tree; and the number o f branch 

points on the dendrites. Camera lucida drawings were taken at 3 12.5X magnification using 

a Leitz Otrthoplan microscope. The measurements were recorded from randomly sampled 

calbindin-D immunostained Purkinje cells in +/+ and +/Lc explants grown for 10 to 11, 

12 to 14, 15 to 20, or 21 to 25 days in vitro (n = 25 for each +/+ or +/Lc sample). The 

data was statistically analyzed using an unpaired two-tailed student's t-test on a Dell 

466/ME computer with Microsoft Excel software.

2.8.3. Image analysis

Images of calbindin-D immunostained Purkinje cells in +/+ and +/Lc cerebellar 

explants grown for 15 and 20 days in vitro were analyzed. Using a CCD colour video 

camera attached to a Reichert microscope, the Purkinje cell image was captured on a 

video graphics adapter card with a Dell 466/ME computer and processed using Visilog 

software (Noesis). The captured image of the soma and dendrites of the Purkinje cell was 

processed to a digital image. From this digital image the area in pm  ̂ was calculated 

(= 'whole cell area'). The image was then further processed: the somatic profile was erased 

and the dendritic profile 'thinned' to a line one pixel in width (termed a 'skeleton' image). 

The area (pm^) of this 'skeleton' image was then calculated. Once corrected for differences 

in the number of pixels in the x and y  plane, this value was found to be a good measure 

of the 'total dendritic length’ in pm in the 2-dimensional Purkinje cell image. 

Measurements were calculated from 42 +/+ and 60 +/Lc Purkinje cell images and 

analyzed statistically using an unpaired two-tailed student's t-test on a Dell 466/ME 

computer with Microsoft Excel software. Measurements o f 'whole cell area' and 'total 

dendritic length' were also calculated by hand from camera lucida drawings (500X 

magnification) of a sample of Purkinje cells drawn on graph paper using a Leitz Orthoplan
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microscope (n = 3). These measurements gave values of 'whole cell area' and 'total 

dendritic length' that were within 5% of those calculated by the image analysis program.

2.9. Lesioning the inferior olive

A technique similar to that used by Llinas et al. (1975) to lesion the inferior olive 

in adult rats was tested on P8 (5 +/+ and 4 +/Lc) and PIO (8 animals o f each genotype) 

mice. The mice were injected intraperitoneally with: 70 mg/kg body weight of

3-acetylpyridine (Sigma); followed by 15 mg/kg body weight o f harmaline (Sigma) 

2 hours later; and 300 mg/kg body weight of niacinamide (Sigma) after a further hour. 

Two +/+ and 2 +/Lc PIO mice were treated with a dose 35 mg/kg body weight of

3-acetylpyridine; the subsequent doses of harmaline and niacinamide were the same as 

above. The 3-acetylpyridine, harmaline and niacinamide were dissolved in saline. 

Intraperitoneal injections of saline only were administered to one littermate of each 

genotype as controls. All the mice injected on PIO were sacrificed at P21, those injected 

on P8 at P90. The brain stem and cerebellum were then removed and processed for 

immunocytochemical or electron microscopical analysis (see sections 2.6. and 2.7. 

respectively).

58



Chapter 3 

Light microscopical analysis of the Purkinje ceils of 
wiid-type and Lurcher cerebellar expiants grown in vitro

3.1. The identification of Purkinje ceils grown in vitro

Cerebellar explants from wild-type (+/+) and Lurcher (+/Lc) mutant mice were 

grown for up to 25 days in vitro. During this period the explants 'thin out' to 2-3 cell 

layers thick. This process is accompanied by a loss o f the characteristic laminated 

structure of the cerebellar cortex in vivo. The loss of this ordered topography makes the 

identification of Purkinje cells in toluidine-blue stained plastic sections of cultures 

difficult, whilst Golgi impregnation of slice cultures, successfully employed by others 

(eg. Caeser and Aertsen, 1991), only stains a small percentage of cells. Purkinje cells were 

therefore identified in cerebellar explant cultures by immunolabelling with mouse 

monoclonal antibodies to the vitamin D-dependent calcium binding protein calbindin-D 

(CaBP). Calbindin-D immunoreactivity is specific to Purkinje cells within the cerebellum 

and is present throughout the cell from early on in embryonic development (Legrand et 

al., 1983; Celio, 1990). The CaBP immunoreactivity o f the Purkinje cells of the +/Lc 

mutant is comparable to that of the +/+ mouse (Dumesnil-Bousez and Sotelo, 1992). 

Wassef et al. (1985) have reported a transient population o f calbindin-D immunonegative 

Purkinje cells in embryos o f the rat, mouse and chick. These became progressively CaBP 

immunoreactive during early postnatal development and all the Purkinje cells were 

immunolabelled by postnatal day 5 (P5). The possibility exists that not all the Purkinje 

cells are CaBP immunoreactive at the time the cerebellar explants are placed in culture 

(P2). Calbindin-D expression may also be altered in culture and the immunocytochemical 

procedure may not label all the Purkinje cells present in the explants. Calbindin-D 

immunolabelled explants embedded in plastic and sectioned 'end-on' indicate that the 

antiserum penetrates 30-40 jim in from both the membrane-attached and upper surfaces. The 

quantitative results presented in this chapter are therefore drawn from a sample of Purkinje 

cells that are labelled by CaBP immunocytochemistry. These cells are used to compare 

Purkinje cell morphology in +/+ and +/Lc cerebellar explants grown in vitro.

The likelihood of other large cerebellar neurons such as those of the deep
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cerebellar nuclei (DCN) being included in the data, either by developing altered 

calbindin-D expression in vitro or by background staining, isj small . Whilst cultured 

Purkinje cells never develop dendritic trees of the complexity seen in vivo, they do have 

a similar morphology. Furthermore, CaBP immunostaining of Purkinje cells in culture is 

particularly intense by comparison to the background. Purkinje cells o f either genotype 

were only included in the data presented below if they were both intensely CaBP 

immunostained and of the appropriate morphology. These strict criteria almost certainly 

mean that some poorly developed Purkinje cells have been omitted from the quantitative 

data, particularly in the case of explants maintained for relatively short periods in vitro.

3.2. Quantitative analysis of Purkinje cell survival in vitro

The number of calbindin-D immunostained Purkinje cells per mm  ̂ was recorded 

from +/Lc and +/+ cerebellar explant cultures using the criteria described in section 2.8.1. 

Explants were maintained for between 10 and 20 days in vitro (10-20 DIV) before 

processing for CaBP immunocytochemistry. Assuming that the time course of 

development of Purkinje cells in vitro is similar to that in vivo, 10-20 DIV would 

correspond to P12-P22 in the intact animal, during which time almost all o f the Purkinje 

cells degenerate in the Lurcher mutant mouse (Caddy and Biscoe, 1979). As the primary 

target of the Lurcher gene (Wetts and Herrup, 1982a), Purkinje cells in the +/Lc explants 

should exhibit signs of degeneration during this period in culture. Even allowing for a lag 

in development in vitro compared to that in vivo, the survival and morphology of Purkinje 

cells would be expected to differ in the +/+ and +/Lc explant cultures.

Table 1. Mean Purkinie cell numbers per mm^ expiant grown in vitro (10-20 DIVl.

Wild-type +/+ Lurcher +/Lc Wild-type & Lurcher +/+:+/Lc P-value

6.08±0.75 S.E. 6.04±0.52 S.E. 5.42±0.57 S.E. 0.70

Analysis o f  variance (ANOVA). For all three culture types n = 54. S.E. is the standard 

error of the mean.

The data from the quantitative analysis o f Purkinje cell survival in +/+ and +/Lc 

cerebellar explants grown for 10-20 DIV is shown in Table 1 above. Statistical analysis 

(ANOVA) of the data revealed that there was no significant difference in the number of
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CaBP immunostained Purkinje cells in cerebellar explants of the +/+ and +/Lc mutant 

mouse grown for 10-20 DIV (P=0.70). In addition, Purkinje cell survival was not 

significantly altered in co-cultures of +/+ and +/Lc cerebellar explants (+/+:+/Lc) grown 

for 10-20 DIV (P=0.70). The numbers of CaBP immunostained Purkinje cells did not vary 

greatly between explants processed for CaBP immunocytochemistry after different periods 

in culture, although the numbers were slightly higher in explants maintained for longer 

periods in vitro. This probably resulted from the omission of Purkinje cells with poorly 

developed dendrites from the counting procedure in explants fixed after shorter periods 

in vitro.] Purkinje cell numbers ranged from 10-200 per explant

3.3. The morphology of Purkinje cells grown in vitro

A few cerebellar explant cultures were processed for CaBP immunocytochemistry 

after 6 and 8 DIV (not shown). The irregular distribution of immunostained Purkinje cells 

in explants grown for 6 and 8 DIV reveals an early disruption of the topography o f the 

cerebellar cortex in culture. At 6 DIV numerous processes extend radially from the 

perikaryon of Purkinje cells in +/+ and +/Lc explants (the large number of perisomatic 

processes make the detection of somatic spines on the Purkinje cells impossible). The 

Purkinje cells lack any orientation and some of the processes project for up to 20-30 pm 

from the soma. Immunostained Purkinje cell axons are also evident and are as much as 

200 pm in length. At 8 DIV the number of perisomatic processes of the +/+ and +/Lc 

Purkinje cells is greatly reduced, the processes are thickened and extend for up to 

40-50 pm from the soma. A few Purkinje cells have developed a single primary dendrite 

but most are multipolar. The somatic profiles appear predominantly smooth.

Four parameters were used to quantitatively compare Purkinje cell morphology in

4-/4- and 4-/Lc cerebellar explants grown for 10-25 DIV: the diameter o f the soma; the 

number of primary dendrites; the distance from the base of the primary dendrite to the 

furthest point of the dendritic tree; and the number of branch points on the dendrites (see 

methods section 2.8.2.). For each of these parameters a mean value ± the standard error 

was recorded from 25 CaBP immunostained Purkinje cells. The data from the 4-/4- and

4-/Lc explant cultures were statistically compared using an unpaired two-tailed student's 

t-test. Only significant differences are indicated (i.e. p<0.05).
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10 and 11 days in vitro

Calbindin-D immunostained Purkinje cells are scattered throughout the cerebellar 

explants of +/+ (Fig. 4) and +/Lc (not shown) mutant mice grown for 10 and 11 DIV. 

Figure 4 is taken from a +/+ explant grown for 11 DIV. The Purkinje cells in the lower 

half o f the figure appear to be aligned in a lobular pattern (as seen in sagittal cerebellar 

sections), whilst those above have a clumped, irregular distribution. Areas of lobularly 

arranged Purkinje cells are present in some +/-I- and +/Lc cerebellar explant cultures 

processed for CaBP immunocytochemistry. However, the majority of immunostained 

Purkinje cells are irregularly distributed in the +/+ and +/Lc explants and there is little 

retention of the well organised topography of the cerebellar cortex in vivo. Despite the fact 

that some of the CaBP immunostained Purkinje cells are arranged in an in vivo-Vike 

pattern in the explant cultures, their dendrites project in all directions (see Fig. 4), 

indicating the absence of any continuous molecular layer.

?
V
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Figure 4. A wild-type explant processed for calbindin-D immunocytochemistry after 11 DIV. The 

immunostained Purkinje cells in the lower half of the figure have a lobular arrangement (dotted 

lines) that is similar to the topography in vivo. The axons of the Purkinje cells converge and project 

in one direction (arrows). Scale bar = 100 îm.
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The dendritic trees of the Purkinje cells in the +/+ and +/Lc cerebellar explants 

processed for CaBP immunocytochemistry after 10 and 11 DIV are poorly developed. 

Most of the CaBP immunostained Purkinje cells have multipolar dendritic trees and the 

number o f primary dendrites is 2.15 ± 0.3 in the +/+ and 2.15 ± 0.25 in the +/Lc explants. 

The somata of CaBP immunostained Purkinje cells vary in shape from the characteristic 

pear shape to a more circular profile. The diameter of the Purkinje cell somata is 

16.46 ±  0.91 pm in the +/+ explants and 16.15 ± 1.05 pm in the +/Lc explants. In 

general, the more primary dendrites that emerge from the soma, the more irregular the 

somatic outline is. The somata appear smooth with no visible sign o f the perisomatic 

spines that can be seen in the electron microscope (see chapter 4).

The morphology and geometry of the dendritic trees o f +/+ and +/Lc Purkinje cells 

varies in explants immunolabelled for CaBP after 10 and 11 DIV. Qualitative observations 

of the CaBP immunostained dendritic trees of +/+ and +/Lc Purkinje cells in culture 

indicates that they fail to match the complexity of Golgi-Cox stained Purkinje cells in 

P12-P13 mice (see Hendelman and Aggerwal, 1980). Quantitative analysis of the dendritic 

morphology of the CaBP immunostained Purkinje cells reveals a similar level of 

development in the +/+ and +/Lc explants grown for 10 and 11 DIV. The dendritic trees 

extend for 60.15 ± 3.36 pm from the soma in the +/+ explants and 61.08 ± 4.32 pm in 

the +/Lc explants, and the dendrites contain few branch points (10.15 ± 0.99 in the +/+ 

and 10.23 ±1.31 in the +/Lc cultures). These simple dendritic trees have a 'fuzzy' 

appearance that at higher magnification is resolved as spines on the branches. The primary 

dendritic shafts are generally smooth, although a few spines are occasionally present on 

the more proximal dendritic shafts. There is a wide variation in the distribution o f spines 

on the dendrites of immunolabelled Purkinje cells in culture, even within the same 

explant.

The axonal projections of Purkinje cells are extensive in both the +/+ and +/Lc 

explants immunolabelled for CaBP after 10 and 11 DIV. The immunostained Purkinje cell 

axons have a smooth outline and are approximately 1pm in diameter along the majority 

of their length. However, many Purkinje cell axons have numerous, intermittent swellings 

or varicosities. These varicosities are intensely immunostained and can reach 5 pm in 

diameter. Qualitative observations indicate that they occur in roughly equal frequency in 

the +/+ and +/Lc explants grown for 10 and 11 DIV, and are most prominent in areas of 

axonal branching. The axons of adjacent Purkinje cells often follow similar trajectories 

in culture (eg. Fig. 4) and frequently give rise to branches within the same area of the
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expiant. These areas of axonal branching could be populated with the target cells of the 

Purkinje cell axon, the DCN neurons.

12-14 davs in vitro

The CaBP immunostained Purkinje cells are irregularly distributed and their 

dendritic trees project in a variety of directions in +/+ (Fig. 5) and +/Lc (Fig. 6, 7, 8) 

cerebellar explants grown for 12-14 DIV. The immunostained Purkinje cells are 

predominantly multipolar and the number of primary dendrites is 2.12 ± 0.2 in the +/+ and 

2.16 ± 0.21 in the +/Lc explant cultures. The diameter of the Purkinje cell somata is 

similar in the +/+ (17.6 ± 0.63 pm) and +/Lc (17.12 ± 0.55 pm) explants. The dendritic 

trees o f the CaBP immunostained Purkinje cells are also of a similar size and complexity 

in the +/+ and +/Lc explants grown for 12-14 DIV, but are more developed than in 

cultures immunolabelled after 10 and 11 DIV. The dendritic trees extend for 

72.48 ± 2.41 pm and 69.56 ± 4.61 pm from the soma in the +/+ and +/Lc explants 

respectively, and contain a similar number of branch points (13.56 ± 1.15 in the +/+ and 

13.24 ±  0.83 in the +/Lc cultures). The CaBP immunostained axons of the +/+ and +/Lc 

Purkinje cells project for up to 1 mm from the soma in +/+ (Fig. 5) and +/Lc (Fig. 6) 

explants grown for 12-14 DIV. Again these axons often have convergent trajectories and 

common regions of branching within the explant (eg. Fig. 6). However, the length and 

number o f branches of the axons varies considerably (qualitative observations) and not all 

the CaBP immunolabelled Purkinje cells have visible axonal profiles (see Fig. 7). No 

quantitative assessment of the morphology of Purkinje cell axons in culture was 

undertaken.

A CaBP immunostained Purkinje cell in a +/+ explant grown for 13 DIV is shown 

in Figure 5. The dendritic and somatic morphology o f the immunostained Purkinje cell 

are different to that of Purkinje cells in vivo, but do illustrate many of the morphological 

features of both 4-/4- and +/Lc Purkinje cells in culture. The somatic profile of the 

multipolar cell is irregular as the perikaryon extends in the different directions of the four 

primary dendrites. Multipolar Purkinje cells of both genotypes have circular or oval 

somatic profiles in explants grown for 12-14 DIV, whereas the few unipolar Purkinje cells 

present have a pear shaped morphology. The immunostained cell shown in Figure 5 is one 

of the more developed Purkinje cells in explants processed for CaBP 

immunocytochemistry after 12-14 DIV, and yet the dendritic tree of this cell contains 

relatively few branch points when compared to cells in vivo (compare to Figure 3A in 

chapter 1). The outline of the more distal dendritic branches of the cell appear 'fuzzy' due

64



to the presence of spines that can be seen clearly at higher magnifications (not shown). 

The axon of the Purkinje cell, like the majority o f CaBP immunostained axons in culture, 

contains numerous varicosities (arrows) along its length. These varicosities are 

predominantly found on the branches of Purkinje cell axons in culture (as is the case in 

Fig. 5). In Figure 5, the Purkinje cell axon also has a collateral (open arrow) 100 pm or 

so from the soma that projects backwards, adjacent to its cell o f origin, and is similar to 

the recurrent collaterals of Purkinje cell axons in vivo. This type o f axonal growth was not 

frequently observed in CaBP immunolabelled explant cultures, but it is interesting to note 

that the 'recurrent Purkinje cell collateral' in Figure 5 also contains varicosities (arrow). 

It is possible that the Purkinje cell axonal varicosities could be presynaptic specialisations.

Figure 6 shows CaBP immunostained Purkinje cells in a Lurcher explant grown 

for the same period in vitro (13 DIV) as that in Figure 5. Again the strong CaBP 

immunostaining reveals the entire morphology of the Purkinje cells. The immunostained 

Purkinje cells are predominantly multipolar with more condensed dendritic trees than the 

+/+ Purkinje cell shown in Figure 5. However, the dendritic morphology of CaBP 

immunostained Purkinje cells varies greatly at 12-14 DIV and there was no significant 

difference in the extent of the dendritic trees or the number o f branch points on the 

dendrites of +/+ and +/Lc Purkinje cells. The convergent trajectories o f the +/Lc Purkinje 

cell axons in Figure 6 (star) indicates some retention of the axonal projection seen in vivo. 

The axons of the +/Lc Purkinje cells in Figure 6 project for up to 1 mm across the explant 

before terminating in a common area of the explant. At this point the smooth axons 

become heavily invested with varicosities (arrows). It is possible that the common 

destination of the axons may be populated with DCN neurons.

65



#  #

»
e

r

\  ■ S ' v ‘ • •
» .
\

f

Figure 5. A calbindin-D immunostained Purkinje cell in a wild-type explant grown for 13 DIV. The 

'recurrent collateral' (open arrow) and profuse axonal branching (star) are characteristic of Purkinje 

cell morphology in vivo, the numerous axonal varicosities (arrows) and multipolar dendritic tree are 

not. Scale bar = 100 pm.
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Figure 6. A Lurcher explant processed for calbindin-D immunocytochemistry after 13 DIV. The 

dendritic trees of the immunostained Purkinje cells are mostly multipolar. The axons converge (star) 

and contain numerous varicosities (arrows). Scale bar = 1 0 0  pm.
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The micrograph below (Fig. 7) is taken from a +/Lc expiant grown for 14 DIV and 

illustrates the variable dendritic morphology of Purkinje cells grown for 12-14 DIV. The 

dendritic trees of the CaBP immunostained +/Lc Purkinje cells shown in Figure 7 are 

more expansive than those shown in Figure 6 and in some cases extend for up to 100 pm 

from the soma. A number of the Purkinje cells shown in Figure 7 have the single primary 

dendrite and pear shaped somata characteristic of Purkinje cells in vivo.

I

Figure 7. Calbindin-D immunostained Purkinje cells in a Lurcher explant grown for 14 DIV. The 

cells are again predominantly multipolar but with more expansive dendritic trees than those shown 

in Figure 6. Scale bar = 100 pm.

Dendritic spines can be resolved at higher magnifications along the dendrites of 

+/+ (not shown) and +/Lc (Fig. 8) Purkinje cells immunostained for CaBP after 

12-14 DIV. Figure 8 is taken from a +/Lc explant grown for 14 DIV. In Figure 8A, the 

single primary dendrite of the Purkinje cell emerges from the soma at the opposite pole 

to the axon and bifurcates into two secondary branches that have a 'fuzzy' outline. The 

higher magnification micrograph of the right dendritic branch in Figure 8B shows 

numerous spines (arrows) along the dendrites. These slender protuberences with rounded 

endings extend for 1-2 pm from the dendrites and have the shape of Purkinje cell 

dendritic spines in vivo. The primary dendritic trunk and soma are smooth (not shown at 

higher magnification). Not all of the dendritic branches of the CaBP immunostained 

Purkinje cells in culture are covered with spines.
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Figure 8. A calbindin-D immunostained Purkinje cell in a Lurcher expiant grown for 14 DIV. (A) The 

whole cell showing the soma and bifurcating primary dendrite. (B) Higher magnification of the right 

dendritic branch. Spines are visible along the majority of the dendrites and some are indicated by 

arrows. Scale bars = 20 pm.

15-20 davs in vitro

There is a marked difference between the dendritic morphology of CaBP 

immunostained Purkinje cells in +/+ and +/Lc explants grown for 15-20 DIV (Fig. 9). 

Whereas the Purkinje cell dendritic trees extend further from the soma (82.48 ± 3.76 pm) 

and contain a greater number of branch points (18.32 ± 1.28) in the +/+ explants grown 

for 15-20 compared to 12-14 DIV, there is no evidence of any increased dendritic growth 

in the Purkinje cells o f the +/Lc explants. The dendritic trees of the Purkinje cells in the 

+/Lc explants immunolabelled for CaBP after 15-20 DIV extend for 65.24 ± 3.76 pm 

from the soma and contain 12.72 ± 0.45 branch points. Indeed, statistical analysis of the 

extent and number of branch points of the dendritic trees revealed a highly significant 

difference between the Purkinje cells in the +/+ and +/Lc explants grown for 15-20 DIV 

(p<0.01 for both parameters). The CaBP immunostained Purkinje cells are again mostly 

multipolar at 15-20 DIV (the number of primary dendrites is 2.08 ± 0 .18  in the +/+ 

explants and 1.76 ± 0.18 in the +/Lc explants) and spines are present on the majority of 

the dendritic branches (not quantified). The Purkinje cell somata appear smooth in cultures 

examined after 15-20 DIV and are 17.92 ± 0.57 pm and 17.12 ± 0.53 pm in diameter in 

the +/+ and +/Lc explants respectively.
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Figure 9. Calbindin-D immunostained Purkinje cells in explants grown for 20 DIV. (A) Wild-type 

explant. Note the small, distal swellings on the dendritic tree (arrows). (B) Lurcher explant. The 

sparse dendritic trees contain large, distal swellings (arrows) from which small branches radiate. 

Also note the numerous axonal varicosities (open arrows). Scale bars = 100 pm.
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Qualitative observations do not indicate any increase in the length and number of 

branches o f the Purkinje cell axons in explants grown for 15-20 compared to 12-14 DIV, 

nor is there any difference in Purkinje cell axonal morphology between the two genotypes. 

Varicosities are again present along the axons o f CaBP immunolabelled Purkinje cells in 

+/+ (not shown) and +/Lc (Fig. 9B) explants grown for 15-20 DIV.

The micrographs shown in Figure 9 are taken from a +/+ explant (panel A) and 

a +/Lc explant (panel B) processed for CaBP immunocytochemistry after 20 DIV. The 

dendritic trees o f the immunostained Purkinje cells are clearly more complex in the +/+ 

compared to the +/Lc explant. Swellings or varicosities are present on the more distal 

dendrites o f some of the CaBP immunostained Purkinje cells in 4-/4- and 4-/Lc explants 

grown for 20 DIV (Fig. 9). Indeed, all o f the 4-/Lc Purkinje cells shown in Figure 9B 

contain these unusual swellings on their dendrites (arrows), from which a number o f small 

dendritic branches radiate.

21-25 davs in vitro

Immunolabelled Purkinje cells are present in 4-/4- and 4-/Lc cerebellar explants 

processed for CaBP immunocytochemistry after 21-25 DIV (Fig. lOA and B). The CaBP 

immunostained Purkinje cells are again mostly multipolar and the number o f primary 

dendrites is 2.21 ± 0.21 in the 4-/4- explants and 1.86 ± 0.21 in the 4-/Lc explants. The 

dendritic trees of the 4-/4- Purkinje cells are larger and more complex than those in 

explants immunolabelled after 15-20 DIV. The dendritic trees extend for 92.5 ± 0.21 pm 

from the Purkinje cell soma in the 4-/4- explants and contain 21.07 ± 1.34 branch points. 

The dendritic trees of the 4-/Lc Purkinje cells grown for 21-25 DIV are o f a similar size 

and complexity to those immunostained after 12-14 and 15-20 DIV. The 4-/Lc Purkinje 

cell dendritic trees extend for 72.29± 0.21 pm from the soma and contain 13.29 ± 1.34 

branch points. Statistical analysis revealed a significant difference between the 

extent (p<0.05) and number of branch points (p<0.01) of the dendritic trees o f Purkinje 

cells in 4-/4- and 4-/Lc explants grown for 21-25 DIV. The diameter o f the Purkinje cell 

somata is 18.07 ± 0.43 pm in the 4-/4- and 17.14 ±  0.48 pm in the 4-/Lc explants. The 

length and number of branches of the 4-/4- and +/Lc Purkinje cell axons are again variable 

and the unusual varicosities are still frequently in evidence (see Fig. lOA and B).
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Figure 10. Calbindin-D immunostained Purkinje cells in expiants grown for 25 DIV. (A) Wild-type 

expiant. Most of the Purkinje cells are multipolar and show considerable divergence from the 

laminar organisation in vivo. (B) Lurcher explant. The immunostained Purkinje cells have extensive 

dendritic trees. Varicosities are present on the axons of Purkinje cells in both ex plants. 

Scale bars = 100 pm.
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The dendritic morphology of the +/+ and +/Lc Purkinje ceils varies greatly in 

cultures grown for 21-25 DIV. Indeed the dendritic trees o f the Purkinje cells in the +/Lc 

explant shown in Figure lOB are more expansive than those shown in the micrograph of 

the +/+ explant above (Fig. 10A). However, the +/Lc explants fixed after 20-25 DIV 

contained far more stunted CaBP immunoreactive Purkinje cells than the corresponding 

+/+ cultures. These stunted cells had poorly developed dendrites that projected for no 

more than 30-40 pm from the soma and contained only a few branch points (<10).

Figure 11. Calbindin-D immunostained Purkinje cells in a wild-type ex plant grown for 25 DIV. The 

expansive dendritic trees extend for over 150 pm from the soma. Large swellings (open arrows) are 

present on all the dendrites shown. Scale bar = 100 pm.

Dendritic swellings or varicosities are also present on some of the CaBP 

immunostained Purkinje cells in explants grown for 21-25 DIV. Examples of these can 

be seen in Figure 11 of a +/+ explant processed for CaBP immunocytochemistry after 

25 DIV. The swellings are indicated by open arrows and are present on all the Purkinje 

cell dendrites shown in Figure 11. They occur at the ends of the secondary or tertiary 

branches, as was the case in cells immunolabelled after 20 DIV (see Fig. 9). At 25 DIV 

the dendrites that emanate from the varicosities are much longer than those immunostained 

after 20 DIV (see Fig. 9). This suggests that the dendritic varicosities present at 20 and
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25 DIV probably arose at a comparable time period in vitro and the subsequent increase 

in length o f the emanating branches reflects further growth in culture. The dendritic trees 

of the Purkinje cells shown in Figure 11 are noticeably larger than those shown in Figure 

lOA and extend for more than 150 pm from the soma. The Purkinje cells in Figures IDA 

and 11 demonstrate the wide differences in the morphology of Purkinje cells o f the same 

genotype grown for 21-25 DIV.

3.4. Image analysis of the morphology of Purkinje cells grown 

in vitro

The quantitative analysis employed in section 3.3. revealed a significant difference 

between the dendritic morphology of the CaBP immunostained Purkinje cells in +/+ and 

+/Lc explants grown for 15-25 DIV: the dendritic trees o f the Purkinje cells in the +/Lc 

explants were more stunted and contained fewer branch points than those in the +/+ 

explants. Image analysis provides an alternative, quicker means o f assessing the 

morphology of large numbers o f CaBP immunostained Purkinje cells in +/+ and +/Lc 

cerebellar explant cultures. In particular image analysis can be used to estimate the total 

dendritic lengths o f the CaBP immunostained Purkinje cells, i.e. the total length of 

dendrite accessible to afferent input. These measurements are time-consuming when 

calculated by hand and cannot be accurately estimated from the data obtained in 

section 3.3. For instance Purkinje cells with dendritic trees that extend for a similar 

distance from the soma and contain a similar number of branch points may have different 

total dendritic lengths due to unequal lengths of the lateral dendritic branches. Two 

quantitative evaluations were employed using image analysis (see methods section 2.8.3.). 

A measure of the 'whole cell area' was calculated from a digital image o f the soma and 

dendrites o f a CaBP immunostained Purkinje cell. The image was then processed further 

by the production of a 'skeleton' image in which the somatic profile was erased and the 

dendrites 'thinned' to a line one pixel in width. The area of this 'skeleton' image gives the 

'total dendritic length' of the CaBP immunostained Purkinje cell. Images were captured, 

processed and analyzed from CaBP immunostained Purkinje cells in +/+ and +/Lc explants 

grown for 15 and 20 DIV. This period in culture corresponds to P17-P22 in the intact 

animal, during which time the vast majority o f the Purkinje cells in the Lurcher mutant 

mouse have either degenerated or show signs o f gross abnormalities (Caddy and Biscoe, 

1979).
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Figure 12. Proce^ed images from a calbindin-D immunostained Purkinje cell in a wild-type explant 

grown for 20 DIV. The images are of the Purkinje cell shown on the left in Figure 9A. (A) A 'whole 

cell' image of the dendrites and soma. (B) A 'skeleton' image of the dendritic tree. 

Scale bar = 25pm.

Figure 12 is an example of images captured and processed from a CaBP 

immunostained Purkinje cell in a +/+ explant grown for 20 DIV. Panel A is an example 

of a digital image of the soma and dendrites of a Purkinje cell from which the 'whole cell 

area' measurement was calculated. Panel B shows the 'skeleton' image of the dendrites 

from which the 'total dendritic length' was calculated. These images are of the Purkinje 

cell shown in Figure 9A (far left).

Table 2. Quantitative image analysis of the morphology of Purkinie cells grown in vitro 

(15 & 20 DIVl.

Wild-type +/+ Lurcher +/Lc P-value

Mean 'whole cell area' (pm^) 1885.48 
±133.08 S.E.

1391.00 
±72.40 S.E.

<0.01

Mean 'total dendritic length' (pm) 719.98 
±70.01 S.E.

457.98 
±36.72 S.E.

<0.01

Unpaired two-tailed student's t-test. For wild-type measurements n = 42, for Lurcher 

n = 60. S.E. is the standard error of the mean.

The data from the image analysis of CaBP immunostained Purkinje cells in +/+ 

and +/Lc cerebellar explants grown for 15 and 20 DIV is shown in Table 2. Statistical
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analysis (unpaired two-tailed student's t-test) o f the 'whole cell areas' (pm^) and 'total 

dendritic lengths' (pm) revealed a highly significant difference between the Purkinje cells 

in the +/+ and +/Lc explants (?<0.01 for both measurements). The 'whole cell area' and 

'total dendritic length' of the images of CaBP immunostained Purkinje cells in the +/Lc 

explants were significantly lower than those of the +/+ cells.

3.5. Cerebellar explants cultured in serum-free medium

Calbindin-D immunostained Purkinje cells are present in +/+ and +/Lc cerebellar 

explants grown for 8 (not shown) and 23 DIV (Fig. 13) in serum-free medium. In each 

case the normal medium (see methods section 2.2.) was replaced with a serum-free 

mixture (FI2-Ham nutrient mixture supplemented with 2 mM glutamine, 15 mM KCl, and 

glucose to give a final concentration of 0.6% glucose) after 1 DIV. Purkinje cell survival 

and morphology were not quantified in the +/+ and +/Lc cerebellar explants grown in 

serum-free medium, but qualitative observations do not indicate any differences between 

the two genotypes (8 and 23 DIV). The CaBP immunostained Purkinje cells in both the 

4-/4- and 4-/Lc explants grown in serum-free medium do appear under-developed when 

compared to those grown in serum-supplemented medium. The inferior growth in the 

explants cultured in the serum-free medium was most visible in the dendritic trees o f the 

Purkinje cells, which were shorter and contained fewer branches.
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Figure 13. Cerebellar explants grown in serum-free medium and processed for calbindin-D 

immunocytochemistry after 23 days in vitro. (A) Wild-type explant. (B) Lurcher explant. 

Scale bar = 1 0 0  pm.
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3.6. Summary

•Purkinje cells survived for up to 25 days when grown in wild-type and Lurcher cerebellar 

explants in vitro.

•No significant difference was observed between the numbers o f CaBP immunostained 

Purkinje cells in wild-type and Lurcher Purkinje cerebellar explants grown for 10 to 20 

days in vitro.

•Growing Lurcher cerebellar explants in association with cerebellar explants from the 

wild-type mouse did not affect Purkinje cell survival in vitro (10 to 20 days in vitro).

•Wild-type and Lurcher Purkinje cells differentiated in vitro but failed to match the 

complexity of the normal cell in vivo.

•The dendritic trees of calbindin-D immunostained Purkinje cells in Lurcher cerebellar 

explants were less expansive and contained fewer branch points than those in the 

wild-type explants grown for 15 to 25 days in vitro.

•Image analysis o f the calbindin-D immunostained Purkinje cells in wild-type and Lurcher 

cerebellar explants grown for 15 and 20 days in vitro revealed significantly lower 'whole 

cell areas' and 'total dendritic lengths' in the Lurcher cultures.

•Purkinje cells survived and differentiated in Lurcher and wild-type cerebellar explants 

grown in serum-free medium (8 and 23 days in vitro).
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Chapter 4 

Electron microscopical analysis of wild-type and Lurcher 
cerebellar explants grown in vitro

4.1. The identification of Purkinje ceiis grown in vitro

The purpose of this study was to compare the ultrastructure and synaptic 

investment of wild-type (+/+) and Lurcher (+/Lc) Purkinje cells grown in cerebellar 

explants in vitro. Cerebellar explants from postnatal day 2 (P2) +/+ and +/Lc mice were 

grown for between 10 and 25 days in vitro (10-25 DIV) before fixation and embedding 

for electron microscopy. Calbindin-D (CaBP) immunocytochemical labelling of explants 

grown for 10-25 DIV in chapter 3 revealed that the surviving Purkinje cells were scattered 

throughout the explant. Indeed; toluidine-blue stained plastic sections of cultured cerebellar 

explants do not contain any recognisable molecular, granule cell, or Purkinje cell layers, 

and the scattered Purkinje cells can only be identified in the light microscope by their 

large pear shaped soma, pale nucleus and prominent nucleolus.

In chapter 3 Purkinje cells were identified in +/+ and +/Lc cerebellar explant 

cultures by CaBP immunocytochemistry. Electron microscopical analysis o f CaBP 

immunolabelled explants reveals that the ultrastructure of the tissue is badly damaged by 

the immunolabelling (see Fig. 14). The reasons for this ultrastructural damage are 

two-fold: one, the use of the permeablising agent Triton X-100 to increase the

penetration of the antisera damages the membranes of treated cells (immunocytochemical 

labelling o f cultures without the addition o f 0.2% Triton X-100 to the primary antisera 

failed to label any Purkinje cells in either +/+ or +/Lc explants); and two, the binding of 

the CaBP antisera to the epitope requires relatively poor fixation in 4% 

paraformaldehyde.

The micrographs shown in Figure 14 are taken from +/Lc cerebellar explant 

cultures grown for 12 (panel A) and 9 DIV (panel B) before processing for CaBP 

immunocytochemistry and electron microscopy. Both micrographs illustrate the loss in 

tissue preservation. The electron-dense diaminobenzidine reaction product is present 

throughout the soma, primary dendrite (Fig. 14A) and distal dendrites (Fig. 14B) of the 

immunolabelled Purkinje cells. Although mitochondria are visible in the immunolabelled

79



Purkinje cell perikaryon (Fig. 14A), the majority of the cytoplasmic ultrastructure is 

obscured by the reaction product. The diaminobenzidine reaction product would therefore 

conceal any differences between the ultrastructure of +/+ and +/Lc Purkinje cells grown 

in vitro. In view of the loss of ultrastructure in both the immunoreactive and 

immunonegative structures in the CaBP immunolabelled explant cultures, 

immunocytochemistry was not used to identify Purkinje cells in the electron microscope. 

Instead, Purkinje cells were identified by their distinct morphological features.

i f
...

i C

Figure 14. Calbindin-D immunolabelled Lurcher explants processed for electron microscopy. (A) An 

explant grown for 12 DIV. The dark reaction product is present throughout the soma and primary 

dendrite of an immunostained Purkinje cell. (B) An explant grown for 9 DIV. Immunostained Purkinje 

cell dendrites. Scale bars = 5 pm.

The ultrastructure of the cerebellum of the mouse has been described by 

Larramendi (1969, 1970) and is similar in many respects to that of the rat (Palay and 

Chan-Palay, 1974). The work of these authors and others (see references therein) has 

established a number of morphological features which can be used to identify the neurites 

and somata of each of the cell types of the cerebellum in the electron microscope. When
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examined in the electron microscope, Purkinje cells have a large, pale nucleus with a 

prominent nucleolus. The nucleus is encircled by an array o f Golgi apparatus, 

mitochondria, lysosomes and Nissl bodies. The perikarya o f Purkinje cells also 

characteristically contain a "discontinuous (or irregularly fenestrated) cistema that lies 

about 600 Â beneath the plasma membrane and parallel with it" (Palay and Chan-Palay, 

1974), termed hypolemmal cistema. Purkinje cell dendrites are distinguishable by their 

large calibre, hypolemmal cistema, parallel alignment o f organelles, and their heavy 

investment of spines. The thin axons o f Purkinje cells are less distinct but can be 

identified by the cytoskeletal arrangement along their initial segments: the plasma 

membrane of the Purkinje cell axon is lined with a thick undercoating o f fasciculated 

microtubules. These ultrastructural features were used to identify Purkinje cell structures 

in thin sections of +/+ and +/Lc cerebellar explant cultures examined in the electron 

microscope.

Similarities between structures observed in this study with those observed in the 

normal cerebellum in vivo refer to the work of Larramendi (1969, 1970) and Pal ay and 

Chan-Palay (1974), unless otherwise stated. Any comparisons made with the Lurcher 

cerebellum in vivo refer to the work of Caddy and Biscoe (1979) and Dumesnil-Bousez 

and Sotelo (1992).

The following description o f +/+ and +/Lc Purkinje cell ultrastructure focuses on 

cerebellar explants grown for 10 and 15 DIV, although morphological details o f explants 

grown for longer periods in culture (20 and 25 DIV) are also included.

4.2. The ultrastructure and synaptic investment of Purkinje cells 

grown in vitro

The perikaryon and nucleus o f the cell shown in Figure 15 includes many of the 

ultrastructural features o f normal Purkinje cells in vivo, that are used throughout this study 

to identify the cell in culture. The abundant perikaryon o f the cell contains an array of 

mitochondria, Golgi apparatus (Go) and electron-dense lysosomes (Ly) that encircle the 

pale nucleus (Nuc). The cell also has two unusual ultrastructural features that are common 

in Purkinje cells in both +/+ and +/Lc explant cultures: the rough endoplasmic reticulum 

(ER) is disorganised with no Nissl structures and there is a peri somatic spine (star) which 

normally begin to disappear at the end of the first postnatal week in vivo (Larramendi and
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Victor, 1967). Figure 15 is taken from a +/+ explant grown for 10 DIV but similar 

Purkinje cell-like somata are present in the +/Lc cultures after 10 DIV.

'é
i

Figure 15. A wild-type explant grown for 10 DIV. The nucleus (Nuc) and perikaryon of a Purkinje 

cell. The nuclear chromatin is evenly distributed. The abundant Golgi apparatus (Go) and presence 

of lysosomes (Ly) are typical of the cytoplasm of Purkinje cells in vivo. The scattered distribution 

of the rough endoplasmic reticulum (ER) and lack of Nissl bodies are unusual, as is the persistence 

of a somatic spine (star). An adjacent basket cell axon (open star) is also indicated (far right). 

Scale bar = 1 pm.

Although there is no recognisable molecular layer in +/+ or +/Lc cerebellar explant 

cultures, areas of neuropil can be identified in toluidine-blue stained plastic sections of the 

cultures. In the light microscope, these areas are characterised by a low density of somata 

and numerous neurites that project in all directions. Electron microscopical examination 

of thin sections of neuropil reveals a variable, complex pattern of neurites of dendritic and 

axonal-like morphology that has little similarity to the uniform, geometric organisation of 

the cerebellar cortex in vivo. Some of these neurites are morphologically similar to the 

dendrites of Purkinje cells in vivo (Fig. 16).
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Figure 16. (A) A wild-type explant grown for 10 DIV. A Purkinje cell dendrite with characteristic 

spines (white arrows). The dendritic spines are not in synaptic contact, whereas a large neurite is 

in synapse with the shaft (black arrow). (B) A large Purkinje cell dendrite in a Lurcher explant grown 

for 10 DIV. Two types of synapse are present on the shaft. Two of the presynaptic profiles (stars) 

are morphologically similar to the axons of basket or stellate cells in vivo, the other (asterisk) 

contains an unusually high density of synaptic vesicles. Scale bars = 1 pm.
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Figure 17. Lurcher expiants grown for 15 DIV. (A) The nucleus and perikaryon of a Purkinje cell. 

The nucleolus (ncl) Is lying adjacent to the nuclear envelope. The somatic spines (asterisks) persist 

but do not have any synaptic contacts. Two basket cell axons (stars) lie adjacent to the Purkinje 

cell soma. A profile containing a dense core vesicle (white a ) forms a synapse directly with the 

soma (filled arrow). Alongside this presynaptic profile is a cross section of a Purkinje cell dendrite 

with characteristic microtubules (m) and hypolemmal cistema (open arrow). (B) The nucleus (Pc 

Nuc) and perikaryon of a Purkinje cell. A  basket cell axon (the boundary of which is delineated by a ) 

forms an extensive contact with the Purkinje cell soma. Two synaptic junctions (open arrows) occur 

along the axo-somatic contact. Within the basket cell axon's cytoplasm are a number of atypical 

dense core vesicles ( a ). Scale bars = 1 pm.
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Purkinje cell-like dendrites can be identified in +/+ (Fig. 16A) and +/Lc (Fig. 16B) 

explant cultures examined in the electron microscope after 10 DIV. The micrographs 

shown in Figure 16 illustrate many o f the features used to identify Purkinje cell dendrites 

in the cerebellar explant cultures. In the +/+ explant (Fig. 16A) the neurite has two 

prominent dendritic spines, structures that are abundant on the dendrites o f  Purkinje cells 

in vivo (Larramendi and Victor, 1967) and in culture (see chapter 3, section 3.3.). 

Although the longitudinal section o f the neurite in the +/Lc explant (Fig. 16B) does not 

contain any spines, its large calibre, parallel alignment o f mitochondria and microtubules, 

and occasional hypolemmal cistema identify it as a Purkinje cell dendrite. Synapses are 

present on both the +/+ and +/Lc Purkinje cell dendrites shown in Figure 16, and in each 

case occur on the shafts. The majority o f the synapses on the dendrites o f  Purkinje cells 

in culture are on the shafts and not the spines in explants processed for electron 

microscopy after 10 DIV. Two types o f presynaptic profile are in synapse with the +/Lc 

Purkinje cell dendrite (Fig. *16B). Two o f these presynaptic profiles contain pale, 

electron-lucent cytoplasm in which a few  spherical vesicles are concentrated at the short 

synaptic junction (stars). These are morphologically similar to the presynaptic profiles o f  

basket and stellate cell axons in vivo. The other presynaptic profile in Figure 16B contains 

an unusually high density o f spherical synaptic vesicles (asterisk), as does the profile in 

synapse with the +/+ Purkinje cell dendrite in Figure 16A (arrow). Profiles with high 

densities o f  spherical synaptic vesicles are present in both 4-/4- and 4-/Lc explant cultures 

examined in the electron microscope. The synaptic boutons o f  climbing fibres contain a 

high density o f spherical synaptic vesicles in vivo. However, climbing fibres form 

synapses with the spines o f Purkinje cells (Larramendi and Victor, 1967) and are unlikely 

to be present in the explant cultures, since the inferior olivary nuclei, the cells that give 

rise to the climbing fibres (see Armstrong, 1974; Desclin, 1974), are not included in these 

cultures. Hence, the presynaptic profiles with a high density o f spherical synaptic vesicles 

have an unknown source.

Purkinje cell-like somata are recognisable in 4-/4- (not shown) and 4-/Lc (Fig. 17) 

cerebellar explants examined in the electron microscope after 15 DIV. Both o f the 

micrographs shown in Figure 17 are taken from 4-/Lc explants but similar structures are 

present in the 4-/4- cultures. Figure 17A shows part o f the nucleus and perikaryon o f a 

Purkinje cell. The nucleus is characteristically pale with a prominent nucleolus (ncl). 

Adjacent to the nucleolus (to the right in Fig. 17A) is an associated chromatin mass. 

Chromatin masses are frequently found in association with the nucleoli o f Purkinje cells 

in vivo (Palay and Chan-Palay, 1974). The nucleus is encircled by mitochondria, and
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hypolemmal cistema punctuate the perikaryon. Unusually, somatic spines still persist 

(asterisks). A number of profiles are lying adjacent to the soma but none are in synaptic 

contact with the spines. Several of these profiles look like the terminals of basket cell 

axons in vivo (stars). In this section they do not show any pre- or postsynaptic densities 

at their junction with the Purkinje cell soma, although they do contain synaptic vesicles. 

The one profile that is in synaptic contact with the Purkinje cell soma is an unusual one 

that contains a dense core vesicle (white a ). These vesicles occur frequently in the +/+ 

(not shown) and +/Lc explant cultures, and can also be seen in Figure 17B. In this figure 

a basket cell axon is in synapse with the soma of a +/Lc Purkinje cell. A number of dense 

core vesicles are present amongst the more usual, spherical synaptic vesicles of the basket 

cell axon.

Figure 18. An area of neuropil in a Lurcher explant grown for 15 DIV, A Purkinje cell axon (Pax) 

forms a large symmetrical synapse with an unknown target (far left). Within the granular cytoplasm 

of the Purkinje cell axon is a polymorphic array of synaptic vesicles. A large presynaptic profile with 

closely packed, spherical vesicles is in synapse with the shaft, but not the adjacent spine (asterisk), 

of a Purkinje cell dendrite. Scale bar = 1 pm.

None of the somata identified as Purkinje cells in the electron microscope included 

an emerging axon in the section. Consequently the presence or absence of pinceau 

formations in culture, the plexus of basket cell axon terminals around the base of the 

Purkinje cell axon in vivo, could not be determined in the electron microscope. In 

addition, few of the neurites in the neuropil of +/+ and +/Lc explant cultures contained 

ultrastructural features similar to the axons of Purkinje cells in vivo. This is surprising 

considering the extensive axonal projections of immunostained Purkinje cells in explants 

processed for CaBP immunocytochemistry (chapter 3, section 3.3.). When examined in
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the electron microscope, the presynaptic profiles o f  Purkinje cell axons in vivo contain a 

pleomorphic population o f  vesicles that are often surrounded by a granular axoplasmic 

matrix o f  neurofilaments and microtubules. An example o f  this type o f  synapse can be 

seen in Figure 18 (Pax) taken from a +/Lc explant grown for 15 DIV. The presynaptic 

profile (Pax) contains an assortment o f elliptical and spherical vesicles that are aligned 

alongside a large symmetrical synaptic junction. It is almost certainly the axon o f a 

Purkinje cell in culture. However, few  synaptic profiles with this type o f morphology were 

seen in either +/+ or +/Lc explants examined in the electron microscope. The identity o f  

the profile postsynaptic to the Purkinje cell axon cannot be determined from the 

micrograph shown in Figure 18. Figure 18 also includes a number o f neurites with a high 

density o f spherical synaptic vesicles, one o f which is in synapse (arrows) with the shaft, 

but not the adjacent spine (asterisk), o f a Purkinje dendrite. The uniformly spherical 

morphology o f  these vesicles makes it unlikely that the pleomorphic array o f vesicles 

within the Purkinje cell axon (Pax) is due to a fixation artifact.

Structures with features similar to Purkinje cell dendrites in vivo are present in +/+ 

(Fig. 19) and +/Lc (Fig. 20) explants examined in the electron microscope after 15 DIV. 

Figure 19A is a micrograph o f two 4-/4- Purkinje cell dendrites (Pd) in cross section. The 

cytoplasm o f the dendritic shafts is filled with mitochondria, microtubules and 

hypolemmal cistema. Basket or stellate cell-like axons are in synapse with the

shafts o f both o f  the Purkinje cell dendrites (arrows). A spine (asterisk) protrudes from the 

shaft o f one o f the Purkinje cell dendrites in cross section. This spine is not in synaptic 

contact but another spine (white star), seen on the right o f  the figure, is. The small profile 

presynaptic to the spine contains only a few  spherical vesicles and is probably a granule 

cell parallel fibre. Parallel fibre-Purkinje cell dendritic spine synapses are present in 4-/4- 

(Fig. 19A) and 4-/Lc (Fig. 20B) cerebellar explant cultures. However, qualitative 

observations indicate that the frequency o f parallel fibre-Purkinje cell dendritic spine 

synapses in culture is markedly reduced when compared to the normal cerebellar cortex 

in vivo.

A spiny branchlet o f a 4-/4- Purkinje cell in culture is shown in Figure 19B. 

Numerous spines emerge from the branchlet (asterisk) but are not in synaptic contact. The 

spiny branchlet does bear two synapses directly upon its shaft. Both o f the neurites in 

synapse with the spiny branchlet (open and filled stars) are morphologically similar to the 

axons o f basket and stellate cells in vivo. Basket and stellate cell-like axons form the 

majority o f synapses with Purkinje cell dendrites in the 4-/4- and 4-/Lc cerebellar explants 

processed for electron microscopy after 15 DIV.
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Figure 19. Wild-type expiants grown 

for 15 DIV. (A) Purkinje cell dendrites 

(Pd) in cross section. Note the 

dendritic spine (asterisk) and basket 

and/or stellate cell axons in synapse 

with the shafts of the dendrites 

(arrows). A Purkinje cell dendritic 

spine (white star) is in synapse with 

a parallel fibre in the right of the 

figure. (B) A Purkinje cell spiny 

branchlet with centrally located 

mitochondria (mit). Numerous spines 

(asterisks) emerge from the branchlet 

but are not in synaptic contact. 

Basket and/or stellate cell axons 

(open and filled stars) are in synapse 

with the shaft of the spiny branchlet. 

Scale bars = 1 pm.
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Figure 20. Lurcher explants grown for 15 DIV. (A) A Purkinje cell dendrite (Pd) with a prominent 

spine (asterisk) sheathed in glia. A large profile containing numerous vesicles synapses directly with 

the dendritic shaft (arrow). (B) Neuropil. A Purkinje cell dendritic spine (open star) is in synapse with 

a single parallel fibre (far left). A cluster of parallel fibres (pf) are in synaptic contact with a number 

of Purkinje cell spines (far right). Glia occupies the extracellular spaces left by degenerating cells. 

Scale bars = 1 pm.
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Figure 21. A Lurcher explant grown for 15 DIV. Two primary Purkinje cell dendrites (Pdl and Pd2) 

emerge from the soma. The nucleus (Nuc) of the Purkinje cell is shown in the bottom left of the 

figure. A dendritic branch (star), spine (open arrow) and synapse (filled arrow) are indicated on the 

shaft of one of the primary dendrites (P d l). Scale bar = 1 pm.
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The spiny protrusions of Purkinje cell-like dendrites are frequently included in thin 

sections o f +/+ and +/Lc explants examined in the electron microscope (Figs. 19 and 20). 

A large Purkinje cell dendrite (Pd) from a +/Lc explant processed for electron microscopy 

after 15 DIV is shown in Figure 20A. The dendrite has a prominent spine (asterisk) that 

is not in synaptic contact but is instead sheathed in glia. These so called naked spines are 

common in both +/Lc and +/+ (not shown) explant cultures. In Figure 20A, a number of 

neurites containing unusually high numbers of closely packed synaptic vesicles border the 

Purkinje cell dendrite, one o f which is in synapse with the shaft (arrow). The Purkinje cell 

dendritic spines in Figure 2GB below (also taken from a +/Lc explant grown for 15 DIV) 

are in synaptic contact with axons which are morphologically similar to parallel fibres in 

vivo. As in vivo, the number of vesicles within the parallel fibre's axoplasm varies 

considerably.

Multipolar Purkinje cells were common in both the +/+ and +/Lc explant cultures 

processed for CaBP immunocytochemistry (see chapter 3, section 3.3.). Figure 21 is a 

micrograph of the soma and two emerging primary dendrites o f a Purkinje cell in a +/Lc 

explant grown for 15 DIV. The perikaryon and nucleus (Nuc) of the Purkinje cell can be 

seen in the bottom left-hand comer of the figure. A naked spine is present on one of the 

primary dendrites (open arrow). In normal (+/+) mice, the more proximal spines of the 

Purkinje cell dendritic tree are the postsynaptic targets of climbing fibres (Larramendi and 

Victor, 1967). It is possible that the Purkinje cell dendritic spine in Figure 21 could be 

a, postsynaptic climbing fibre-type spine that has developed in the absence of the afferent 

in vitro. ______  __________________________________________

Purkinje cell-like somata are present in cerebellar explants grown for 20 (not shown) 

and 25 DIV (Fig. 22) before processing for electron microscopy. The micrograph shown 

in Figure 22 is taken from a +/+ explant grown for 25 DIV but similar structures are 

present in the +/Lc cultures. The Purkinje cell nucleus contains a single nucleolus and two 

associated chromatin masses that lie at the edge of the smooth nuclear membrane 

(chromatin masses are frequently found in pairs in the Purkinje cell nuclei of female rats; 

see Pal ay and Chan-Palay, 1974). The Purkinje cell perikaryon is filled with numerous 

cistemae o f the Golgi apparatus and rough endoplasmic reticulum. The Golgi apparatus 

is collected on either side o f the nucleus, whereas the unusually short cistemae of the 

endoplasmic reticulum are scattered throughout the perikaryon. Despite the abundance of 

rough endoplasmic reticulum there are no Nissl bodies. In addition, the soma appears 

distended and the mitochondria have an irregular distribution. In contrast to the spiny 

somata of Purkinje cells in explants grown for 10 and 15 DIV, the somatic profile o f the
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Purkinje cell shown in Figure 22 is smooth. These ultrastructural features are common in 

Purkinje cells grown for longer periods in culture (20 and 25 DIV).
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Figure 22. A wild-type explant grown for 25 DIV.The soma of a Purkinje cell (Pc) is flanked by a 

line of granule cells (Gc). Lying adjacent to the Purkinje cell soma is a small neuron (star), possibly 

a basket cell. Scale bar = 1 pm.

4.3. Other neuronal structures in cerebellar explants grown 

in vitro

Basket and stellate cells

Electron microscopical analysis of the +/+ and +/Lc cerebellar explant cultures 

indicated that the majority of synapses were on the shafts and not the spines of the 

Purkinje cell dendrites (section 4.2.). Many of the neurites in synapse with the dendritic 

shafts of the cultured Purkinje cells were morphologically similar to the axons of basket 

and/or stellate cells in vivo (see Figs. 16B, 19A and B). The presence of basket and/or
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stellate cell synapses with Purkinje cells suggests that these inhibitory intemeurons have 

differentiated from the cells of the external germinal layer (EGL) in vitro. The somata and 

axons of basket and stellate cells are morphologically similar and are primarily 

distinguished by their position within the molecular layer: stellate cells are present in the 

upper parts of the molecular layer, close to the pial surface, where their axons synapse 

with the dendrites of Purkinje cells; basket cells migrate further into the molecular layer 

and form axo-dendritic, axo-somatic and axo-axonal synapses with Purkinje cells 

(Lemkey-Johnston and Larramendi, 1968a and b; Larramendi, 1969, 1970; Pal ay and 

Chan-Palay, 1974). Despite the loss of the laminar topography of the cerebellar explants 

in vitro, synapses on the somata (eg. Fig. 17B) and shafts of the primary dendrites (eg. 

Fig. 21) of Purkinje cells in culture were judged to be from the axons of basket cells. The 

basket or stellate cell origin of axons in synapse with the shafts of Purkinje cell dendrites 

that are not in continuous section with the soma (eg. Figs. 16B and 19A) was not 

distinguished. However, it was considered unlikely that only one cell-type of the inhibitory 

interneurons differentiates from the EGL of the cerebellar explant in vitro.

m

Figure 23. A soma of a basket or stellate cell In a Lurcher explant grown for 15 DIV. The large 

nucleus dominates the small soma. A parallel fibre forms a number of synaptic contacts with the 

soma (open arrows). Scale bar = 1 pm.
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In view of the synaptic investment of the cultured Purkinje cells, it is not 

surprising that basket and/or stellate cell-like somata are present in +/+ (Fig. 22, star) and 

+/Lc (Fig. 23) cerebellar explant cultures examined in the electron microscope. The 

micrograph o f the basket or stellate cell soma shown in Figure 23 is taken from a +/Lc 

explant grown for 15 DIV. The soma is almost entirely occupied by a large, eccentrically 

placed nucleus and the scant perikaryon is collected at one pole o f the soma (bottom left 

in the figure), features that are common to both basket and stellate cells in vivo 

(Lemkey-Johnston and Larramendi, 1968a). A neurite is in direct apposition with the soma 

for over 7 pm and forms a number of synaptic contacts (open arrows). The thin calibre, 

pale cytoplasm and paucity of cytoplasmic organelles within the neurite suggest that it is 

a parallel fibre. In vivo, parallel fibres synapse with the somata of basket and stellate cells 

(Lemkey-Johnston and Larramendi, 1968b).

Granule cells

A lthough less frequent than in vivo, parallel fibre-Purkinje cell dendritic  spine 

synapses w ere p resen t in 4-/4- and 4-/Lc explants exam ined in the electron m icroscope 

(see Figs. 19A and 20B respectively). G ranule cells have a characteristic ultrastructure: 

alm ost the entire som a o f  the granule cell is occupied by the nucleus which contains large 

clum ps o f  condensed chrom atin. M orphologically  sim ilar som ata were present in 4-/4- 

(see Fig. 22) and 4-/Lc (not shown) cerebellar explant cultures exam ined in the electron 

m icroscope. H ow ever, these cells were not found in a  continuous layer as in vivo but were 

present in isolated clusters in the explants. Q ualitative observations indicate a  m arked 

reduction in the num ber o f  granule cells in the 4-/4- and +/Lc cerebellar explant cultures 

when com pared to the norm al cerebellar cortex in vivo.

Golgi cells

The other neuron of the cerebellar cortex so far not discussed is the Golgi cell. 

These inhibitory neurons are present in the granule cell layer in vivo where they are 

considerably larger than the surrounding granule cells. Golgi cells are a heterogenous 

group and both a small and large Golgi cell type have been identified in the rat (Palay and 

Chan-Palay, 1974). These two types of Golgi cell differ in their size, distribution of 

perikaryon around the nucleus and position within the granule cell layer. The larger Golgi 

cell lies closer to the Purkinje cell layer and has a greater amount o f perikaryon in which 

the nucleus is eccentrically placed. The distinguishing ultrastructural feature of both small 

and large Golgi cells is their lobulated nucleus and Nissl structures (less prominent in 

small Golgi cells).
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Figure 24. A Lurcher expiant grown for 15 DIV. The soma of a large Golgi cell (Go) is situated in 

an area of neuropil. The nucleus is characteristically lobulated and eccentrically located within the 

perikaryon of the Golgi cell. Scale bar = 1 pm.

The som a o f  the cell shown in Figure 24 above contains a lobulated nucleus that 

is eccentrically located within a perikaryon containing num erous m itochondria, Golgi 

apparatus and rough endoplasm ic reticulum. Although the rough endoplasm ic reticulum  

is mostly dispersed, N issl-like structures are present. The som a is probably a large Golgi 

cell neuron in culture. Interestingly the cell is situated in an area o f  neuropil and not 

am ongst granule cells, which is further evidence o f the disorganised topography of the 

cerebellar explant cultures. The micrograph shown in F igure 24 is taken form  a +/Lc 

explant fixed after 15 DIV but sim ilar cells are present in the + /+  cultures.
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Mossy fibres

M ossy fibres are believed to have their cells o f origin alm ost exclusively in the 

brainstem  and spinal cord (Larram endi, 1970; Palay and C han-Palay, 1974). Since neither 

brainstem  nor spinal cord tissue are included in the cultures, it is surprising to find 

occasional mossy fibre-like glom eruli in +/+ and +/Lc cerebellar explants exam ined in the 

electron m icroscope (Fig. 25). Figure 25A is taken from a +/Lc explant grow n for 10 DIV 

and shows a mossy fibre-like glom erulus (M F) in close proxim ity to the som a o f a 

Purkinje cell (Pc). In fact a som atic spine is in contact with the g lom erulus (asterisk). This 

mossy fibre-like glom erulus form s large synaptic contacts with two unidentified 

postsynaptic profiles. The mossy fibre-like glom erulus (M F) show n in F igure 25B, taken 

from a + /+ explant grown for 15 DIV, appears to be in synapse w ith two Purkinje cell 

dendritic spines (open arrows). H eterologous mossy fibre-Purkinje cell dendritic spine 

synapses are occasionally present in +/+ and +/Lc (not shown) cerebellar explant cultures 

exam ined in the electron microscope.

Figure 25. Mossy fibre-like profiles. (A) A Lurcher explant grown for 10 DIV. A mossy fibre 

glomerulus (MF) abuts a Purkinje cell soma (Pc) and spine (asterisk), forming two large synapses 

with unknown postsynaptic profiles. (B) A wild-type explant grown for 15 DIV. An en passant mossy 

fibre glomerulus (MF) in synapse with two Purkinje cell dendritic spines (open arrows). 

Scale bars = 1pm.
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4.4. Summary

•There were no differences in the ultrastructure and synaptic investment o f Purkinje cells 

in wild-type and Lurcher cerebellar explant cultures (10 to 25 days in vitro).

•The wild-type and Lurcher cerebellar explant cultures contained many ultrastructural 

features present in the normal cerebellar cortex in vivo\ these included basket and/or 

stellate cell axon synapses with the soma and dendritic shafts o f Purkinje cells, parallel 

fibre synapses with Purkinje cell dendritic spines, glial investment and minimal 

extracellular space in the neuropil.

•The unusual ultrastructural features of the wild-type and Lurcher cerebellar explant 

cultures included a persistence of the somatic spines on some Purkinje cells, an absence 

of Nissl bodies in the Purkinje cell perikaryon, naked Purkinje cell dendritic spines, 

mossy fibre-like glomeruli and occasional heterologous synapses.

•Basket and/or stellate, Golgi and granule cell somata were present in wild-type and 

Lurcher cerebellar explant cultures.
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Chapter 5 

Immunocytochemical analysis of the Interneurons of 
wild-type and Lurcher cerebellar explants grown in vitro

5.1. The purpose of immunocytochemical analysis

Electron microscopical analysis o f cultured wild-type (+/+) and Lurcher (+/Lc) 

cerebellar explants revealed the presence of numerous synapses on the Purkinje cells 

(chapter 4). The majority of these synapses appeared to be from the inhibitory 

intemeurons the basket and stellate cells. Somatic profiles characteristic of these 

intemeurons were also seen in the electron microscope, as were granule and Golgi cell 

somata (chapter 4).

Immunocytochemical labelling of cell-specific epitopes and neurotransmitters 

provides a more accurate means o f identifying the cerebellar intemeurons and synaptic 

terminals in the cerebellar explant cultures. This chapter is a study o f +/+ and +/Lc 

cerebellar explant cultures immunolabelled for the calcium binding protein parvalbumin 

and the inhibitory neurotransmitter y-aminobutyric acid (GAB A). Immunolabelled explants 

were examined in the light and electron microscope. In the rat cerebellum, basket, stellate 

and Purkinje cells are labelled with antibodies to parvalbumin (Celio, 1990), and the 

presynaptic terminals of basket, stellate, Purkinje and Golgi cell axons are GAB A 

immunoreactive (Gabbott et al., 1986; Ottersen et al., 1988; Ottersen and Laake, 1992). 

Immunocytochemical labelling of these epitopes should therefore further clarify the 

neuronal environment and synaptic investment of the Purkinje cells in +/+ and +/Lc 

cerebellar explants grown in vitro.

Sagittal cerebellar sections from +/+ and +/Lc mutant mice were also processed 

for parvalbumin and GAB A immunocytochemistry (the staining pattern produced by each 

antiserum was compared to the immunolabelled explant cultures). Similar experiments have 

already been conducted on rats (Gabbott et al., 1986; Ottersen et al., 1988; Celio, 1990; 

Ottersen and Laake, 1992) and on +/+ and +/Lc mutant mice (Heckroth, 1992). The 

results presented here are briefly discussed in the light o f this previous work. A discussion 

of the main body of results, the immunolabelling of +/+ and +/Lc cerebellar explants 

grown in vitro, is included in chapter 7 (section 7.3.).
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5.2. Parvalbumin immunolabelling of cerebellar sections

Sagittal cerebellar sections o f  postnatal day 17 ( P I 7) +/+ (not show n) and +/Lc 

(Fig. 26) m utant mice were processed for parvalbum in im m unocytochem istry. Basket, 

stellate and Purkinje cells are im m unoreactive and the m olecular layer o f  the cerebellar 

cortex is intensely im m unostained. In Figure 26 the rem aining parvalbum in 

im m unoreactive +/Lc Purkinje cells (open arrows) are im m unostained throughout the 

soma, dendrites and axon. The loss o f  Purkinje cells in the +/Lc perm its a closer 

exam ination o f  the im m unostained basket and stellate cells. "Purkinje cell void areas" o f 

cerebellar sections from  the +/Lc contain im m unostained processes throughout the 

m olecular layer (Fig. 26, ML). These observations indicate that the dendrites and/or axons 

o f basket and stellate cells are parvalbum in im m unoreactive. Apart from  the traversing 

Purkinje cell axons (see Fig. 26, arrow), the granule cell layer is im m unonegative in 

cerebellar sections from both the +/+ and +/Lc m utant mouse.

Figure 26. A parvalbumin immunolabelled, sagittal cerebellar section (40 pm thick) from a P17 

Lurcher mutant mouse. The micrograph is of a mid portion of the primary fissure and is taken with 

Nomarski optics. Immunostaining is more intense in the molecular layer (ML) in which 

immunoreactive basket and stellate cell somata are visible. The remaining Purkinje cells (open 

arrows) are immunostained throughout their cytoplasm, including their axons (arrow) which traverse 

the immunonegative granule cell layer (GL). Scale bar = 50 pm.
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Qualitative observations o f parvalbumin immunolabelled cerebellar sections do not 

indicate any reduction in the numbers of immunoreactive basket and stellate cell somata 

in the +/Lc compared to the +/+ mouse at P I7. However, the density of immunoreactive 

somata in the molecular layer of the +/Lc is greater than in the +/+. The molecular layer 

of +/Lc mutant mice is reduced in thickness when compared to +/+ controls from PI4 

onwards (Dumesnil-Bousez and Sotelo, 1992).

The pattern of parvalbumin immunolabelling in the cerebellum of the +/+ mouse 

is consistent with that reported in the rat by Celio (1990).

5.3. Parvalbumin Immunolabelling of cerebellar explants grown 

in vitro

Parvalbumin immunocytochemistry was used to identify basket, stellate and 

Purkinje cells in +/+ and +/Lc cerebellar explants grown for 15 days in vitro (15 DFV). 

The distribution of immunostained cells in the cultured explants differed from the pattern 

of immunolabelling in cerebellar sections processed for parvalbumin 

immunocytochemistry. However, there was no consistent difference between the 

distribution of parvalbumin immunostained cells in explants cultured from +/+ and +/Lc 

mutant mice.

Small immunostained somata with weakly immunostained neurites are by far the 

most numerous parvalbumin immunoreactive cells in the +/+ and +/Lc cerebellar explant 

cultures (Fig. 27). These small immunostained cells are scattered throughout the +/+ 

(Fig. 27A) and +/Lc (Fig. 27B) explants processed for parvalbumin immunocytochemistry. 

The distribution o f parvalbumin immunostained cells varies from explant to explant but 

few areas are totally devoid of immunoreactive structures. Small parvalbumin 

immunostained somata are clustered at the periphery o f some +/+ and +/Lc explants 

(e.g. Fig. 27B), as if  they have failed to migrate from the external germinal layer (EGL), 

but these are the exception. The small immunostained somata are oval in shape and 

6-10 pm in diameter. Two to four weakly immunostained neurites project from the 

somata. These fine neurites extend for 20-30 pm from the soma but are difficult to trace 

owing to their weak immunoreactivity. Occasionally 1-2 immunoreactive branches are 

visible on the primary neurites. The morphology o f these small parvalbumin 

immunostained cells suggests that they are basket and/or stellate cell neurons in culture.
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Figure 27. Wild-type (panel A) and Lurcher (panel B) expiants immunolabelled for parvalbumin after 

15 DIV. Immunostained basket and/or stellate cells are dispersed throughout the explants. There 

is no segregation of the immunostaining into layers as in vivo. Some of the larger immunostained 

Purkinje cell somata are indicated by open arrows. The immunostained dendrites of these Purkinje 

cells are also visible. Scale bar = 1 0 0  pm.
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Larger immunostained somata with thicker, branching immunostained neurites are 

also present in +/+ and +/Lc expiants processed for parvalbumin immunocytochemistry 

(see Fig. 27, open arrows). The morphology of the parvalbumin immunostained somata, 

dendrites and axons of these larger cells are identical to the calbindin-D immunoreactive 

Purkinje cells in chapter 3. The parvalbumin immunoreactive Purkinje cells (like the 

calbindin-D immunoreactive cells in chapter 3) are irregularly distributed throughout the 

explant cultures.

5.4. y-aminobutyric acid (GABA) Immunolabelling of cerebellar 

sections

Sagittal cerebellar sections of glutaraldehyde fixed P21 +/+ (Fig. 28) and +/Lc (not 

shown) mutant mice were immunolabelled with antibodies to GABA (for the specificity 

of the antisera see Seguela et al., 1984). Immunostaining was widespread in the cerebellar 

cortex and was similar to that reported in the rat by Gabbott et al. (1986), Ottersen et al. 

(1988) and Ottersen and Laake (1992). The results were also consistent with the 

distribution of glutamic acid decarboxylase (GAD) immunostaining in cerebellar sections 

of +/+ and +/Lc mutant mice (Heckroth, 1992).

A sagittal cerebellar section from a P21 +/+ mouse processed for GABA 

immunocytochemistry is shown in Figure 28. The somata of the basket, stellate and Golgi 

cells are intensely immunostained within the mosaic of small punctate immunostaining of 

the molecular and granule cell layers. The pattern of punctate staining is less dense in the 

granule cell layer. Here the punctate staining forms a repeating pattern of whorl-like 

assemblies around immunonegative centres. These are presumably the terminals o f Golgi 

cell axons at the synaptic glomeruli o f mossy fibres. Immunostained neurites are visible 

within the dense staining of the molecular layer and are probably the dendrites and/or 

axons of basket and stellate cells. Weakly immunostained neurites of a greater calibre and 

length are occasionally present in the molecular layer. The size and morphology of these 

neurites identifies them as the dendrites of Purkinje cells. The somata of Purkinje cells are 

completely encircled by punctate immunostaining. These are the immunolabelled terminals 

of basket cell axons. Basket cell pinceau can also be seen as a thick knot of 

immunostaining around the initial segment of the Purkinje cell axon. The Purkinje cell 

somata are weakly immunostained or immunonegative, whereas the terminals o f axons at 

the deep cerebellar nuclei (DCN) neurons (that presumably include the terminals of
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Purkinje cell axons) are intensely im m unostained (not shown). Som e, bu t not all, o f  the 

som ata o f  the DCN are im m unostained. The white m atter tracts contain weakly 

im m unostained fibres that are presum ably the axons o f Purkinje cells.

Figure 28. A GABA immunolabelled, sagittal cerebellar section (40 pm thick) from a P21 wild-type 

mouse. The micrograph is taken from the base of the primary fissure. The dense immunostaining 

of the molecular layer (ML) extends right up to the pial surface (dotted line). The Purkinje cell 

somata are surrounded by punctate immunostaining (small arrows). In the molecular layer the 

somata of basket and stellate cells are intensely immunostained, as are the Golgi cells (large arrow) 

in the granule cell layer (GL). Scale bar = 100 pm.

Im m unocytochem ical labelling o f P21 +/Lc cerebellar sections does not reveal 

basket cell axon term inals at the boundary o f  the m olecular and granule cell layers and 

there are no "empty baskets" or collapsed pinceau form ations follow ing the loss o f 

Purkinje cells. Interestingly, the density o f punctate GABA im m unostaining in the DCN 

is decreased but not entirely absent. Punctate staining is present in both the m olecular and 

granule cell layers o f the +/Lc, w hereas the white m atter tracts are not labelled. The 

pattern o f im m unostaining in the m olecular layer o f  the +/Lc is m ore dense than in +/+ 

cerebellar sections. The m olecular layer o f  the +/Lc is reduced in thickness when 

com pared to the +/+ from  P I 4 onw ards (D um esnil-B ousez and Sotelo, 1992). There is 

little evidence o f the w horl-like glom erular organisation o f  im m unolabelling within the 

+/Lc granule cell layer. Qualitative observations o f  the GABA im m unolabelled +/+ and 

+/Lc cerebellar sections do not indicate any reduction in the num bers o f  im m unoreactive 

basket, stellate or Golgi cell som ata in the +/Lc.
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5.5. y-aminobutyric acid (GABA) immunolabelling of cerebellar 

expiants grown in vitro

5.5,1. Light m icroscopy

GABA immunocytochemistry was used to identify basket, stellate and Golgi cells 

in cerebellar explants grown in vitro. Wild-type and +/Lc cerebellar explants were 

processed for GABA immunocytochemistry after 15 DIV. The distribution o f GABA 

immunolabelling was patchy in the +/+ and +/Lc explants and differed from the pattern 

of immunolabelling in cerebellar sections processed for GABA immunocytochemistry. 

However, there was no consistent difference between the distribution o f GABA 

immunolabelling in cerebellar explants cultured from +/+ and +/Lc mutant mice. Hence, 

the following description of GABA immunoreactive structures applies to both +/+ and 

+/Lc cerebellar explant cultures examined under the light microscope. All of the GABA 

immunostained structures present in +/+ and +/Lc explants described below are illustrated 

in Figure 29 taken from a +/+ explant.

Two types of immunostained cells can be distinguished in explants processed for 

GABA immunocytochemistry: cells with large or small immunoreactive somata 

(Fig. 29A). The larger, mostly spherical somatic profiles are often intensely 

immunostained and are 12-15 pm in diameter. The more numerous and heterogeneous 

smaller group are 6-10 pm in diameter. Two to four immunostained neurites radiate from 

the smaller somatic profiles. These neurites extend for 20-70 pm from the soma and 

contain few branches. The larger somatic profiles occasionally have stubby immunostained 

protrusions and are similar to the GABA immunostained Golgi cells in cerebellar sections 

(the most proximal regions o f the primary dendrites and somata of Golgi cells are strongly 

immunoreactive, see Fig. 28). Some of the cells of the DCN are GABA immunoreactive 

and it is possible that some of the larger immunostained somata in culture could be 

immunoreactive DCN neurons. However, GABA immunoreactive DCN somata are only 

weakly immunostained and have a confined distribution in vivo. They are therefore 

unlikely to account for the majority of the large, often intensely immunostained, and 

widely dispersed GABA immunoreactive cells in culture. The smaller immunoreactive 

somata in culture are similar to the GABA immunostained basket and stellate cells of the 

molecular layer in vivo. Both the large and small immunoreactive somata are scattered 

throughout the +/+ and +/Lc explants grown in vitro. Small GABA immunoreactive
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som ata are clustered at the edge o f som e •+•/+ and +/Lc ex p an ts  (not show n) but these are 

the exception.
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Figure 29. A wild-type explant immunolabelled for GABA after 15 DIV. (A) Low magnification 

showing the scattered distribution of the polymorphic immunoreactive cells. The two distinct patches 

of punctate staining (B and C) are shown at higher magnifications below. (B) A cluster of strongly 

immunostained punctate profiles surround a number of somata (asterisks), which are themselves 

weakly immunostained/immunonegative. A knot of intense immunostaining is present at the 

boundary of one soma (arrow). (C) Two similarly sized somatic profiles (asterisks) are outlined by 

punctate staining. Nearby are two large immunostained Golgi cell somata (open arrows). 

Scale bars = 50 pm.
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Areas of punctate staining are present in all the explants processed for GABA 

immunocytochemistry (e.g. Fig. 29A). However, the punctate staining is patchy and there 

are no recognisable molecular and granule cell layers. The darkly stained puncta are of 

a similar size (<2 pm diameter) and intensity to the terminals o f basket and stellate cell 

axons in cerebellar sections processed for GABA immunocytochemistry (see Fig. 28). In 

+/+ and +/Lc cerebellar explant cultures, the puncta often surround weakly immunostained 

or immunonegative somatic-like profiles (e.g. Fig 29B and C). This staining pattern is 

similar to that found in the Purkinje cell layer of +/+ cerebellar sections processed for 

GABA immunocytochemistry (see Fig. 28). These structures could therefore be the 

terminals of basket cell axons on the somata of Purkinje cells in culture (although the 

possibility that some may be the terminals of Purkinje cell axons on the DCN neurons 

cannot be ruled out). In Panel B of Figure 29, a knot of intense immunostaining is present 

at the boundary of a Purkinje cell-like somatic profile (arrow). This structure resembles 

the GABA immunostained pinceau formation in cerebellar sections, but is the only 

example of such in either +/+ or +/Lc explant cultures processed for GABA 

immunocytochemistry. No \<^horl-like glomerular assemblies of punctate GABA 

immunostaining are present in either +/+ or +/Lc explants grown in vitro.
-------------------------------------------------------------------------------------------pi----------------------
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Figure 30. A Lurcher explant processed for GABA immunocytochemistry after 15 DIV. The explant 

(E) is in the top right corner of the figure. From its edge (delineated by ^  extends a sheet of glia 

(G) in which numerous basket and/or stellate cell neurons are immunostained. Scale bar = 1 0 0  pm.
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Glial cells proliferate in culture and very occasionally the dividing cells spread out 

from the edges o f the explant to form a glial monolayer across the Millicell membrane. 

The flattened, oval morphology of these glial cells is similar to that o f astrocytes when 

examined under the light microscope. When immunolabelled for GABA, immunostained 

cells are sometimes present in the glial monolayers. Immunolabelling is present throughout 

the somata and neurites of these ectopic cells. An example o f this can be seen in 

Figure 30. This figure is taken from a +/Lc explant but similar results have been obtained

from explants from +/+ mice. The monolayer o f ectopic cells is directly accessible to the 

GABA antisera and the immunostained structures are not obscured by overlying tissue. 

Hence, the immunolabelled somata and neurites are clearly defined. The structure o f these 

ectopic cells may therefore be a more accurate image of the morphology o f basket and/or 

stellate cells in cerebellar explants grown in vitro. No structures were immunolabelled in 

the glial outgrowths of cerebellar explant cultures processed for calbindin-D 

immunocytochemistry in chapter 3.

The ectopic immunostained cells in Figure 30 have different staining intensities 

and morphologies (although penetration o f the antisera should be equal as they are in a 

monolayer), and are shown at higher magnification in Figure 31. Two intensities of 

immunostaining are revealed: a high level in cells o f panel A, C and D; and a low level 

that is present in each panel but is best illustrated by all the cells in panel B. The somata 

are 8-10 pm in diameter, from which 2-4 neurites radiate. These neurites can extend for 

more than 100 pm from the soma. Interestingly there appears to be a morphological 

correlate to the intensity of staining. The weakly immunostained cells are all bipolar, 

whereas those that are more intensely immunostained generally have 3-4 neurites. The 

possibility therefore exists that the GABA immunoreactive cells in Figure 31 include two 

distinct populations, for instance basket and stellate cells. Most of the neurites branch 1-2 

times on average and all are devoid of spines, although some contain varicosities along 

their lengths (structures that are associated with axons, see chapter 3, section 3.3 ). Some 

neurites terminate in a plexus of branches that is similar to the axonal arrangement of 

basket cells in vivo. However these structures occur in both the intense and weakly 

immunostained cells.

In conclusion, the GABA immunoreactivity and morphology o f these ectopic cells 

strongly suggests that they are basket and/or stellate cells that have migrated away from 

the EGL of the cerebellar explant in vitro.
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Figure 31. (A-D) High magnification micrographs of the GABA immunostained basket and/or stellate 

ceil neurons in the glial outgrowth from the Lurcher ex plant shown in Figure 30. 

Scale bar = 1 0 0  pm.
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5.5.2. Electron m icroscopy

The antibodies used in this study are raised against GABA coupled to protein 

carriers with glutaraldehyde (see Seguela et al., 1984). Fixation in glutaraldehyde is 

essential to produce the epitope to the antisera and ensures that the majority o f the 

ultrastructure of the tissue is preserved during the immunocytochemical procedure. Once 

fixed, the tissue can be processed for GABA immunocytochemistry either before (pre), 

or after (post) osmium fixation and embedding for electron microscopy. Post-embedding 

immunocytochemistry using antibodies coupled to colloid gold particles reveals the fine 

distribution of GABA immunolabelling with minimal tissue damage. This procedure relies 

on the high probability that the epitope is located within the small area selected for thin 

sectioning (e.g. the molecular layer of a sagittal cerebellar section). No such certainty is 

provided by the cultured explants. The distribution o f immunolabelling varies greatly 

between explants processed for GABA immunocytochemistry and it is impossible to 

predict areas of likely immunoreactivity. For this reason the explants were immunolabelled 

before processing for electron microscopy. The diaminobenzidine (DAB) reaction product 

is more easily seen under the light microscope and was again used. Areas of GABA 

immunostaining were located in thick 1 pm sections o f the explants under the light 

microscope, the blocks trimmed and thin sections cut.

Climbing fibres and the axons of basket, stellate and granule cells form afferent 

connections with Purkinje cells in vivo. Only the terminals of the basket and stellate cells 

would be expected to be immunoreactive in the explant cultures, as they are in the 

cerebellar cortex in vivo (Gabbott et al., 1986; Ottersen et al., 1988). Climbing fibres are 

unlikely to remain in the cerebellar explants in vitro (following the removal o f the inferior 

olivary nucleus), which leaves the parallel fibres as the only immunonegative terminals 

on Purkinje cells in vitro. If these predictions are correct, the ultrastructural localisation 

of the GABA immunostain should provide an accurate picture o f the synaptic investment 

of +/+ and +/Lc Purkinje cells grown in vitro.

As was the case in chapter 4, similarities between structures observed in this study 

and those reported in the normal and +/Lc cerebellar cortex in vivo refer to the work of 

Larramendi (1969, 1970), Pal ay and Chan-Palay (1974), Caddy and Biscoe (1979) and 

Dumesnil-Bousez and Sotelo (1992), unless otherwise stated.
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F ig u re  32. A wild-type expiant grow n for 15 DIV before GABA im m unolabelling. (A) T he 

im m unostained  so m a  and  initial dendritic portions of a  b ask e t/s te lla te  cell neuron . A n u m b er of 

te rm inals a re  in synap tic  con tac t with th e  cell (at points B and  C) and  a re  show n  a t h igher 

m agnifications below. (B) Parallel fibre s y n a p s e s  on th e  initial portions of th e  im m unosta ined  

dendrite  (open  arrow s). (C) Two ty p es  of term inal a re  in sy n a p se  with th e  so m a : an  

im m unonegative parallel fibre (open arrow) and  an  im m unoreactive b a sk e t cell axon  (closed  

arrow s). S c a le  b a rs  = 5 pm .
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F ig u re  33. A wild-type expiant p ro c e sse d  for GABA im m unocytochem istry  after 15 DIV.

(A) Im m unostained  Golgi cell perikaryon (star) and  ste lla te  cell ax o p lasm  (asterisk). T he ste lla te  cell 

axon is in sy n a p se  with a  w eakly im m unostained neurite  o f unknow n origin (open  arrow).

(B) Neuropil, d em onstra ting  th e  different in tensities of im m unostain ing. An im m unostained  b a sk e t 

cell axon (asterisk) s y n a p s e s  with a  Purkinje cell dend rite  (arrow). T o th e  left in th e  figure is a  

uniformly im m unostained  bask e t/s te lla te  cell axon/dendrite  (star). A bove is a  w eakly im m unostained  

neurite (open sta r), possibly a  b a sk e t cell dendrite . S c a le  b a rs  = 1 pm .
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The diaminobenzidine reaction product appears as a grainy electron-dense 

precipitate in the electron microscope. It is present in the cytoplasm of the somata and 

neurites o f GABA immunostained cells. The preservation o f the ultrastructure of  

immunostained cells is good and the organelles remain intact. Figure 32A is an example 

of the most commonly immunostained soma seen in the electron microscope. The 

micrograph is taken from a +/+ explant but similar structures are seen in the +/Lc cultures. 

The small immunostained soma is roughly 7 pm in diameter. Mitochondria, Golgi 

apparatus and ribosomes are discernable within the reaction product in the perikaryon and 

the organelles encircle the large, central nucleus. The small diameter of the soma and the 

large, oval nucleus suggest that it is a basket or stellate cell. However, the structure o f the 

immunostained soma differs slightly from that o f either cell in vivo: the nucleus is 

centrally located and contains unusual chromatin clumps. Basket and stellate cells in vivo 

invariably have an eccentrically located nucleus in which the chromatin is finely 

distributed (Lemkey-Johnston and Larramendi, 1968a).

Synapses are present" on the soma and initial portions o f the dendrite of the 

immunostained cell in Figure 3 2A, and are shown at higher magnifications in panels B 

and C. The morphology and immunonegativity o f all but one o f the presynaptic terminals 

indicates they are parallel fibres (open arrows), whilst the mitochondrial core and spherical 

synaptic vesicles o f the immunoreactive profile in panel C (arrows) is similar to the 

morphology o f basket cell axons in vivo. Both axons synapse with the somata and 

dendrites of basket cells in vivo (Lemkey-Johnston and Larramendi, 1968b).

Large immunostained somata are less frequently observed in the electron 

microscope. Figure 33 A shows the perikaryon (star) and nucleus o f an immunostained cell 

in a +/+ explant. Again similar structures can be seen in the +/Lc. The extensive 

perikaryon contains mitochondria and an abundance o f Golgi apparatus, and is similar to 

that of Golgi cells in vivo. However the clumped nuclear chromatin is unusual; the nuclei 

of Golgi cells in vivo contain finely distributed chromatin and occasional nucleoli. It is 

possible that the clumped nuclear chromatin, which is also present in the small 

immunostained cells (Fig. 3 2A), could be a product of the immunostaining.

An immunostained axon (asterisk) runs parallel to the Golgi cell in Figure 33 A and 

contains two groups o f synaptic vesicles. The intensity o f immunostaining is greatest at 

these two sites o f vesicle accumulation and disappears before the axon courses out of the 

section. The thin axon widens at the site of vesicle accumulation and a long 

mitochondrion runs for most of its length in section. These ultrastructural features are
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more characteristic of stellate rather than basket cell axons in vivo. The axon is in synapse 

(open arrow) with a large postsynaptic profile that is itself weakly immunostained. Stellate 

cell axons form synapses with the dendrites of Purkinje, Golgi, basket and other stellate 

cells in vivo. Only the neurites of basket and stellate cells are consistently GABA 

immunoreactive in explant cultures examined under the light microscope. The large calibre 

of the weakly immunostained profile favours a basket cell origin but its exact identity 

remains unclear.

Figure 33B is taken from an area of neuropil within the same explant shown in 

Figure 33A. The neurites shown in Figure 33B have different intensities of 

immunostaining. Synaptic vesicles are present in the most intensely immunostained neurite 

(asterisk). These vesicles are accumulated to the side of the neurite that meets a large 

dendrite at right angles. Here the adjacent membranes are thickened (arrow), indicating 

a synapse. The immunostained neurite contains dense core vesicles that may be associated 

with basket cell axons in vitro (see chapter 4, eg. Fig. 17B). In addition, the absence of 

expansion at the point of synapse is similar to the morphology o f en passant basket cell 

axon synapses in vivo. The large postsynaptic element is most likely a Purkinje cell 

dendrite. On the left of the figure is a neurite that is immunostained uniformly throughout 

its length in section (star), despite the absence of any presynaptic structures. Its identity 

is less clear. The neurites of basket and/or stellate cells in vitro are GABA 

immunoreactive and the profile could be a dendrite or axon o f either intemeuron. A 

number of other neurites in Figure 33B appear to be weakly immunostained, one of which 

is marked by an open star. Its identity is also unclear but its large calibre and paucity of 

cytoplasmic organelles are features common in basket cell dendrites in vivo.

When examined under the light microscope, explants processed for GABA 

immunocytochemistry contain Purkinje cell-like somatic profiles that are surrounded by 

punctate immunostaining (Fig. 29), structures that are similar to those found in the 

Purkinje cell layer of GABA immunolabelled cerebellar slices (Fig. 28). In addition, 

electron microscopical analysis (chapter 4) suggests that basket cell axons form the 

majority of presynaptic profiles at the somata o f Purkinje cells in vitro (as is the case in 

vivo). However, Purkinje cells in +/+ and +/Lc explants processed for GABA 

immunocytochemistry are not surrounded by darkly immunostained axons when examined 

in the electron microscope. The majority of basket cell-like axons surrounding the somata 

of Purkinje cells are not immunostained by the GABA antisera, whilst those that are 

immunoreactive are stained at various intensities (Figs. 34 and 35).

118



F ig u re  34. A Lurcher expiant im m unolabelled for GABA after 15 DIV. W eakly im m unostained  b a sk e t 

cell axon(s) (sta rs) border th e  primary dendrite  and  so m a  of a  Purkinje cell. M any of th e  ax o n s 

contain synap tic  v esic les , although th e re  is only one  synap tic  co n tac t with th e  so m a  (open  arrow ). 

Neuroglial p ro c e s s e s  cover th e  opposite  su rface  of th e  so m a  (arrow s). S ca le  b ar = 1 pm .
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Figure 34 is taken from a +/Lc explant processed for GABA immunocytochemistry 

after 15 DIV. Weakly immunostained neurites border one side of the primary dendrite and 

soma of a Purkinje cell. The immunoreactive neurites are morphologically similar to the 

axons of basket cells in vivo and may represent a single axon as it courses in and out of 

the section. Although a number of the immunostained axonal profiles contain synaptic 

vesicles, there is only one synaptic contact with the Purkinje cell soma (open arrow). The 

opposite surface of the Purkinje cell soma is covered by a neuroglial sheath (arrows). In 

vivo, basket cell axons must penetrate this sheath in order to synapse directly with the 

soma of the Purkinje cell (Palay and Chan-Palay, 1974).
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Figure 35. The perikaryon of a Purkinje cell (Pc) in a Lurcher explant immunolabelled for GABA 

after 15 DIV. An intensely immunostained basket cell axon terminal (asterisk) is situated at the base 

of the primary dendrite. A spine (open star) protrudes from the primary dendrite. Scale bar = 1 pm.

In Figure 35, also taken from a +/Lc explant immunolabelled for GABA after 15 

DIV, an immunoreactive basket cell axon (asterisk) is lying at the base of the primary 

dendrite of a Purkinje cell. It is much more intensely immunostained than the 

immunoreactive axons shown in Figure 34. The immunostained axon in Figure 35 contains
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a large number of synaptic vesicles and yet it does not appear to be in synapse with the 

Purkinje cell. Although the presynaptic membrane-thickenings of a synapse may be 

obscured by the diaminobenzidine reaction product, postsynaptic specialisation should be 

unaffected and still visible. Therefore, if the immunoreactive basket cell axon in Figure 35 

is in synaptic contact with the Purkinje cell, the synapse must be out of the field of view

I
1

Figure 36. A cross section of a Purkinje cell dendrite (Pc d) in a Lurcher explant immunolabelled 

for GABA after 15 DIV. A number of dendritic spines (sp) are included in the section and all but one 

(sp*) are in synapse with immunonegative parallel fibres. Scale bar = 1 pm.

The neuropil of both +/+ and +/Lc explants grown in vitro contains a mosaic of 

immunostained and immunonegative neurites. The intensity of immunostaining varies 

along the lengths and at the synaptic terminals of immunoreactive axons and dendrites, 

and it is difficult to determine any consistent pattern to the immunolabelling. One constant
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feature o f both +/+ and +/Lc explants processed for GABA immunocytochemistry is that 

immunostained presynaptic profiles are found only on the smooth portions o f spiny 

dendrites. Conversely, parallel fibres in synaptic contact with the dendritic spines of 

Purkinje cells are not labelled by the GABA antisera. This is illustrated in Figure 36 in 

which a Purkinje cell dendrite in a +/Lc explant immunolabelled for GABA after 15 DIV 

is shown in cross section. Two spines are in continuous section with the dendritic shaft, 

one of which is in synapse with an immunonegative parallel fibre (top left). Within the 

figure are two other parallel fibre-Purkinje cell dendritic spine synapses, both o f which 

are immunonegative. Electron-dense cytoplasm surrounds the dendritic shaft. The absence 

of organelles and synaptic vesicles within the electron-dense cytoplasm, in addition to its 

diffuse nature, suggest that it is glia rather than immunostained cytoplasm. In this respect 

the micrograph also illustrates the difficulties of distinguishing immunoreactive structures 

in the explant cultures. As is the case in vivo, the dendritic spines (and parallel fibres 

when in synapse) are encapsulated in glia, including the one naked spine (Fig. 36, sp*).

Purkinje cell dendrites that are not in continuous section with the soma are 

primarily distinguished in the electron microscope by the presence of spines. Interestingly, 

GABA immunoreactive and immunonegative axons synapse with the shafts of spiny 

Purkinje cell dendrites in both the 4-/4- (not shown) and 4-/Lc (Fig. 37) explants. A spiny 

branchlet of a 4-/Lc Purkinje cell is shown in Figure 37. At least five synapses are present 

on the shaft (arrows) but only one of the presynaptic axons is immunostained throughout 

its length in section (filled arrow). In this axon the synaptic vesicles are less intensely 

immunostained than the surrounding axoplasm. The synapses o f basket, stellate and 

granule cell axons have a similar ultrastructure and are primarily distinguished by their 

location on either the shafts or spines of Purkinje cell dendrites. By this criterion, all the 

neurites in synapse with the spiny branchlet in Figure 37 should be basket or stellate cell 

axons and therefore immunoreactive. The axon in synapse with the spiny branchlet in the 

top left o f the figure (crossed open arrow) may provide a clue to this anomaly. Although 

the terminal is immunonegative, the axon does appear to contain immunostain 1 pm or 

so away from the synapse. This suggests a patchy distribution of the epitope in the 

cultured explants. Hence it is possible that all the neurites in synapse with the spiny 

branchlet in Figure 37 could be basket/stellate cell axons that vary in their distribution of 

the epitope. Alternatively, the contrasting immunoreactivity of the presynaptic profiles 

may be due to differences in the penetration of the antisera, although this is unlikely on 

such a minute scale.
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Figure 37. A Lurcher explant immunolabelled for GABA after 15 DIV. A Purkinje cell spiny branchlet 

is delineated by A. A number of axons are in synapse with the shaft of the spiny branchlet (open 

and filled arrows). Only one of the axons is immunostained at its synaptic terminal (filled arrow), 

although another (crossed open arrow) appears to be immunostained further down the axon. 

Scale bar = 1 pm.

The axons of Purkinje cells contained numerous varicosities in +/+ and +/Lc 

explants processed for calbindin-D immunocytochemistry in chapter 3. However, Purkinje 

cell axonal varicosities were not identified in thin sections of cerebellar explant cultures 

examined in the electron microscope in chapter 4 (it was anticipated that these structures 

would have a similar morphology to the axonal varicosities of Purkinje cells of mutant
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mice, i.e. en passant and terminal oval varicosities containing a dense network of 

neurofilaments; see Sotelo, 1990b). Figure 38 may provide a clue to the discrepancy 

between the detection of Purkinje cell axonal varicosities in the light and electron 

microscope. Figure 38 shows a GAB A immunostained profile that is over 2 pm in 

diameter. It is in synapse with a number of neurites of unknown origin and the 

immunostained axoplasm contains an abundance of synaptic vesicles and a rich supply of 

mitochondria.. Although the ultrastructure of the immunostained axon in Figure 38 is 

mostly obscured by the diaminobenzidine reaction product, the large diameter and 

symmetrical synapses of the presynaptic profile suggest that it could be a swollen Purkinje 

cell axon. Cisternae, that are often present in the cytoplasm of Purkinje cells in vivo and 

in vitro (see chapter 4), are also visible within the axoplasm. It is possible that the 

calbindin-D immunoreactive Purkinje cell axonal varicosities seen in the light microscope 

(chapter 3) are presynaptic structures. The GAB A immunoreactive profile in Figure 38 

may therefore be the varicose terminal of a Purkinje cell axon. The distribution of 

varicosities on the axons of calbindin-D immunostained Purkinje cells in vitro would seem 

to support this; axonal varicosities were predominantly found on the branches (chapter 3). 

In vivo, Purkinje cell axons give rise to collaterals in the cerebellar cortex and numerous 

branches upon reaching the DCN, but not in the white matter tracts.

Figure 38. Neuropil in a Lurcher explant processed for GABA immunocytochemistry after 15 DV. 

A large immunostained profile, possibly a Purkinje cell axon, in synapse with a nuimber of neuries 

of unknown origin (open arrows). Scale bar = 1 pm.
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5.6. Summary

•Immunostained Golgi, basket and/or stellate cell neurons were present in both wild-type 

and Lurcher cerebellar explant cultures processed for parvalbumin and GABA 

immunocytochemistry.

•Parvalbumin and GABA immunostained intemeurons were scattered throughout the 

cultured cerebellar explants and there was no in vivo-like organisation of the 

immunoreactive somata in cultures from either wild-type or Lurcher mice.

•GABA immunostained basket and/or stellate cell neurons were present in glial outgrowths 

from wild-type and Lurcher cerebellar explants grown in vitro.

•Electron microscopical examination of wild-type and Lurcher cerebellar explants 

processed for GABA immunocytochemistry revealed a complex distribution of the 

epitope. The somata o f Golgi and basket and/or stellate cell neurons were immunostained, 

whereas their neurites had a varied immunoreactivity: immunostained and

immunonegative axons formed synapses directly with the shafts o f spiny Purkinje cell 

dendrites; whilst all the synapses on the dendritic spines of Purkinje cells were from 

immunonegative parallel fibres.

126



Chapter 6 

The role of the climbing fibre input in the development of 
the Lurcher Purkinje cell. An in vitro and in vivo study

6.1. Introduction

The data presented in the preceding chapters of this thesis demonstrates that 

Purkinje cells from the Lurcher (+/Lc) mutant mice will survive for up to 25 days when 

grown in vitro. The long-term survival of +/Lc Purkinje cells in vitro suggests that the 

degeneration of the +/Lc Purkinje cell in vivo requires an external signal(s). The signal(s) 

could either trigger abnormal events inherent in the +/Lc Purkinje cell leading to cell 

death, or be responsible for the degeneration itself. The most obvious difference between 

the developing cerebellar cortex in vitro with that in vivo is the absence o f the mossy and 

climbing fibre afferents. In chapter 7 (section 7.4.) o f this thesis it is proposed that this 

loss of afferents, and the loss of the climbing fibre input in particular, is responsible for 

the survival of +/Lc Purkinje cells in vitro. The experiments described in this chapter were 

designed to test the hypothesis that an abnormal climbing fibre input contributes to, or 

is responsible for, Purkinje cell degeneration in the +/Lc mutant mouse.

6 .2 .  I n f e r i o r  o l iv e  a n d  c e r e b e l l u m  c o - c u l tu r e s

In view of the fact that +/Lc Purkinje cells have so far only been shown to survive 

in culture (or more importantly when deafferented and grown in culture), the most obvious 

question that springs to mind is what happens when the afferent is present during 

development in vitro. Despite the limitations of an in vitro paradigm in terms o f the true 

topography of the afferent projection, in vzvo-like connections do develop between 

co-cultured inferior olivary slices and cerebellar tissue (Bird, 1990; Blank et al., 1983; 

Hirano, 1990, 1991; Knopfel et al., 1990a and b; Mariani et al., 1991). Climbing fibre 

responses have been recorded from Purkinje cells in cerebellar explants using the 

roller-tube technique (Knopfel et al., 1990a; Mariani et al., 1991) and in dissociated 

cerebellar tissue (Hirano, 1990, 1991), following electrical stimulation of the co-cultured 

inferior olive. In addition, electron microscopical analysis has revealed climbing fibre-like
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terminals on Purkinje cells in slice co-cultures grown on stationary coverslips (Bird, 1990; 

Blank et al., 1983). In v/vo-like connections have also been demonstrated between slices 

of other remote areas of the central nervous system co-cultured on stationary membranes 

(Bolz, 1994).

Co-cultures of inferior olivary slices and cerebellar tissue were grown on the same 

Millicell-CM inserts used for the cerebellar explant cultures described in chapters 3, 4 

and 5 of this thesis. Wild-type and +/Lc inferior olivary slices were grown with homotypic 

cerebellar tissue (slices/dissociated) for up to 20 days in vitro (20 DIV). The dye 

T-didodecyl-3, 3, 3', 3'-tetramethylindocarbocyanine perchlorate (D ild2) was used to trace 

any axonal growth from the inferior olivary slice and the cerebellar Purkinje cells were 

revealed by calbindin-D (CaBP) immunocytochemistry.

6.2.1. Slice co-cultures

During the first week in vitro the inferior olivary and cerebellar slices of both 

genotypes 'thin out' and often unite to form one large explant in culture. Figure 39 

(following page), taken from a +/Lc co-culture maintained for 15 DIV, is characteristic 

of the inferior olivary development in both +/Lc and +/+ (not shown) slice co-cultures. 

Dilci2 labelled fibres project from the entire periphery of the inferior olivary explant but 

do not extend beyond a maximum of 200 pm from the edge. This radial outgrowth of 

fibres in Figure 39 would seem to indicate the absence of any directional influence from 

the co-cultured cerebellar explant and it is interesting to note that the site o f the greatest 

fibre-like growth (arrow) is almost diametrically opposite the cerebellar explant (indicated 

by C).
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Figure 39. A Lurcher cerebellar and inferior olivary co-culture grown for 15 DIV before fixation and 

DIIci2 labelling. (A) Anterogradely labelled fibres project from almost the entire circumference of the 

inferior olivary (10) explant and extend for a maximum of 200 pm from the periphery (arrow). The 

location of the Dildz crystals is marked by open arrows and the adjacent cerebellar (C) explant is 

also indicated. Scale bar = 200 pm. (B) Higher magnification of the edge of the inferior olivary 

explant (lO) indicated by the arrow above. Scale bar = 100 pm.
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The same +/Lc co-culture is shown after CaBP immunolabelling in Figure 40. 

Immunostained Purkinje cells are present in areas of the cerebellar explant adjacent to the 

inferior olive. The dendritic trees of the Purkinje cells in Figure 40 extend for up to 

100 pm from the soma and the primary dendrites contain few branch points. The somata 

are approximately 18 pm in diameter and are oval or pear shaped. Overall the gross 

morphology of the Purkinje cells shown in Figure 40 is indistinguishable from those 

grown in the cerebellar explant cultures in chapter 3. One slight anomaly is the absence 

of any axonal profiles within this figure (although not all of the CaBP immunostained 

Purkinje cells in the cerebellar explant cultures had visible axonal projections, for example 

see Fig. 7). The CaBP immunostained Purkinje cells in Figure 40 are as close as 200 pm 

from the edge of the inferior olivary explant and are almost in range of the short Dil^j 

labelled fibres shown in Figure 39. However, the absence of any retrogradely Dil^^ 

labelled Purkinje cells in Figure 39 suggests that the fibres have failed to make contact. 

The inferior olivary explant shown in Figure 40 does not contain any CaBP 

immunostaining. Wild-type and +/Lc inferior olivary explants are either entirely 

immunonegative or contain only a few weakly immunostained somata after processing for 

CaBP immunocytochemistry.

1 0 %
to c

Figure 40. The Lurcher co-culture shown in Figure 39 processed for calbindin-D 

immunocytochemistry. The inferior olivary (10) explant is shown in the top left hand corner of the 

figure, in which the Dilci2 crystals are indicated by open arrows. Within the adjacent cerebellar 

explant (C) are a number of immunostained Purkinje cells. Scale bar = 1 0 0  pm.
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6.2,2. D issociated cerebellum and inferior olivary slice co-cultures

In view of the results from the slice co-cultures, a number o f alterations were made 

to the procedure: firstly, larger, intact coronal sections o f the ventral portions o f the brain 

stem were taken in the hope that this would limit the effects of the damage caused by the 

isolation of the inferior olivary explants; secondly, these explants were grown in vitro with 

dissociated cerebellar tissue to increase the likelihood o f neuronal contact; and finally, a 

slight change was made to the medium -the insulin was replaced with insulin-like growth 

factor I (IGF-I). Both Purkinje cells and inferior olivary neurons express the IGF-I 

receptor gene (Bondy, 1991) and the addition o f this trophic factor has been shown to 

improve the survival and differentiation of dissociated Purkinje cells grown in vitro 

(Torres-Aleman et al., 1992). Furthermore, Nieto-Bona et al. (1993) have shown that IGF-I 

enters inferior olivary neurons and is transported to the cerebellum in rats, suggesting a 

role for this molecule in the establishment of the olivocerebellar projection.

Before any co-cultures were established, Purkinje cell growth, differentiation and 

survival in vitro was qualitatively analysed in both +/+ and +/Lc dissociated cerebellar 

(only) cultures. A number of experimental variations were tested before a reliable 

procedure was obtained (see section 2.4. and appendix I). Dissociated cerebellar tissue 

was grown for between 10 and 20 DIV before CaBP immunolabelling. No difference in 

Purkinje cell survival was found between the two genotypes in vitro, although the total 

yield of Purkinje cells per animal was reduced when compared to the explant cultures. 

Dissociated +/+ and +/Lc Purkinje cells show comparable morphological development in 

vitro, as can be seen in Figure 41. Although the Purkinje cells in Figure 41 have at least 

two primary dendrites, unipolar CaBP immunostained Purkinje cells are present in 

dissociated cerebellar cultures from both +/+ and +/Lc mice. The dendritic trees of 4-/4- 

and 4-/Lc Purkinje cells frequently extend for up to 100 pm from the soma and bear 

spines, but few branches when compared to in vivo. The Purkinje cell somata are oval or 

occasionally pear shaped and roughly 15-20 pm in diameter. The immunostained axons 

project in various directions and distances from the Purkinje cell soma and frequently 

contain branches and varicosities along their lengths.
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Figure 41. Dissociated cerebellar tissue processed for calbindin-D immunocytochemistry after 

14 DIV. (A) Wild-type Purkinje cells. (B) Lurcher Purkinje cells. Scale bars = 100 pm.
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Figure 42. Lurcher co-cultures immunolabelled for the 200 kD neurofilament protein after 10 DIV. 

In each panel the midline of the inferior olivary explant is indicated by the dashed line. (A) Unusual 

axonal whorls (stars) fail to exit the boundary of the explant. (B & C) The ventral surface of the 

explants are delineated by a. |n both panels the pattern of immunostained axons is similar to the 

axonal projections of the inferior olive in vivo. The inferior olivary axons penetrate the surrounding 

dissociated tissue in which the axons of cerebellar neurons are also immunostained (asterisk). The 

varicosities (arrows) present on some of these axons suggests a Purkinje cell origin. 

Scale bar = 500 pm.
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One of the most characteristic features of the inferior olivary neurons is the 

crossed, lateral projection of their axons. To assess the growth from, and pattern of axons 

within, the inferior olivary explant in vitro, both +/+ and +/Lc co-cultures were 

immunolabelled with antibodies raised against the 200 kD neurofilament protein (see 

Debus et al., 1982 and 1983). Neurofilaments are composed of three major proteins of 

apparent molecular weights 68 kD, 160 kD, and 200 kD. They are distinct from the other 

cytoskeletal elements o f the cell, namely microtubules and microfilaments, and are 

predominantly found in the axons of neurons. Figure 42 is taken from three +/Lc 

co-cultures labelled with the antisera after 10 DIV. The pattern o f immunostained fibres 

in the inferior olivary explants shown in panels B and C is reminiscent of the axonal 

projection of the brain stem nuclei in vivo, whereas the explant in panel A indicates 

abnormal development in vitro. In panel B and C the immunostained axons course across 

the ventral surface of the explant. In vivo the axons then project dorsally, illustrating the 

difficulty of establishing functional connections in culture, for if this pattern was 

replicated in vitro, the regenerated axons would have to travel for hundreds of pm through 

the explant before contacting any cerebellar neurons. Instead it was anticipated that the 

inferior olivary axons would contact neurons adjacent to the ventral surface o f the explant; 

indeed immunostained axons do project away from this surface in both panels B and C 

of Figure 42. In panel A the immunostained axons form a whorl-like arrangement and 

never project out from the explant. Although not as common as the axonal development 

seen in the explants shown in panels B and C, this pattern o f immunostaining occurs in 

both +/+ and +/Lc co-cultures. In general, the results from immunolabelling the 200 kD 

neurofilament protein would seem to indicate that sufficient growth and differentiation of 

the inferior olivary explants occurs for some form of contact to develop in co-culture.

The carbocyanine dye Dilc,^ was again used to study fibre outgrowth from the 

co-cultured inferior olivary explant, although this time the tissue was incubated in a 

solution of the dye before plating. Incubation with Dil^^  ̂ allows living neurons to be 

studied in long-term cultures without affecting survival and differentiation (Honig and 

Hume, 1986, 1989; Paramore et al., 1992). Purkinje cells were identified by CaBP 

immunolabelling and were visualised using the fluorescent streptavidin-Texas Red 

conjugate. Figure 43 shows dissociated Purkinje cells in a +/Lc co-culture immunolabelled 

by this technique. Although the fluorescence does not produce the sharp detail of 

horseradish peroxidase labelled tissue, the gross morphological features of immunolabelled 

Purkinje cells are clearly identifiable. These features are amply illustrated by the higher
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magnification micrograph of the immunolabelled Purkinje cell in panel B of Figure 43; 

from opposite poles of the pear shaped soma emerge a single, bifurcating primary dendrite 

and axon (curved arrow) that contains at least two prominent varicosities (open arrows) 

along its length.

Texas Red has a similar excitation and emission spectra to Dilc^ and the two 

fluorescent markers can be visualised simultaneously. Using simultaneous excitation of 

the two markers, fibre projections from the inferior olivary explants can be traced directly 

to the immunolabelled Purkinje cells. Figure 44 shows a cluster of immunolabelled 

Purkinje cells flanked by two inferior olivary explants. A sweep of D il^j fluorescence 

from the explant in the top left hand comer of the figure seems to indicate considerable 

outgrowth and even contact with the cerebellar Purkinje cells in vitro. However, when 

examined at higher magnification, the Dil^z labelling is diffuse and does not reveal any 

fibre-like projections. Instead, the fluorescent outgrowth appears to be caused by glial 

proliferation from the inferior olivary explant.

Similar results are obtained from both +/+ and +/Lc co-cultures labelled in this 

way and in no instance are Dilc,^ labelled climbing fibre-like profiles seen to contact the 

soma or dendrites of CaBP immunofiuorescent Purkinje cells (Figs. 44 and 45). 

Immunolabelled Purkinje cells are present in close proximity to the D ildj labelled explant 

in Figure 45. In fact, the diffuse fluorescent outgrowth from the explant seems to merge 

with the cerebellar tissue and may have retrogradely labelled the surrounding cells. Again 

this outgrowth appears to be entirely the product of glial proliferation from the inferior 

olivary explant and no fibre-like structures are present. It is interesting to note that there 

is no difference in the gross morphology of the immunolabelled Purkinje cells in 

Figure 45: those cells adjacent to the inferior olivary explant have equally developed 

dendritic trees when compared to the more distant group. In general, +/+ and +/Lc 

Purkinje cell growth varied considerably within the co-cultures and bore no relationship 

to the proximity o f inferior olivary tissue, nor was there any consistent difference between 

the morphology of co-cultured Purkinje cells and those grown in the absence of the 

afferent.
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Figure 43. A Lurcher co-culture processed for calbindin-D immunofluorescence after 12 DIV. (A) A 

cluster of immunolabelled Purkinje cells. (B) Higher magnification of an immunolabelled Purkinje 

cell. The axon emerges from the opposite pole of the soma to the dendrites (curved arrow). The 

axon projects past the dendrites (arrow) and contains two varicosities along its length (open 

arrows). Scale bars = 50pm.
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Figure 44. A wild-type co-culture immunolabelled for calbindin-D after 12 DIV. (A) A cluster of 

immunolabelled Purkinje cells (B) are flanked by two Dilds fluorescent inferior olivary (lO) explants. 

(B) Higher magnification of the immunolabelled Purkinje cells shown in panel A. 

Scale bars = 100 pm.
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Figure 45. A Lurcher co-culture grown for 14 DIV before calbindin-D immunolabelling. 

Immunolabelled Purkinje cells (asterisks) border the Dil^g labelled inferior olivary (10) explant. 

Approximately 1 mm below is another cluster of immunolabelled Purkinje cells (asterisks). 

Scale bar = 1 0 0  pm.
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6.3. N-methyl D-aspartate-induced neurotoxicity in culture

The investigation of the possible mechanisms underlying a climbing fibre-mediated 

degeneration of +/Lc Purkinje cells in vivo was not the primary objective o f this thesis. 

However, one simple explanation could be that the development o f excitatory inputs on 

the dendrites, in conjunction with the retention of | supernumerary excitatory inputs at the 

soma (Rabacchi et al., 1992a), and the obstruction of the formation o f inhibitory basket 

cell terminals by the climbing fibre "nest" (Heckroth et al., 1990), results in an excitotoxic 

degeneration of the +/Lc Purkinje cell. The term "excitotoxicity" refers to the 

neurotoxicity induced by excitatory amino acids (EAAs) and is thought to result from a 

disturbance in intracellular calcium homeostasis (for a review see Fransden and 

Schousboe, 1993). Increases in intracellular calcium concentration during excitotoxicity 

chiefly arise from two sources; influx via receptor-operated channels that are calcium 

permeant, such as the N-methyl D-aspartate (NMDA) receptor-channel; and/or release from 

internal calcium stores.

Excitotoxicity in the cerebellum has mainly been investigated in vitro but a 

climbing fibre-mediated, possible excitotoxic degeneration o f Purkinje cells has been 

demonstrated in the rat by the activation of the inferior olivary nucleus with harmaline or 

ibogaine (O'Hearn and Molliver, 1993 a and b). Interestingly, the transient sensitivity of 

Purkinje cells to NMDA during early postnatal development in the rat (Dupont et al., 

1987; Garthwaite et al., 1987; Krupa and Crepel, 1990; Rosenmund et al., 1992; see 

section 1.2.1.) is concurrent with the period of climbing fibre-Purkinje cell polyinnervation 

(Crepel et al., 1976), and the activity of this receptor-channel seems necessary for the 

maturation of the synapse (Rabacchi et al., 1992b; see section 1.6 ). The Purkinje cells of 

the adult mutant mouse staggerer are more sensitive to NMDA when compared to +/+ 

mice (Dupont et al., 1984) and remain multiply innervated by climbing fibres (Mariani 

and Changeux, 1980). Lurcher Purkinje cells also fail to develop mature climbing fibre 

connections (Heckroth et al., 1990; Rabacchi et al., 1992a) and this may be associated 

with increased NMDA sensitivity. Unlike staggerer, +/Lc Purkinje cells form synapses 

with parallel fibres.

In light of these facts, the following study has investigated the influence of NMDA 

on the survival and differentiation of Purkinje cells in +/+ and +/Lc cerebellar explant 

cultures. Essentially two types of cultures were examined: 'intact' and 'agranular' cerebellar 

explants. The 'intact' explants are, apart from the addition of NMDA, identical to those
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described in chapters 3, 4, and 5 in terms of preparation and maintenance, whereas the 

'agranular' cerebellar explants were produced by the addition of 2x10'^ M of the DNA 

synthesis inhibitor cytosine arabinoside to the culture medium during the first 7 DIV. 

Cytosine arabinoside destroys the mitotic cells o f the external germinal layer (EGL), 

drastically reducing the numbers o f granule, basket and stellate cells, as well as affecting 

glial cells (Seil et al., 1991). Accordingly, it was anticipated that the 'agranular' explant 

would contain significantly lower numbers of cerebellar intemeurons and that the synaptic 

investment of Purkinje cells by these neurons would be markedly decreased. Seil et al. 

(1991) have demonstrated that the vast majority of synapses with Purkinje cells grown in 

cerebellar explants in medium containing 1.79x10'^ M cytosine arabinoside are by 

recurrent collaterals. Conversely, the Purkinje cells in the 'intact' cerebellar explants would 

be expected to develop similar synapses to those described in chapters 4 and 5 (although 

none of the explants used in this study were examined in the electron microscope to 

confirm this). In all the experiments the explants were maintained for 14 DIV before 

CaBP immunolabelling. NMDA was added to the culture medium at concentrations of 

between 1 and 150 pM, either throughout the culture period (chronic), or for 24 hours 

after 7 DIV (acute).

The neurotoxic effects of NMDA are modulated by extracellular magnesium and 

glycine. Under physiological concentrations magnesium selectively blocks NMDA-gated 

ionic channels in a voltage-dependent manner (Nowak et al., 1984), whilst glycine has 

been shown to have a potent strychnine-resistant potentiating action on NMDA-evoked 

currents (Johnson and Ascher, 1987).

The culture medium used in this study contains 600 pM magnesium, i.e. roughly 

half the normal physiological concentration. In addition, the medium contains a high 

concentration of potassium (22 mM). The Nemst equation (E= ^Vzp ln̂ *̂ 7̂[K]i) predicts that 

at these levels of potassium in the culture medium, a potassium-specific membrane will 

be depolarised by around 50 mV. Other ionic conductances will undoubtedly affect the 

degree of depolarization in vitro and cultured cells may undergo some form o f adaptation 

to high levels of potassium in the culture medium in the long-term. However, a sustained 

depolarization of membrane potential is likely to persist under such conditions, and it was 

hoped that this would be sufficient to reduce the magnesium blockade of NMDA 

receptor-channels in cultured cells. Indeed, in a study of NMD A-induced neurotoxicity in 

cerebellar slices, Garthwaite and Garthwaite (1987) have found that the excitotoxic effect
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of NMDA is strongly potentiated by 50 mM potassium in medium containing 1.19 mM 

magnesium.

The potentiation of NMDA responses in cultured mouse neurons by glycine was 

discovered by Johnson and Ascher (1987) following the observation that the magnitude 

of the whole cell current produced by NMDA appeared to depend on the speed of 

perfusion of NMDA-containing solutions: slower movement of perfusion resulted in a 

larger response. Subsequent investigations by the authors revealed that a tonic release of 

glycine from the cultured neurons was probably responsible for the potentiation o f NMDA 

responses. Glycine is also likely to be released from cells of the cultured cerebellar 

explants grown in vitro (glycine is present in the synaptic terminals o f Golgi cells, see 

Ottersen et al., 1988) and is probably present in the serum of the culture medium. It was 

hoped that this would result in sufficient extracellular concentrations o f glycine to 

potentiate NMDA-gated conductances in culture; the potentiation of NMDA responses by 

glycine can be detected at concentrations as low as 10 pM glycine (Johnson and Ascher, 

1987).

6.3. L Chronic exposure to NMDA

The morphology of the CaBP immunostained Purkinje cells in the 'intact' 4-/4- (not 

shown) and 4-/Lc (Fig. 46) cerebellar explants is similar to the Purkinje cells described in 

chapter 3. All of the surviving immunostained Purkinje cells have recognisable dendritic 

trees. Purkinje cells with obvious signs of damage, such as swollen or vacuolated 

cytoplasm, are very rarely encountered, even at the higher concentrations o f NMDA 

employed in which the paucity of immunostained profiles indicates widespread cell loss.

Figure 46 is taken from an 'intact' 4-/Lc explant grown in medium containing 1 pM 

NMDA and shows an abundance of CaBP immunostained Purkinje cells. Examination of 

these cells at higher magnifications reveals considerable differentiation comparable to that 

observed in the basic medium (see chapter 3). The Purkinje cells have extensive uni- or 

multipolar dendritic trees (Fig. 46A), the branches of which are covered with spines 

(Fig. 46B and C). Axons also emanate from the mass o f cells and many o f these contain 

varicosities intermittently along their lengths (Fig. 46B). Morphologically similar Purkinje 

cells are present in the 4-/4- cultures and at lower frequency in 'intact' explants of both 

genotypes grown in higher concentrations of NMDA (not shown).
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Figure 46. A Lurcher expiant grown for 14 DIV in medium containing 1 pM NMDA before being 

processed for calbindin-D immunocytochemistry. (A) A mass of immunostained Purkinje cells, two 

of which (B and C) are shown at higher magnifications below. Scale bar = 1 0 0  pm. (B) Numerous 

spines are present on the more distal dendrites of the immunostained Purkinje cell. Above is a thin 

immunostained Purkinje cell axon with intermittent varicosities (arrows). (C) A unipolar Purkinje cell. 

Two spines are indicated (open arrows) on the proximal portions of the primary dendrite. 

Scale bars = 20 pm.
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Purkinje cell growth and differentiation in vitro is unhindered by the addition of 

cytosine arabinoside to the culture medium for the first 7 DIV (Figs. 47 and 48). Dendritic 

development is comparable to explants cultured in the absence o f the DNA synthesis 

inhibitor, whilst axonal growth appears to be increased in both the +/+ and +/Lc explants. 

Many of the axons of adjacent Purkinje cells project for up to 1 mm across the explant 

before converging to form a highly branched plexus. An example o f this type of axonal 

development can be seen in Figure 47 taken from an 'agranular' +/Lc explant grown in 

medium containing 50 pM NMDA. These plexuses, like that shown in Figure 47 (arrow), 

often sharply delineate somatic-like profiles. It is possible that these profiles represent the 

somata of the deep cerebellar nuclei. Varicose swellings are present along the axons of 

Purkinje cells in the 'agranular' -t-/+ (Fig. 48) and +/Lc (not shown) explants.

• #

Figure 47. A Lurcher explant grown in medium containing cytosine arabinoside for the first 7 DIV, 

and 50 pM NMDA throughout the culture period, before calbindin-D immunolabelling after 14 DIV. 

The convergent terminals of the many immunostained Purkinje cell axons are indicated by the 

arrow. Scale bar = 1 0 0  pm.
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Figure 48. A wild-type explant grown in 

medium containing cytosine arabinoside for B  

the first 7 DIV, and 100 pM NMDA throughout 

the culture period, before calbindin-D 

i m m u n o l a b e l l i n g  a f t e r  14 D I V .

(A) Immunostained Purkinje cells occupy the * 

edge of the explant (indicated by dotted line).

Two of the Purkinje cells send dendrites out 

from the edge of the explant into the 

g l i a l / a s t r o c y t e  ( A s t )  b o r d e r .

Scale bar = 100 pm. (B) Higher magnification 

of one of the Purkinje cells shown in panel A. 

Numerous spines (arrows) but few branches 

are present on the elongated dendritic 

protuberance. Scale bar = 50 pm.

147



The extent to which the cytosine arabinoside depleted the numbers of cerebellar 

intemeurons in vitro was not quantified. Qualitative analysis o f treated +/+ and +/Lc 

explants under phase microscopy does reveal an increased density of degenerating cells 

during the first week in vitro, whilst similar treatment of dissociated +/+ cerebellar tissue 

grown in vitro reduces the frequency of granule cell-like neurons in culture (not shown). 

Nevertheless, the explants remain more than one cell layer thick in vitro and viable small 

cells are still visible under phase microscopy, suggesting that some intemeurons and glial 

cells remain. This supposition is supported by the advanced dendritic development of the 

immunostained Purkinje cells (Figs. 47 and 48), reported to be largely dependent on the 

granule cell parallel fibre input (Altman, 1982; Baptista et al., 1994).

In a number of cases the loss of the mitotic cells in the extemal germinal layer 

results in the remaining Purkinje cells developing at the very edge of the explant. 

Dendritic growth from these cells often extends out from the edge of the explant and 

hence the dendrites would appear to have developed in a virtually neuronal-free 

environment, surrounded only by a thin covering of glia. An example of this can be seen 

in Figure 48. This figure is taken from a +/+ explant but similar dendritic outgrowths were 

found in explants from the +/Lc mutant. It is interesting to note that under these 

conditions the number of dendritic branches is greatly reduced and yet spines can be 

resolved along almost the entire length of the dendrites (Fig. 48B), despite the absence of 

any presynaptic input. The dendrites of the other two 'peripheral' Purkinje cells in 

Figure 48A are highly branched.

The quantitative data from both the 'intact' and 'agranular' explants is shown in 

Figure 49. The results from the 'intact' explants (plot A) indicate that the dose-dependence 

of the effect of NMDA on Purkinje cell survival is non-linear. The mean numbers o f  

surviving 4-/4- and 4-/Lc Purkinje cells grown in medium containing 1 pM NMDA are very 

similar to the results obtained in explants grown in the basic medium in chapter 3 

(i.e. approximately 6/mm^). The survival of Purkinje cells is greater in explants grown in 

medium containing 10 pM NMDA and, when compared to the results in 1 pM NMDA, 

the mean numbers of Purkinje cells are roughly two and three times greater in the 4-/4- and 

+/Lc explants respectively. This increased survival of Purkinje cells is not maintained in 

concentrations higher than 10 pM NMDA. The mean numbers of Purkinje cells in 

explants grown in medium containing 25 pM NMDA are similar to those in explants 

grown in 1 pM NMDA. The survival o f Purkinje cells is poor in both the 4-/-I- and +/Lc 

explants grown in concentrations of 50 pM NMDA and higher in the culture medium.
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Figure 49. Quantitative analysis of the mean numbers (plus or minus standard errors) of calbindin-D 

immunostained Purkinje cells per mm^ of wild-type and Lurcher cerebellar explants grown for 

14 DIV in medium containing N-methyl D-aspartate (NMDA). (A) 'Intact' cerebellar ex plants 

I (+/+ n = 77 ,+ /Lcn  = 74). (B) 'Agranular'cerebellar explants, in which 2x1 O'® M cytosine arabinoside 

was added to the medium for the first 7 DIV (+/+ n = 43, +/Lc n = 35) .

The dose-| dependent : effect of NMDA on Purkinje cell survival is notably different 

in the +/+ and +/Lc 'agranular' explants (plot B). The main feature o f the data when 

compared to the results from the 'intact' explants are the consistently higher numbers of 

surviving +/+ and +/Lc Purkinje cells in concentrations of NMDA that previously proved 

toxic (>50 pM NMDA). It is also interesting to note the lack of effect of increasing
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NMD A concentration in the medium on Purkinje cell survival in the +/+ 'agranular' 
explant and the generally higher mean numbers of Purkinje cells in the corresponding 
+/Lc cultures. However, statistical analysis of the data using a two-way analysis of  
variance (ANOVA) with replication (on equal sample sizes following random deletions) 
did not reveal a significant difference in the dose-dependency o f +/+ and +/Lc Purkinje 
cell survival in either the 'agranular' or 'intact' explants. In addition, there is no significant 
difference between the numbers of Purkinje cells in the +/Lc and +/+ agranular explants 
grown in medium containing 1 pM NMD A (unpaired two-tailed student's t-test), despite 
the four-fold greater survival in the +/Lc explants. This is due to the wide variation in the 

data.
Control experiments were conducted using competitive antagonists to the glutamate 

receptor sub-types. Explants were grown for 14 DIV in medium containing 100 pM 

N M D A , p lu s 20 pM o f  the non -N M D A  recep to r  a n ta g o n ist  

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 40 pM of the NMDA receptor antagonist 

D-2-amino-5-phosphonopentanoic acid (D-AP5). These controls were performed on both 

'intact' and 'agranular' +/+ and +/Lc explants in medium made to a final concentration of 

0.1% dimethylsulphoxide (CNQX is dissolved in dimethylsulphoxide -see section 2.2.1.). 

The addition of dimethylsulphoxide did not affect the survival o f +/+ or +/Lc Purkinje 

cells in culture (not shown). The addition of 40 pM D-AP5 to medium containing 100 pM 

NMDA consistently increases the mean number of surviving Purkinje cells (not shown). 

However, when analysed statistically using an unpaired two-tailed student's t-test, only the 

+/Lc explants were significantly different. The P-values for the 'intact' and 'agranular' +/Lc 

explants were <0.03 and <0.01 respectively (when compared to explants grown in 100 pM 

NMDA minus D-AP5). The addition of 20 pM CNQX to medium containing 100 pM 

NMDA does not significantly alter Purkinje cell survival (not shown). The results from 

the control experiments, like those shown in Figure 49, are variable.

6.3.1. Acute exposure to NMDA

Similarly inconclusive results are obtained from +/+ and +/Lc 'agranular' explants 

subjected to acute exposure of NMDA in culture (not shown). N-methyl D-aspartate was 

added to the medium at concentrations of 25, 100 or 150 pM for 24 hours after 7 DIV, 

and the explants processed for CaBP immunocytochemistry after 14 DIV.

The results are highly variable and Purkinje cell survival, although lower than in 

control explants, appears to be totally random, and there is no NMDA dose-dependent 

pattern to either the +/+ or the +/Lc means.
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6.4. Climbing fibre deafferentation in vivo

Purkinje cell abnormalities have been observed in the +/Lc mutant mouse as early 

as P8 by Dumesnil-Bousez and Sotelo (1992) and the number o f Purkinje cells in the +/Lc 

decline from PIO onwards (Caddy and Biscoe, 1979). It is during this period that the 

normal maturation of the climbing fibre-Purkinje cell synapse commences (Larramendi and 

Victor, 1967; Crepel et al., 1976; Sotelo, 1990a). The parallel sequence of these events 

suggests that the afferent may play a role in the degeneration of the Lurcher Purkinje cell, 

and that if so, it is likely to occur early in the second postnatal week. To investigate this 

possibility, an attempt has been made to lesion the climbing fibre cells o f origin, the 

inferior olivary nuclei neurons (see Armstrong, 1974; Desclin, 1974), in P8 and PIO +/Lc 

and +/+ (control) mice using a similar technique to that described by Llinas et al. (1975). 

This procedure involves the systemic application of the niacinamide antagonist 

3-acetylpyridine (3-AP), followed by the indole alkaloid harm aline and then niacinamide 

(see methods, section 2.9 ). The 3-AP is thought to disrupt the cellular metabolism causing 

an increase in abnormal nucleotides and lesions various regions o f the central nervous 

system (see Desclin and Escubi, 1974). Harmaline activates the inferior olivary nucleus, 

accelerating the cells metabolic changes and so increasing their sensitivity to the 3-AP 

toxin. The final injection of niacinamide prevents the 3-AP dose being lethal and the 

combination of all three drugs restricts the lesion to the inferior olivary nucleus. The 

animals were then allowed to recover and develop to maturity (P21 and older) before 

being sacrificed for histochemical, immunocytochemical (CaBP) and electron 

microscopical analysis of the brain stem and cerebellum. It was hoped that this 

combination of techniques would indicate whether the inferior olive had been successfully 

lesioned; and if so, that no climbing fibre-Purkinje cell contacts remained; and, what affect 

this had on Purkinje cell survival, morphology and ultrastructure.

Calbindin-D immunocytochemistry was used to identify the cerebellar Purkinje 

cells and inferior olivary neurons in coronal sections of +fLc and +/+ mice. Calbindin-D 

immunoreactivity increases rapidly in the rat inferior olive from P12-P14 onwards and the 

entire nucleus of one month old animals is immunostained (Wassef et al., 1992b). It is 

therefore possible that not all of the inferior olive (if still present) would be 

immunoreactive in the youngest animals studied (P21), and so plastic embedded sections 

of the ventral portions of the brain stem were also taken and stained with 1% 

toluidine-blue in 1% borax. Electron microscopy was used to identify the synaptic
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terminals o f climbing fibres in the cerebellar cortex. The varicose climbing fibre terminal 

characteristically contains tightly packed, spherical vesicles and synapses with the spines 

of the more proximal Purkinje cell dendrites in the adult +/+ mouse (Larramendi and 

Victor, 1967).

All the animals used in this study survived until adulthood and showed similar 

locomotor responses to the treatment. Only after the administration of harmaline did the 

animals show any outward signs of response. Almost immediately after this injection the 

locomotor control of both +/+ and +/Lc mice rapidly deteriorates. The animals quickly 

develop a violent tremor and sprawling gait, and tend to falter and fall from side to side 

during locomotion. In addition their tails are erect. These abnormalities persist beyond the 

final injection of niacinamide but are markedly reduced after 24 hours. At this stage a 

slight trembling remains and the animals are sluggish when compared to those injected 

with saline only. All signs of ataxia induced by the treatment have disappeared after 48 

hours (as observed in +/+ mice). By P12 the light coat coloured +/Lc littermates of both 

treated and control animals began to show signs o f the motor abnormalities associated 

with the mutation (Philips, 1960).

The pattern of CaBP immunostaining in P21 (Fig. 50) and P90 (not shown) +/+ 

mice is identical and indicates that the 3-AP treatment has failed to lesion the inferior 

olive. All the subdivisions of the inferior olivary nucleus are immunostained, as are the 

Purkinje cells of the cerebellar vermis, hemispheres and flocculi. The inferior olivary 

nucleus can also be identified in plastic embedded sections of the 3-AP treated +/+ mice 

(not shown). Figure 50 is taken from a +/+ mouse injected with 70 mg/kg body weight 

of 3-AP on PIO and sacrificed for CaBP immunocytochemistry on P21. In the more 

caudal coronal section shown in panel A, the dorsal accessory olive (DAO) and fibre-like 

projections around the more lateral aspects of the brain stem are immunostained. These 

fibres could be the axons of inferior olivary neurons. The vast majority o f inferior olivary 

axons in the rat project along the ventral surface of the brain stem, cross the midline and 

sweep through the contralateral olive, before bending dorsally and entering the cerebellum 

via the medial part of the inferior cerebellar peduncles (Armstrong, 1974; Armstrong et 

al., 1982; Hrycyshyn et al., 1989). The coronal section below (panel B), taken 480 pm 

rostral to that shown in panel A, includes the immunostained dorsal accessory olive 

(DAO), principal olive (PC) and medial accessory olive (MAO), and thus shows all the 

subdivisions of the nucleus. The pattern of immunostained Purkinje cells indicates that the 

lobules of the cerebellum have been distorted by the fixation and freezing.
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Figure 50. Coronal sections (40 pm thick) from a wild-type mouse injected with 70 mg/kg body 

weight of 3-acetylpyridine on P10 and processed for calbindin-D immunocytochemistry on P21. 

(A) The caudal portions of the cerebellum and brain stem. Immunostained Purkinje cells reveal the 

lobular pattern of the cerebellar cortex, of which lobules IX and VII are indicated. At the ventral 

surface of the brain stem is the immunostained dorsal accessory olive (DAO). (B) This section is 

taken 480 pm rostral to that shown in panel A. All the subdivisions of the inferior olive are 

immunostained: the medial accessory olive (MAO); the principal olive (PC); and the dorsal 

accessory olive (DAO). Above are the immunostained Purkinje cells of the cerebellar vermis and 

hemispheres (lobule VIII and X  indicated). Scale bar = 1 mm.
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Figure 51. (A and B) Coronal sections (40 pm thick) from a Lurcher mutant mouse injected with 

70 mg/kg body weight of 3-acetylpyridine on PIO  and processed for calbindin-D 

immunocytochemistry on P21. The three subdivisions of the inferior olive are immunostained in both 

sections and are indicated as follows; the medial accessory olive (MAO); the principal olive (PC); 

and the dorsal accessory olive (DAO). The majority of the immunostained Purkinje cells are 

confined to lobule X and the ventral surface of lobule IX in both sections (also indicated). The 

section in panel A is 80 pm caudal to that shown in panel B. Scale bar = 1 mm.
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All three subdivisions of the inferior olivary nucleus are labelled by CaBP 

immunocytochemistry in each of the 3-AP treated +/Lc mutant mice analysed (Fig. 51). 

The morphology of the inferior olive is similar in plastic embedded sections of the 3-AP 

treated +/Lc mice (not shown). Although the CaBP immunostained olive is reduced in size 

when compared to the similarly treated +/+ mice, this was not thought to be a response 

to the 3-AP toxin, but rather confirmation of the indirect degeneration o f +/Lc inferior 

olivary neurons following the loss of the Purkinje cells (see Caddy and Biscoe; 1979; 

Heckroth and Eisenman; 1991).

The cerebellum of the 3-AP treated +/Lc mutant mice is greatly reduced in size 

but retains the characteristic laminated, lobular structure (see Fig. 51). There is little CaBP 

immunostaining within the cortex, although the pattern does differ between mutants 

sacrificed at P21 (Fig. 51) and P90 (not shown) -the sections from the older animals 

contain far fewer immunostained structures. A few fragments of dendritic-like profiles are 

scattered about the more ventral aspects o f the vermis of P90 +/Lc mice and on only one 

occasion include an attached somatic profile (although even this cell is severely stunted 

and only recognisable as a Purkinje cell by its CaBP immunoreactivity). The situation is 

quite different at P21 and all the +/Lc animals processed for CaBP immunocytochemistry 

at this age have a similar pattern of labelling. Whereas the number o f immunostained 

Purkinje cells is again greatly reduced when compared to the +/+, some cells do remain 

and these are predominantly confined to lobule X and the ventral surface o f lobule IX of 

the cerebellar vermis (Fig. 51A and B). In comparison, the cerebellar hemispheres and 

more dorsal portions of the vermis contain far fewer immunostained Purkinje cells in 

various stages of degeneration. These scattered cells are often labelled in tandem with the 

facing Purkinje cell(s) of the adjacent folia (see Fig. 51). However, the distribution of 

immunostained cells varies from lobule to lobule and the surviving Purkinje cells are not 

arranged in parasagittal bands.

The surviving Purkinje cells of lobules IX and X in the coronal section in 

Figure 5 IB are shown at higher magnification in Figure 52. The CaBP immunostained 

Purkinje cells are interspersed by gaps 1-3 cells thick (indicating some Purkinje cell loss) 

and this almost regular spacing reveals their entire structure. Remarkably, many of the 

immunostained dendrites project right to the pial surface and show no signs o f atrophy. 

The Purkinje cell axons are more disorganised and appear to project in a flurry of 

directions before coursing out of the section (presumably towards the white matter tracts).
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Figure 52. High magnification micrograph of lobules IX and X (indicated) shown in Figure 51B using 

Nomarski optics. Note the well developed dendritic trees of the calbindin-D immunostained Purkinje 

cells. Scale bar = 1 0 0  pm.
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Calbindin-D immunocytochemical labelling of coronal sections of P21 and P90 

+/Lc control mice (not shown) reveals a similar pattern of staining to the 3-AP treated 

mice. Hence there appears to be a hitherto unreported, regional variation in the pattern of 

Purkinje cell degeneration in the +/Lc mouse. Calbindin-D immunolabelling of (untreated) 

P21 +/Lc mutant mice confirms this pattern: the majority of immunostained Purkinje cells 

are present in lobule X and the ventral surface of lobule IX in serial, sagittal sections of 

the cerebellum. Figure 53, taken from a sagittal section, shows this characteristic pattern 

of CABP immunostaining in the P21 +/Lc cerebellar vermis.
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Figure 53. A sagittal section (40 pm thick) from the vermis of a Lurcher mutant mouse processed 

for calbindin-D immunocytochemistry at P21. The majority of immunostained Purkinje cells are 

located in lobule X (arrow) and the ventral surface of lobule IX (above). The three main subdivisions 

of the inferior olivary nucleus, the dorsal accessory olive (DAO), the principal olive (PO) and the 

medial accessory olive (MAO) are also immunostained. Scale bar = 1 mm.
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Calbindin-D immunocytochemical labelling of 3-AP treated mice indicates that the 

toxin has not altered the development of the inferior olive or the cerebellar cortex in either 

genotype. Furthermore, it is unlikely that the more terminal domains o f the inferior olivary 

axons have been preferentially affected. Climbing fibre contacts with Purkinje cells are 

therefore expected to have formed in the 3-AP treated mice. Electron microscopical 

analysis of 3-AP treated +/+ mice does indeed confirm the presence of morphologically 

mature climbing fibre-like synapses on the dendritic spines o f Purkinje cells. The 

micrograph shown in Figure 54 below is taken from the lower regions o f the molecular 

layer and includes a number of Purkinje cell dendritic spines in synaptic contact. Two of 

these spines (sp) are in synapse with a large, varicose terminal containing tightly packed, 

spherical vesicles (cf). This is almost certainly a climbing fibre terminal. The smaller, less 

densely packed axons in synapse with the other Purkinje cell dendritic spines are parallel 

fibres.

F ig u re  54. Electron m icrograph from a wild-type m ouse  injected with 70 mg/kg bocy weight of 

3-acetylpyridine on P10 and  fixed on P21. A climbing fibre (cf) sy n a p s e s  with two Purkinje cell 

dendritic sp in es  (sp). N um erous, rounded synaptic vesicles pack  the  climbing fibre terminal. Parallel 

fibres are  in synaptic con tact with th ree  o ther Purkinje cell dendritic sp in es  (asterisks) and the  shaft 

of a b ask e t cell dendrite (arrow ). S cale  bar = 1 pm.
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6.5. Summary

•The development of wild-type and Lurcher inferior olivary neurons was limited in the 

culture conditions used in this study and few fibres emanated from the explants.

•No climbing fibre-like connections formed between inferior olivary explants and 

cerebellar Purkinje cells in wild-type and Lurcher co-cultures.

•The survival of Purkinje cells in wild-type and Lurcher cerebellar explants cultured in 

medium containing NMDA was variable and there was no consistent difference between 

the two genotypes.

•The number of surviving Purkinje cells in wild-type and Lurcher cerebellar explants 

grown in concentrations of 50 pM NMDA and higher in the culture medium was 

increased by the addition of cytosine arabinoside to the medium for the first 7 days

in vitro.

•Intraperitoneal injections of 3-acetylpyridine, followed by harmaline and then niacinamide 

failed to lesion the inferior olive in young postnatal wild-type and Lurcher mutant mice.

•Lurcher mutant mice have a hitherto unreported, regional variation in the pattern of 

Purkinje cell degeneration: the Purkinje cells of lobule X and the ventral surface o f lobule 

IX are the last to degenerate.
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Chapter 7 

Discussion

The aim of this thesis was to examine the role of the neuronal environment in the 

degeneration of the cerebellar Purkinje cells in the Lurcher (+/Lc) mutant mouse. 

Cerebellar explants from +/Lc and wild-type (+/+) mice were grown in vitro in order to 

establish a developmental model in which to manipulate the neuronal environment. The 

results from the anatomical examination of these explant cultures (chapters 3, 4 and 5) are 

discussed in the first half of this chapter and a hypothesis is put forward to explain the 

survival of +/Lc Purkinje cells in vitro. This is followed by a discussion of the results 

from the experimental investigation of this hypothesis (chapter 6), and the chapter ends 

with suggestions for further lines of investigation.

7.1. The gross morphology of Purkinje cells grown in vitro

This study has shown that the Purkinje cells of postnatal day 2 (P2) +/Lc mutant 

mice will survive for up to 25 days in cerebellar explants grown in vitro (chapter 3). After 

10 days in vitro (10 DIV) the calbindin-D (CaBP) immunostained Purkinje cells in both 

the +/+ and +/Lc explant cultures had distinctive somatic, axonal and dendritic structures. 

The +/+ and +/Lc Purkinje cells had smooth somatic profiles (although spines were clearly 

visible in the electron microscope) and branching dendrites studded with spines.

7.1.1. The varied dendritic development o f  Purkinje cells grown in vitro

The morphology of the CaBP immunostained Purkinje cells in both the +/+ and 

+/Lc cerebellar explant cultures varied considerably (chapter 3, section 3.3.). The CaBP 

immunostained Purkinje cells had different numbers of primary dendrites that projected 

for various distances from the soma and gave rise to differing numbers of dendritic 

branches of various lengths. The varied development of the Purkinje cells in culture may 

have been as a result of differences in the local neuronal environment. The Purkinje cells 

and cerebellar intemeurons were randomly orientated in the cerebellar explant cultures and 

there was no uniform, geometric organisation of the cerebellar circuitry (chapters 3, 4 

and 5).
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The intemeurons o f the cerebellar cortex are derived and migrate from the cells 

of the external germinal layer (EGL) during postnatal development (Altman, 1982). 

Damage to the EGL during the preparation of cultures (e.g. when removing the dura) will 

reduce the numbers of surviving intemeurons in vitro, as will the inclusion o f serum in 

the culture medium; the loss of small neurons is greater in cultures o f dissociated 

cerebellum grown in semm-supplemented compared to serum-free medium (Weber and 

Schachner, 1984). In addition, the loss of the 3-dimensional topography of the cerebellum 

in the explant cultures is likely to affect the migration and maturation o f intemeurons from 

the EGL. The normal development of the dendritic tree of Purkinje cells has been shown 

to depend on interactions with the cerebellar intemeurons. The dendritic trees o f Purkinje 

cells in X-irradiated rats (Altman, 1982) and neurological mutant mice (Sotelo, 1975; 

Mariani et al., 1977), where the cerebellar intemeurons are either absent or unable to form 

connections with Purkinje cells, show gross morphological abnormalities. It is possible 

that the varied dendritic morphology of the Purkinje cells in the explant cultures develop 

as a consequence of differences in the local neuronal environment. For instance, CaBP 

immunostained Purkinje cells that had small dendritic trees with few branches probably 

developed in areas o f the explant that contained few surviving intemeurons and therefore 

received few synaptic contacts; and vice versa. The dendritic trees o f the cultured Purkinje 

cells were less elaborate and contained far fewer branch points than those of Purkinje cells 

in vivo (chapter 3, section 3.3 ). This suggests that the amount of interaction between the 

intemeurons and Purkinje cells was reduced in culture.

7 .7 .2 . Inferior Purkinje cell dendritic development in Lurcher explants

There was a significant difference in the morphology of the CaBP immunostained 

Purkinje cells in the +/+ and +/Lc cerebellar explants grown for 15-25 DIV (chapter 3, 

sections 3.3. and 3.4 ). The Purkinje cells in the +/Lc explants had more stunted dendritic 

trees that contained fewer branch points than those in the +/+ explants. In addition, image 

analysis o f the CaBP immunostained Purkinje cells revealed significantly smaller 'whole 

cell areas' and 'total dendritic lengths' in the +/Lc compared to the +/+ explants. These 

differences could have resulted from either an intrinsic inability o f the +/Lc Purkinje cells 

to develop dendritic trees comparable to those in the +/+ explants, or as a response to 

differences in the culture environment.
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There is no evidence to suggest that the neuronal environment o f the +/Lc Purkinje 

cell differs from that o f the +/+ in culture. Electron microscopical and 

immunocytochemical analysis did not indicate any differences in the distribution of 

surviving intemeurons in the +/+ and +/Lc cerebellar explant cultures, and the synaptic 

investment of +/+ and +/Lc Purkinje cells in vitro was identical (chapters 4 and 5). 

Purkinje cell-cerebellar intemeuron interactions are therefore likely to be similar in the +/+ 

and +/Lc cultures and are unlikely to account for the differences in Purkinje cell dendritic 

development.

The Purkinje cells o f adult wild-type<—>Lurcher (+/+<—>+/Lc) chimeric mice have 

stunted dendrites and disorganised cytoplasm (Caddy and Herrup, 1990, 1991). The 

disorganised distribution of cytoplasmic organelles in the +/+<~>+/Lc Purkinje cell was 

considered to be an indication that the stunted dendritic development was an atrophic 

response to the insult of parallel fibre deafferentation during development (Caddy and 

Herrup, 1991). The cytoplasmic organelles of the cultured Purkinje cells were similarly 

disorganised when examined in the electron microscope (chapter 4). However, these 

abnormalities were present in Purkinje cells in the +/+ and +/Lc cerebellar explant cultures 

and are probably a response to the culture conditions used in this study (see section

7.2.2.), rather than to a specific insult during development.

The inferior development of the +/Lc Purkinje cell in vitro therefore appears to be 

an intrinsic response and suggests that the Lurcher mutation encodes a combination of 

cell-autonomous and non-autonomous events in the Purkinje cell.

7.1.3. Dendritic swellings

Swellings on the dendrites of Purkinje cells were present in +/+ and +/Lc 

cerebellar explant cultures processed for CaBP immunocytochemistry (chapter 3, 

section 3.3.). These Purkinje cell dendritic swellings occurred more frequently in explants 

maintained for longer periods in culture (20-25 DIV). Caddy and Herrup (1990) have 

observed "stub ends" on the dendrites of Purkinje cells in adult +/+<—>+/Lc chimeric 

mice. These "stub ends" were thought to arise from the abrupt cessation o f growth in the 

Purkinje cell dendrite following parallel fibre deafferentation during development (Caddy 

and Herrup, 1990). However, fine dendritic branches radiate from the swellings of 

Purkinje cells in culture and the development o f these structures does not appear to 

indicate a cessation of dendritic development; the branches that radiate from the swellings
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were longer in expiants maintained for longer periods in vitro. Rather, the swellings on 

the dendrites of Purkinje cells in vitro appear to be a response to the culture environment. 

The increased frequency of the dendritic swellings in explants maintained for longer 

periods in vitro suggests that they could be an indication of impaired function or injury 

due to the accumulated effects o f the culture environment.

7.1.4. Axonal varicosities

The axons of CaBP immunostained Purkinje cells in +/+ and +/Lc cerebellar 

explant cultures frequently contained varicosities along their lengths (chapter 3, 

section 3.3.). Axonal varicosities are characteristic of a range o f dietary and toxicity 

disorders and are a common feature of normal Purkinje cell development in the P7-P15 

rat (Gravel et al., 1986 and references therein). Purkinje cell axonal varicosities are also 

present in normal (+/+) mice during the second postnatal week (Dumesnil-Bousez and 

Sotelo, 1992), but are more numerous and of a larger calibre in the mutants hyperspiny 

Purkinje cell (Sotelo, 1990b) and Lurcher (Dumesnil-Bousez and Sotelo, 1992). The 

normal development of Purkinje cell axonal varicosities is thought to prelude either the 

degeneration or formation of collaterals, or occur as a result of the initiation of 

myelination (Gravel et al., 1986). These processes are assumed to disrupt the cytoskeleton 

of the axon, leading to impaired axonal transport and swelling. It is possible that Purkinje 

cells affected by mutations in vivo, or as a result of the culture conditions used in this 

study, suffer an enhanced disruption of the axon, resulting in the high frequency of 

varicosities.

7.2. The ultrastructure of Purkinje cells grown in vitro

There was no difference in the ultrastructure of the Purkinje cells in +/+ and +/Lc 

cerebellar explants grown for 10-25 DIV (chapter 4). However, electron microscopical 

analysis did reveal a number of abnormal features o f cultured +/+ and +/Lc Purkinje cells. 

These included the persistence o f somatic spines on Purkinje cells in the majority of the 

explants studied, an absence of Nissl bodies within the perikarya of Purkinje cells, and the 

presence of naked Purkinje cell dendritic spines.
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7.2.1. Somatic spines

Electron microscopical analysis frequently revealed the presence o f spines on the 

somata o f Purkinje cells in +/+ and +/Lc cerebellar explants grown for 10 and 15 DIV 

(chapter 4). The persistence of Purkinje cell somatic spines in cerebellar explant cultures 

has been observed by Aggerwal and Hendelman (1980) but not by Blank and Seil (1982), 

In the developing cerebellar cortex in vivo, Purkinje cell somatic spines are the transient 

postsynaptic target o f climbing fibres (Larramendi and Victor, 1967), and are reabsorbed 

during the translocation of the synapse to a peridendritic connection (Larramendi, 1969). 

The Purkinje cell somatic spines observed in this study had the stubby morphology o f the 

postsynaptic climbing fibre-type (see Palay and Chan-Palay, 1974). Cerebellar explants 

examined in the electron microscope after 20-25 DIV contained Purkinje cells with 

predominantly smooth somatic profiles (chapter 4). Blank and Seil (1982) postulate that 

the persistence of Purkinje cell somatic spines in vitro may be a function of culture 

conditions that retard the maturation of the cell. The reduced frequency o f Purkinje cell 

somatic spines in explants maintained for longer periods in vitro (20-25 DIV) suggests 

that the reabsorption of the spines by the Purkinje cell soma is delayed in the culture 

conditions used in this study.

7.2.2. N issl bodies

There were no recognisable Nissl bodies in the Purkinje cells in either 4-/4- or 4-/Lc 

cerebellar explant cultures examined in the electron microscope (chapter 4). All the rough 

endoplasmic reticulum present was scattered throughout the perikarya and resembles that 

found in the Purkinje cells of 4/4<—>4-/Lc chimeric mice (Caddy and Herrup, 1991). The 

reasons for these similarities are unclear since the Purkinje cells surviving in the chimera 

are of the 4/4- genotype only (Wetts and Herrup, 1982a) and the explant cultures studied 

were from both 4-/4- and 4-/Lc mutant mice. The only similarity between the chimera and 

culture environment is that in each case the Purkinje cells are growing in an altered 

cellular environment. It is possible that the absence o f Nissl bodies is an indication of 

impaired cellular function in response to the sub-optimal conditions o f the culture and 

chimera environment. Interestingly, one of the earliest signs o f degeneration in the 

Purkinje cells of the 4/Lc mutant mouse is the disorganised endoplasmic reticulum in the 

perikarya (Caddy and Biscoe, 1979; Dumesnil-Bousez and Sotelo, 1992).
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7.2.3. N aked spines

Purkinje cell dendritic spines that have failed to make synaptic contact and are 

encased in glia occur in 4-/4- and 4/Lc cerebellar explant cultures examined in the electron 

microscope (chapter 4). These so called naked Purkinje cell dendritic spines have 

previously been observed in the agranular cerebellar cortex of weaver and reeler mutant 

mice (Sotelo, 1990a) and X-irradiated rats (Altman and Anderson, 1972); observations that 

indicate that the development of Purkinje cell dendritic spines is autonomous and occurs 

in the absence o f their recognised presynaptic partners the parallel fibres (see chapter 1, 

section 1.5.1.). Aggerwal and Hendelman (1980) have observed similar naked spines on 

Purkinje cells in mouse cerebellar explant cultures. These spines, and those observed in 

this study, have either developed in the absence of a parallel fibre input, or were 

deafferented following granule cell loss in culture. The presence o f naked Purkinje cell 

dendritic spines in the explants is a further indication of impaired granule cell survival 

and/or differentiation in the culture conditions used in this study (see section 7.1.1.). The 

development of naked dendritic spines suggests that the dendritic maturation of Purkinje 

cells is controlled by a combination of autonomous and environmentally induced factors, 

in which the granule cell plays a large part (Sotelo, 1990a).

7.3. The neuronal environment and synaptic investment of 

Purkinje cells grown in vitro

7.3.1. Interneuronal environment -with a special reference to the m igratory 

mechanisms o f  cerebellar intemeurons

Electron microscopical examination and parvalbumin and y-aminobutyric acid 

(GABA) immunocytochemistry revealed the presence o f Golgi, basket and stellate cell 

neurons in the 4 /4  and 4/Lc cerebellar explant cultures (chapters 4 and 5). These 

inhibitory intemeurons were scattered throughout the 4-/4- and 4/Lc explants.

Parvalbumin immunocytochemistry has previously been used to identify basket and 

stellate cells in explants and reaggregate cultures o f purified small neurons o f early 

postnatal mouse cerebellum (Hekmat et al., 1989). In these cultures the parvalbumin 

immunolabelled cells were orientated perpendicular to the fasciculating neurites o f granule 

cells. Basket and stellate cells are orientated perpendicular to the parallel fibres in the
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cerebellar cortex in vivo and interactions with the granule cell axons are thought to be 

necessary for the normal growth and differentiation of the cells (Caviness and Rakic, 

1978). The presence of ectopic GAB A immunostained basket and/or stellate cells in the 

glial outgrowths from both +/+ and +/Lc cerebellar explants grown in vitro was therefore 

intriguing (chapter 5). Two observations suggest that these ectopic GAB A immunoreactive 

cells had migrated away from the EGL of the explant in culture: one, the immunolabelled 

cells were widely dispersed from the explant in culture; and two, there were no near-by 

degenerating cells to indicate any retraction of the explant in vitro. The ectopic GAB A 

immunoreactive cells were unlikely to have developed such elaborate neurites prior to 

migration and appear to have differentiated independently of neuronal influences (other 

than homotypic). The development of these ectopic basket and/or stellate cell-like neurons 

therefore questions the role o f parallel fibre interactions in the differentiation of the 

inhibitory intemeurons o f the cerebellar cortex. The movement o f these ectopic GAB A 

immunoreactive cells away from the explants in culture may also throw some light on the 

mechanisms underlying normal basket and stellate cell migration from the EGL.

Granule cells migrate from the EGL along the radial projections of Bergmann glial 

fibres of Golgi epithelial cells (Sidman and Rakic, 1973; Hatten, 1990). During migration 

the granule cell soma forms a special adhesion junction with the Bergmann glial fibre 

(Hatten, 1990) that probably involves binding to the neuronal cell surface glycoprotein 

astrotactin (Edmondson et al., 1988; Stitt and Hatten, 1990; Fishell and Hatten, 1991). 

Cells migrating early from the EGL of newborn rats have been shown to associate with 

structures other than the Bergmann glial fibres and migrate along paths that are not strictly 

radial (Zagon et al., 1985). This early migration o f cells from the EGL seems at odds with 

the evidence from X-irradiation studies of postnatal cerebellar histogenesis (see section

1.3.2.). However, these neurons may represent the first few cells to evolve from the EGL, 

which are known to be the basket and stellate cell neurons (Fujita, 1967; Altman, 1982). 

Unlike granule cells, little is known of the migratory mechanisms o f basket and stellate 

cell neurons from the EGL. Altman (1982) postulates that they are arrested by the gradual 

sedimentation of parallel fibres within the molecular layer. Whether the prior movement 

of the intemeurons is strictly radial or a combination o f radial and tangential migrations 

is not known, nor is the involvement of any glial guidance component(s).

Although the ectopic GAB A immunostained cells were present in glial outgrowths, 

the flattened, oval morphology o f the glia under phase microscopy strongly suggests that 

they were not Golgi epithelial cells. It is possible that the presence o f the ectopic basket
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and/or stellate cells observed in this study could illustrate the normal migratory 

mechanisms of these intemeurons in vivo, i.e. that they undergo migration along 

non-Bergmann glial cells before arrest and differentiation (of course this remains entirely 

speculative and further investigation, including a more comprehensive analysis o f the 

associated glial cells, is necessary before any firm conclusions can be drawn). A more 

random mode of migration could account for the scattered distribution o f the parvalbumin 

and GABA immunostained basket and/or stellate cells in the +/+ and +/Lc cerebellar 

explant cultures (chapter 5).

7.3.2. The synaptic investment o f  Purkinje cells grown in vitro

Electron microscopical analysis did not reveal any difference in the synaptic 

investment of the Purkinje cells in +/+ and +/Lc cerebellar explants grown in vitro, and 

many in v/vo-like synapses were present (chapter 4). These included parallel fibre 

synapses with the Purkinje cell dendritic spines, basket and/or stellate cell axon synapses 

with the dendritic shafts of Purkinje cells, and basket cell axon synapses with the smooth 

portions of the Purkinje cell somata.

Despite the presence of somatic spines, synapses were only found on the smooth 

portions o f the Purkinje cell soma in vitro and many of these were morphologically 

similar to the terminals of basket cell axons in vivo. The majority o f the synapses on the 

dendrites o f Purkinje cells grown in vitro were from basket/stellate cell-like axons, and 

the frequency of parallel fibre-Purkinje cell dendritic spine contacts was much reduced 

when compared to in vivo. The low incidence of parallel fibre-Purkinje cell dendritic spine 

synapses in vitro was probably due to the suspected loss of granule cells in the culture 

conditions used in this study (see section 7.1.1.). However, damage to the cerebellar cortex 

during culturing and the addition of serum to the culture medium will also reduce basket 

and stellate cell numbers in vitro, as they too differentiate from the cells o f the EGL 

(Altman, 1982). Therefore it appears that the disruption of the 3-dimensional topography 

of the cerebellar cortex in culture has the greater effect on parallel fibre-Purkinje cell 

dendritic spine synaptogenesis in vitro.

The data from the electron microscopical examination of GABA immunolabelled 

cerebellar explant cultures would seem to contradict many of these assumptions (chapter 5, 

section 5.5.2.). The GABA immunolabelled explants contained immunonegative neurites 

that formed basket/stellate cell axon-like synapses with Purkinje cells; and yet evidence
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from the immunocytochemical labelling o f cerebellar slices with antibodies to GABA and 

glutamic acid decarboxylase strongly suggest that GABA is the neurotransmitter at the 

terminals o f both of these intemeurons in vivo (Gabbott et al., 1986; Ottersen et al., 1988; 

Heckroth, 1992; Ottersen and Laake, 1992). Nevertheless, Gabbott et al. (1986) have 

obtained similar unpredictable results from GABA immunolabelled rat cerebellar slices 

examined in the electron microscope. These authors found that "between a third and one 

half of the basket axons contributing to the "pinceau" were either mildly immunopositive 

or totally immunonegative". Although Gabbott et al. (1986) observed that the majority of 

the immunonegative basket cell axons in the pinceau were not in synapse, this was not 

the entire case, and the immunolabelled pinceau was clearly visible under the light 

microscope. A similar variability of immunoreactivity to the GABA antiserum might explain 

the immunonegativity of some basket and/or stellate cell-like structures in the explant 

cultures. Indeed, GABA immunonegative presynaptic profiles of basket and/or stellate 

cell-like axons were occasionally immunostained further along the axon and vice versa 

(chapter 5).

The antiserum used in this study recognises GABA coupled to protein carriers with 

glutaraldehyde (see Seguela et al., 1984), and is similar to that used by Gabbott et al. 

(1986). The immunoreactivity of the GABA in the explant cultures is therefore dependent 

on the penetration of the glutaraldehyde fixative. It is possible that GABA will leak out 

of structures during the washing and fixation of the explant cultures (see methods section 

2.6.4.) and this could account for the weak immunoreactivity or immunonegativity of 

some basket and/or stellate cell-like structures. The distribution of immunostaining in 

some of the GABA immunolabelled presynaptic profiles in culture would seem to support 

the notion of neurotransmitter-leakage from the synaptic vesicles. In these immunoreactive 

presynaptic profiles, the synaptic vesicles were less intensely immunostained than the 

surrounding cytoplasm, suggesting the GABA had leaked into the surrounding cytoplasm 

during fixation. Another important consideration when interpreting the ultrastructural 

localization of GABA immunostaining is that the cerebellar explants were labelled with 

the antisera intact (see methods section 2.6.4 ). Hence the membrane o f the synaptic 

vesicles will be a barrier to the antisera. This could explain the immunonegativity o f the 

vesicles in some basket and/or stellate cell-like presynaptic profiles. An alternative 

explanation for the immunonegativity of some basket and/or stellate cell-like presynaptic 

profiles in culture is that GABA is not the neurotransmitter at all the basket and/or stellate 

cell axon terminals. Okamoto et al. (1983) have shown that the synaptically evoked
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hyperpolarisation of Purkinje cell dendrites following stimulation of the superficial part 

of the molecular layer was selectively blocked by 6-aminomethy 1-3-methy 1-4H, 

1, 2, 4-benzothiadiazine-l, 1-dioxide, a known antagonist of taurine. This observation 

suggests that taurine is the neurotransmitter at stellate cell synapses with Purkinje cells, 

but this is not supported by immunocytochemical analysis: only a small proportion of 

stellate cells were immunolabelled with a taurine antiserum, whilst the somata and 

dendrites o f Purkinje cells were strongly immunoreactive (Ottersen and Laake, 1992). 

Glycine has been widely implicated as an inhibitory transmitter o f the central nervous 

system (CNS) and it is possible that it could act as a neurotransmitter at some basket 

and/or stellate cell synapses. However, Ottersen et al. (1988) have observed glycine 

immunoreactivity in the presynaptic profiles of cerebellar Golgi cells but not basket or 

stellate cells. Hence there appears to be no firm evidence for an alternative 

neurotransmitter to GABA at the synapses of basket and/or stellate cell axons. 

Nevertheless, the involvement of other, hitherto unknown, neuroactive substances cannot 

be ruled out. Unfortunately, Gabbott et al. (1986) do not address the problem of GABA 

immunonegative basket cell axon terminals and it is beyond the scope o f this study to 

provide a definitive explanation.

7.3.3. M ossy fibres, heterologous synapses and dense core vesicles 

Mossy fibres

Profiles which resemble the characteristic mossy fibre swellings of the cerebellar 

cortex in vivo were present in both +/+ and +/Lc cerebellar explant cultures examined in 

the electron microscope (chapter 4). Other electron microscopical studies have 

demonstrated the presence of mossy fibre-like profiles in cerebellar explant cultures 

(Aggerwal and Hendelman, 1980; Jaeger et al., 1988). Mossy fibres were previously 

thought to originate entirely from outside the cerebellum (Larramendi, 1970; Palay and 

Chan-Palay, 1974) and their appearance in cortical cultures was considered to arise from 

the inclusion of brain stem tissue. However, the existence o f a cerebellar nucleo-cortical 

projection in the cat has been demonstrated both electrophysiologically and anatomically 

(Gould and Graybiel, 1976; Tolbert et al., 1976; McCrea et al., 1978). This projection, that 

arises in the deep cerebellar nuclei (DCN) and terminates in the granule cell layer as 

mossy fibres, could exist in mice and be the source of the mossy fibre-like profiles seen 

in culture (Aggerwal and Hendelman, 1980).
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The data from the electron microscopical analysis of cerebellar explant cultures 

processed for GABA immunocytochemistry demonstrated that some mossy fibre-like 

profiles were immunoreactive (chapter 5, section 5.5.2.). These large GABA 

immunostained neurites contained a cluster of mitochondria, large numbers o f vesicles and 

formed symmetrical synaptic contacts with mostly dendritic targets. Many o f these 

characteristics were previously attributed to the presence of mossy fibres in culture. Large 

neurites were identified as mossy fibres in chapter 4 by their central cluster of 

mitochondria, pale cytoplasm and large numbers of loosely packed, spherical vesicles. In 

contrast, some of these profiles formed symmetrical synapses that are thought to indicate 

the synapses o f inhibitory axons (Gray, 1969). Gray's (1969) ultrastructural identification 

of the excitatory or inhibitory action of synapses of the mammalian cerebral cortex is 

difficult to extend to other CNS regions and is naturally dependent on the type of fixation 

used. Nevertheless, Palay and Chan-Palay (1974) have observed a similar ultrastructural 

relationship in many of the synapses o f the rat cerebellar cortex. Although it was 

considered unacceptable to identify synapses in explant cultures solely by this criterion, 

when added to the GABA immunoreactivity of mossy fibre-like profiles in chapter 5, the 

combined evidence suggests that some (but not all) o f these large profiles were the 

varicose axons of Purkinje cells in culture.

Heterologous synapses ''

Many of these large mossy fibres and/or Purkinje cell axons formed synapses with 

both the shafts and spines of dendrites in the explant cultures (chapter 4). Synapses on the 

spines of dendrites would indicate that a Purkinje cell was the most likely postsynaptic 

element. Synapses between mossy fibres/Purkinje cell axons and Purkinje cell dendritic 

spines do not normally develop in vivo and therefore indicate the development of 

heterologous synapses in vitro. Heterologous synapses have previously been observed in 

cerebellar explants grown in vitro (Aggerwal and Hendelman, 1980; Seil et al., 1991), and 

in the abnormal cerebellum of both mutant mice (Sotelo, 1975; Mariani et al., 1977) and 

X-irradiated rats (Sotelo, 1977). Many of these synapses were similar to those observed 

in this study: mossy fibre synapses with the dendritic spines o f Purkinje cells are present 

in the cerebellar cortex of weaver mutant mice (Sotelo, 1975); in the central ectopic mass 

of reeler mutant mice (Mariani et al., 1977); and in the cerebellar cortex grown in vitro 

(Aggerwal and Hendelman, 1980); in cerebellar explant cultures exposed to the DNA 

synthesis inhibitor cytosine arabinoside, recurrent Purkinje cell collateral synapses form 

on the soma, dendritic shafts and dendritic spines (Seil et al., 1991). In each o f these
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cases, the disruption of the topography o f the cerebellar cortex and/or the loss o f the 

cerebellar intemeurons (and granule cells in particular) leads to the availability of 

postsynaptic targets which are inaccessible during normal development in vivo. The 

presence of heterologous synapses in this study was probably a consequence o f both of 

these factors. It is interesting to note that in each of the abnormal cerebellar environments 

described above, the heterologous synapses formed between similar pre- and postsynaptic 

elements. This suggests these neurites have a latent potential to form connections that is 

suppressed during normal development (Sotelo, 1990a).

A number of the synapses on the dendritic shafts of Purkinje cells in culture 

contained a higher density o f synaptic vesicles (chapter 4) than is common in the 

presynaptic profiles of basket or stellate cell axons in vivo (see Larramendi, 1970). A high 

density of synaptic vesicles is more indicative of the presynaptic profiles o f climbing 

fibres in vivo (Larramendi and Victor, 1967), and yet these presynaptic profiles were never 

seen in synapse with the spines o f Purkinje cells in culture. Mason and Gregory (1984) 

have observed that a number of cerebellar afferents transiently express both climbing and 

mossy fibre characteristics during postnatal development in the mouse; some of these 

"dual" afferents had mossy fibre glomeruli in the granule cell layer and filopodial 

extensions that formed rudimentary synapses (containing few vesicles) with the somata 

of Purkinje cells. It is possible that these "dual" afferents could include axons of a 

cerebellar nucleo-cortical projection. However, even if  this were the case, the numerous 

synaptic vesicles, mature ultrastructure and dendritic targets o f the high vesicle-density 

profiles in culture indicates that they are unlikely to be mossy fibres of a DCN origin. A 

more plausible explanation is that they are basket or stellate cell axons that have 

developed unusually high numbers of synaptic vesicles in response to the culture 

conditions used in this study.

Dense core vesicles

The high frequency of neurites containing dense core vesicles in the 4-/4- and 4-/Lc 

cerebellar explant cultures is unusual (chapter 4). Dense core vesicles were thought to be 

predominantly confined to the serotonergic synapses o f mossy fibres in the cerebellum 

(Chan-Palay, 1977). Dense core vesicles were present in neurites with ultrastructural 

features of both pre- and postsynaptic elements in culture, but none were observed within 

any profiles resembling mossy fibres. Electron microscopical analysis o f the recently 

identified unipolar brush cells of the mammalian granule cell layer has shown that this cell 

contains dense core vesicles throughout its somatic and dendritic cytoplasm in the rat
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(Mugnaini et al., 1994). However, the relatively low numbers o f unipolar brush cells in 

the granule cell layer and their confined distribution within the cerebellar vermis and 

flocculi suggests that they are unlikely to account for the majority o f the dense core 

vesicle-containing neurites in vitro. The high frequency o f dense core vesicles in the 

explants appears to be a response to the culture conditions used in this study.

7.4. A hypothesis for the survival of Lurcher Purkinje cells in vitro

The long-term survival of +/Lc Purkinje cells in culture suggests that the 

degeneration of the +/Lc Purkinje cell in vivo requires an external signal(s); a signal(s) 

that is absent when the +/Lc cerebellar cortex is grown in vitro and yet must remain in 

the mosaic o f +/+ and +/Lc cells in the cerebellum of +/+<—>+/Lc chimeric mice.

An obvious difference between the developing cerebellar cortex in vitro compared 

to in vivo is the absence of the mossy and climbing fibre afferents in culture. The failure 

of Purkinje cells in the +/Lc mutant mouse to develop mature climbing fibre synapses 

(Heckroth et al., 1990; Rabacchi et al., 1992a) suggests a critical role for this afferent in 

the degeneration of the +lLc Purkinje cell in vivo. Indeed, translocation o f the climbing 

fibre-Purkinje cell synapses normally begins at the end of the first postnatal week 

(Larramendi, 1969), the period at which the first abnormal features are observed in the 

Purkinje cells of the +/Lc mutant mouse (Dumesnil-Bousez and Sotelo, 1992).

Electrophysiological and morphological studies of weaver, staggerer and 

hyperspiny Purkinje cell mutant mice (Sotelo, 1975; Crepel and Mariani, 1976; Landis and 

Sidman, 1978; Mariani and Changeux, 1980; Guénet et al., 1983) and X-irradiated rats 

(Benoit et al., 1984; Mariani et al., 1990) suggest that the postnatal modification of the 

climbing fibre-Purkinje cell synapse is dependent on the synaptic investment of the 

Purkinje cell dendrites by parallel fibres (see section 1.6 ).

Granule cells in the +/Lc cerebellum are affected early in postnatal development, 

but the rate of parallel fibre-Purkinje cell synaptogenesis proceeds as normal during the 

first postnatal week. Lurcher Purkinje cells have comparable numbers o f parallel 

fibre-Purkinje cell synapses to control (+/+) animals at P8, with differences evident only 

from PIO onwards (Dumesnil-Bousez and Sotelo, 1992). The development of dendritic 

spines is also abnormal in the +/Lc Purkinje cell. The Purkinje cells are hyperspinous and 

suffer a retardation in the maturation and segregation o f dendritic spines when compared 

to the +/+ (Dumesnil-Bousez and Sotelo, 1992). However, typical parallel fibre-Purkinje
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cell dendritic spine synapses are present at normal densities during what one would expect 

to be the critical period for modulation of the climbing fibre-Purkinje cell synapse (^ 8 ) .  

The +/Lc Purkinje cell is therefore unable to interpret the 'signal' o f parallel fibre-Purkinje 

cell synaptogenesis in the developing dendrites, and thus fails to modify its multiple 

climbing fibre innervation (Rabacchi et al., 1992a). It is possible that the development of 

excitatory inputs on the dendrites, in conjunction with the retention o f supemumary 

excitatory inputs at the soma, and the obstruction o f the formation o f inhibitory basket cell 

axon terminals by the climbing fibre "nest" (Heckroth et al., 1990), could trigger the 

degeneration of the +/Lc Purkinje cell in vivo. For instance, the abnormal synaptic 

investment of the +/Lc Purkinje cell in vivo could lead to excitotoxic cell death (see 

chapter 6, section 6.3.). It is assumed that the +/Lc Purkinje cells in the developing 

+/+<—>+/Lc chimera also fail to develop mature climbing fibre synapses, resulting in cell 

death. Electrophysiological recordings of adult +/+<—>+/Lc chimeras have shown that the 

remaining Purkinje cells were monoinnervated by climbing fibres (Rabacchi et al., 1992a). 

Although the synaptic investment of both +/Lc and +/+ Purkinje cells grown in vitro is 

different from Purkinje cells in vivo, most typical synapses were present (chapter 4). The 

modified synaptic investment of the Purkinje cells in +/Lc cerebellar explants grown in 

vitro, and the absence of the multiple climbing fibre input in particular, could therefore 

be responsible for its survival in culture. The inferior development o f Purkinje cells in the 

+/Lc compared to the +/+ cerebellar explant cultures (see section 7.2.1.) suggests that the 

+/Lc Purkinje cell suffers a combination of disorders leading to degeneration in vivo.

Not all the Purkinje cells are lost in the +/Lc mutant mouse during the time period 

studied in the explants (25 DIV): 10% of the Purkinje cells remain in the +/Lc mutant 

mouse at P26 (Caddy and Biscoe, 1979). Calbindin-D immunolabelling of cerebellar 

sections of P21 +/Lc mutant mice revealed that the vast majority o f the remaining 

Purkinje cells were present in lobules IX and X (chapter 6, section 6.4 ). However, the 

possibility that these Purkinje cells account for all the surviving +/Lc Purkinje cells in 

culture is unlikely. All of the +/Lc cultures processed for CaBP immunocytochemistry in 

chapter 3 (i.e. those from both hemispheric and vermal sagittal sections) contained 

immunostained Purkinje cells that were scattered throughout the explant, indicating that 

the surviving cells were not restricted to lobules IX and X. In addition, the highly similar 

numbers of Purkinje cells in the +/+ and +/Lc cerebellar explant cultures (chapter 3, 

section 3.2.) indicates that the survival rates o f the two genotypes in vitro were 

comparable.
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Precursor cells in the EGL of the weaver (wv/wv) mutant mouse will undergo 

normal granule cell differentiation when grown in close association with similar cells of 

the +/+ mouse in vitro (Gao et al., 1992) and in vivo (Gao and Hatten, 1993). Lurcher 

Purkinje cells require no contacts with +/+ cells to survive and differentiate in vitro. The 

possibility remains that other interactions with the culture environment could be 

responsible for the survival of +/Lc Purkinje cells in vitro. An obvious candidate is serum 

factors. Replacing the medium with a serum-free mixture after 1 DIV did not affect the 

long-term survival of +/Lc Purkinje cells in culture (chapter 3, section 3.5 ). The 

involvement of a serum factor is therefore unlikely, but other conditions o f the culture 

environment, such as the high potassium concentration (22 mM) o f the culture medium, 

cannot be ruled out. However, the time constraints of this thesis only afforded an 

investigation into the role of the climbing fibre input in the development o f the +/Lc 

Purkinje cell. The results from these experiments are discussed below.

7.5. The role of the climbing fibre input in the development of the 

Lurcher Purkinje cell

7.5.1. Inferior olivary survival and development in co-culture

The development of inferior olivary neurons in explants from the +/+ and +/Lc 

mutant mouse was limited in the culture conditions used in this study and no climbing 

fibre-like connections formed between co-cultured inferior olivary explants and cerebellar 

Purkinje cells (chapter 6, section 6.2.). Inferior olivary explants were isolated and cultured 

from coronal slices of P2 mice, the earliest age at which the genotype of the littermates 

can be identified by coat colour (see chapter 2, section 2.1.). By P2 the axons of the 

inferior olive have already entered the cerebellum and have reached the zone of Purkinje 

cells, before these cells have aligned into a monolayer (Mason et al., 1990). The 

preparation of the explants from the brain stem for culturing (whether intact or separated 

down the midline) therefore axotomises the inferior olivary neurons. The axons of 

Purkinje cells are also well developed at P2 (Hendelman and Aggerwal, 1980) and are 

likely to be axotomised during the preparation of both dissociated and explant cultures, 

and yet these cells survived and differentiated in vitro (chapters 3 and 6). These two types 

of neuron therefore appear to differ in their ability to withstand and compensate for this 

damage when grown in vitro. This is not surprising when one refers to the evidence from
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cells axotomised in vivo. Ramon y Cajal (1928) was the first to demonstrate that Purkinje 

cells survived axotomy, even when the lesion is close to the soma, and transformed into 

a short axon neuron that projects backwards to the cerebellar cortex; in contrast, inferior 

olivary neurons degenerate when the axon is lesioned in the inferior cerebellar peduncle, 

far from the soma (Sotelo and Arsenio-Nunes, 1976). Further indication o f the sensitivity 

of inferior olivary neurons to damage during culturing comes from the failed attempts to 

grow these neurons in dissociated cultures (H.S. Zanjani, personal communication). In 

spite of these difficulties, other studies have successfully co-cultured inferior olivary slices 

and cerebellar tissue in vitro (e.g. Bird, 1990; Blank et al., 1983; Hirano, 1990, 1991; 

Knopfel et al., 1990a and b; Mariani et al., 1991). So what could account for the limited 

fibre outgrowth from the co-cultured inferior olivary explants in this study?

One possibility is that incubating the inferior olivary explants in a solution of 

Dilci2 before plating failed to label the regenerated axons in culture. This is supported by 

the evidence from the immunocytochemical labelling of the inferior olivary-cerebellar 

co-cultures with antibodies raised against the 200 kD neurofilament protein (chapter 6, 

section 6.2.). This revealed extensive fibre-like growth in the inferior olivary explants, 

despite the fact that not all o f the axons are likely to be immunoreactive to the antisera 

(see Debus et al., 1982, 1983). It is possible that the frequent outgrowths of glia from the 

inferior olivary explants in vitro could have masked any Dil^^ labelled fibres, or 

sequestrated the fluorescence from the fibres (or both). Indeed, a study of dissociated CNS 

cultures incubated in a solution of D ildj before plating has indicated that astrocytes may 

accumulate the dye in vitro by transfer from near-by neurons (Paramore et al., 1992).

The identification of inferior olivary neurons in explants grown in vitro has been 

hampered by the absence o f a suitable immunocytochemical marker. Although the entire 

inferior olivary nucleus of the adult rat is labelled by CaBP immunocytochemistry, 

immunoreactivity is predominantly confined to portions of the principal and medial 

accessory olive prior to P12-P14 (Wassef et al., 1992b). A similar, detailed study has not 

been conducted on mice, but CaBP immunocytochemical labelling of +/+ mice in this 

study has indicated that the entire inferior olive is immunoreactive at P21 (chapter 6, 

section 6.4.) and PI2 (not shown). Hence, all the co-cultured inferior olivary neurons 

should be CaBP immunoreactive by 10 DIV (assuming development in vitro is 

comparable to that in vivo), and this was not the case; only a few cells were weakly 

immunostained in the inferior olivary explants processed for CaBP immunocytochemistry 

after 10-15 DIV (chapter 6, section 6.2 ). It is possible that the development of CaBP
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immunoreactivity in the inferior olivary neurons was delayed in the culture conditions 

used in this study; some, but not all o f the inferior olivary neurons of rats were labelled 

by CaBP immunocytochemistry in 14-31 day-old roller-tube co-cultures (J. Mariani, 

personal communication). However, the most likely explanation for the low frequency of 

CaBP immunostained cells in the co-cultured inferior olivary explants is the poor survival 

and differentiation of these neurons in the culture conditions used in this study.

7.5.2. The sensitivity o f  Purkinje cells to N-methyl D-aspartate in culture

The investigation of the effects o f N-methyl D-aspartate (NMDA) on Purkinje cell 

survival in culture failed to establish a role for the NMDA receptor-channel in the possible 

excitotoxic degeneration of the Purkinje cells in the +/Lc mutant mouse (chapter 6, section 

6.3.). There was no consistent difference in Purkinje cell survival in the +/+ and +/Lc 

cerebellar explant cultures grown in medium containing 1-150 pM NMDA. A number of 

factors could have contributed to the variable effects o f NMDA on Purkinje cell survival 

in culture. The voltage-dependent magnesium blockade o f the NMDA receptor-channel 

(Nowak et al., 1984) may have prevented any NMDA responses in the cultured neurons, 

despite the sub-physiological concentration of magnesium (600 pM) and the depolarisation 

produced by the high concentration of potassium (22 mM) included in the culture medium. 

However, the poor survival of Purkinje cells in the 'intact' explants grown in medium 

containing concentrations of 50-150 pM NMDA would seem to suggest that some NMDA 

receptor-channel activity was evoked in these cultures. Another explanation could be that 

the calcium influx evoked by NMDA in Purkinje cells (Krupa and Crepel, 1990; 

Rosenmund et al., 1992) was insufficient to cause excitotoxic cell death. The notion that 

NMDA treatment alone is insufficient to cause cell death in the cerebellar Purkinje cells 

is supported by the data of Garthwaite and Garthwaite (1987). These authors observed 

NMDA-induced toxicity in granule cells and deep cerebellar nuclei neurons, but not 

Purkinje cells, in cerebellar slices acutely isolated from rats on P8 (although it was hoped 

that this would not be the case in the +/Lc Purkinje cells). In addition, studies o f cultured 

cerebellar neurons have so far only implicated calcium influxes through 

calcium-permeable kainate (KA)/a-amino-hydroxy-5-methyl-4-isoxazole propionic acid 

(AMPA) receptors in Purkinje cell excitotoxicity (Brorson et al., 1994). Another 

possibility is that Purkinje cells in cerebellar slices cultured from P2 mice fail to develop 

functional NMDA receptor-channels in vitro, or that these receptors are quickly
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desensitised and/or down-regulated in the culture conditions used in this study. One other 

important consideration is that the Purkinje cells were grown in cerebellar explant cultures. 

Hence, NMDA will also activate the cerebellar intemeurons in culture and this could 

initiate transmitter release at their synapses with Purkinje cells (the cerebellar granule cells 

and inhibitory intemeurons are responsive to NMDA, see: Garthwaite et al., 1987; Hussain 

et al., 1991; Llano et al., 1991). This indirect effect o f NMDA on Purkinje cells in culture 

is likely to be similar in the +/+ and +/Lc explants, considering the similar intemeuronal 

environment and synaptic investment of the +/+ and +/Lc Purkinje cells in vitro (chapters 

4 and 5). This could explain the similar survival of Purkinje cells in the +/+ and +/Lc 

'intact' cerebellar explants. If this was the case, the neurotoxic effect of concentrations of 

50-150 pM NMDA on Purkinje cells grown in the 'intact' explant cultures was probably 

via responses to synaptically released glutamate following stimulation o f the granule cells, 

rather than the direct activation o f NMDA receptors on the Purkinje cell itself. The greater 

number of Purkinje cells grown in the 'agranular' compared to the 'intact' explant cultures 

in concentrations o f 50-150 pM NMDA would seem to support this notion; the addition 

of cytosine arabinoside to the culture medium of the 'agranular' explants destroys the 

dividing precursors of granule cells in the EGL (Seil et al., 1991).

The large number of Purkinje cells in the +/+ and +/Lc 'intact' explants cultured 

in medium containing 10 pM NMDA could also be due to the action o f granule cells. 

Granule cells show dramatic increases in NMDA receptor-channel activity during 

differentiation, migration and synaptogenesis (Rossi and Slater, 1993). This NMDA 

activity is driven by the endogenous glutamate of the cerebellar cortex and has been 

shown to regulate the migration of the neuron from the EGL in cerebellar slices 

maintained in vitro (Komuro and Rakic, 1993). It is possible that the addition o f 10 pM 

NMDA to the culture medium induced NMDA receptor-channel activity that, whilst 

insufficient to cause neurotoxicity, facilitated migration from the EGL, increasing the 

numbers of differentiated granule cells in the explant, that in turn promoted Purkinje cell 

survival. In accordance with this notion, Baptista et al. (1994) have shown that the 

survival of purified, dissociated Purkinje cells in vitro is enhanced by the co-culture of 

granule cells and improves as the density of granule cells is increased.
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7.5.3. The susceptibility o f  inferior olivary neurons to 2-acetylpyridine

in vivo

Intraperitoneal injections of 3-acetylpyridine (3-AP) produce extensive lesions in 

the CNS of adult rodents (Desclin and Escubi, 1974; Takada and Kono, 1993). One of the 

most striking features of 3-AP intoxication is the total destruction o f the inferior olivary 

complex. This property was utilised by Desclin (1974) to trace the origin o f climbing 

fibres in the cerebellum of the rat. In this study, Desclin (1974) achieved a complete 

bilateral lesion of the inferior olive by a single intraperitoneal injection o f 65 mg/kg body 

weight of 3-AP. Llinas et al. (1975) have further modified the technique to restrict the 

lesion to the inferior olive; these authors intraperitoneally injected 75 mg/kg o f 3-AP, 

followed by 15 mg/kg of harmaline after 3 hours and 300 mg/kg of niacinamide after a 

further 1.5 hours. An adaptation o f the technique of Llinas et al. (1975) was used in this 

study. However, intraperitoneal injections of 70 mg/kg of 3-AP, followed by 15 mg/kg of 

harmaline after 2 hours and 300 mg/kg of niacinamide after a further hour, failed to lesion 

the inferior olive in P8 and PIO +/+ and +/Lc mutant mice, and all three subdivisions of 

the nuclei remained in the adults (chapter 6, section 6.4 ).

The susceptibility of inferior olivary neurons to 3-AP toxicity in young postnatal 

rodents is difficult to estimate owing to the high levels of mortality often caused by the 

procedure. Woodhams et al. (1978) have reported a 100% mortality of rats injected with 

65 mg/kg of 3-AP on P2, and although a reduced dose of 37 mg/kg o f 3-AP did improve 

the survival rate, this failed to produce any lesion in the inferior olive. This high mortality 

was not ameliorated by treatment with nicotinamide (300 mg/kg) and is in contrast to the 

100% survival o f animals treated in this study. Woodhams et al. (1978) went on to 

establish the earliest age at which the reduced dose o f 3-AP (37 mg/kg) could produce 

effective climbing fibre destruction, and concluded that 3-AP could only be used to 

destroy the inferior olivary neurons in rats older than PI2. However, Woodhams et al. 

(1978) did not include the application of harmaline to activate the inferior olivary neurons 

and so enhance their susceptibility to 3-AP toxicity, and of course the dose o f 3-AP was 

relatively low.

The survival of the inferior olive in the animals treated in this study could be due 

to a resistance to 3-AP toxicity, or to harmaline excitation, or to both in young postnatal 

mice. The immediate onset o f ataxia and tremors in animals injected with harmaline in 

this study would seem to indicate that the inferior olivary neurons are sensitive to this
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drug as early as P8 in the mouse. This is again in contrast to the observations of 

Woodhams et al. (1978) who report that harmaline can only induce tremor in rats from 

P12-P13 onwards (these authors used harmaline, a stimulant of the climbing fibre-Purkinje 

cell circuit, to monitor the effects o f 3-AP in post-operative rats). The inferior olivary 

neurons of the young postnatal mouse appear to be resistant to the metabolic disruption 

caused by 3-AP. The basis of this resistance remains a mystery, but it is interesting to 

note that the onset of 3-AP susceptibility in the rat coincides with the modification o f the 

climbing fibre-Purkinje cell synapse (Woodhams et al., 1978). It is possible that 3-AP is 

only toxic to inferior olivary neurons that have developed adult climbing fibre-Purkinje 

cell synapses. If this is the case, it would preclude the use of this technique in assessing 

the role the afferent may play in the degeneration of the Purkinje cells o f the +/Lc mutant 

mouse.

7.5.4 Regional variations in Purkinje cell degeneration in the Lurcher 

mutant mouse

Calbindin-D immunocytochemical labelling of cerebellar sections of P21 and P90 

+/Lc mutant mice revealed a common pattern of Purkinje cell loss in the mutant: the cells 

of lobule X and the ventral surface o f lobule IX were the last to degenerate (chapter 6, 

section 6.4 ). It is difficult to speculate upon the reasons for this pattern of Purkinje cell 

loss in the +/Lc mouse owing to the lack of data on the causes o f the cell death. There 

is no evidence to suggest that the climbing fibre input to this region differs markedly from 

the rest o f the cortex in the +/Lc. Inferior olivary cell loss in the +/Lc begins as early as 

PIO and occurs throughout the nuclei (Caddy and Biscoe, 1979). Despite the loss of 

approximately two thirds of the cells o f the inferior olive, the cy to architectural 

organization of the nuclei and topography o f the olivocerebellar projection survive in the 

+/Lc (Heckroth and Eisenman, 1991). Whether there is any difference in the innervation 

of Purkinje cells of lobules IX and X by climbing fibres remains to be seen; but, if  the 

Purkinje cells o f lobules IX and X do develop mature climbing fibre contacts then, 

according to the hypothesis of +/Lc Purkinje cell survival in vitro described in section 7.4. 

of this chapter, they ought to survive, and this is not the case. It is feasible that regional 

differences in the rate of Purkinje cell maturation could account for the prolonged survival 

of the cells of lobules IX and X. Evidence from tritiated thymidine injections has 

demonstrated that the Purkinje cells of the more ventral portions of the cerebellar vermis
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are among the last to undergo their final division during embryonic development in the 

mouse (Inouye and Murakami, 1980). However, in a study o f the origin and differentiation 

of cerebellar neurons in the postnatal rat, Altman (1969) found that the ventral, vermal 

regions o f the cerebellar cortex were the first to mature. Early forming lobules, such as 

the nodulus (X), were characterised by an early decline in the width of the EGL, an early 

maturation o f Purkinje cells and an early increase in the width o f the molecular layer. 

Parallel fibre-Purkinje cell synaptogenesis is therefore likely to commence earlier in these 

regions. If one assumes that a similar pattern of development occurs in the +/Lc mutant 

mouse, the Purkinje cells of lobules IX and X would be amongst the first to suffer the 

predicted 'fatal' combination of multiple climbing and parallel fibre inputs (see section

7.4.).

The cause of the regional variation in Purkinje cell degeneration in the +/Lc mutant 

mouse remains unknown, but the pattern of cell loss would seem to question the role o f 

the climbing fibre afferent in the process, and may yet reveal additional factors that either 

contribute to, or are themselves solely responsible for, +/Lc Purkinje cell death.

7.6. Summary and suggestions for further investigation

This study has demonstrated that the Purkinje cells o f the +/Lc mutant mouse will 

survive equally as well as those of the +/+ when grown in cerebellar explants in vitro. The 

long-term survival of +/Lc Purkinje cells in culture suggests that the degeneration o f the 

+/Lc Purkinje cell in vivo requires an external signal(s). Evidence from studies of both 

normal rodents and mutant mice suggest that the abnormal innervation of the +/Lc 

Purkinje cell in vivo may provide this signal(s). It is possible that the abnormal retention 

of the multiple climbing fibre input at the Purkinje cell soma during the period of parallel 

fibre innervation triggers +/Lc Purkinje cell death in vivo. The experiments presented in 

chapter 6 o f this thesis neither establish a role for the abnormal climbing fibre input in the 

degeneration of the +/Lc Purkinje cell in vivo, nor do they rule it out. In the light of the 

results obtained so far, a number of alterations could be made to the existing experimental 

procedures in order to obtain a clearer picture of the signal(s) and mechanism(s) involved 

in the degeneration o f the +/Lc Purkinje cell in vivo.

Inferior olive and cerebellum co-cultures

The survival and development of co-cultured inferior olivary neurons was limited 

in the culture conditions used in this study. The use of the roller-tube technique developed
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by Gàhwiler (1978) could improve the development o f inferior olivary neurons in 

co-culture. There are two reasons why the roller-tube technique seems the most 

appropriate alternative: firstly, only in co-cultures using this technique have climbing 

fibre-Purkinje cell synapses been conclusively identified by both anatomical and 

electrophysiological analysis (e.g. Knopfel et al., 1990a); and secondly, these connections 

have been successfully established using inferior olivary slices from P3-P4 rats and not 

embryonic tissue (+/+ and +/Lc mice cannot be distinguished by coat colour before P2). 

N-methyl D-aspartate-induced neurotoxicity in vitro

In view of the variable survival of Purkinje cells in +/+ and +/Lc cerebellar explant 

cultures grown in medium containing NMDA, it is evident that the experimental protocol 

used in this study needs to be modified. A more suitable experimental approach would be 

to briefly transfer the explant cultures to a magnesium-free and glycine-supplemented 

solution of NMDA. This experimental protocol will compensate for the magnesium 

blockade and glycine potentiation properties of the NMDA receptor-channel, without 

altering the basic culture conditions. These experiments could also be performed on 

cultures of dissociated +/+ and +/Lc cerebellum.

Lurcher Purkinje cell death could be due to excitotoxic damage following calcium 

influx through non-NMDA calcium-permeable receptors, or through a combination of 

NMDA and non-NMDA receptor-gated calcium conductances. To examine these 

possibilities, the same procedure described above could be used to test the effects of acute 

exposure to KA, AMPA and glutamate on +/Lc and +/+ Purkinje cell survival in vitro. 

Climbing fibre deafferentation in vivo

The attempts to lesion the inferior olive in young postnatal +/Lc and +/+ mice 

have so far been unsuccessful, and yet these experiments probably offer the best means 

of examining the role of the climbing fibre input in the degeneration of the +/Lc Purkinje 

cell in vivo. In view of the 100% survival o f the animals used in this study, it would seem 

most appropriate to examine the effects of increasing the dose and exposure time of the 

3-AP and harmaline injections on young postnatal +/+ and +/Lc mutant mice.
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Appendix 1

D issociated cerebellar cultures

A number of variations in the protocol were tested before sufficient numbers of 

Purkinje cells could be consistently grown in dissociated cerebellar cultures from postnatal 

day 2 (P2) wild-type (+/+) and Lurcher (+/Lc) mutant mice. Only the procedure described 

in chapter 2, section 2.4. proved satisfactory and was used in all the data included. 

Cerebellar neurons prepared using the procedure described in section 2.4. also survived 

and differentiated in the following medium: 45% Minimum Essential Medium-Eagle 

(MEM), 45% nutrient mixture FI 2-Ham (GIBCO), 5% fetal calf serum and 5% horse 

serum (GIBCO), supplemented with 2mM glutamine, 15mM KCl, 1 0 '^  insulin-like 

growth factor I (Boehringer Mannhein), and glucose to give a final concentration o f 0.6% 

glucose.

The other procedures tested differed in the method of tissue dissection and/or the 

use of enzyme(s) -the rest of the procedure remained identical to that described in section

2.4. The variations were: sagittal slicing the cerebellum on a Sorval tissue chopper prior 

to the enzymatic treatment -a range of slice thicknesses were tested, from 300 to 500pm; 

and/or incubating the tissue in a combination of 1 mg/ml protease type X for 30 minutes 

followed by 1 mg/ml protease type XIV (both Sigma) for a further 30 minutes at 37°C, or 

1 mg/ml bovine pancreas trypsin 1 (Serva) for a range of incubation times from 10-45 

minutes at 37°C, or in medium only (no enzymes) for 1 hour at 37°C; before trituration.

All the enzymes tested were dissolved in Dulbecco's PBS with 0.5mM Mg^^and 

extra glucose (20mM).

Calbindin-D immunostained Purkinje cells were present in 10 day old cultures 

prepared using most of the alternative procedures described above (although Purkinje cell 

survival and morphology was inferior when compared to cultures prepared using the 

procedure described in chapter 2, section 2.4 ). One exception was the use of the 

combination of protease type X and type XIV. Purkinje cells did not survive beyond the 

first week in vitro in cultures prepared using these enzymes.

Dissociated Purkinje cells also survived and differentiated in cultures grown on 

collagen coated coverslips in 35 mm petri dishes.
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