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Abstract

The role of the cerebellum in movement control may involve the formation and 

storage of motor memories. This thesis examines the role of the cerebellum in a 

simple associative motor learning task -  classical conditioning of the nictitating 

membrane response (NMR) of the rabbit. Repeated pairings of a tone stimulus with 

a tactile periocular stimulus leads to the formation of conditioned NMRs.

Lesion studies have shown that conditioning o f the eyelid response and NMR is 

critically dependent upon the cerebellum and its associated circuitry. However, 

permanent lesions cannot establish whether memories are stored in the cerebellum 

because they cannot dissociate performance and learning effects. Localised 

reversible inactivations can reveal whether a region is actively involved in learning 

and the formation of memories because the system can be tested after recovery 

from the inactivation.

The inferior olive, cerebellar cortex and cerebellar nuclei are interconnected to form 

a module whose function can be altered by disturbances at any point in the circuit. 

Reversible inactivations of the cerebellar anterior interpositus nucleus or the olivary 

inputs to the cerebellum prevent NMR conditioning, but inactivation o f cerebellar 

nuclear efferents in the brachium conjunctivum does not. These findings provide 

strong support for the suggestion that essential plasticity for NMR conditioning is 

within the cerebellum. However, reversible inactivations have not been used 

directly to test whether cerebellar cortical function is also critical for learning.

The experiments presented in this thesis used reversible inactivations o f cerebellar 

cortical lobule HVI to demonstrate that it is essential for performance, acquisition 

and extinction of NMR conditioning. These findings are consistent with several 

theoretical models o f motor learning that assign essential plasticity to the cerebellar 

cortex. The results are discussed in the light o f our current understanding of 

cerebellar cortical plasticity at the system and cellular level.
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**We shall not cease from exploration 
And the end o f all our exploring 
Will be to arrive where we started 
And know the place fo r  the first time.

T. S. Eliot, 1888-1965 
(from Gerontion)
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The brain is a remarkable organ. Feelings of love and hatred, of right and wrong, our 

personal strengths and insecurities, a collection of values that we aspire to -  these are all 

produced by the interaction of current experiences with those of our past stored in the 

brain. Experiences change us and alter the way we think, perceive, and behave. Life is a 

continuous learning process, caused by modifications in our nervous system, and 

learning is not possible without mechanisms which achieve the storage of information. 

The great challenge is to understand how the brain learns and stores memories.

The desire to understand human memory dates back to ancient times, but the concept of 

functional localisation within the brain was once novel. Aristotle (4̂  ̂ century, BC) 

believed memory, and indeed all mental function, to be governed by the heart. It was 

Galen (2"^ century, AD) who first demonstrated that mental acts were a function of the 

brain. This great discovery was followed by attempts to localise memory within the 

brain, and early notions included storage in the ventricles (Costa ben Luca, 9̂  ̂ century) 

and representation through the pineal gland (Rene Descartes, 1596-1650). Although 

much progress has been made, the localisation of memory in the brain remains an 

important issue today.

1.1 The localisation of memory

Various concepts have developed over the years in relation to the localisation of 

memory. Extreme ideas range from discrete confinement in particular brain structures 

through to extensive distributions throughout the brain.

Early attempts to isolate and identify learning-related domains for particular memory 

tasks were those by Lashley (1929), who trained monkeys and rats to perform specific 

tasks. Lashley made lesions of different brain regions either prior to, or after training, 

and evaluated the effect of the lesions on acquisition and retention of the learning. From 

investigations of cortical lesions in rats, he discovered that the amount of tissue 

damaged, rather than its location, most influenced learning. This led Lashley to 

conclude that memory traces were distributed widely throughout the cerebral cortex, 

and were not localised. However, Lashley did not consider the alternative possibility of 

a subcortical localisation for certain forms of learning, which would have remained 

unaffected with cortical destruction.
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Recent evidence strongly suggests that memory traces are localised in the brain, rather 

than widely distributed, though not necessarily within a single anatomical location. 

Memory traces may consist of a number of loci, parallel circuits and feedback loops. 

For instance, different aspects o f sensory stimuli might be kept separate and encoded in 

parallel in the same region or different parts of the brain. Alternatively, a memory might 

be proeessed serially in a hierarchical manner, where various stages of the encoding are 

spread across more than one region. Another possibility is that within a localised site, 

the memory trace might be distributed among a network of many neurones and 

connections, which develop increased functional connections during learning (Donald 

Hebb, 1949). Hebb believed that an association was not localised to a single synapse, 

but that a memory trace consisted of ensembles of synapses. It is highly probable that 

there is no single mechanism for learning and memory.

1.2 Mechanisms mediating memory formation

What is the nature of the change that underlies learning? Hebb proposed the following 

to explain a synaptie mechanism mediating learning among ensembles o f neurones:

“When an axon of cell A is near enough to excite a eell B and 

repeatedly or persistently takes part in firing it, some growth 

process or metabolic change takes place in one or both cells 

such that A ’s efficiency, as one o f the cells firing B, is increased”

Hebb, 1949

The suggestion is that experience-dependent modifications in synaptic efficiencies of 

neurones is what forms the neural basis of memory formation. The physical process of 

change is referred to as neural plasticity. This idea is still the leading hypothesis for 

memory formation today. The discovery of phenomena such as long-term potentiation 

(LTP) and long-term depression (LTD) has given further credence to Hebb’s theory. 

However, is has not yet been demonstrated whether experience-dependent modifications 

in synaptic strength underlie the behavioural manifestation o f learning in animals.

A further question concerns whether the final memory store is in the same region that 

ehanges during learning. There might be one primary site o f modification during
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learning, but changes then spread to other regions as well. Yet another possibility is that 

the primary site of change reverts to the original state, and the modifications are stored 

in another part of the brain.

The analysis of mechanisms mediating learning and memory is completely dependent 

on identifying the location or indeed locations of brain structures in which these 

changes occur. Once these sites have been determined, the molecular and cellular 

mechanisms underlying learning can be examined. This approach could yield a full 

understanding of how the brain learns and stores memories.

The first step in localising memory traces in the brain is the identification of the 

circuitry essential for the expression and acquisition of a learned response, which is the 

main focus o f this thesis. This task is difficult if  complex forms of learning are analysed 

because a greater number of brain regions are involved. To overcome such problems, 

the experiments presented in this thesis have employed a simple form of associative 

learning - classical conditioning.

1.3 Classical Conditioning

Classical conditioning as a tool for exploring the neural basis of learning and memory 

was discovered by a Russian physiologist, Ivan Petrovich Pavlov (1849-1936), who 

successfully demonstrated that learning and perception in animals are quantifiable and 

definable processes (Pavlov, 1927). During work on the physiology of digestive 

processes in dogs, he observed that the dogs began to salivate at the sight of food, in 

anticipation of eating it. Subsequently, Pavlov systematically investigated this 

anticipatory behaviour by sounding a metronome before delivering food to the dogs. He 

noted that after several pairings of these stimuli, the dogs started to salivate in response 

to the metronome. He reasoned that a simple association had been formed between the 

initially neutral stimulus, the metronome sound, and food.

This form of associative learning was named classical conditioning (also known as 

‘Pavlovian conditioning’) and occurs when a neutral stimulus (the conditional stimulus - 

CS) is presented in close temporal contiguity with another stimulus (the unconditional
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stimulus -  US) that reliably and unconditionally elicits a particular response 

(unconditioned response -  UR). After a sufficient number of such pairings, an 

association is formed between the two stimuli, such that presentation of the neutral 

stimulus now elicits a conditioned response (CR). In the case of Pavlov’s work, the US, 

UR, CS and CR were food, salivation elicited by the food, metronome sound, and 

salivation elicited by the metronome sound, respectively.

Based on the temporal aspects of CS and US pairing, two main forms of classical 

conditioning were identified by Pavlov. In ‘delay’ conditioning, US onset precedes or is 

simultaneous with CS offset -  in other words, there is a ‘delay’ between CS and US 

onset, but a temporal gap does not exist between presentation of the two stimuli. The 

experiments presented in this thesis have used delay classical conditioning in which US 

onset precedes CS offset. In ‘trace’ conditioning however, CS offset occurs before US 

onset, thus creating a temporal gap between presentation of the two stimuli. Trace 

conditioning is often less efficient than delay conditioning in producing conditioned 

responses because it is dependent on maintaining a neural ‘trace’ for association 

between the CS and US.

Although Pavlov proposed a theory of how the brain might produce conditioned 

reflexes, it was based on the then rudimentary knowledge of brain structure, so it 

receives little attention today. Pavlov firmly believed that the centre of associative 

learning for all forms of conditioning was the cerebral cortex. He attempted to explain 

learning in terms of waves o f excitation and inhibition spreading across the cortex, and 

their effects on stimulus event representations in the cortex. However, the brain 

described in Pavlov’s theory of cortical analysers is not the brain we know today.

The experiments presented in this thesis have used classical conditioning of the rabbit’s 

eyeblink response as a model to analyse neural mechanisms of associative learning.
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1.4 Classical conditioning of the eyeblink response in rabbits

The eyeblink reflex is particularly suitable for the analysis of associative learning for a 

number of reasons (Thompson, 1976). Firstly, the afferent and efferent pathways of this 

reflex are relatively simple and very well characterised. Secondly, it is quite easy to 

measure this behaviour. Thirdly, this behaviour is under a high degree of experimental 

control, where the learned response is specific to the CS used in training and response 

timing is specific to the interstimulus interval (ISI -  time period between CS and US 

onset). Lastly, the learned response can be measured independently of the reflex 

behavioural response.

In most species, the eyeblink response involves just the upper and lower eyelids. But in 

some species, such as the rabbit, there is an extra component. The complete eyeblink 

response in rabbits involves closure of the external eyelids and extension of the 

nictitating membrane (NM), or third eyelid. The NM is a protective piece of cartilage 

that lies underneath the external eyelids and sweeps horizontally across the eye as a 

consequence of eyeball retraction. Closure of the external eyelids and NM can be 

elicited using either a puff of air to the cornea, or a weak electrical stimulus applied to 

the periocular region, both of which serve as an effective US.

The sensory afférents for both reflexes terminate in the trigeminal nuclei - mainly pars 

caudalis and pars interpolaris (van Ham & Yeo, 1996a), but their efferent components 

are different. Eyeball retraction and NM extension are caused by contraction of the 

retractor bulbi muscle, which is innervated by motomeurones of the accessory abducens 

nucleus via the Vlth cranial nerve (Cegavske & Thompson, 1976; Disterhoft et al, 

1985). External eyelid closure is mediated by contraction of the orbicularis oculi muscle 

that is innervated by motomeurones of the facial nucleus via the Vllth cranial nerve. 

Additionally, eyelid closure involves inhibition of the levator palpebrae muscle group 

that is innervated by oculomotor nucleus motomeurones, which normally functions to 

raise the extemal upper eyelid. Since both NMR and eyelid blinks are mostly evoked 

simultaneously, a common premotor blink area has been proposed. Neurones in pars 

oralis and nucleus principalis o f the trigeminal nucleus may function to activate both 

reflexes and produce a co-ordinated response (van Ham & Yeo, 1996b).
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Electromyogram (EMG) recordings of the eyelid reflex to a very brief electrical 

stimulus to the skin reveal two components. The first , R l, has a short latency (6-7 

msec) and the second, R2, has a longer latency (>15 msec). Owing to its short latency, 

the R l component is thought to be disynaptic. This indicates that some trigeminal 

neurones project directly to eyeblink motomeurones. In contrast, the R2 component is 

polysynaptic and involves the premotor blink area (van Ham & Yeo, 1996b).

Although the extemal eyelid and NM reflexes occur simultaneously and correlate 

almost perfectly with one another (McCormick et al, 1982c), the extemal eyelid can 

show voluntary responses, whereas the NM has a very low level of spontaneous 

activity. This low baseline rate makes the NM particularly appropriate for conditioning 

studies. Classical conditioning of the rabbits nictitating membrane response (NMR) is a 

very robust form of associative teaming (Gormezano et al, 1962) and is ideal for 

analysis of neural mechanisms (Thompson, 1976). A US consisting of either a puff of 

air to the comea, or a weak electrical stimulus to the periocular region, unconditionally 

produces the NM reflex (UR). If such a US is preceded by a neutral CS, such as a tone 

or light, a conditioned NMR develops after approximately 200 pairings of the CS and 

US. A characteristic feature of the CR is that it is well-timed, such that the response 

peak amplitude is near to the US onset (figure 1.1). Hence, the topography of the 

conditioned NMR varies according to the inter-stimulus interval.

The conditioned NMR is therefore a simple, leamed motor response. The development 

of this response must involve experience-dependent modifications in the brain. Over the 

years, in attempts to localise the essential plasticity, a number of studies have explored 

and identified neural stmctures essential for this teaming.
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350m s 60m s

A
CS - tone

periocular 
US - stimulation

B

UR- NMR trial 1

C

CR - in early conditioning

D

CR - trial 200

E CS alone trial

Fully developed CR 
on CS alone trial

Figure 1.1
Stimuli and NM responses developed during NMR conditioning
Traces are shown for a delay conditioning paradigm, depicted in (A). The parameters shown 
in this figure were used for all experiments conducted in this thesis On the first trial, only 
the UR is seen (B), but after a sufficient number of paired trials, a CR begins to develop (C) 
and full conditioning is achieved by approx. trial 200 (D). The accurate timing of the CR is 
demonstrated in the CS alone trial (E), where the peak amplitude occurs near the expected 
US onset Closure of the NM is represented by upward displacements of the curves.
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1.5 Early lesion studies and the elimination of brain structures not essential for 

conditioned eyeblinks

One method to determine which structures are necessary for eyeblink conditioning 

involves removal of large parts of the brain to establish whether the remaining reduced 

system is sufficient for learning to take place. This process of reduction is perhaps as 

important as the identification of critical structures, and has proven to be very useful in 

establishing which circuitry is essential for the conditioned eyeblink. Oakley & Russell 

(1972) demonstrated that the cerebral cortex is not necessary by showing normal 

acquisition of NMR conditioning in rabbits with complete bilateral removal of the 

neocortex. Neither is neocortex necessary for retention of previously established 

conditioning since removal of the cerebral cortex after conditioning does not abolish 

existing leamed responses (Oakley & Russell, 1977).

The short-delay, classically conditioned NM response can be leamed by rabbits in 

which all brain tissue above the level of the thalamus is removed (Enser, 1976) and a 

short-delay classically conditioned eyelid response can be leamed by decerebrate cats 

(Norman et al, 1974; Norman et al, 1977). These early studies demonstrated that 

conditioning of the eyeblink withstands removal of the forebrain and that the essential 

neuronal circuit for the delay CR lies at or below the level of the thalamus. Following 

these initial experiments, Mauk & Thompson (1987) showed retention of NMR 

conditioning in rabbits decerebrated above the level of the red nucleus and superior 

colliculus. Collectively, these studies suggested that the essential circuit for 

NMR/eyelid conditioning is located within the midbrain, brainstem or cerebellum. As a 

consequence of such studies, the decerebrate is regarded as a useful and simplified 

preparation for the analysis of eyeblink conditioning.

Subsequent studies provided evidence for a cerebellar involvement in eyeblink 

conditioning.
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1.6 Implication of Cerebellum in eyeblink conditioning

A highly influential and important finding by McCormick et al (1981) shaped many 

subsequent experiments in this field. To identify brain regions essential for the 

conditioned eyeblink, neural unit activity over the entire brainstem was recorded in 

well-trained animals. Parts of the cerebellum ipsilateral to the conditioned side, that 

included the cerebellar cortex and underlying deep nuclei, were found to have increased 

unit activity that correlated either with the leamed CR (responses that formed an 

amplitude/temporal model of the CR), or with tone-evoked and airpuff-evoked 

responses. Large ablations of the cerebellum ipsilateral to the conditioned side resulted 

in a complete and permanent abolition of CRs. Conditioned eyeblinks developed 

quickly on the side contralateral to the lesion, thus demonstrating the specificity of 

lesion effects. The UR was unaffected by the lesion, indicating that the loss of observed 

CRs was not due to a simple motor deficit and implying that the circuitry essential for 

the CR differs from that of the UR. Both the NM and extemal eyelid responses were 

measured in this experiment, and it was reported that both responses became 

conditioned simultaneously. A similar experiment conducted later suggested that the 

cerebellar hemisphere ipsilateral to the trained side is essential for the expression of the 

CR (McCormick et al, 1982a).

These were extremely important studies and were the first to indicate that all or part of 

the memory trace for delay classical conditioning of the NM and eyelid might be 

contained within the cerebellum. Other altematives were also suggested. Losses o f CRs 

could be due to a loss of performance, rather than the teaming itself, or the lesions 

might have had effects upon remote stmctures. Both interpretations would place 

essential plasticity outside the cerebellum (see section 1.17 for details of this 

discussion).

Unilateral cerebellar lesions made prior to any training completely prevented 

acquisition of conditioning on the side ipsilateral to the lesion (Lincoln et al, 1982). In 

contrast to the savings seen previously, training of the eyeblink contralateral to the 

lesion in this study produced a normal rate of teaming, comparable to that of initial 

teaming in non-lesioned animals. The authors suggested that some degree of plasticity 

in the contralateral cerebellum is established during initial training to one eye in normal 

non-lesioned subjects.
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These studies powerfully implicated the cerebellum in eyeblink conditioning. They led 

the way for further experimental analysis.

1.7 The Cerebellum

A role for the cerebellum in the regulation of motor behaviour was proposed almost 200 

years ago. Flourens (1824) and Luciani (1915) were among the first to suggest an 

important role for the cerebellum in motor co-ordination. The requirement o f the 

cerebellum for the production of skilled movements was demonstrated by Sir Gorden 

Holmes (1917), who investigated patients with cerebellar injuries produced by gunshot 

wounds in World War 1. Patients with unilateral cerebellar damage exhibited errors in 

the co-ordination, force and direction of their movements, ipsilateral to the site of 

injury. More recently, an important cerebellar involvement in the learning of motor 

skills was proposed (Brindley, 1964; Eccles et al, 1967). All of these early studies 

emphasised the need of the cerebellum for optimal movements -  both in the learning of 

new voluntary movements and in the maintenance of existing reflexes. Current ideas 

about cerebellar function suggest a role in cognitive as well as motor responses (see 

Thach, 1998).

To understand how the cerebellum might contribute to regulating and learning 

movements, it is important first to consider its anatomy and physiology.

1.8 Anatomy of the Cerebellum

The mammalian cerebellum is positioned on the roof of the fourth ventricle and consists 

of a highly uniform, folded sheet o f cortex, which lies above white matter containing 

the cerebellar nuclei.

1.8.1 The cerebellar cortex

The cerebellar cortex is highly convoluted with a regular, lattice-like microstructure and 

its basic neural circuitry was discovered by Ramon y Cajal in 1888. The clearly-defined 

cytoarchitecture consists of three layers and five main types of neurones (figure 1.2): 

Purkinje cells, granule cells and three inhibitory intemeurones, Golgi, stellate and 

basket cells. The outermost superficial molecular layer contains the basket cells, stellate
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cells, Purkinje cell dendrites, and the axons o f  the granule cells (parallel fibres). The 

intermediate layer consists primarily o f  Purkinje cell perikarya and is therefore called 

the Purkinje cell layer. The innermost, granular layer o f  the cerebellar cortex contains 

granule and Golgi type II cells. In the cortex, only the granule cells are excitatory and 

all others are inhibitory (see Eccles et al, 1967). The highly-ordered, crystalline 

structure o f  the cerebellar cortex allows a large number o f  synaptic interactions.

Parallel fibrePurkinje cell

G o lg i  cell

M o lecu lar  layer

Purkinje cell

Purkinje cell layer

Granular layerStellate
icell

W hite  matter

B asket
ce

Purkinje cell  axon

Granule ce ll

M o ss y  fibre

C lim b in g  fibre

Figure 1.2
Diagrammatic representation of cytoarchitecture of cerebellar cortex.
Scheme shows part o f  a cerebellar folium. The elearly-defined cytoarchitecture consists o f  
three layers and five main types o f  neurons: Purkinje cells, granule cells and three 
inhibitory interneurons, Golgi, stellate and basket cells. Adapted from Brodai (1981).

Because o f  their large size, Purkinje cells were among the first neurones to be 

recognised in the CNS, and were discovered by Johannes Purkinje in 1837. They 

possess an unusual and large flattened, fan-shaped dendritic tree that spreads out into
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one plane orientated perpendicularly to the parallel fibres. Purkinje cells are GABAergic 

and are the sole output cell o f the cerebellar cortex. They send inhibitory projections to 

the cerebellar or vestibular nuclei. The cerebellar nuclei send projections to thalamic 

and brainstem structures to influence a number o f motor systems.

The three types of inhibitory intemeurone all receive input from parallel fibres. Stellate 

and basket cells project to the Purkinje cells, whereas Golgi cells send axons to granule 

cells.

1.8.2 Affevents to the Cerebellum

There are two main types of afferent to the cerebellum: mossy fibres and climbing 

fibres. Recently, diffusely organised noradrenergic and serotonergic afferents, coming 

mainly from the nucleus locus coeruleus and the raphe nuclei respectively, were 

identified. Except those from the inferior olive, most afferents to the cerebellar cortex 

appear to end as mossy fibres.

Mossy fibres arise from a number of structures in the brainstem and spinal cord and 

they form synapses with granule cells, which are the most abundant neurone in the 

brain. Granule cells send axons to the molecular layer of the cortex, where they 

bifurcate forming parallel fibres, which then contact Purkinje neurones. Each parallel 

fibre, up to 6-7 millimetres long (Mugnaini, 1983), forms synapses with many Purkinje 

cells, each of which can receive inputs from many thousands of granule cells.

In contrast to the mossy/parallel fibre afferent, the climbing fibre originates from a 

single source in the brainstem, the inferior olive, and synapses directly with Purkinje 

cell dendrites in the molecular layer. Each Purkinje cell is only contacted by a single 

climbing fibre, but its influence is powerful. At the Purkinje cell, climbing fibres divide 

into several branches, each of which ‘climbs’ along the dendritic branches of a Purkinje 

cell. With this arrangement, numerous synaptic contacts are established at multiple sites 

across the Purkinje cell, through which climbing fibres exert a powerful synaptic action 

on the Purkinje cell. This potent action produces a strong depolarisation of Purkinje 

cells to result in a complex spike. In contrast, parallel fibre activation produces short, 

simple spikes in the Purkinje cell.
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Both afferent pathways are glutamatergic and they both send collaterals to the cerebellar 

nuclei.

The cerebellar cortex is divided by fissures into a distinct pattern of transverse lobules. 

Larsell distinguished ten lobules in the vermis of the cerebellum, identified as I-X, and 

designated a prefix ‘H ’ for the corresponding lobules of the hemisphere (Larsell, 1952). 

For instance, the hemispheral extension of vermal lobule VI is regarded as lobule HVI 

(also sometimes called Tobulus simplex’ accordingyto Bolk’s terminology).

1.8.3 Cerebellar cortical zones and microzones

The cerebellar cortex is organised into a pattern of parallel longitudinal zones 

representing climbing fibre connections (Groenewegen & Voogd, 1977; Groenewegen 

et al, 1979). These zones form parasagittal strips in the vermis of the cerebellum, and 

are more complex in the hemisphere. Each cerebellar cortical zone receives input from 

climbing fibres originating in discrete regions of the inferior olive, and each zone sends 

axons to specific cerebellar or vestibular nuclei. The olivary, cortical, and nuclear 

components together form olivo-cortico-nuclear modules, which constitute the 

functional units of the cerebellum (Ito, 1984). Each olivo-cortico-nuclear module is 

presumed to control particular aspects of motor function (Oscarsson, 1980).

Four categories of zones exist on each side of the cerebellum, where zone A is 

positioned centrally in the vermis, and zones B, C, and D advance more laterally. Zones 

A, B, C and D project to the fastigial, vestibular, interpositus and dentate nuclei 

respectively. These zones can be further divided into a number of independent sagittal 

zones on the basis of different anatomical connections with afferent pathways from the 

inferior olive. Voogd (1964) divided the cerebellar cortex of ferrets and cats into seven 

sagittal zones: A, B, C l, C2, C3, D1 and D2, each with a width of about 1mm. During 

investigations of the anterior lobe of the cat, additional zones were then discovered. The 

X zone was identified between the A and B zones (Ekerot & Larson, 1979). It was 

found that climbing fibres innervating the X zone branched and also supplied the lateral 

Cl zone, which was then renamed the Cx zone (Ekerot & Larson, 1982). Also, the Y 

zone of the anterior lobe (initially called the D2 zone) shares branching climbing fibres 

with the lateral C3 zone, and the medial parts of the Cl and C3 zone share climbing
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fibre supply (Ekerot & Larson, 1982). Overall, nine zones have now been discovered in 

the anterior lobe of the cerebellar cortex of the cat (Andersson et al, 1987) (figure 1.3).

The C zone is therefore subdivided into C l, C2 and C3, with additional Cx and Y zones. 

Individual neurones in the dorsal accessory olive project to C3 and Y zones, or C3 and 

Cl zones, and all three cortical zones project to the AIP.

Medial AIP Lateral AIP

Cerebellar/
vestibular
nuclei

Cerebellar
cortex

Inferior
olive

à ii i i I

Fastigial LVN DentatePIN

i L

Caudal
MAO

Caudal
DAO

Rostral
MAO PO

Mid-MAO Rostral DAO

Figure 1.3
Zonal organisation of olivo-cortico-nuclear circuitry
Bottom two rows: afferent connections from inferior olive, middle row: sagittal zones in 
cerebellar cortex, top two rows: efferent connections to cerebellar and vestibular nuclei. 
Abbreviations: AIP, anterior interpositus nucleus; PIN, posterior interpositus nucleus; 
LVN, lateral vestibular nucleus, MAO, medial accessory olive; DAO, dorsal accessory 
olive; PO, principal olive. Anatomically distinct modules are represented by different 
colours.
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Cerebellar zones can be further subdivided into functional compartments called 

microzones, which control a single muscle or muscle group (Oscarsson, 1979). 

Together with their target neurones, the mierozones are thought to form the operational 

units of the cerebellum. Since this thesis is concerned with eyeblink conditioning, it is 

important to consider eyeblink control areas of the cerebellum. Electrophysiological 

studies have provided a map for eyeblink control areas in the cerebellar cortex of cats 

(Hesslow, 1994a, 1994b). Four eyeblink areas were found in the cat, two of which are 

located in lobule HVI (medial and lateral parts). The medial area in lobule HVI and the 

paramedian lobe area were reported to lie in the C3 zone. The area within the ansiform 

lobe (HVII) is within the Cl zone, but the zonal attributes of the lateral region within 

HVI are yet to be characterised.

1.9 The olivo-cortico-nuclear processing module

The zones and microzones o f the cerebellar cortex demonstrate that discrete regions of 

the inferior olive send climbing fibres to a particular area of the cerebellar cortex, which 

send axons to specific cerebellar nuclei. Although the cerebellar nuclei send excitatory 

projections to thalamic and brainstem structures, a subset of cerebellar nuclei send 

inhibitory projections back to the inferior olive (Nelson and Mugnaini, 1989; Andersson 

et al, 1988). This nucleo-olivary projection also conforms to the zonal and microzonal 

organisation (Ruigrok & Voogd, 1990), thereby forming olivo-cortico-nuclear 

processing modules, each involving a single cortical microzone, a nuclear territory and a 

small region of the inferior olive.

4
Cerebellar cortex

I-
4 Cerebellar nuclei

I-
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Early studies that indicated a role for the cerebellum in eyeblink conditioning in rabbits 

used rather large lesions Such large lesions would have involved several olivo-cortico- 

nuclear modules. But whether they would have involved any or all of those involved in 

controlling the eyelid/NM is unknown because eyeblink control regions have not been 

fully mapped in rabbits. Subsequent studies used smaller lesions and other techniques to 

find out more about eyeblink control areas of the cerebellum and the conditioned NMR.

1.10 Cerebellum and NMR conditioning -  Discrete lesion studies

Large ablations of the ipsilateral cerebellum, which include the cerebellar cortex and 

cerebellar nuclei, were shown to have profound effects on the conditioned NMR. 

Subsequent experiments were designed to determine exactly which parts of the 

cerebellum are important, and to distinguish between the effects of cerebellar cortical 

and cerebellar nuclear lesions.

I.IO.I Cerebellar Nuclei Lesions

The deep cerebellar nuclei consist of the fastigial nucleus, the interpositus nucleus and 

the dentate nucleus (figure 1.4). These nuclei are compulsory relays for all output from 

the cerebellum, and many studies have examined the outcome of discrete lesions of 

these nuclei on the conditioned NMR.

Figure 1.4
Transverse section through rabbit cerebellum showing cerebellar nuclei
Standard section displayed is 3mm caudal from X, and illustrates the three cerebellar 
nuclei. The shading represents the granular layer of the cerebellar cortex. Abbreviations: 
ND, dentate nucleus, NI, interpositus nucleus, NT, fastigial nucleus, PM, paramedian lobe, 
DPFL, dorsal paraflocculus; VPFL, ventral paraflocculus.
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Many studies have shown that lesions of the dentate-interpositus nuclei (this will be a 

term used to indicate both nuclei since the border between them is not always apparent, 

van Rossum, 1969) cause an abolition of CRs without affecting the UR, and prevent 

reacquisition (Glickstein et al, 1983; Clark et al, 1984; McCormick & Thompson, 

1984a). Such deficits are permanent, because CRs are absent even 8 months after 

unilateral interpositus lesions (Lavond et al, 1984). Steinmetz et al (1992b) found no 

recovery even after giving 150-200 post-lesion training sessions (distributed over 10 

months). Also, lesions of the interpositus have been shown to abolish both conditioned 

NM and eyelid responses (Lavond et al, 1990).

The first demonstration of a critical involvement of a single cerebellar nucleus in NMR 

conditioning was by Yeo et al (1985a), who examined the role of each cerebellar 

nucleus by systematically making very discrete lesions in each nucleus. Ipsilateral 

lesions of the anterior interpositus nucleus (AIP) caused abolition of CRs to both light 

and white noise CSs, prevented their reacquisition, and did not affect the UR. When 

training was switched to the other side by moving the US contralateral to the lesion, the 

subjects rapidly acquired CRs. Lesions of the posterior (caudal) interpositus nucleus, 

fastigial and dentate nuclei had little or no effect on CRs to either stimuli.

Selective lesions of the AIP were also investigated by using infusions of the excitotoxin 

kainic acid (Lavond et al, 1985). These chemical lesions also permanently abolished 

CRs. Since kainic acid is thought to exert its effects by selective damage to cell bodies 

and does not damage fibres o f passage, this study demonstrated the importance of AIP 

nucleus cells for CRs.

The experiments using AIP lesions all confirmed that if  subjects receive an ipsilateral 

interpositus nucleus lesion following NMR conditioning, are retrained on the lesion side 

to test for retention, and are then trained on the contralateral side, rapid and robust 

learning occurs on the contralateral side. This phenomenon was investigated by giving 

ipsilateral interpositus lesions following training, and then immediately training the 

contralateral side without first testing for retention on the lesioned side (Lavond et al, 

1994). This method of training revealed no evidence of savings on the contralateral side, 

suggesting that the rapid learning seen usually is due to a transfer o f learning and not a 

transfer of memory that survives a lesion.
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Findings from the numerous cerebellar nuclei lesion experiments are in good general 

agreement and they demonstrate that ipsilateral lesions of the anterior interpositus 

nucleus abolish fully learned responses and prevent reacquisition of NMR conditioning. 

What does this finding mean? One explanation is that the AIP contains plasticity 

essential for NMR conditioning. However, this is not the only possibility.

1.10.2 Cerebellar Cortex lesions

If  one suggestion is that the AIP nucleus is a site of essential plasticity for NMR 

conditioning, an alternative is that the memory resides in the cerebellar cortex. Lesions 

o f the interpositus nucleus may not destroy the memory trace but might simply prevent 

its expression from the cerebellar cortex. Although this is a more attractive solution 

given the extensive information processing power of the cerebellar cortex and the 

relatively simple circuitry of the cerebellar nuclei, lesions o f the cerebellar cortex have 

not provided consistent evidence on this point. Results from experiments using 

cerebellar cortical lesions are contradictory, and range from no effect through to 

complete abolition.

1.10.2.1 Lesions o f  the cerebellar cortex permanently abolish conditioned responses 

The role of the cerebellar cortex in NMR conditioning was first examined by Yeo and 

colleagues, who systematically investigated the importance of several cortical regions. 

Discrete lesions of lobule HVI (figure 1.5) abolished the expression of ipsilateral 

conditioned NMRs to light and white noise (Yeo et al, 1984, 1985b). Large cortical 

lesions that spared HVI or incomplete HVI lesions were ineffective in abolishing CRs, 

thus demonstrating an anatomical specificity. The connections of lobule HVI include a 

major output component to the AIP (Yeo et al, 1985c), already shown to be important 

for NMR conditioning. All effective lesions spared the underlying nuclei and prevented 

CRs from being reacquired over five days of further training. Acquisition of CRs by the 

non-lesioned side was rapid in all subjects. Importantly, the UR remained unchanged 

with these cortical lesions.
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Figure 1.5
Transverse section through rabbit cerebellum showing lobule HVI
Standard section displayed is 0.5mm caudal from X .  Cerebellar cortical lobule HVI is 
defined by red lines around the Purkinje cell layer. This lobule appears fork shaped at a 
rostro caudal level. The shaded areas represent the granular layer o f  the cerebellar cortex. 
Abbreviations: HIV/V/VI, hem ispheral lobules IV/V/VI respectively; PM, paramedian 
lobe; cri & cril, crus 1 and crus II, FL, flocculus.

The studies described above were the first to suggest that the ipsilateral cerebellar 

cortex is critical for NM R conditioning. They also proved to be som ewhat controversial 

since previous studies by this group (Glickstein et al, 1983) and other groups (see 

below) reported that large cerebellar cortical lesions have no effect on NM R 

conditioning. The authors noted that in their previous study the lesions did not include 

the critical area in HVI, which lies in the base o f  the most rostral part o f the cerebellum. 

They suggested that this might also be the case with cortical lesions in other studies.

Yeo & Hardi man (1992) dem onstrated that the outcom e o f a cerebellar cortical lesion is 

highly dependent on the region o f  cortex damaged. They found that combined lesions o f 

HVI, Crus I and Crus II perm anently abolished CRs to light and white noise, where no 

recovery or very limited recovery was seen even after 15 days o f  postoperative training. 

Control subjects that received Crus I and Crus II lesions alone were hardly affected, and 

lesions to HVI alone were not sufficient to prevent reacquisition with extended training. 

The authors concluded from this that HVI represents a m ajor com ponent o f the 

cerebellar cortex essential for NM R conditioning, but in addition to this, the ansiform
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lobe also contains important parts. This was in agreement with the subsequent mapping 

of eyeblink microzones in the cerebellar cortex of the cat (Hesslow, 1994a, 1994b).

Although the CR was abolished with effective cerebellar cortical lesions, the UR was 

shown to increase in amplitude (Yeo & Hardiman, 1992), consistent with the view that 

the deficits in the CR observed with cerebellar cortical lesions are due to a loss in 

learning and not a performance deficit. The increase in UR amplitudes following HVI 

lesions is most probably due to removal of the inhibitory projection from the cortex to 

the interpositus nucleus (disinhibition) and, therefore, cerebellar cortical lesions 

increase the excitability of brainstem eyeblink reflex pathways.

The role of the contralateral cerebellum in NMR conditioning was examined by Gruart 

& Yeo (1995), who first overtrained subjects before carrying out unilateral lesions of 

cerebellar cortical lobule HVI in some subjects and bilateral lesions in others. They 

found that unilateral cortical lesions abolished or severely impaired CRs but allowed 

some recovery with continued training, whereas bilateral cortical lesions produced 

comparable impairments but prevented any recovery. The authors suggested that both 

the ipsilateral and contralateral cerebellar cortex are important for conditioned NMRs, 

but the ipsilateral cerebellum plays a greater role. The suggestion that NMR 

conditioning is bilateral is in agreement with the demonstrated bilateral nature of UR 

modulation (Ivarsson & Hesslow, 1993), where stimulation of eyeblink microzones in 

lobule HVI of ferrets produces ipsilateral and contralateral eyeblinks. It is therefore 

possible for the contralateral cerebellum to contribute to NMR conditioning via this 

decussating pathway from the cerebellum to the circuitry controlling eyeblinks.

1.10.2,2 Lesions o f  the cerebellar cortex partially affect conditioned NMRs 

In contrast to the findings reported by Yeo and colleagues, others have reported that 

large lesions o f the ipsilateral cerebellar cortex have no effect on CRs (McCormick & 

Thompson, 1984a, 1984b). The lesions included the ansiform lobule, HVI, paramedian 

lobule, anterior lobe, lobules A, B, and C, paraflocculus, fastigial nucleus and the lateral 

dentate nucleus. These lesions were very large, so the results are somewhat difficult to 

interpret. The authors noted that removal of the ansiform-paramedian lobules or just the 

ansiform lobule did however significantly alter the amplitude-time course of the CR in 

some subjects, but did not abolish the response. The authors concluded from this that
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the cerebellar cortex is not essential for the performance of CRs in well-trained animals, 

but it may have a role in the timing of the response.

Can the differences described for cerebellar cortical lesions be due to dissimilarities in 

experimental paradigms? Lavond et al (1987b) repeated the experimental procedures 

reported by Yeo et al (1984, 1985b) and claimed that lobule HVI lesions temporarily 

abolish and reduce the size of CRs to light and white noise, but the deficits recover 

within five sessions of further conditioning. The authors suggested that HVI is normally 

involved in NMR conditioning, but is not critical. However, preoperative levels of 

conditioning were not obtained in some subjects following HVI lesions, no matter how 

long the post-operative training was.

It was later claimed that lesions of the anso-paramedian lobe, which sometimes included 

HVI, temporarily abolished CRs when subjects were trained with LRN stimulation as 

the CS (Knowlton et al, 1988). However, all subjects were able to relearn to criterion. 

The extent of deficits produced by cerebellar cortical lesions was re-examined by 

Harvey et al (1993), who heavily overtrained subjects preoperatively (15 or 16 training 

sessions) and found that HVI lesions initially produced depressed CR frequencies and 

depressed amplitudes, but with extended post operative training, CR frequency often 

recovered but the deficits in CR amplitude remained. In contrast, the UR amplitudes 

were enhanced, thus arguing against a general performance deficit. The authors 

concluded that the cerebellar cortex cannot be regarded as the single site of associative 

learning for NMR conditioning.

Aspiration lesions of the cerebellar cortex produce degenerative changes in the inferior 

olive and other precerebellar nuclei (Yeo et al, 1984; 1985b). Hence, the loss of 

conditioning observed with such lesions could be due to retrograde degeneration and/or 

damage of collaterals projecting to the cerebellar nuclei. This was investigated by using 

kainic acid to produce fibre-sparing lesions of the cerebellar cortex (Hardiman and Yeo,

1992). Lesions produced an initial loss of CRs established to light and white noise, but 

low levels of recovery did occur with extended retraining. The amount of recovery was 

related to the location and extent of the cortical lesion, where subjects with the largest 

lesions of HVI and the ansiform lobe showed the greatest loss o f CRs with very little 

recovery. Although it might appear that the effect of cortical kainic lesions was less

33



severe than that of cortical aspiration lesions, the kainic lesions of lobule HVI were not 

as complete.

From the studies discussed above, conclusions about the importance of the cerebellar 

cortex in the performance of conditioned NMRs were varied. Perhaps the cerebellar 

cortex is more important for initial learning rather than maintenance of conditioned 

responses. The first study to examine the effects of cerebellar cortical lesions on 

acquisition of NMR conditioning (Lavond & Steinmetz, 1989) demonstrated that 

learning did eventually take place in such subjects, although it took more than 7 times 

longer when compared with controls. Many subjects failed to acquire (more than half), 

but the authors claimed that this was due to damage of the cortex and underlying deep 

nuclei. From the histology presented, it is difficult to verify whether this was the case. 

The authors suggested that the cerebellar cortex plays an important role in NMR 

conditioning but is not essential since cortical lesions alone do not prevent learning. 

However, subjects reached a very low level of learning, where an average of only 40- 

50% CRs were attained even after 10 days of training. These responses were also 

extremely small in amplitude (< 1mm, compared with up to 6 mm on non-lesioned, 

contralateral side), which illustrates the great importance of the cerebellar cortex for 

NMR conditioning.

There are, therefore, inconsistencies between the studies that demonstrate some effect of 

cerebellar cortical lesions. The findings include a change in CR timing, temporary CR 

abolition, delayed learning and non-recoverable deficits in CR amplitudes only.

1.10.2,3 Lesions o f  the cerebellar cortex do not affect conditioned NMRs 

In a study of deep nuclei lesions (Clark et al, 1984), a control group of subjects received 

extensive aspiration lesions o f the cerebellar cortex directly above the nuclei. There 

were no effects on the CR or UR. This is somewhat surprising since these cortical 

aspirations were quite large and did sometimes include lobule HVI. The authors noted 

that both the experimental group (who received D-I lesions) and control group received 

damage to the overlying cerebellar cortex, but only the experimental animals had 

damage to the D-I nuclei, which resulted in CR abolition. This in their view provided 

ample evidence for an involvement of the D-I nuclei, and no involvement of the 

cerebellar cortex.
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There is clearly some debate and doubt over the importance o f the cerebellar cortex in 

NMR conditioning given the extensive range of lesion effects. A number of 

explanations can account for the differences observed with cerebellar cortical lesions, 

which are discussed below.

1) Eyeblink microzones are widely distributed in the cerebellar cortex of cats 

(Hesslow, 1994a, 1994b). It is possible therefore that lesions o f the cortex do not 

always damage all of the critical loci, especially since eyeblink areas have not been 

fully mapped in rabbits. Also, since eyeblink microzones are more widely 

distributed in the cerebellar cortex than in the nuclei due to convergence from the 

cortex to the nuclei, it is relatively easier to damage all crucial eyeblink regions in 

the nuclei. This can explain why lesions of the nuclei consistently abolish/prevent 

NMR conditioning.

2) Lesions of the cerebellar cortex might not be as effective in abolishing conditioned 

NMRs because such lesions disinhibit the cerebellar nuclei, and thus enhance 

brainstem excitabilities. However, the converse is true for the deep nuclei lesions, 

where brainstem excitabilities are reduced, thus explaining why CRs are so 

effectively abolished.

3) The effect o f a cerebellar cortical lesion might be dependent on the strength of 

conditioning established before the lesion. If learning can be mediated by several 

cortical regions, then the effect of lesioning one of these regions is lessened if 

extensive training is given before the lesion. Perhaps associative changes occur in a 

small restricted region of the cortex to start off with, but as training continues, these 

changes become more widespread and include other regions of the 

eortex/cerebellum.

4) The differences observed between interpositus lesions and cerebellar cortical lesions 

could be due to the role played by the contralateral cerebellar cortex in NMR 

conditioning. As demonstrated by Gruart and Yeo (1995), the effects of bilateral 

cortical lesions are more powerful than unilateral lesions. It is possible that the 

performance of any learning from the contralateral cerebellum would be augmented 

by the disinhibitory effects of a unilateral cortical lesion.
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5) Most of the lesion work that fails to produce effective cerebellar cortical results has 

been carried out on albino rabbits, whereas the work carried out by Yeo and 

colleagues is conducted on Dutch belted rabbits. Although unlikely, it is possible 

that differences in the location of eyeblink microzones might exist with different 

strains of rabbits.

Although there are some discrepancies regarding the involvement of certain structures, 

lesion experiments have clearly demonstrated the importance of the cerebellum in NMR 

conditioning. Both the AIP nucleus of the cerebellar nuclei and lobule HVI of the 

cerebellar cortex are implicated in this learning.

The main focus of this thesis is to establish whether cerebellar cortical lobule HVI has a 

critical role in NMR conditioning, consistent with several theoretical models of 

cerebellar learning (Marr, 1969; Albus, 1971; Eccles, 1977; Ito, 1982).

1.11 Motor learning in the cerebellar cortex

The high degree of convergent sensory inputs to the cerebellar cortex and its immense 

processing ability have inspired a number of theories of motor learning for this structure 

(figure 1.6). Theoretical models of cerebellar cortical learning propose that the 

convergent inputs of climbing fibres and mossy/parallel fibres to the Purkinje cell 

interact in a particular manner to produce associative learning (Marr, 1969; Albus, 

1971; Eccles, 1977; Ito, 1982). These models suggest that the mossy/parallel fibre 

system conveys information about the context of a movement, whereas climbing fibres 

relay information related to a movement error and act by changing the efficacy of the 

parallel fibre to Purkinje cell synapse. The massive mossy fibre input to granule cells is 

thought to increase pattern recognition in the cerebellar cortex (Tyrell & Willshaw,

1992).
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Figure 1.6
Synaptic organisation of cerebellar cortex and proposed role in motor learning.
The extensive processing ability of the cerebellar cortex has inspired many models of 
motor learning, where the convergent inputs of climbing fibres and mossy/parallel fibres to 
the Purkinje cell are suggested to interact in a particular manner to produce associative 
learning Adapted from Llinas(1975).

These models fit very nicely with a mechanism for classical conditioning, where 

mossy/parallel fibres are thought to signal the CS and climbing fibres are believed to 

relay the US. The inputs from the CS and US would fulfil the convergence criteria 

necessary for the development of plasticity in classical conditioning.
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Long-term depression (LTD) is a synapse-specific form of neural plasticity that has 

been demonstrated in the cerebellar cortex. When climbing fibres and parallel fibres are 

active in close temporal contiguity, there is LTD of the parallel flbre-Purkinje cell 

synapse. Although it is not known whether this is a mechanism of synaptic plasticity 

during motor learning in general and NMR conditioning in particular, there is a decrease 

in simple spike discharges in Purkinje neurones in the CS period, consistent with a 

LTD-like process (Berthier & Moore, 1986; Hesslow & Ivarsson, 1994).

It has been demonstrated in monkeys that adaptation to a new load in a motor task 

causes complex spike frequency increases for as long as it takes to adapt to the new load 

(Gilbert and Thach, 1977). This increase in firing is accompanied by a long-term 

decrease of simple spike firing in the same cells, demonstrating the importance of 

climbing fibre activity on simple spike firing during motor adaptation. Also, adaptation 

of the vestibulo-ocular reflex (VOR) has provided further support for a motor learning 

mechanism mediated by changes in the efficacy of the parallel fibre to Purkinje cell 

synapse (Ito, 1984; Watanabe, 1984).

The generation of precisely timed conditioned responses is a feasible function of the 

cerebellar cortex, given the immense processing ability of this structure. So, the idea of 

NMR conditioning related plasticity within the cerebellar cortex is an attractive option. 

The concept of learning-related plasticity within lobule HVI of the cerebellar cortex 

makes it important to consider the physiology and connections o f this lobule.

1.12 Connections of Lobule HVI

1.12.1 Affevents

The connections of this lobule are consistent with mechanisms of eyeblink conditioning 

o f the Marr/Albus type (see above). This lobule receives climbing fibre input from the 

rostro-medial parts of the dorsal accessory olive (DAO) and the adjacent medial part of 

the dorsal leaf of the principal olive (PO) (Yeo et al, 1985c). These regions of the 

inferior olive receive input from the trigeminal nucleus (Berkley and Hand, 1978). This 

part of the 10 is especially sensitive to somatosensory information concerning the face
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(as seen from recording studies) (Gellman et al, 1983; Miles and Wiesendanger, 1975a, 

1975b) and the fifth sensory nuclei are activated by comeal airpuff Climbing fibres can 

therefore provide information about the US to lobule HVL

There is also a strong input to HVI from parts of the pontine nuclei (dorsolateral and 

lateral divisions of caudal parts) which receive visual information from the superior 

colliculus (Holstege and Collewijn, 1984; Wells et al, 1989) and auditory information 

from the inferior colliculi (Kawamura, 1975). These mossy fibre projections are 

therefore able to supply lobule HVI with information about auditory and visual CSs 

during NMR conditioning.

1.12.2 Efferents

The major efferent target of cerebellar cortical lobule HVI is to the interpositus nucleus 

(cortical zone C). In addition to this, there are also weaker projections to the fastigial 

nucleus (zones A and X), dentate nucleus (zone D) and vestibular nucleus (zone B) 

(Yeo et al, 1985c). Therefore, lobule HVI is comprised of many cortical zones, but 

mainly zone C.

Cerebellar cortical zone C, which projects to the interpositus nucleus, is formed of five 

subdivisions in cats -  C l, C2 and C3, with additional Cx and Y zones. Zone C2 projects 

to the posterior interpositus (PIP) (Voogd and Bigare, 1980), whereas the remaining 

project to the AIP. It has been shown previously that lesions of the AIP abolish 

conditioned NMRs, whereas lesions to the PIP have no effect (Yeo et al, 1985a). 

Consistent with this finding, the main projection from those parts of lobule HVI 

essential for NMR conditioning is to the AIP (Yeo et al, 1985c).

In addition to the AIP and lobule HVI, the rostro-medial parts of the dorsal accessory 

olive (DAO) and adjacent parts of the principal olive (PO) complete a functional olivo- 

cortico-nuclear processing module. The dorsal accessory olive projects to C3 and Y 

zones, or C3 and C l zones, and all three cortical zones project to the AIP. This suggests 

that zones Cl and/or C3 and/or Y are involved in NMR conditioning.
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The identification of sagittal zones in the cerebellar anterior lobe of the rat has revealed 

zones which correspond to the A, B, C l, C2 and D1 zones in the cat and ferret (Jomtell 

et al, 2000). However, an important difference between the zonal organisations is that 

the C3 and Y zones are lacking in the rat. In cats, these zones are thought to be involved 

in skilled movements (Garwicz & Ekerot, 1994), which suggests that the organisation of 

skilled movements in cats must be different to that in rats. This distinction in zonal 

attributes between species indicates a potential difference in the organisation of motor 

systems in the rabbit also, which would confound our current hypothesis of a possible 

role o f zones C l, C3 and Y in NMR conditioning.

If  the cerebellum is indeed the site of plasticity for NMR conditioning in rabbits, it is 

important to examine the importance of cerebellar afferents and efferents for this 

learning.

1.13 The identification of structures afferent to the cerebellum important for 

NMR conditioning

1.13.1 The inferior olive

The cerebellum receives a major input from the contralateral inferior olivary complex. It 

has been claimed that lesions of the rostro-medial 10 (rostro-medial portions of the 

DAO, principal olive, and MAO) consistently cause extinction of the conditioned NMR, 

despite continued reinforced training (McCormick et al, 1985). Here, lesions of the 10 

had a similar effect to non-reinforced training, which would be the predicted result if the 

olive conveys US information. The authors also pointed out that an essential part of the 

memory trace cannot be located in the rmIO because the CR is present and normal 

immediately after the lesion, and only then does it slowly extinguish. Additional 

animals who received lesions of rmIO prior to any training failed to acquire the CR, 

demonstrating that the 10 is important for learning and performance of the CR. Lesions 

of other parts of the 10 (principal 10 and lateral portion of DAO) had no effect on 

conditioned NMRs.
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Completely different results to the study described above were obtained by Yeo et al 

(1986), who found that discrete unilateral lesions of the contralateral inferior olive did 

not produce extinction, but abolished conditioned NMRs immediately (to light and 

white noise CSs) and prevented reacquisition. Effective lesions were located in the 

rostro-medial DAO and PO, as also found to be the case in the study discussed above.

Why do the two studies discussed above report such conflicting results of 10 lesions 

and their effects on conditioned NMRs? It is well known that olivary lesions grossly 

disturb cerebellar cortical function and greatly increase the rate of simple spike activity 

in Purkinje cells for some time after the lesion (Colin et al, 1980; Montarolo et al, 

1982). This causes inhibition of the deep nuclei and an almost complete shutdown of 

cerebellar output. Even if the 10 did relay the US during conditioning, the heavily 

inhibited system would be expected to prevent CRs from being elicited. This is 

consistent with the results reported by Yeo et al (1986). Yeo et al (1986) tested for 

recovery 1 day, 2 weeks or 3 weeks after their olivary lesions to establish whether a 

longer post-operative recovery would show CRs otherwise obscured by the change in 

system excitabilities. However, all subjects showed abolition of CRs, and not extinction, 

irrespective of their post-operative recovery. Another important point to consider is that 

McCormick et al (1985) claimed that their UR was unaffected by the 10 lesions. 

However, as pointed out by Yeo (1989), the UR amplitudes o f some subjects in the 

study by McCormick et al appeared to decrease, which matched the manner in which 

the CR amplitudes decreased. This they suggested is an indication of a performance 

deficit rather than a deficit due to the loss of a US pathway.

In both studies, training on the untrained ipsilateral side either produced very low levels 

o f CRs (McCormick et al, 1985) or no learning (Yeo et al, 1986) although the 10 

projects to the contralateral side of the cerebellum only. This is because the 10 axons 

cross through the contralateral 10 when projecting to the cerebellum, and so a lesion of 

one 10 can cause degeneration in parts of the contralateral 10, effectively resulting in a 

bilateral lesion. This accounts for the low levels or absence of learning seen on the other 

side.

Since electrolytic lesions destroy both cell bodies and fibres, unilateral lesions of the 10 

result in bilateral effects due to the decussation of climbing fibres. In contrast.
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chemotaxic lesions damage cell bodies and terminals only and do not destroy fibres of 

passage. The effects of unilateral or bilateral chemotaxic lesions of rmDAO using 

NMDLA were investigated by Mintz et al (1994). Results showed that acquisition of 

NMR conditioning was prevented on both sides with bilateral rmDAO lesions and 

strictly contralateral deficits occurred with unilateral lesions. In another group of 

subjects, unilateral rmDAO lesions caused a bilateral abolition o f CRs at first, but with 

subsequent training, ipsilateral reacquisition was observed, whereas the contralateral CR 

was permanently abolished. This result is consistent with that reported earlier by Yeo et 

al (1986), who also observed complete abolition following 10 lesions. Although there is 

no ambiguity with the results described in this study, the authors stated that they “did 

not specifically address the issue of extinction in this study”, but only saw extinction in 

one of three subjects in the effective unilateral lesion group during retention testing.

Could the inferior olive be a site o f plasticity for NMR conditioning? The site of 

associative learning must receive convergent CS and US inputs for learning to take 

place. It has been demonstrated that lesions to parts of the olive that receive auditory or 

visual information has no effect on conditioning (Yeo et al, 1986). Importantly, regions 

of the 10 which do abolish CRs when lesioned, do not receive a direct auditory 

projection. Since there is no direct convergence of information necessary for learning, 

this suggests that the olive itself is not the site of learning but is part of the circuit 

critical for associative learning of the eyeblink response.

L I  3.1.1 The Inferior Olive/climbing fibre system as the US channel 

The rostro-medial parts of the inferior olive (10) project to the cerebellar deep nuclei 

(medial dentate and interpositus) and cerebellar cortex (ansiform and simplex lobules) 

and receive input from the fifth sensory nuclei (Berkley and Hand, 1978). This part of 

the IQ is especially sensitive to somatosensory information concerning the face 

(Gellman et al, 1983) and the fifth sensory nuclei are activated by comeal airpuff. The 

appropriate input to the olive from the face region and the specificity of the olivary 

connections to the cerebellum suggests that the rmDAO-climbing fibre system is the US 

pathway during eyeblink conditioning. This is consistent with theoretical motor learning 

models proposed for the cerebellum, where the inferior olive serves a role in the 

reinforcement or teaching aspect of motor learning (Albus, 1971; Ito, 1982).
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Stimulation of the olive can evoke a wide range of behavioural responses, e.g. eyelid 

closure, limb flexion or extension, head turn etc., depending on the location o f the 

stimulation. Direct olivary microstimulation can function as a substitute US and 

achieves very similar conditioning to that using an airpuff US (Mauk et al, 1986; 

Steinmetz et al, 1989) when comparing CR topographies, the function of the ISI, and 

extinction. Lesions of the AIP abolish both the CR and UR which the authors suggest 

provides evidence against the idea that rmDAO stimulation activates reflex afferents 

antidromically. However, Yeo (1989) noted that the conditioning achieved in the above 

study by Mauk et al (1986) was obtained using very high frequency stimulation of the 

olive (60-400 Hz) when the olive normally only fires at a frequency of less than 1 and 

reaches a maximum of 10 Hz. It was suggested that the high frequency used might have 

resulted in antidromic activation of the trigeminal system to elicit movements by normal 

reflex pathways.

1.13.2 The Pontine Nuclei

Lobule HVI receives mossy fibre projections from several precerebellar nuclei, but 

predominantly from the dorsolateral pontine nuclei. The pontine input to the AIP is less 

clear. An initial finding reported that the pontine nuclei do not send collaterals to the 

deep nuclei (Dietrichs et al, 1983), but later reports show weak pontine mossy fibre 

collaterals to the interpositus nucleus (Brodai & Bjaalie, 1992).

Restricted regions of the pontine nuclei are selective in relaying information to the 

cerebellum about specific modalities. Localised bilateral lesions of the pontine nuclei 

(dorsolateral and lateral regions) specifically abolish the conditioned NMR to a tone CS 

and not a light CS, and these regions of the pontine nuclei also show auditory evoked 

potentials (Steinmetz et al, 1987). So, the lateral/dorsolateral pontine nuclei are a rich 

source o f auditory, mossy fibre input to lobule HVI.

1.13.2.1 The pontine nuclei/mossy fibre system and the CS channel 

Direct stimulation of mossy fibres in the middle cerebellar peduncle (MCP) can serve as 

an effective CS (Steinmetz et al, 1986). Electrical stimulation o f the pontine nuclei 

produces more rapid learning than a tone or light CS (Steinmetz et al, 1989). We know 

that mossy fibres from the pontine nuclei project heavily to the cerebellar cortex.
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whereas the pontine input to the AIP is very weak. Another source of mossy fibres, the 

lateral reticular nucleus (LRN), does project strongly to the cerebellar nuclei (Kunzle. 

1975), and stimulation of LRN serves as an effective CS (Lavond et al, 1987a). Lesion 

o f the interpositus nucleus abolished learned responses to LRN stimulation (Lavond et 

al, 1987a). These procedures produce results almost identical to those of conditioning 

with a peripheral CS, as illustrated by the extinction phenomenon or the role played by 

the interstimulus interval. Altogether, these studies suggest that the pontine 

nuclei/mossy fibre system relays information about the CS to the cerebellum.

But do these stimulation studies tell us anything about the true CS pathway? Although 

stimulation of the pontine nuclei and mossy fibre system serve as effective CSs, this 

does not imply that the information from a peripheral CS is also transmitted this way. In 

fact, electrical stimulation of almost any region of the brain serves as an effective CS, 

suggesting that such stimulations somehow activate the true CS pathway. Stimulation of 

the mossy fibre/pontine nuclei system could, for instance, cause antidromic activation of 

axons from the cerebral cortex, the brainstem and spinal cord. In order to prevent 

activation of other systems through descending pathways, Hesslow et al (1999) blocked 

antidromic activation when stimulating mossy fibres by inactivating MCP transmission 

ventral, and therefore distal, to the site of stimulation using lidocaine. This technique 

achieved successful conditioning, suggesting that the mossy fibre afferents to the 

cerebellum can carry CS information. During the block, CRs evoked by the peripheral 

CS (forelimb stimulation) disappeared. Importantly, when MCP stimulation substituted 

the peripheral CS, immediate CRs to the new CS were seen, suggesting that both forms 

of CS use the same CS pathway. Also, both types of responses were dependent on the 

conditioning status to the other, such that unpaired presentations of one CS extinguished 

responses to the other CS also, thus providing further evidence for activation of one CS 

pathway. These experiments are very direct evidence that peripherally applied CSs do 

engage the mossy fibre input pathways.
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1.14 The identification of structures efferent from the cerebellum important for 

NMR conditioning

The superior cerebellar peduncle (SCP) mainly contains efferent fibres from the 

cerebellum, which exit the cerebellar nuclei and project to the red nucleus and thalamus. 

Disruption of a region just lateral to the decussations of the SCP (ipsilateral rostral 

pontine reticular formation) abolishes the CR (Lavond et al, 1981). Lesions of the 

dorsolateral pons (DLP), which include the SCP, abolish/prevent CRs to light and tone 

CSs in the ipsilateral eye (Desmond & Moore, 1982). These authors suggested that 

information essential for the conditioned NMR either originates in the DLP or is relayed 

through it via the SCP. Unilateral lesions of the ipsilateral SCP abolished or drastically 

impaired previously established CRs (McCormick et al, 1982b). These lesion 

experiments indicated that the SCP is essential for the conditioned NMR. The results 

are consistent with the suggestion that efferent structures from the cerebellum might 

alternatively serve as a locus for the memory trace.

A major efferent target of the cerebellar AIP nucleus is the contralateral magnocellular 

red nucleus. Lesions of the red nucleus reduce or completely abolish performance of the 

conditioned NMR on the contralateral side (Desmond & Moore, 1982; Rosenfield & 

Moore, 1983, 1985). Unilateral lesions of the rubrobulbar tract, which projects to the 

motor nuclei, permanently abolish CRs ipsilaterally (Rosenfield et al, 1985).

1.15 Proposed neural circuit for NMR conditioning

Electrophysiological recordings can provide further information about which structures 

might be involved in learning. Recordings have shown that neuronal activity related to 

the CR, CS, UR and US are found in HVI (Berthier & Moore, 1986), the anterior 

interpositus/dentate nucleus (McCormick & Thompson, 1984b; Berthier & Moore,

1990), and red nucleus (McCormick et al, 1983; Haley et al, 1988; Desmond & Moore,

1991). The neural activity within these structures displays amplitude-time course 

models of the learned behavioural response that precedes the CR. Stimulation of lobule 

HVI, AIP (Chapman et al, 1988; Chapman et a, 1990) or red nucleus (Chapman et al, 

1988; Chapman et al, 1990) produces NM extension and eyelid closure in untrained 

subjects.
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Together, the results of stimulation, recording, and lesion studies have revealed an 

important role for the cerebellum and related brainstem structures in regulating 

classically conditioned NMRs in the rabbit (figure 1.7). Lesion experiments have been 

valuable in implicating specific regions of the cerebellar cortex (lobule HVI) and 

cerebellar nuclei (AIP) as possible sites of associative learning for NMR conditioning. 

In addition to these cerebellar structures, lesions of the inferior olive (rmDAO), pontine 

nuclei, SCP, and red nucleus (magnocellular division) abolish conditioned NMRs, 

without any effect on the UR. These structures together form a possible neural circuit 

for NMR conditioning.

Efferent fibres from the magnocellular red nucleus project via descending rubral 

pathways to the ipsilateral accessory abducens nucleus (Ace) (Holstege et al, 1986b), 

which is a structure that controls reflexive retraction of the eyeball and passive closure 

o f the NM via the retractor bulbi muscles through the Vlth nerve. Efferent fibres from 

the red nucleus also project to the facial nucleus (FN) (Holstege et al, 1986a), which 

controls external eyelid closure via projections to the orbicularis oculi muscles through 

the Vllth nerve.

1.16 Sites of plasticity essential for NMR conditioning

The site or sites of plasticity essential for associative learning must receive convergent 

inputs from the CS and US. The cerebellar cortex receives appropriate converging 

inputs from pontine nuclei mossy fibres and climbing fibres, and is therefore a potential 

site of associative learning. Another cerebellar region proposed to contain essential 

learning-related plasticity for eyeblink conditioning is the anterior interpositus nucleus. 

However, the connections to this nucleus might not fulfil the crucial convergence 

criteria. Although climbing fibres send collaterals to this nucleus, the mossy fibre inputs 

to the AIP are not clear yet. Originally, it was thought that the pontine nuclei do not 

send collaterals to the deep nuclei (Dietrichs et al, 1983), but later reports show weak 

pontine mossy fibre collaterals to the interpositus nucleus (Brodai & Bjaalie, 1992). 

Whether or not the AIP receives appropriate mossy fibre afferents relaying information 

about the CS will determine its likelihood as a potential site for associative learning.
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Figure 1,7
Proposed neural circuit for NMR conditioning.
Simplified scheme o f essential brain circuitry involved in N M R conditioning. The UR 
pathw ay is from the periocular area via the trigeminal nucleus to the prem otor and motor 
neurons producing the blink. The US pathw ay is from the trigem inal nucleus to the inferior 
olive and via climbing fibres to the cerebellum  (cerebellar cortical lobule HVI and anterior 
interpositus nucleus, AIP). Auditory information related to the CS is transmitted through 
m ossy fibres from the pontine nuclei to the cerebellar cortex. There may also be weak 
m ossy fibre collaterals from the pontine nuclei to the cerebellar nuclei (shown as a dotted 
line). The cerebellar cortex sends an inhibitory output to the AIP, which projects to the red 
nucleus, prem otor elements and motor neurons involved in producing the NM R. The AIP 
also sends an inhibitory projection to the inferior olive. Inhibitory pathways are shown 
with open arrows.
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Lesions o f the cerebellum prevent conditioned NMRs from being established and 

abolish already learned responses. Does this tell us anything about the memory trace for 

this learning? A simple interpretation would be that the neural circuitry supporting the 

plasticity necessary for conditioning is damaged. However, an alternative to this idea is 

that such lesions produce performance, rather than learning, deficits. After all, lesions to 

structures in the circuit other than the cerebellum have a similar effect on conditioned 

NMRs. Why should we view lesions of the cerebellum differently?

1.17 Cerebellar lesions - Learning v Performance deficits

A crucial question arising from lesion studies is whether or not the cerebellum is indeed 

critical for storage of NMR conditioning memories. Perhaps this structure does not 

contain the site of learning at all and cerebellar lesions simply disrupt the motor 

expression of CRs, which are associated elsewhere in the brain. Alternatively, the 

cerebellum might provide an important input to the region of plasticity and learning 

cannot proceed without this critical input.

1.17.1 Necessity o f  cerebellum ?

In support o f such ideas, it has been claimed that the conditioned NMR can be 

demonstrated in the decerebrate, decerebellate rabbit (Kelly et al, 1990). Decerebrate 

rabbits first received conditioning trials to determine whether they were capable of 

acquiring the conditioned NMR. After successful conditioning, a cerebellectomy was 

followed by immediate conditioning. The authors claimed that 5 decerebrate subjects 

capable of acquiring the conditioned NMR also showed acquisition and performance 

following removal o f the cerebellum. Another 3 subjects received conditioning for the 

first time after cerebellectomy, and also acquired the conditioned eyeblink. The 

conditioning obtained showed characteristics typically seen in intact animals such as 

well-timed CRs and the ability to go through cycles of repeated acquisition and 

extinction. Kelly et al (1990) viewed these findings as evidence of true conditioning and 

thus a clear demonstration that the cerebellum is not necessary for eyeblink 

conditioning.

Why is it that a lesion of the cerebellum in an intact rabbit abolishes conditioning, 

whereas removal o f the cerebellum in a decerebrate preparation does not? Kelly et al
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(1990) suggested that the former result is due to insufficient post-operative training of a 

few days, which is not an adequate time period to see recovery since cerebellar lesions 

are known to modify brainstem nuclear excitabilities for a very long time. They 

proposed that a decerebrate preparation has a ‘releasing effect’ on the CR pathway, 

which is why CRs were seen immediately after cerebellectomy. However, this 

suggestion can be disputed since the deficits observed in CRs following a unilateral 

interpositus lesion remain even after 8 months (Lavond et al, 1984) or 150-200 days of 

postlesion training (Steinmetz et al, 1992b), which should be more than sufficient to 

recover brainstem excitabilities.

Kelly et al (1990) used a non-standard CR criterion of 10% or more of the UR 

amplitude, which could therefore have included spontaneous responses, and there were 

no appropriate control groups to test for alpha conditioning, sensitisation, or 

pseudoconditioning. These factors may be important because cerebellectomy has a 

profound effect on the conditioning already established in decerebrate rabbits, but 

extensive retraining does produce some recovery (reviewed by Yeo, 1991).

A likely explanation for the cerebellectomy results reported by Kelly et al is that the 

circuitry supporting NMR conditioning in their decerebrate preparation is very different 

to that in intact rabbits. Consistent with this idea, the conditioning parameters employed 

by Kelly et al (1990) do not support conditioning in the intact rabbit (Nordholm et al,

1991). Kelly et al used an extremely small intertrial interval (9 sec) in their study, which 

Nordholm et al demonstrated cannot support conditioning in the intact rabbit. In 

conclusion, the responses reported for this decerebrate preparation may not be 

representative of CRs in intact rabbits, which are clearly dependent upon the 

cerebellum.

1.17.2 Impairments in the UR as well as the CR

The CR and UR share the accessory abducens nucleus and retractor bulbi muscle in 

producing the NM response. The UR is therefore commonly used as a measure of 

normal motor function following a lesion. That lesions o f the cerebellum prevent and 

abolish conditioned NMRs without any effect on the UR suggests that the disruption 

observed is due to a deficit in learning and not motor abilities. However, this is not 

always the reported case.
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It has been claimed that, although lesions of the interpositus nucleus impair or abolish 

CRs, they also cause a deficit in the UR, detected when a low intensity of US is 

presented alone (Welsh & Harvey, 1989). Both the frequency and topography of URs 

was altered: depressed frequency & amplitude, extended latencies to onset & peak, and 

extended rise time of URs was observed with effective lesions. The findings in this 

study indicate that the cerebellum is important for optimal performance of both the CR 

and UR. The authors suggested that since the CR and UR share a common motor 

pathway and a CS has less excitatory activity than a US, cerebellar lesions might impair 

performance of the CR rather than learning itself. They suggested that the UR appears 

intact with such lesion studies due to suprathreshold stimulation used, and they too 

failed to find any changes in the UR at such high intensities. Similar findings were 

reported again later (Welsh, 1992), where a reduction in UR amplitude and increase in 

UR rise time were obtained at low US intensities following interpositus lesions. 

However, both experiments failed to examine the UR at low intensities before the lesion 

to determine whether a change does in fact occur following the lesion. More 

importantly, as the authors agree, even if cerebellar lesions do produce deficits in the 

performance of the CR and UR, this does not rule out the possibility of learning deficits 

produced by the lesions.

The claim by Welsh and Harvey (1989) was thoroughly investigated by Steinmetz et al 

(1992a), who examined the effects of a number of low US intensities both before and 

after interpositus lesions to make a valid comparison of the UR. They found that 

interpositus lesions (successful in abolishing the CR) did not produce any significant 

changes in the amplitude, amplitude-time area, frequency, rise-time or latency to peak 

of the UR at any of these low US intensités. The high US intensity used for training the 

subjects did reveal a temporary decrease in the UR following the lesions, which then 

quickly recovered to preoperative levels. Another study advanced the analysis by 

training rabbits with a very low US intensity before lesioning the AIP (Ivkovich et al,

1993)' These lesions failed to affect UR performance, but the CR was abolished, thus 

providing contradictory evidence against the performance deficit argument.

An experiment that did succeed in finding impairments in the UR following cerebellar 

lesions used muscimol (a GABA-A agonist) to reversibly inactivate (see later) the 

dentate-interpositus nuclei (Bracha et al, 1994). These inactivations abolished
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conditioned NMRs and impaired the UR both to high and low US intensities (reduced 

amplitude and increased UR latency), findings which might be presented as evidence 

for a role of the cerebellum only in the performance o f the CR and UR.

But do excitabilities in the UR pathway tell us anything about those in the CR pathway? 

As suggested by Yeo & Hardiman (1992), since the cerebellum regulates sensory 

transmission in the trigeminal system (via the red nucleus) as well as controlling the 

motor system, a depression o f excitability in the afferent limb of the reflex might 

account for the UR deficits seen after AIP lesions. This raises doubts on whether the UR 

can be used as a measure of performance of CRs.

1.17.3 Performance deficits -  cortex v nuclei

There are clearly some arguments regarding the performance of CRs following 

cerebellar interpositus lesions. It therefore remains a possibility that lesions of the 

cerebellar nuclei might produce a performance deficit and not a learning deficit. It is 

very important to remember that interpositus lesions affect system excitabilities in a 

fundamentally different way to cerebellar cortical lesions. Although cerebellar nuclei 

lesions might be able to produce a performance deficit since they cause a depression in 

system excitabilities, this is not the case with cortical lesions, which disinhibit the 

cerebellar nuclei, thereby increasing system excitability.

Yeo & Hardiman (1992) demonstrated that cerebellar cortical HVI lesions abolished 

CRs but enhanced UR amplitudes. The dissociation between effects on the CR and UR 

provides evidences that the deficits in the CR observed with cerebellar cortical lesions 

are due to a loss in learning and not a performance deficit. Therefore, although the 

performance argument might still hold for cerebellar nuclei lesions, it is not a possibility 

for cortical lesions because such lesions should theoretically increase CR amplitudes 

alongside with the reported enhanced UR amplitudes. The fact that this is not the case 

provides substantial evidence for plasticity in the cerebellar cortex.

From the performance arguments discussed above it is clear that permanent lesions 

alone cannot resolve the role of the cerebellum in NMR conditioning. A technique 

developed to overcome the performance deficits that might obtain with permanent 

lesions uses temporary lesions.

51



1.18 Reversible inactivations as a tool for dissociating learning from performance

Permanent lesions of structures within the brain are extremely useful in identifying the 

neural circuitry for a learning and memory task. As discussed above, permanent lesions 

have demonstrated that specific regions of the cerebellar cortex (lobule HVI), cerebellar 

nuclei (AIP), inferior olive (rmDAO), pontine nuclei, SCP, and red nucleus 

(magnocellular division) are all structures involved in regulating the classically 

conditioned NMR in rabbits. These structures have been suggested to form a possible 

neural circuit for NMR conditioning because their lesions abolish conditioned NMRs.

One interpretation of cerebellar lesion effects is that the neural circuitry supporting the 

plasticity necessary for conditioning is damaged. But as noted above, lesions to other 

structures in the circuit have a similar effect on conditioned NMRs. Why should we 

view lesion effects of the cerebellum as being different from those of other structures in 

the circuit? Permanent lesions can identify neural structures that are part of the essential 

circuitry for a learning task, but they cannot tell us whether the structure in question is 

essential for the acquisition of learning. Permanent lesions are unable to provide 

information about potential sites of plasticity for a particular form of learning.

Reversible inactivations are able to provide such evidence and overcome the possibility 

of performance deficits which exist with permanent lesions. During such procedures, 

training is given whilst a particular brain structure is temporarily inactivated. As with 

permanent lesions, if this region of the brain is part of the circuitry essential for a task 

involving learning and memory, then expression of the learned response would be 

prevented during this period. Post-inactivation testing reveals whether learning occurred 

during the inactivation period. If learning does occur, as shown by the immediate and 

substantial expression of learned responses once the inactivation is lifted, then the 

inactivated region cannot be the site of memory trace formation. In this instance, the site 

o f memory formation must be afferent to or efferent from, but not dependent upon, the 

region inactivated. However, if  learning does not occur during the inactivation period, 

then the region concerned is essential for the learning task. But this outcome is open to a 

number o f other possible interpretations.

If learning does not take place during reversible inactivation of a particular brain 

structure, the simplest interpretation is that the structure in question must be a site of
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memory formation. However, there are other explanations. The structure might be 

essential, not because it represents a site of plasticity itself, but because it projects to the 

site of memory formation and therefore provides an essential input for learning to take 

place. Alternatively, the structure concerned might simply regulate the excitability 

levels of essential plasticity sites. Therefore, individual reversible lesions are also 

inconclusive in that they do not provide a final word on the role played by a particular 

brain structure in a given learning task. However, a very important strength of this 

technique is that it can tell us which structures are not involved in the learning task, 

which is a great weakness of permanent lesions. So, reversible inactivations offer an 

advancement on permanent lesions and are a step closer in the search for the memory 

trace.

Various methods have been employed to reversibly inactivate a region within the brain. 

The main methods include cooling and pharmacological inactivation using transmitter 

agonists, antagonists or local anaesthetics. O f the commonly used inactivating agents 

employed in the studies, muscimol is a y-aminobutyric acid (GABA) agonist that 

temporarily inhibits the activity of neurones which express GABAa receptors by 

hyperpolarising cell bodies and dendrites (but not axons) via an increase in the 

conductance o f Cl'. Lidocaine is a local anaesthetic which functions by blocking sodium 

channels, thereby preventing neural activity in both the axon and soma.

Identification of several structures essential for NMR conditioning using lesions 

provided a basis for investigations using the reversible inactivation technique. The 

following experiments tried to establish whether the loss of CRs seen with permanent 

lesions was due to a performance deficit or a learning deficit, and thereby determine 

candidate structures for the acquisition and storage of NMR conditioning.
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1.19 Reversible inactivations of the cerebellum

Permanent lesions have identified the AIP nucleus as critical for NMR conditioning. 

Yeo and colleagues have consistently shown that cerebellar cortical lobule HVI is also 

necessary for NMR conditioning using lesions. Are these structures truly required for 

the acquisition process or are they simply important for the performance of conditioned 

NMRs?

The role of the AIP nucleus in the acquisition of NMR conditioning using the reversible 

inactivation technique was first examined by Welsh & Harvey (1991). They used a 

cross-modal paradigm, where subjects were initially trained to make CRs to a light CS. 

Once fully trained, lidocaine (a local anaesthetic) was infused into the AIP nucleus and 

a session of training to a tone CS was given, with a few trials o f light CS presented 

throughout the session to monitor the degree of lidocaine inactivation. As with 

permanent lesions, lidocaine infusion into the AIP prevented the performance of CRs to 

both light and tone CS. However, post-inactivation training revealed that the subjects 

had learned during the block and displayed a level of CRs to the tone CS comparable 

with that o f controls. Another group of subjects that received explicitly unpaired 

presentations of the tone and airpuff during the lidocaine block showed a baseline level 

o f responses once the inactivation was lifted, thus providing evidence that the responses 

detected with paired training were indeed true CRs.

The findings from the above experiment suggest that the AIP is not essential for NMR 

conditioning, and that this nucleus cannot contain any essential learning-related 

plasticity. This is consistent with the belief that lesions of this structure cause an 

abolition of CRs due to an inability to express the learned response that is associated 

elsewhere in the brain (Welsh & Harvey, 1989). Apart from questioning the role of the 

cerebellum in NMR conditioning specifically, this study challenges the general concept 

of motor learning within the cerebellum.

This initial examination of a cerebellar contribution to the acquisition of NMR 

conditioning was followed by numerous reversible inactivation studies of the AIP 

nucleus, all of which produced contrasting findings to those reported by Welsh and 

Harvey (1991). These experiments indicate a critical role for the AIP in NMR 

conditioning, and are discussed below.
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If naïve animals are trained to a tone CS whilst a region dorsal to the AIP is reversibly 

cooled, acquisition of NMR conditioning is prevented (Clark et al, 1992). These 

subjects proceeded to learn as though naïve at a rate comparable to that of controls once 

the inactivation was lifted.

Why are the findings reported by Welsh and Harvey (1991) and Clark et al (1992) 

contradictory when both claim to have inactivated the same region? The fact that similar 

results were not obtained might suggest that the area inactivated in the two studies 

differed slightly. Inactivation locations were investigated by implanting some subjects 

with cannulae dorsal to the AIP (as in the latter study in which acquisition was 

prevented) and other subjects with cannulae ventral to this nucleus (Nordholm et al,

1993). The infusion of lidocaine through the cannulae during acquisition training 

prevented the expression of CRs for both placements. However, post-infusion training 

revealed that subjects with ventral cannula placements immediately showed almost 

asymptotic levels of learning, whereas those with dorsal placements learned from the 

naïve state. The results with dorsal placements were in agreement with those of Clark et 

al (1992), whereas the results with ventral infusions appeared to replicate those of 

Welsh & Harvey (1991).

The important question arising from this study (Nordholm et al, 1993) is whether the 

dorsal or ventral placements were in the cerebellum. To answer this, lidocaine labelled 

with ^^C was infused into some subjects at the end of the experiment, and the animals 

were sacrificed once the CRs were abolished. Although no autoradiography is shown in 

the reports, it is claimed that effective dorsal infusions included both the dorsal 

interpositus and the ventral cortex of lobule HVI. The authors suggested that the ventral 

placements might have blocked the SCP, thereby preventing the performance, but not 

the learning of conditioned NMRs. This suggestion would have been strengthened if the 

ventral locations were also determined using autoradiography. The experiment offers a 

possible explanation for the results reported by Welsh and Harvey (1991) and suggests 

that their cannula placements might have been located ventral to the AIP. Unfortunately, 

the distribution of lidocaine labelled with tritium (^H) was only determined in 1 subject 

in the study by Welsh and Harvey. Importantly, the significant difference in results 

obtained between the two infusion locations in the study by Nordholm et al (1993) 

suggests that the memory trace must be formed and stored at or beyond the dorsal
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cerebellar site and precede the ventral cerebellar site. This experiment demonstrates a 

region of the brain important for the performance only of conditioned NMRs and 

another region of the brain critical for learning, thereby dissociating performance 

deficits from learning deficits.

GABAergic synapses have been shown to be important in the cerebellum for NMR 

conditioning. Pharmacological inactivation of the AIP nucleus using GABA antagonists 

(such as bicuculline methiodide or picrotoxin) temporarily abolishes CRs in a dose- 

dependent manner without affecting the UR (Mamounas et al, 1987), effects that could 

relate to GABAergic intemeurones within the deep nuclei or to the Purkinje cell input to 

the nuclei, or to both.

Cerebellar GABAergic synapses are important for the acquisition o f NMR conditioning 

(Krupa et al, 1993), since infusion of muscimol into the AIP prevents learning. 

Effective infusions included the AIP and lobule HVI of the cerebellar cortex, as 

revealed by autoradiography. In contrast to the results obtained from cerebellar 

inactivations, infusions of muscimol in the red nucleus block the performance of 

conditioned NMRs, but do not prevent NMR conditioning (see section on red nucleus 

inactivations below). This provides further proof of a critical cerebellar involvement in 

NMR conditioning.

Although numerous experiments support the idea o f an essential role for the cerebellum 

in NMR conditioning, these findings were disputed. It was claimed that learning was 

not prevented in the studies by Krupa et al (1993) and Nordholm et al (1993), but 

resulted in a low level of CRs in the retention test due to remaining drug effects upon 

the cerebellar cortex (Bloedel & Bracha, 1995). This suggestion however cannot 

account for the subsequent comparable rates o f acquisition with naïve control subjects. 

To resolve this issue, a substantially lower dose of muscimol (1 nmol in 0.1 pi, 

compared with 14nmol in 1 pi in the study by Krupa et al, 1993) was used in an attempt 

to inactivate the AIP only during acquisition training (Krupa & Thompson, 1997). 

Importantly, despite the low dose of muscimol used, learning was still prevented.

Many studies have therefore examined the importance of the AIP nucleus for the 

acquisition of NMR conditioning using reversible inactivations. The majority of
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findings, with one exception, indicate a critical role for the AIP. Why do several studies 

report results completely different from those produced by Welsh and Harvey (1991), 

who claimed that conditioning is not dependent on a functional AIP since learning can 

proceed during inactivation of this region? A number o f possible explanations might 

account for this contradictory result.

(1) The simplest explanation for the findings reported by Welsh and Harvey (1991) is 

that the inactivations in their study were completely confined to the AIP and did not 

invade the cerebellar cortex, and that there is important plasticity within the 

cerebellar cortex. Consistent with this view is the observation that most of the 

successful inactivations of the AIP which prevented learning also invaded the 

cerebellar cortex to some extent.

(2) The experimental paradigm used by Welsh and Harvey (1991) might have been 

compromised due to the cross-modal procedure employed. General transfer o f the 

CR from a light CS to a tone CS could explain such results (Hardiman et al, 1996). 

In support of this idea, facilitated learning to a tone CS has been shown to occur if it 

is preceded by initial training to a light CS (Kehoe & Napier, 1991). In the case of 

the experimental subjects, if  the lidocaine infusion was not completely effective 

initially, only a few trials of training to the tone CS would have been required to 

establish a transfer from the previously acquired CR to the light CS.

(3) Lidocaine inactivates both neurones and fibres of passage. The results reported by 

Welsh and Harvey (1991) could therefore have been due to inactivation of the 

superior cerebellar peduncle, rather than the interpositus (Nordholm et al, 1993). In 

support of this suggestion, the cannula tip placements in the experiment by Welsh 

and Harvey appear to be rather ventral in the interpositus nucleus. Unfortunately, the 

distribution of tritiated lidocaine was only determined in I subject.

(4) All of the experiments that find an essential role for the AIP in NMR conditioning 

use conditioning to a single CS, unlike the cross-modal paradigm employed by 

Welsh and Harvey. Perhaps the contralateral cerebellum is more involved during 

conditioning to a second CS.
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Therefore, the majority of studies are consistent and demonstrate that the AIP nucleus is 

critical for NMR conditioning.

However, the absence of learned responses following inactivation of a neural structure 

during acquisition training might be due to reasons other than the prevention of learning 

(e.g. damage, continuing drug effects etc). This problem can be overcome by analysis of 

extinction learning. Extinction is an important phenomenon in associative learning and 

is seen as a gradual decline of a previously learned response following withdrawal of 

reinforcement. Unlike acquisition, the prevention of learning in extinction is 

demonstrated by the presence of CRs. Inactivation during extinction therefore provides 

a more convincing test for a blockade of learning than does acquisition, and thereby 

eliminates other possibilities not associated with learning.

Ramnani & Yeo (1996) inactivated the AIP with muscimol during extinction training 

and found that extinction of NMR conditioning was completely prevented. The 

examination of acquisition and subsequent extinction of NMR conditioning in the same 

subjects whilst the AIP nucleus was inactivated using muscimol revealed that both types 

of learning were severely impaired during the inactivation (Hardiman et al, 1996). 

Learning was not completely prevented during acquisition since the subsequent rate of 

acquisition was slightly faster for experimental subjects than that for the control group 

(non-cannulated). This could have been due to the low dose of muscimol used in this 

study, which was 9 times less than that used by Krupa et al, 1993 (1.54 nmol compared 

to 14 nmol).

It can be concluded that temporary inactivations of the cerebellum prevent the 

expression, acquisition and extinction of conditioned NMRs. These effects can be 

explained in one of three ways: (1) that the memory trace for this learning is located 

within the cerebellum or (2) the memory trace is located within a structure/s efferent 

from the cerebellum, and that cerebellar inactivations disrupt essential cerebellar input 

to this region, or (3) the memory trace is located within a structure/s afferent to the 

cerebellum, and that cerebellar inactivations disrupt excitability levels in this region 

through appropriate pathways.

58



To explore these possibilities, the effects of reversible inactivations of structures 

efferent from the cerebellum will be reviewed.

1.20 Reversible inactivations of structures efferent from the cerebellum

Lesion studies have implicated several important structures efferent from the cerebellum 

in NMR conditioning. Lesions of the superior cerebellar peduncle (SCP), red nucleus, 

or rubrobulbar tract abolish conditioned NMRs, suggesting that the memory trace or 

part of it might lie in structures efferent from the cerebellum.

The following experiments investigated whether these structures are essential for the 

acquisition of NMR conditioning.

1.20.1 Motor Neurones

The accessory abducens nucleus (Acc) and facial nucleus (FN) contralateral to the 

cerebellum are the components of the final output pathway for the CR and UR. 

Reversible inactivations of these motor nuclei (Acc and FN) and surrounding regions of 

the RF using muscimol prevent the expression of both CRs and URs, but importantly do 

not prevent the acquisition o f NMR conditioning (Krupa et al, 1996). Similar results 

were obtained when the facial nucleus was cooled during acquisition training (Clark et 

al, 1997b). These studies indicate that the acquisition of NMR conditioning must take 

place in a region afferent to these motor nuclei.

1.20.2 Red Nucleus

The magnocellular red nucleus contralateral to the cerebellum is a major efferent target 

of the cerebellar interpositus nucleus, and is one of the neural substrates thought to be 

critically involved in eyeblink conditioning. Early lesion studies implicated both the 

interpositus nucleus of the cerebellum and the red nucleus of the midbrain as possible 

loci of the memory trace for NMR conditioning (see section on lesion studies). The 

following experiments used reversible inactivations to determine whether the red 

nucleus is essential for the acquisition of NMR conditioning.

An experiment that attempted to dissociate the roles played by the red nucleus and 

interpositus nucleus used localised infusions of lidocaine in fully trained subjects
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(Chapman et al, 1990). Recordings during inactivation demonstrated that neural activity 

which correlated with the CR topography remained in the interpositus whilst the red 

nucleus was inactivated, but such activity was absent in the red nucleus during 

interpositus inactivation. This simple demonstration suggested that learning occurs in 

the interpositus (or its afférents) and is then projected to the red nucleus.

The above experiment did not, however, determine whether the red nucleus is necessary 

for the acquisition of NMR conditioning. Clark & Lavond (1993) examined the role 

played by the red nucleus during acquisition using cooling procedures identical to those 

employed for the AIP (Clark et al, 1992), where the AIP was shown to be critical for the 

acquisition of NMR conditioning (see above). After five days o f inactivation, it was 

revealed that learning had occurred during inactivation of the red nucleus, demonstrated 

by substantial savings on the first day of training. However, the percentage of CRs on 

the first day of normal training was lower than that expected from subjects given 5-6 

days o f normal training, suggesting perhaps that the inactivation was not confined to the 

red nucleus and that it also partially inactivated the AIP.

Infusions of the GABA-A agonist muscimol into the AIP prevents the acquisition of 

NMR conditioning (Krupa et al, 1993). Would similar infusions in the red nucleus have 

any effect? GABAergic synapses within the red nucleus have been shown to be 

important for the performance of conditioned NMRs since infusion of GABA-A 

antagonists (picrotoxin or bicuculline methiodide) either impair or abolish CRs 

(depending on the cannula placement) in a dose-dependant manner (Haley et al, 1988). 

However, infusions of muscimol in the red nucleus during acquisition training does not 

prevent learning, revealed by asymptotic levels of responses in post inactivation training 

(Krupa et al, 1993). This study clearly illustrated that the red nucleus is important only 

for the expression of CRs, whereas the cerebellum is critical for the expression and 

acquisition of CRs. This provides excellent evidence for an important role of the 

cerebellum in NMR conditioning.

In summary, studies on red nucleus inactivations indicate that the neuronal plasticity for 

eyeblink conditioning lies afferent to this structure. It is proposed that the critical 

plasticity is first established in the cerebellum (or one of its afferents) and that the red
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nucleus simply relays information from the cerebellum to the motor neurones involved 

in the performance of the conditioned response.

1,20.3 Superior Cerebellar Peduncle

The superior cerebellar peduncle (SCP) carries output fibres from the AIP nucleus to 

efferent structures. Early experiments demonstrated that the SCP, once lesioned, causes 

abolition of the CR (see section on lesion studies). These studies therefore suggested 

that efferent structures to the cerebellum might also be essential for NMR conditioning. 

Although the cerebellum projects to the contralateral red nucleus and inactivations of 

the red nucleus have excluded a possible role for this structure in NMR conditioning, 

this does not necessarily indicate an afferent storage of memory since the cerebellum 

also sends efferents to a number o f other targets.

Cerebellar cortex

i. SCP w Cerebellar 
Cerebellar nuclei target

structures ??i
Inferior olive

Reversible inactivation of the superior cerebellar peduncle during acquisition training 

was a highly important study (Krupa & Thompson, 1995). The ipsilateral SCP was 

inactivated during acquisition training using tetrodotoxin (TTX), which temporarily 

blocks voltage-gated sodium channels and thus reversibly blocks propagation of action 

potentials along axons. During the inactivation period, no CRs were observed. 

However, once the block was lifted, it was revealed that the subjects had fully learned 

the conditioned response. Therefore, inactivation of the SCP prevents expression 

(consistent with lesion studies), but not acquisition of the CR. To confirm drug 

placements within the SCP, fully trained rabbits were infused with large doses of 

muscimol. Since muscimol inactivates cell bodies and dendrites, but not axons, its 

infusion into the SCP should have no effect since the SCP only contains axons leaving
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the cerebellum. Consistent with this view, muscimol did not affect the performance of 

the CR, thus providing some evidence for the location of TTX infusions in the SCP. 

Histological analysis later revealed that effective placements were indeed located within 

or just adjacent to the SCP. This experiment is a significant one because it demonstrates 

that cerebellar output is not essential for the acquisition of CRs, in further support of a 

cerebellar localisation of the memory trace for NMR conditioning.

Other studies have not intentionally investigated the importance of the SCP for NMR 

conditioning using reversible inactivations, but infusion of lidocaine into the white 

matter ventral to the AIP prevents expression and not acquisition of the CR (Nordholm 

et al, 1993). It was proposed that these infusions most probably included cerebellar 

output fibres (see section on cerebellum inactivations above).

The experiments described above clearly demonstrate that structures downstream from 

the cerebellum in the eye-blink circuit are not directly involved in acquisition o f the 

conditioned NMR, but are important for the expression/performance of CRs. In other 

words, the memory trace for this learning is not formed in a site efferent from the 

cerebellum, but must exist in the cerebellum and/or in structures afferent to it. The 

possibility of an afferent locus is examined below.

1.21 Reversible inactivations of structures afferent to the cerebellum

Lesion studies have implicated an important role for some structures afferent to the 

cerebellum since their lesions profoundly affect or abolish conditioned NMRs. Do these 

structures send vital conditioning related information to the cerebellum, without which, 

learning cannot proceed? The following experiments attempt to find out more about this 

possibility.

1,21,1 Trigeminal Nuclei

Infusion of lidocaine into the medial pars oralis/reticular formation of the spinal 

trigeminal nucleus abolishes CRs (Bracha et al, 1991). Neurones of the trigeminal 

complex also show neural activity in relation to the CS, US and CR during eyeblink 

conditioning. The learning-related activity, however, disappears when the interpositus 

or red nucleus is temporarily inactivated by cooling. In contrast, activity related to the
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CS and US remains unaffected (Clark & Lavond, 1996). This simple demonstration 

suggests that the trigeminal nuclei are not a site of plasticity, and that the learning 

induced model is relayed here from the cerebellum and red nucleus.

1,21.2 Inferior Olive

Lesions of the inferior olive have produced two effects on NMR conditioning. One 

study found extinction (McCormick et al, 1985), the other reported abolition (Yeo et al, 

1986), of CRs. The results of both studies suggest that the inferior olive is an important 

structure for NMR conditioning.

Infusions of lidocaine into the 10 immediately abolishes CRs, with no extinction (Welsh 

& Harvey, 1998). This result is consistent with that of Yeo et al (1986). But is the 

inferior olive also important for the acquisition of NMR conditioning? In another 

experimental group, Welsh and Harvey (1998) used the same cross-modal paradigm as 

in their study on AIP inactivation (Welsh & Harvey, 1991) to dissociate effects of 

performance from effects on learning whilst acutely inactivating the 10 using lidocaine. 

Briefly, subjects were first successfully conditioned to a light CS, then injected with 

lidocaine and given a session of conditioning to a tone CS. Two days after the lidocaine 

infusion, a session of unreinforced tone presentations was given to test whether 

acquisition to the tone CS had occurred under lidocaine. Results demonstrated that 

infusion of lidocaine into the DAO prevented CRs from being performed to the light CS 

and tone CS, but also prevented acquisition to the tone CS. These subjects then went on 

to acquire at a rate comparable with that of controls.

Although identical training procedures were employed, the cross-modal paradigm 

described above gives completely different results depending on the region inactivated. 

This procedure does not affect learning if the AIP is inactivated, whereas 10 

inactivation completely prevents learning. What might this mean? Suggested reasons for 

the results obtained with the AIP inactivation have already been discussed (section 

1.19). As mentioned previously, olivary lesions grossly disturb cerebellar cortical 

function (Colin et al, 1980; Montarolo et al, 1982), causing an almost complete 

shutdown of cerebellar output. It is not therefore surprising that olivary inactivations 

prevent learning. Another point needs considering. Since lidocaine inactivates both 

neurones and fibres of passage, its infusion into the inferior olive would inactivate
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fibres projecting to the contralateral cerebellum and ipsilateral cerebellum because of 

the decussation of climbing fibres. Therefore, unilateral inactivation of the inferior olive 

would result in bilateral effects on the cerebellum, and thereby prevent any potential 

learning from both sides of the cerebellum. This might account for the prevention of 

learning produced by lidocaine inactivation of the inferior olive.

1.21.3 Pontine nuclei

Can the pontine nuclei be a site of essential plasticity for NMR conditioning? In 

addition to receiving information about the CS, these nuclei also receive somatosensory 

information from the cerebral cortex or brain-stem. Therefore, the pontine nuclei might 

also receive US-related information and thus satisfy the convergence criteria necessary 

for associative learning. In accordance with this idea, some pontine nuclei cells do 

exhibit learning-related activity in addition to auditory evoked responses. This learning- 

related activity however is abolished if the interpositus nucleus is cooled, whereas the 

auditory evoked response remains (Clark et al, 1997a). In contrast, inactivation of the 

facial nucleus does not abolish the learning-related activity in the pontine nucleus, 

indicating that this activity is highly dependent on the interpositus nucleus. This finding 

suggests that the pontine nuclei do not contain any plasticity and the authors propose 

that the learning-related activity within this nuclei represents feedback from the 

cerebellum.

1.22 Conclusions from reversible inactivation studies

Reversible inactivation experiments have provided compelling evidence that the 

cerebellum is essential for eyeblink conditioning. Inactivations of the AIP with a 

number of different techniques (cooling, infusions of muscimol or lidocaine) completely 

prevent NMR conditioning and have no effect on the ability to acquire once the block is 

lifted. That the memory trace for this learning exists in a structure downstream from the 

cerebellum which receives essential cerebellar input is excluded as a possibility. 

Inactivations of the brain-stem motor nuclei, magnocellular red nucleus, and output 

fibres of the interpositus nucleus all prevent expression o f the CR but do not prevent 

acquisition of the conditioned NMR. This provides powerful proof of a critical 

cerebellar involvement in NMR conditioning.
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In addition to the cerebellar AIP nucleus, reversible inactivations bave demonstrated 

that specific regions of the inferior olive are also critical for NMR conditioning (Welsh 

and Harvey, 1998). Both structures are part of one olivo-cortico-nuclear processing 

module (Brodai & Kawamura, 1980), which suggests that inactivations of any one 

structure within this loop causes a disruption of excitability levels in the other 

structures. Consistent with this idea, olivary lesions grossly disturb cerebellar cortical 

function and greatly increase the rate of simple spike activity in Purkinje cells for some 

time after a lesion (Colin et al, 1980; Montarolo et al, 1982). Also, olivary inactivations 

cause decreased excitabilities o f the cerebellar nuclei (Benedetti et al, 1983).

Although much importance has been attached to the study conducted by Krupa and 

Thompson (1995), which suggests that structures efferent from the cerebellum are not 

necessary for NMR conditioning, the interpretation of this study is not without 

problems. In addition to the projection to the red nucleus and thalamus, the AIP also 

sends an inhibitory projection to the inferior olive. Ruigrok and Voogd (1990) reported 

that there is a strong projection from the AIP to the ipsilateral DAO in rats, and that this 

projection is via the SCP. This nucleo-olivary pathway is considered to be significant 

for NMR conditioning because it is part of the functional olivo-cortico-nuclear 

processing module. However, results from the SCP inactivation study suggest that 

might not be the case. This finding either questions the importance of the integrity of 

the nucleo-olivary pathway for NMR conditioning, or it places some doubt on the SCP 

inactivation study. It is possible that TTX was infused into another region important for 

conditioning instead of the SCP. A candidate structure that lies very close to the SCP is 

the rubrobulbar tract, which projects from the red nucleus to the accessory abducens 

nucleus, and is also important for the expression of CRs (Rosenfield et al, 1985). If the 

results from the SCP inactivation study were in fact due to inactivation of the 

rubrobulbar tract instead, this could mean that structures downstream from the 

cerebellum are also required for the acquisition of conditioned NMRs, a finding which 

would confound current belief of a cerebellar localisation of the memory trace. 

Alternatively, the TTX infusions could have spared the nucleo-olivary fibres, but 

blocked the nucleo-rubral and nucleo-thalamic connections. In this case, the study is 

consistent with cerebellar learning ideas.
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1,22,1 A role for the cerebellar cortex?

If normal function in one component of the olivo-cortico-nuclear module is critical for 

normal function in another component, one might expect all components to be mutually 

dependent. Although two components of the module have now been shown to be critical 

for NMR conditioning, reversible inactivations have not fully explored the importance 

of the cerebellar cortex in this learning.

W Cerebellar cortex - HVI?

Cerebellar nuclei - AIP

i-
Inferior olive - DAO

Cerebellar inactivations have mainly focussed on the AIP since the results of permanent 

cerebellar cortical lesions were very inconsistent and controversial, where only Yeo and 

colleagues repeatedly found a critical role for cerebellar cortical lobule HVI in NMR 

conditioning. Additionally, cerebellar inactivations have mainly focussed on the AIP 

because complete inactivation o f this nucleus is relatively easier. To successfully 

inactivate a critical region of the cerebellar cortex might require more widely distributed 

inactivations, because of convergence from the cortex to the nuclei.

There has been a single reported case on the effects o f reversibly inactivating the 

cerebellar cortex and expression o f the conditioned NMR, made during inactivation of 

the cerebellar nuclei. Infusion of GABA antagonists into lobule HVI of the cerebellar 

cortex have been shown to abolish CRs (Mamounas et al, 1987). Details of this single 

case are sparse.

Although the role of the cerebellar cortex has not been fully explored during acquisition 

training, many of the studies investigating the importance of the AIP unintentionally 

inactivated the cerebellar cortex as well. For instance, in the study carried out by Clark 

et al (1992), the cooling tips were quite dorsal to the AIP, and it is possible that some
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fibres carrying information to the cortex were also blocked, thereby causing functional 

disconnection of the cortex. Similarly, effective infusions of lidocaine have included 

both the dorsal interpositus and the ventral cortex of lobule HVI (Nordholm et al, 1993) 

and muscimol infusions have included the AIN and lobule HVI of the cerebellar cortex 

(Krupa et al, 1993; Krupa & Thompson, 1997). These studies stress the importance of 

the AIP for NMR conditioning, but it is clear that the prevention o f learning in some 

cases could have been due to the combined effect of the AIP and cerebellar cortex since 

both were inactivated.

A single study has attempted directly to examine the role of the cerebellar cortex in 

NMR conditioning. Clark et al (1997b) claim to have cooled cerebellar cortical lobule 

HVI for 10 days of acquisition training. During this inactivation period, performance 

was not fully blocked since the subjects did eventually acquire a high level o f responses, 

but their rate of learning was extremely slow. Asymptotic levels of CRs were achieved 

by day 10 for a group of 11 subjects. Normal rabbits in this paradigm usually reach 

asymptote on day 3. Once the subjects were fully trained, cooling the cerebellar cortex 

did not affect the expression of CRs. The authors therefore concluded that lobule HVI 

of the cerebellar cortex is more important for the acquisition, than for the retention of 

CRs. Since all subjects did eventually reach asymptotic levels of responding, they 

concluded that this region of the cortex is not critical for conditioning.

However, a weakness in the above study is that the histology that verified the cooling 

probe placements is not presented, making it impossible to evaluate which region of the 

cortex was inactivated. The authors claim that:

“..only a significant portion of cerebellar lobule HVI was disrupted”.

This unusual statement makes further interpretation difficult. Does it imply that if  the 

correct and sufficient part of HVI were inactivated, then complete prevention of 

learning might be observed? It should be noted that Yeo and colleagues discovered that 

the critical region of HVI lies in the base of the most rostral part of the cerebellum, 

which if not included in their lesions, had no effect on conditioned NMRs. Importantly, 

even if  the correct part o f the cerebellar cortex was cooled in the study by Clark et al 

(1997b), the cooling procedure may not have been sufficient to prevent learning.
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We still need to know if the cerebellar cortex is important for NMR conditioning. The 

aim of this thesis is to examine the dependency of NMR conditioning on the functional 

integrity of the cerebellar cortex using reversible inactivations. The experiments 

presented here demonstrate that the cerebellar cortex is important for the expression, 

acquisition and extinction of conditioned NMRs. Does this imply important cerebellar 

cortical plasticity for NMR conditioning and is the plasticity localised to one structure, 

or do many structures actively take part in the learning? The results of these 

inactivations and indeed all inactivations are open to a number of interpretations, and 

each is discussed in the relevant chapters.

1.23 Summary of experimental strategy and findings

Chapter 2 examines whether lobule HVI of the cerebellar cortex is critical for the 

performance of conditioned NMRs, and reports that:

a) Infusions of CNQX (an AMPA/kainate receptor antagonist), reversibly 

abolish CRs for 10-60 minutes, depending on the dose of CNQX used and 

its location within HVI. Infusions in the medial part of rostral HVI most 

impaired CR performance.

b) The loss of conditioned responses is highly dependent on the region of 

cortex inactivated, even within lobule HVI.

c) Blockade of AMPA/kainate receptors in other parts of the cerebellar 

cortex has no effect on the performance of conditioned NMRs.

d) A region within HVI critical for NMR conditioning can be characterised 

and defined using zebrin immunohistochemistry.

Chapter 3 examines the involvement o f cerebellar cortical lobule HVI in the acquisition 

of conditioned NMRs, and indicates that this learning is critically dependent on normal 

activity within this lobule.

Chapter 4 examines whether extinction learning is also dependent on cerebellar cortical 

lobule HVI. Results demonstrate that although all cortical infusions produced 

impairments of extinction to some degree, there was an inverse relationship between the
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magnitude o f extinction and performance impairments. This suggests that, within the 

cerebellar cortex, different regions may vary slightly in their control of extinction and 

acquisition/performance.

Chapter 5 discusses the results of cerebellar cortical inactivations and examines their 

possible implications.
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Chapter 2

Cerebellar Cortical Lobule HVI is Critical 
for the Performance of Classically 

Conditioned NMRs
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2.1 Introduction

In the previous chapter the effects of localised permanent and reversible lesions of 

eyeblink control regions of the olivo-cortico-nuclear module and surrounding regions 

on eyeblink conditioning in the rabbit were reviewed. Lesion studies have been useful 

in identifying cerebellar nuclear regions in the anterior interpositus nucleus 

(McCormick and Thompson, 1984a; Yeo et al, 1985a; Welsh and Harvey, 1989) and 

cortical regions in lobule HVI (Yeo et al, 1985b; Yeo and Hardiman, 1992) important 

for NMR conditioning. However, since lesions can affect performance rather than 

learning itself (Welsh and Harvey, 1989, 1991), these studies have not revealed whether 

the cerebellum is actively involved in the acquisition and/or storage of motor memories.

Non-permanent lesions can differentiate between learning and performance deficits. 

Reversible inactivations of the anterior interpositus (AIP) nucleus during acquisition 

training prevent NMR conditioning (see Yeo and Hesslow, 1998 for a review). 

Importantly, inactivation of the superior cerebellar peduncle (SCP) containing cerebellar 

output fibres prevents the expression of CRs, but has no effect on the acquisition of 

conditioning (Krupa and Thompson, 1995), suggesting that structures downstream from 

the cerebellum are not required for learning. In addition to the AIP, reversible 

inactivations have demonstrated that specific regions of the inferior olive, particularly 

the dorsal-accessory olive (DAO), are also critical for NMR conditioning (Welsh and 

Harvey, 1998). The AIP and DAO are part of one olivo-cortico-nuclear processing 

module (Brodai and Kawamura, 1980). If normal function in two components of the 

loop is required for learning, it might be expected that the third component, the 

cerebellar cortex, is necessary for learning too. Does the cerebellar cortex have a role in 

NMR conditioning?

2.1.1 Cerebellar cortical lesions and NMR conditioning

The reported effects of cerebellar cortical lesions on NMR conditioning vary widely. 

They range from no effect through to complete abolition of conditioning. Yeo and 

colleagues have consistently shown that lesions of cerebellar cortical lobule HVI 

abolish conditioned NMRs to light and white noise (Yeo et al, 1984; 1985b) and to a 

tone CS (Yeo & Hardiman, 1992). The importance of this cortical lobule was evident 

because neither large cortical lesions which spared HVI, nor incomplete HVI lesions.
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were effective in abolishing conditioned responses. In contrast to the findings reported 

by Yeo and colleagues, other groups have found that large cerebellar cortical lesions, 

which include HVI, have little or no effect on NMR conditioning (discussed in more 

detail in chapter 1).

There is clearly some debate over the importance of the cerebellar cortex in NMR 

conditioning. Eyeblink control regions are more widely distributed in the cerebellar 

cortex than in the nuclei due to convergence from the cortex to the nuclei. So lesions are 

more likely to damage all crucial eyeblink regions in the nuclei than in the cortex. This 

convergence may explain why lesions of the nuclei consistently abolish/prevent NMR 

conditioning. Another point to consider when examining the outcome of cortical lesions 

is that cerebellar cortical lesions disinhibit the cerebellar nuclei and thus enhance 

brainstem excitabilities. Increased excitabilities of brainstem pathways involved in 

producing the eyeblink might account for the weaker effects o f cortical lesions. The 

converse is true for cerebellar nuclei lesions, where reduced brainstem excitabilities 

facilitate CR abolition.

2.1.2 Reversible inactivation of the cerebellar cortex

In the previous inactivation studies, the AIP and inferior olive inactivations would have 

disturbed cerebellar cortical activity indirectly by disrupting the olivo-cortico-nuclear 

loop. But the cerebellar cortex has not been targeted directly with reversible 

inactivations to test whether NMR conditioning is dependent upon normal activity 

within the cerebellar cortex also. If conditioning can proceed whilst the cortex is 

inactivated, then the cerebellar cortex cannot be critically involved in the acquisition of 

conditioned NMRs. This result would rule out the possibility of any essential cerebellar 

cortical plasticity. In contrast, if NMR conditioning is critically dependent on a 

functional cerebellar cortex, there is the potential for essential learning-related plasticity 

within the cerebellar cortex.

The use of reversible inactivations to assess the role of the cerebellar cortex in NMR 

conditioning requires a method for temporary inactivation. The main aim of the 

experiments presented in this chapter is to devise a technique for reversibly inactivating 

the cerebellar cortex by examining the effects on the performance of conditioned 

NMRs.
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Various procedures can be employed to reversibly inactivate a region within the brain -  

cooling or pharmacological inactivation using transmitter agonists, antagonists or local 

anaesthetics. Pharmacological inactivation using transmitter agonists or antagonists 

allows the targeting of particular synapses within a region, and is thus a more controlled 

and specific method of inactivation. Blocking cerebellar cortical synaptic transmission 

can be achieved in a number of ways and the choice of agonist/antagonist requires the 

consideration o f synapses and transmitter types within the cerebellar cortex.

2.1.2.1 Blocking neurotransmission in the cerebellar cortex

Two main neurotransmitters are responsible for synaptic transmission in the cerebellar 

cortex: glutamate, which mediates excitatory neurotransmission, and GABA, which 

mediates inhibitory neurotransmission. The three types of inhibitory intemeurone are all 

GABAergic (see Eccles et al, 1967). Stellate and basket cells inhibit Purkinje cells, 

whereas Golgi cells inhibit granule cells. One method o f inactivating the cerebellar 

cortex would be to use a GABA-A receptor agonist, such as muscimol, to augment the 

inhibitory action from the intemeurones on Purkinje and granule cells.

Many cerebellar cortical synapses are dependent on glutamate for neurotransmission. 

The two main types of afferent to the cerebellar cortex, mossy fibres and climbing 

fibres, are both glutamatergic (see Eccles et al, 1967). Glutamate also mediates 

transmission between the mossy fibre and granule cell synapse, as well as the parallel 

fibre input to all three types of inhibitory intemeurone (see Eccles et al, 1967). So a 

method of inactivating the cerebellar cortex would be to use a glutamate receptor 

antagonist, which could potentially cause a reduction of Purkinje cell excitation from 

parallel and climbing fibres, a reduction in the inhibitory effects of the three 

intemeurones, and a reduction of transmission at the mossy fibre to granule cell 

synapse. The most powerful and direct method of blocking neurotransmission within 

the cerebellar cortex would therefore be to block excitatory synaptic transmission using 

a glutamate receptor antagonist.

Quinoxalinediones such as 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 6,7- 

dinitroquinoxaline-2,3-dione (DNQX) are potent competitive antagonists at non-NMDA 

glutamate receptors (Honore et al, 1988). The selection of a glutamate receptor 

antagonist requires consideration of one important point. The chosen antagonist needs
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to be suitable for in vivo infusions. The use of a water-soluble compound would 

eliminate the need of toxic dissolving agents, which could cause considerable tissue 

damage. Due to the availability of a water-soluble form of CNQX, it is highly 

appropriate for in vivo experiments. CNQX potently displaces tritiated AMP A binding, 

but also significantly displaces tritiated kainate binding.

Before examining the effects of cerebellar cortical CNQX infusions, it is important to 

understand exactly which synapses would be affected by infusing this AMPA/kainate 

receptor antagonist. The distribution of cerebellar cortical AMP A and kainate receptors 

is discussed below.

2.1.3 The distribution of AMP A and kainate receptors in the cerebellar cortex

Glutamate receptors (GluRs) are divided into two distinct classes: ionotropic and 

metabotropic. The ionotropic receptors (iGluRs) contain cation-specific ion channels 

and are further divided into three groups on the basis of agonist specificities: a-amino- 

3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), kainate and N-methyl-D-aspartate 

(NMDA) receptor channels.

Although kainate is a potent agonist of the AMP A receptor, it also activates a distinct 

class of kainate-preferring iGluRs (i.e. kainate receptors). AMP A and kainate receptors 

are often collectively referred to as non-NMDA receptors since most agonists and 

antagonists cannot clearly distinguish between the two receptor types. So far, 9 cDNAs 

encoding AMP A and kainate receptors have been identified in the mammalian CNS: 4 

for AMP A receptor subunits (GluRl, GluR2, GluR3 and GluR4) and 5 for kainate 

receptor subunits (GluR5, GluR6, GluR7, KAl and KA2) (see Ozawa et al, 1998 for a 

review).

2.1.3.1 Kainate receptors

Although kainate receptors are widely distributed throughout the CNS, their 

physiological importance remains largely unknown. Kainate receptor subunits have 

been localised to cerebellar Purkinje cells (GluR5), cerebellar granule cells (GluR6), 

and stellate-basket cells (GluR7). It is suggested that the GluR5-GluR7 subunits are 

present in dendrites (see Ozawa et al, 1998 for review). Moderate GluR5-7 immuno-
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staining was found in both parallel and climbing fibre synapses on Purkinje cells (Zhao 

et al, 1997).

2.1.3.2 AMPA receptors

The distribution of AMPA receptors in the cerebellum has also been examined. GluRl 

mRNA is expressed in Purkinje cells, but not in granule cells. GluR2* mRNA is 

abundant in Purkinje cells and granule cells. GluR3 mRNA is expressed in Purkinje 

cells and stellate-basket cells, with no detectable expression in granule cells. GluR4 

mRNA is expressed at high levels in granule cells (see Ozawa et al, 1998 for review).

Immunoreactivity for the GluRl and GluR4 subunits was primarily found in the 

molecular layer of the cerebellar cortex, and is concentrated principally in the processes 

o f the Bergmann glia located in the vicinity of the Purkinje cell perikarya. (Ripellino et 

al, 1998). GluR2/3 receptor subunits were found in the Purkinje cell perikarya and 

dendrites, as well as in the stellate and basket cells of the molecular layer and medium 

sized soma of the granular layer (most likely Golgi cells) (Garyfallou et al, 1996).

GluR2, GluR3 and GluR4c are localised to postsynaptic specialisations of the cerebellar 

cortex (Nusser et al, 1994). In the molecular layer, postsynaptic elements were 

identified as being spines of Purkinje cells, dendrites and cell bodies of GABAergic 

intemeurones. In the granule cell layer, enrichment of immunoparticles was found in the 

synapses between mossy fibre terminals and granule cell dendrites (Nusser et al, 1994). 

A moderate amount of staining was found in postsynaptic densities and spines of both 

parallel and climbing fibre synapses with GluR2/3 (Zhao et al, 1997).

2.1.4 Blockade of cerebellar cortical AMPA/kainate receptors

Having investigated the distribution of AMPA/kainate receptors in the cerebellar cortex, 

it is possible to recognise that infusion of CNQX will block synaptic transmission at the 

following synapses within the cerebellar cortex: parallel fibre/Purkinje cell synapse, 

climbing fibre/Purkinje cell synapse, mossy fibre/granule cell synapse, parallel 

fibre/basket cell synapse, parallel fibre/stellate cell synapse and the parallel fibre/Golgi 

cell synapse.
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The overall effect of cerebellar cortical CNQX infusion would be a reduction in the 

excitatory signal reaching Purkinje cells, and hence a reduction in the signal leaving the 

cerebellar cortex. Purkinje cells release GAB A and are therefore inhibitory upon the 

cerebellar nuclei (see Eccles et al, 1967). Since CNQX inhibits the inhibitory action of 

Purkinje cells upon the cerebellar nuclei, this would lead to a disinhibition effect, 

resulting in increased excitabilities of the deep nuclei, red nucleus, premotor and motor 

neurones.

2.1.5 Purpose of experiments

a) To establish whether blockade of cerebellar cortical AMPA/kainate receptors in 

lobule HVI prevents the performance of conditioned NMRs (Experiment lA) and 

whether the behavioural effect is highly dependent on the region of lobule HVI 

inactivated (Experiments lA  and IB).

b) To examine CNQX dose/response relationships to establish an appropriate 

inactivating dose and time window for subsequent inactivations during acquisition 

(chapter 3) and extinction (chapter 4) training sessions (Experiment lA).

c) To develop a method for mapping the spread of CNQX infusions using quantitative 

autoradiography (Experiment lA). An indication of spread will reveal whether the 

behavioural effects were due to inactivation of the cortex alone without invasion of 

the cerebellar nuclei.

d) To investigate other regions of the cerebellar cortex previously identified as not 

important for the performance of conditioned NMRs (Experiment 1C).

e) To anatomically characterise the critical cerebellar cortical region within lobule HVI 

using zebrin II immunohistochemistry (Experiment ID).
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2.2 Experiment lA: 

Blockade of Cerebellar Cortical AMPA/Kainate Receptors in Lobule 

HVI Prevents the Performance of Classically Conditioned NMRs

Experiment lA  examines the effects of using CNQX to block glutamatergic 

transmission within lobule HVI during performance of conditioned NMRs. This 

experiment will allow localisation of the eyeblink control areas within HVI.

2.2.1 Methods

2.2.1.1 Surgery

6 male Dutch belted Rabbits (1.8-2.5kg) were implanted with a guide cannula directed 

towards the right cerebellar lobule HVI. Subjects were anaesthetised using a fentanyl- 

fluanisone mixture (0.1-5.0 mg/kg, i.m.) with benzodiazepam (0.5mg/kg, i.v.) as a 

relaxant and then they were intubated with an endotracheal tube. They then received 

mannitol (20% w/v, 30ml over 30min, i.v), to facilitate exposure of the cerebellum. 

Anaesthesia was by fluothane (1-2%) in oxygen/nitrous oxide (2:1) via the endotracheal 

tube. The right cerebellar cortex was exposed. A 26G, 11mm stainless steel guide 

cannula was then implanted under visual guidance into the right HVI and fixed with 

dental acrylic cement. A 33G dummy cannula was fitted into the guide to keep the 

implant patent. The scalp was sutured around the implant and the animal was given 

fluid and electrolyte supplements. Postoperative analgesia was provided by 

buprenorphine (lOOpg/kg/day i.m. for three days) and antibiotic cover was by 

chloramphenicol (30mg/kg/day, i.m. for 3 days). Subjects were allowed 1 week of 

recovery. They were kept on a 12h day/night cycle with ad libitum food and water.

2.2.1.2 Conditioning apparatus and stimuli

Rabbits were trained using techniques similar to those first developed by Gormezano et 

al (1962) and described in detail by Yeo and Hardiman (1992). Subjects were placed in 

a restraining stock and movement of the NM was recorded using an isotonic transducer 

(Gruart and Yeo 1995).
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Each subject was placed in a ventilated, sound attenuating chamber facing a centrally 

mounted loudspeaker. The CS was a IkHz sine wave tone of 410ms duration and an 

intensity of 87dBA. Background noise produced by ventilation fans was 57dBA. The 

US was periorbital electrical stimulation. Each US was a 60ms train of three biphasic 

current pulses (2mA) applied to the periorbital region. The interstimulus interval 

between the CS and US onsets on paired trials was 350ms. The intertrial interval was 

randomly selected between 25s and 35s.

2.2.1.3 Experimental Design

5-7 days after cannula guide implantation, a nylon monofilament suture loop was placed 

in the right NM under local anaesthesia (proxymetacaine hydrochloride; 0.5% w/v). All 

subjects then underwent four, daily sessions of adaptation. Each subject was placed in 

the restraining stock within the conditioning chamber and the NM transducer was fitted. 

Each subject rested quietly in the conditioning chamber for 50 minutes -  equivalent to 

the duration of one conditioning session -  and no stimuli were presented.

There were 3 main experimental phases:

(i) Acquisition training. Each subject received six sessions (1 per day) of normal 

acquisition training to establish stable performance. Each session consisted of 100 trials. 

In 90 trials the CS and US were paired and in 10 trials the CS was presented alone with 

no US. Each CS-alone trial was presented on every tenth trial.

(ii) Establishing an optimal locus fo r  cortical infusions. The dummy cannula was 

removed and a sterile, 33G infusion cannula was inserted through the guide to project 1 

mm below the guide tip. No drug was infused at this stage. 20 training trials (18 paired 

CS-US, 2 CS-alone) were given to establish a pre-infusion behavioural baseline. Each 

subject then received an infusion of CNQX (disodium salt, Tocris) (5mM, Ipl infused 

over 1 min) in phosphate buffered saline (PBS; 0.0IM, pH 7.4). 50 training trials (45 

CS-US paired, 5 CS alone) were then given. CR frequency was monitored. If CR 

frequencies did not fall to zero over 9 consecutive trials within the session, then a 30min 

rest period was given. The infusion cannula was then lowered by 0.5mm and the 

infusion and testing procedures were repeated. In each subject a maximum of four 

cannula positions (from 1mm to 2.5mm below the guide tip) were tested over two days 

to find the most effective location.
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(in) Testing time course o f  drug effects and dose-response relationships. Each subject 

was prepared as in (ii) above and the infusion cannula lowered to the optimal depth 

determined earlier. 20 training trials (18 paired CS-US, 2 CS-alone) were given to 

establish a pre-infusion behavioural baseline. Each subject then received an infusion of 

CNQX in PBS vehicle (either 1.54mM or 5mM, 2pi infused over 2 min) or a control 

infusion of PBS vehicle (O.OIM, pH 7.4, 2pi infused over 2min). After a short interval 

(mean 5min, range 3-12min) a training session of 50 trials commenced. If CR 

frequencies had not returned to pre-infiision levels at the end of 50 trials, a further 50 

trials were given. The order in which low dose CNQX, high dose CNQX and PBS was 

infused varied across subjects.

2.2.1.4 Histology

In the final stage of the experiment infusion cannulae were re-inserted to the optimal 

depth for each subject. CNQX in PBS (1.54mM, containing IpCi/pl, 2pi over 2min) 

was infused. This CNQX dose corresponded to the lower of the two concentrations used 

in the experimental phase. Each subject was then given heparin sodium (500U/kg, i.v.) 

and an overdose of pentobarbitone sodium (90mg/kg, i.v.) 12min after the end of the 

CNQX infusion. This time was chosen with reference to the time course data (see Fig 

2.2) and corresponds to the time for the maximum drug effect upon behaviour. Each 

subject was perfused transcardially with 0.9% saline (11) followed by 4% formaldehyde 

solution (21). The brain was removed, post-fixed in paraformaldehyde solution for at 

least 2 days and then in paraformaldehyde/sucrose solution (4%/20% w/v) for at least 

another 2 days. The brain was washed, embedded in gelatin (10% w/v in O.OIM 

phosphate buffer) and returned to the paraformaldehyde/sucrose solution for a few days. 

The brain was frozen and serial 50pm frozen transverse sections were cut using a sledge 

microtome and saved in O.OIM phosphate buffered saline (PBS).

2.2.1.5 Autoradiography and Image Analysis

Every sixth brain section was opposed to tritium-sensitive film (Hyperfilm, Amersham) 

for autoradiography together with tritium standards (Microscales, Amersham) for six 

weeks at 4°C. After film development, the sections were stained with cresyl violet. The 

autoradiograph of every brain section was imaged with a monochrome CCD camera and 

analysed using standard densitometry techniques (AIS, Imaging Research Inc., Canada); 

the resultant images were calibrated and their densities were colour-coded with
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reference to the tritium standards as pmol of CNQX per mg tissue equivalent (see 

Fig.l).

The stained sections were realigned to allow registration of the histology and 

autoradiography. An image of each Nissl-stained section was captured and was 

processed to reveal the brain edges and granule cell layer boundaries. Composite images 

o f the colour-coded densitometry and the brain contours were then made.

2.2.1.6 Data analysis

CR frequency

A CR was defined as a NM response within the CS-US interval with amplitude greater 

than or equal to 0.5mm and with onset latency greater than 35ms from CS onset (see 

Hardiman and Yeo 1992). CR frequency (%CRs) was calculated for each block of 9 

paired trials throughout the conditioning sessions.

CR topographies

CR amplitude measurements were made on CS-alone trials only. This measure was able 

to reveal whether the drug produced CR latency increases that would have been 

obscured on paired trials. On these trials, a CR was defined as a response that attained 

an amplitude >0.5 mm in the period 35-lOOOms from CS onset.

Statistical analysis

Data were analysed using a two-way, repeated measures ANOVA followed, where 

appropriate, by Newman Keuls multiple comparisons test on the individual means.
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2.2.2 Results

2.2.2.1 Autoradiography reveals that CNQX infusions were restricted to the 

cerebellar cortex

The location and spread of CNQX infusions in the cerebellar cortex was determined by 

autoradiography of ^H-CNQX binding. In all six subjects, the infusion centre was in 

lobule HVI, but its location differed slightly in the rostral-caudal direction across 

subjects (see Fig.2.1). Subjects A-E are ranked according to the duration of effects when

1.54 mM CNQX was infused into the cerebellar cortex. In subject A, CR impairment 

duration was longest, whereas in subject E, it was shortest. In subjects A-E, the CNQX 

spread detected was confined to the cerebellar cortex with no observed binding within 

the deep cerebellar nuclei at any location. By examining the rank order, it is evident that 

CNQX infusions in the rostral part of medial lobule HVI most impaired CR frequency. 

To further illustrate this point, it can be seen that in subject D the infusion was in the 

very caudal part of lobule HVI with spread into other lobules including VII and VIII, 

yet its %CRs were not so impaired as in subjects A-C. In subject E, the CNQX infusion 

covered only a small part of the very medial part of rostral lobule HVI with spread into 

lobules HIV-V of the anterior lobe and this infusion produced the smallest %CR 

deficits. Low levels of CNQX binding were detected in small regions of the caudal 

inferior colliculus (IC) in subjects A and D. It is unlikely that these very low levels of 

CNQX in the IC contribute to CR deficits to the auditory CS, as infusions of high levels 

o f CNQX directly into IC do not impair CR frequency (see chapter 3). Subjects A-E 

form the cerebellar cortical infusion (CCI) group in the behavioural analyses below.

In subject F, there was clear CNQX binding in lobule HVI but there were also low 

levels of CNQX binding within dentate/interpositus nucleus border -  a cerebellar 

nuclear region that is critical for CR expression (Yeo et al, 1985a, McCormick and 

Thompson, 1984a, 1984b). The individual behavioural data for this subject is shown in 

figure 2.2. However, to establish the behavioural effects of purely cerebellar cortical 

manipulations, this subject is not included in the CCI group behavioural analysis.
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Figure 2.1
Distribution of [̂ H] CNQX in cerebellar cortex after localised infusion into lobule HVI
Subjects A-E are ranked by CNQX effects upon behaviour, A is m ost affected. Subject F has low levels o f  CNQX in the cerebellar nuclei. 
Transverse sections illustrating lobule and granule cell boundaries are shown through the cerebellum  at 0.5 mm intervals, where each 
section is identified as distance from X .  Cannula tip placem ents for all six subjects are shown on the standard sections. Densitometry 
calibration, picom oles o f  CNQX per milligram o f  tissue equivalent. Abbreviations: cri, crus I; cril, crus II; DPFL, dorsal paraflocculus; 
FL, flocculus; HIV/V, lobules HIVA^; HVI, lobule HVI; N D , dentate nucleus; NF, fastigial nucleus; NI, interpositus nucleus; PM, 
param edian lobe; VPFL, ventral paraflocculus.



2.222  CR expression is prevented following CNQX infusions in the cerebellar 

cortex

All subjects (A-F) reached a stable level of learning (at least 8 CRs in the 9 paired 

presentations per block), by 370 trials (198.3 ± 39.9; mean ± S.E.M.), before drug 

infusions.

Infusions of CNQX restricted to the cerebellar cortex (i.e. in the CCI group) completely 

blocked CR expression. Previously established CRs were reversibly blocked for 10-60 

minutes, depending on the dose of CNQX infused and its location within HVI (see 

Figure 2.2).

In the CCI group, infusion of vehicle directly into parts of lobule HVI had no effect on 

CR responses (see Fig. 2.3). In the same subjects, CNQX infusions restricted to lobule 

HVI produced significant changes in the frequency (see Fig 2.3A, %CRs) and the 

amplitude of CRs (see Fig 2.3B, CRamp), (F2J 53 =39.0 ?<0.001 and F2,is3 =26.73, 

?>0.001 respectively). For all CCI subjects, CRs were completely absent for at least 2 

blocks of trials (corresponding to lOmin). For 1.54 mM infusions, the mean number of 

blocks with no CRs was 5.4 (range 2-9) corresponding to a mean time of 27min (range 

10-45min). For 5 mM infusions, the mean number of blocks with CR abolition was 8.8 

(range 7-12), corresponding to 44.2min (range 35-60min).

Both concentrations of CNQX reduced CR frequencies and amplitudes (see Fig. 2.3). 

After infusions of CNQX at 1.54 mM concentration, %CRs were significantly different 

from those seen after vehicle infusion at equivalent time points within the first 35 min 

(p<0.05; Newman Keuls multiple comparisons test). For 5mM CNQX infusions, the 

effects upon %CR were significant for the entire 50min session duration (p<0.05). 

Similar changes were seen for CRamp with significant differences (P<0.05) for the 

1.54mM concentration over the first 20min and for the entire session with 5mM CNQX 

(p<0.05).

Most subjects recovered both %CRs and CRamp within Ih of drug administration, with 

no residual effects at 24h (see Fig 2.2). %CRs recovered sooner after infusion of 

1.54mM CNQX than of 5mM CNQX. % CRs were significantly different for the two

84



doses from 30min post infusion (p<0.05) and CRamp differences were significant at 

40min (p<0.05).

The single subject, F, with minor spread of CNQX into the cerebellar nuclei had 

strongly depressed CR frequencies after 1.54mM and 5mM infusions. Although this 

subject had high CNQX levels in rostral HVI, it cannot be ruled out that at least some of 

these behavioural deficits derive from AMPA/kainate receptor blockade in the nuclei.
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Figure 2.2 (continues)
Effects of cerebellar cortical CNQX infusion on percentage CRs in subjects A & B.
i) infusion center shown using [^H] CNQX, ii) CR frequency before and after infusion of
1.54 mM CNQX (2|il), iii) CR frequency before and after infusion of 5 mM CNQX (2pl).
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Figure 2.2 (continues)
Effects of cerebellar cortical CNQX infusion on percentage CRs in subjects C & D.
i) infusion center shown using [^H] CNQX, ii) CR frequency before and after infusion of
1.54 mM CNQX (2|il), iii) CR frequency before and after infusion of 5 mM CNQX (2pl).
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Effects of cerebellar cortical CNQX infusion on percentage CRs in subjects E & 
F.
i) infusion center shown using [^H] CNQX, ii) CR frequency before and after infusion 
of 1.54 mM CNQX (2|il), iii) CR frequency before and after infusion of 5 mM CNQX 
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2.3 Experiment IB:

The Loss of Conditioned Responses is Highly Dependent on the Region 

of Cortex Inactivated Within Lobule HVI

Two additional subjects are presented here to illustrate two separate points. Firstly, that 

the impairment of CRs is critieally dependent on the region of lobule HVI inactivated 

(subject G), demonstrated using smaller CNQX infusions. Secondly, that the infusion 

volume has a large influence over the behavioural effectiveness o f an infusion (subject 

H).

2.3.1 Methods

Two subjects were implanted with a guide cannula directed towards the right eerebellar 

lobule HVI. The surgery, conditioning apparatus, stimuli, suturing of the NM and 

adaptation were the same as in the methods for experiment lA. Each subject received 

acquisition training (1 session per day) until asymptotic levels were obtained.

For subject G, an optimal locus for the cortical infusion was established by lowering the 

infusion cannula in 0.5mm increments and injecting a very small dose of CNQX at each 

location. The dose of CNQX used here (0.5pl o f 0.5 mM) was lower than in experiment 

1A above to allow better localisation of eyeblink control regions within HVI.

CR frequency (%CRs) was calculated for each block of 10 trials (9 paired trials and 1 

CS alone trial) throughout the conditioning sessions. Data from the paired and unpaired 

trials were treated similarly, i.e. occurrence of CRs could only be determined within the 

CS-US interval.

At the end of behavioural testing, the infusion cannula was reinserted to the optimal 

depth (i.e. mm protrusion below the guide cannula tip) for each subject, and fluorescent 

microspheres (500 nl) were infused to mark the loeation. The subjects were sacrificed 

and the brains were prepared for histological analysis as in experiment 1 A.
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2.3.2 Results

Histological analysis revealed that the optimal locus for infusions was within the medial 

part of lobule HVI for both subjects (see figure 2.4), as already shown in experiment 

lA. The more effective location was in subject G, in which a smaller dose of CNQX 

completely abolished CRs for three entire 10 trial blocks. By inspection of infusion 

placements it can be seen that subject G has a more rostral position than subject H, 

which confirms the findings reported in experiment lA  -  that CNQX infusions in the 

rostral part of lobule HVI most impair CR frequency.

The behavioural effect of infusing CNQX at the two different depths shown for subject 

G was quite distinct (figure 2.4). Infusion of a larger dose of CNQX (3mM, Ipl) at a 

1.5mm depth had no effect on %CRs, whereas infusion of a substantially lower dose 

(O.SmM, 0.5pl) after lowering the infusion cannula by 0.5mm (i.e. to 2mm) completely 

blocked CR expression for 30 trials. Examination of the cannula track in this subject 

revealed that at both depths, the injection cannula was within lobule HVI (the 

approximate location for the ineffective placement is also indicated in figure 2.4). This 

result illustrates that the behavioural effect is highly dependent on the region of cortex 

being inactivated even within lobule HVI.

In subject H, infusion of Ipl of ImM CNQX at a 4mm depth impaired CRs, but failed 

to completely abolish responses for a single block. However, infusion of a larger 

volume (2pl of ImM) at this depth completely abolished CRs for 6 blocks -  equivalent 

to 60 trials. Increasing the concentration to 3mM, but keeping the volume the same 

abolishes CRs for longer (11 blocks, 110 trials). In experiment IA above, the effect of 

varying CNQX concentrations in subjects A-F was demonstrated. This experiment with 

subject H illustrates that in addition to concentration, the volume of an infusion also has 

a remarkable bearing on the behavioural effects observed. Since the cannula placement 

for subject H is somewhat caudal (figure 2.4), a larger infusion volume must allow the 

drug to spread to rostral HVI.
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2.4 Experiment 1C:

Blockade of AMPA/Kainate Receptors in Cerebellar Cortical Regions 

Outside Rostral HVI has No Effect on the Performance of Classically 

Conditioned NMRs

In experiments lA  and IB, only cerebellar cortical CNQX infusion locations effective 

in blocking conditioned NMRs were presented (the approximate ineffective location for 

subject G was also given). Although it is evident that CNQX infusions in the rostral part 

of medial lobule HVI strongly impair CR frequency, the specificity o f this finding 

would be strengthened if infusions which do not include this part o f the cerebellar 

cortex fail to abolish the conditioned NMR. Locations outside rostral HVI are tested in 

experiment 1C.

2.4.1 Methods

Four subjects underwent surgery for the implantation of guide cannulae. Although the 

target placement for each subject was in the rostral part of medial lobule HVI, these 

cannulations turned out to be off-target placements, as revealed by the autoradiography 

and behavioural results (see below). The surgery, conditioning apparatus and stimuli 

were the same as in the methods for experiment lA, except that the CS tone intensity 

ranged between 81 and 87 dBA. Following habituation, each subject was trained to 

asymptote.

For the performance test, each subject was given 20 training trials (18 paired CS-US, 2 

CS-alone) to establish a pre-infusion behavioural baseline. This baselining was followed 

by an infusion of 2pl of 3mM CNQX at one depth only, and the frequency of CRs was 

monitored. Each subject subsequently received a tritiated dose of CNQX (3mM, 

containing IpCi/pl, 2pi over 2min) before being sacrificed. Histological and 

autoradiographical analysis was as in experiment 1 A.
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2.4.2 Results

As can be seen from the behavioural results (figure 2.5), infusion of CNQX {2\x\ of 

3mM) failed to abolish conditioned NMRs for a single block in subjects I-L. In subjects 

I-K, CNQX infusions had no effect on the frequency of CRs. In subject L however, 

there was a slight impairment in CR frequency.

Autoradiographical analysis revealed that all infusions were confined to the cerebellar 

cortex. Although the location and spread of CNQX infusions in the cerebellar cortex 

differed slightly in each subject, it always spared the region of rostral, medial HVI 

previously shown to be important (figure 2.6). Subjects I-K had infusions in the very 

caudal part of lobule HVI, and as can be seen, there is little or no drug detected within 

rostral HVI. Although the infusion in subject L was in rostral HVI, it was more rostral 

and more lateral than in other subjects with effective placements from experiments lA  

and IB. It is possible that low levels of the infused drug might have spread into the 

effective cortical region within HVI, which would explain the slight impairment in 

behavioural results observed (figure 2.5).
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Standards

Figure 2.6
Distribution of [ H] CNQX in cerebellar 
cortex of ‘off- target’ subjects.
The infusion spread of tritiated CNQX is 
shown at appropriate chosen levels through 
the brain for subjects I-L. In each case, the 
critical part of rostral medial HVI is 
excluded in the infusion. Abbreviations are 
the same as in figure 2.1.



2.5 Experiment ID:

Zebrin II Immunohistochemistry Defines the Important Cortical 

Region Within Lobule HVI

Due to its highly reproducible pattern of expression between subjects, zebrin II, the 

respiratory isoenzyme aldolase C (Ahn et al, 1994), is a useful marker of cerebellar 

compartmentation (Brochu et al, 1990). Analysis of Zebrin II expression in rodents 

revealed that this enzyme is expressed by a subset of Purkinje cells which form 

parasagittal bands in the cerebellum. In experiment ID, the expression of zebrin II in the 

rabbit cerebellum was examined for the first time. This localisation was used to provide 

an anatomical reference for the description of eyeblink microzones critical for NMR 

conditioning.

2.5.1 Methods

Transverse sections of brains from behavioural subjects A-E in experiment lA  were 

used for the analysis of Zebrin II immunohistochemistry. Every sixth brain section was 

left unmounted and immunohistochemistry was carried out on these free-floating 

sections. Throughout, all dilutions and washes used O.OIM PBS containing 0.5% Triton 

and 0.05% thimerosal (Sigma) unless otherwise stated. The sections were incubated in

0.1% hydrogen peroxide (Sigma) for 15min, after which they were washed ( 3 x 5  min). 

They were then placed in 5% normal horse serum (NHS -  Vector Laboratories Ltd) for 

30min. They were incubated for 14h at 4°C in 0.1% Zebrin II antibody. Anti-zebrin II is 

a mouse monoclonal antibody (Brochu et al 1990). The sections were washed the 

following day ( 3 x 5  min) before being placed in 5% NHS for 30min. Next, the sections 

were incubated in biotinylated horse anti-mouse IgG (Vector Laboratories Ltd, 1:200) 

for 2h at room temperature. Sections were washed again ( 3 x 5  min) and immersed in 

streptavidin-HRP (Vector Laboratories Ltd, 1:200) for 2h at RT. Then they were 

washed again in PBS ( 3 x 5  min), buffered with Tris (Sigma, pH 7.4, 1:20) and 

incubated with diaminobenzidine (DAB 0.03% w/v in 0.01% Hydrogen Peroxide/Tris 

buffer) until zebrin-positive stripes were clearly revealed (approximately 5 min). Then 

the sections were washed thoroughly and mounted onto gelatinised slides. They were 

allowed to dry at RT overnight before coverslipping with DPX medium (BDH).
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2.5.2 Results

2.5.2.1 Zebrin II expression in rabbit cerebellum

Zebrin Il-immunohistochemistry revealed clear zonal patterns of immunopositive and 

immuno-negative bands throughout the cerebellar cortex of the rabbit (figure 2.7), 

where approximately half of the Purkinje cells expressed zebrin II. Parasagital bands 

were seen throughout the vermis and hemispheres. Although the pattern o f expression 

for the entire rabbit cerebellum wont be discussed here, it is sufficient to say that it 

resembled that seen in other mammals and was consistent across subjects. Zebrin II was 

detected in the somata and dendrites of immunoreactive Purkinje cells (figure 2.8, A-E). 

Immunoreactivity in Purkinje cell axons was rather weak, but is captured in figure 2.8F.

2.5.2.2 Zebrin II expression in lobule HVI

Three distinct zebrin II positive bands can be identified in lobule HVI that correspond to 

bands already defined in the rat (Brochu et al, 1990). As shown in figure 2.9, at the 

superficial tip o f HVI lies the P4a+ band, which is the lateral extension of the vermian 

P4+ band. Proceeding more laterally, there is the P4b+ band, which appears to be 

unique to HVI since it is not continuous with zebrin bands in the vermis. The third 

zebrin positive band, P5+, is found even more laterally. This band appears to be 

comprised of sub-bands, which are not easily distinguishable. The identification of 

zebrin bands within lobule HVI was made in consultation with Richard Hawkes.

Comparison of the CNQX autoradiographs with the zebrin immunohistochemistry from 

adjacent coronal sections reveals that behaviourally effective drug locations can be 

defined as within an area of rostral HVI bounded by zebrin zone P4b+ dorsally and 

zebrin zone P5+ ventrally (figure 2.9C).
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Series of transverse sections through the rabbit cerebellum 
immunoperoxidase stained with anti-zebrin II
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Figure 2.8
Zebrin II expression in Purkinje cells of the rabbit cerebellum, as revealed by 
immunoperoxidase stained transverse sections.
A, Low power view of the midline vermis showing PI + and P2+ bands. The region within 
the rectangle is shown at higher magnification in B. C, Expression of zebrin II in region 
where all Purkinje cells are immunoreactive. D, Region displaying strong immuno- 
reactivity which forms a zebrin +ive band and neighbouring cells which are weakly 
immunoreactive. E, High magnification demonstrating dendritic arbor of Purkinje cells. F, 
Section showing weak immunostaining in Purkinje cell axons as well as dendrites and 
somata. A was taken at a x2 magnification, B, C, D & F were taken atxlO, and E was taken 
atx20. 102



Æ-'. W W

B

■ P 4 ^ ^

#=
P4b+ "Æ

'#t. F&

P4a+

P4b+

P5+

Figure 2.9
Zebrin II expression in rostral lobule HVI and the identification of a critical NMR 
control region
Three distinct zebrin II positive bands can be identfied in lobule HVI. A) transverse 
section showing zebrin bands throughout cerebellum; B) enlarged lobule HVI showing 
three zebrin positive bands: P4a+, P4b+, and P5+; C) Diagram of lobule HVI indicating 
region critical for NMR control between bands P4b+ and P5+ (shown within red loop).
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2.6 General Discussion

Lesion and reversible inactivation studies have demonstrated that performance of 

conditioned NMRs is dependent on the cerebellum and its associated circuitry. 

Reversible inactivations have been extremely valuable in identifying candidate 

structures for essential plasticity by examining acquisition of NMR conditioning. 

Cerebellar inactivations of the anterior interpositus (AIP) nucleus prevent learning 

(Krupa et al, 1993; Nordholm et al, 1993; Hardiman et al, 1996). Also, inactivation of 

the olivary inputs to the cerebellum prevents acquisition (Welsh and Harvey, 1998). The 

remaining component of this olivo-cortico-nuclear loop is the cerebellar cortex.

The studies reported here inactivated the cerebellar cortex directly to assess its role in 

the performance of conditioned NMRs. Lobule HVI was targeted since earlier analyses 

had shown its importance for NMR conditioning (Yeo et al, 1984, 1985b; Yeo and 

Hardiman, 1992; Hardiman and Yeo, 1992). Also, studies in the cat have shown that 

lobule HVI contains the principal eyeblink control microzones which receive climbing 

fibre inputs signalling periocular stimulation (Hesslow, 1994a, 1994b).

2.6.1 Cerebellar cortical lobule HVI is critical for the expression of conditioned 

NMRs

In experiments lA  and IB, it was demonstrated that blockade of cerebellar cortical 

AMPA/kainate receptors in lobule HVI completely but reversibly blocks the production 

o f previously established classically conditioned nictitating membrane responses. In 

subjects A-E from experiment lA, CNQX infusions abolished CRs in a dose-dependent 

manner. Autoradiography revealed that in all eases, the infusion centre was in lobule 

HVI, and there was no detectable spread of CNQX into the deep nuclei, thus ensuring 

that the behavioural effects observed were due to inactivation of the cerebellar cortex 

alone. Examination of behavioural effects and infusion location revealed that infusions 

in the rostral part of medial lobule HVI most impaired CR frequency. In experiment IB, 

smaller CNQX infusions in subject G demonstrated that the behavioural effects are 

highly dependent on the region of cortex inactivated even within lobule HVI. Analysis 

of o f f  target placements in experiment 1C further illustrated the specificity of 

behavioural effects by demonstrating that infusions which do not include the correct
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part o f cerebellar cortical lobule HVI fail to abolish conditioned responses. Collectively, 

the results indicate that in the rabbit, the critical eyeblink control areas are in the rostral 

part of medial lobule HVI.

Although the use of autoradiography allows a good estimate of the location and spread 

of localised infusions, the degree o f the bound CNQX may be an underestimate o f the 

critical control area. CNQX will bind to AMPA/kainate receptors on a variety of 

cerebellar cortical neurones (see Introduction) and block synaptic transmission. Binding 

on granule cells will disturb signalling through the granule call ascending axon and its 

parallel fibres that can extend widely (Mugnaini, 1983). Therefore, the autoradiography 

might have underestimated the effective cortical range of the CNQX infusion. However, 

this underestimate is likely to be very small. During phase (ii) of experiment lA, 

lowering the infusion cannula by 0.5mm steps yielded different effects upon CR 

frequencies at successive locations. This is illustrated very well in subject G from 

experiment IB, where a small dose of CNQX produced distinctly different effects when 

infused in two dorso-ventral positions. This indicates that the effective infusion sites 

were restricted and distant effects were small.

2.6.2 Inconsistencies between NMR and eyelid conditioning -  cerebellar cortical 

dependency

Previous lesion studies of the cerebellar cortex have provided conflicting results. It is 

claimed that lesions of the cerebellar cortex (which include HVI), in heavily overtrained 

subjects, spare conditioned eyelid responses (where a CR criterion of >0.25mm was set) 

but disrupt response timing (Perrett et al, 1993). This result is partly consistent with 

another report that unilateral lesions are not sufficient to abolish CRs in previously 

overtrained subjects, but bilateral cerebellar cortical lesions are (Gruart & Yeo, 1995). 

However, what is unusual is that the post-lesion responses displayed short latencies (in 

some cases 60-80 msec latencies to onset) after anterior lobe lesions. Although 

dissimilar in topography, short latency eyelid responses were also observed when 

picrotoxin (a G ABA antagonist) was infused into the interpositus nucleus (Garcia & 

Mauk, 1998). It was suggested that this infusion blocks the GAB A mediated inhibitory 

input from the cerebellar cortex and thus disconnects it from the cerebellar nuclei. The 

authors propose that the anterior lobe is critical for the timing of conditioned eyelid
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responses and that lesions of lobule HVI do not affect conditioned eyelid response 

expression or timing. As to the results obtained by Yeo and colleagues, where lesions of 

lobule HVI abolished CRs (Yeo et al, 1984, 1985b; Yeo and Hardiman, 1992), Perrett 

and Mauk (1995) suggest:

”...functional damage to the interpositus nucleus could not

be excluded in these experiments ”.

They argue that since response timing in classical conditioning is learned, it must 

involve some additional form of synaptic plasticity which is separable from general 

response expression (Perrett et al, 1993). At least two sites of plasticity might contribute 

to eyelid conditioning. The cerebellar cortex may be necessary for the learned timing of 

the CR and another structure (probably the cerebellar nuclei) may support the 

expression of conditioned eyelid responses. Although the dual locus, expression/timing 

mechanism is an attractive hypothesis because it provides an explanation of how the 

cerebellum might produce well-timed learned movements, the evidence supporting this 

hypothesis is rather weak. A major concern about the short latency responses seen after 

cerebellar cortical lesions is that they might not be associatively produced conditioned 

responses. They may be non-associative, sensitised responses to the auditory stimulus 

that were uncovered by the disinhibitory lesions. To test for this possibility, an 

appropriate control would have been to train subjects using unpaired CS and US 

presentations, followed by cerebellar cortical lesions to establish whether short latency 

responses are still present. If short latency responses are found after unpaired control 

presentations, then they could not be associatively-produced conditioned responses.

2.6,2.1 Different systems governing eyelid and NM conditioning?

It is claimed that HVI lesions have no effect on conditioned eyelid responses (Perrett et 

al, 1993; Perrett and Mauk, 1995). I have demonstrated that reversible inactivation of a 

discrete region of lobule HVI completely but reversibly abolishes the performance of 

conditioned NMRs. These contradictions might be explained if the NM and eyelid 

systems are different. Consistent with this idea, changes in response timing of the 

conditioned NMR were also reported following cortical lesions (McCormick & 

Thompson, 1984a, 1984b), but the latency shifts were produced by lesions o f the
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ansiform-paramedian lobule or just the ansiform lobule. In contrast to the findings 

discussed above, lesions of the anterior lobe had no effect on conditioned NMR 

response timing at all (McCormick & Thompson, 1984b - figure 10). There is a further 

confound with drug infusion studies. Infusion of picrotoxin into the interpositus nucleus 

is also reported to abolish conditioned NMRs (Mamounas et al, 1987), instead of 

producing short latency responses.

Although previous work has reported that eyelid and NM conditioning correlate very 

well (McCormick et al, 1982c), it does not follow that both forms of response must be 

mediated by the same system. Separate motoneurone pools control the eyelid and NM 

response of the rabbit. Combined responses of the eyelid and NM are controlled by 

premotor blink neurones in the brainstem, but eyelid motomeurones also receive 

independent inputs (van Ham & Yeo, 1996b). It is possible that the disagreements 

reported for HVI lesions/inactivations and their effects on the NM and eyelid are 

because the two responses are controlled by separate pathways. This might especially be 

the case with the experiments by Mauk and colleagues. An air puff US and unrestrained 

eyelids are used in their experiments, so the rabbits could leam to close their eyes to 

avoid the airpuff. It should be tested whether an additional operant component to 

learning is involved within these experiments by the use of an omission schedule. 

Operant components could explain some of the inconsistencies reported between HVI 

lesions/inactivations and their effects on conditioned eyeblinks.

2.6.3 Inconsistencies within NMR conditioning -  cerebellar cortical dependency

Differences between the systems governing eyelid and NM conditioning might account 

for some inconsistencies, but there are other contradictions. Lesions of the cerebellar 

cortex have provided conflicting results even just with NMR conditioning. Effects of 

cortical lesions on NMR conditioning are inconsistent, they range from no effect 

through to complete abolition. The results of the experiments reported in this chapter 

are in complete agreement with those of previous HVI lesions carried out by Yeo and 

colleagues (Yeo et al, 1984, 1985b; Yeo and Hardiman, 1992), where CRs were 

abolished. In contrast, large cerebellar cortical lesions which included lobule HVI were 

found to have no effect on conditioned NMRs (McCormick & Thompson, 1984a, 

1984b; Clark et al, 1984). Others have reported that cortical lesions which include HVI
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temporarily abolish conditioned NMRs, but the deficit recovers with further training 

(Lavond et al, 1987b; Knowlton et al, 1988; Harvey et al, 1993). There are important 

differences between the results reported in this chapter (experiments 1A and IB) and the 

studies which find that the performance of NMR conditioning is not critically dependent 

on cerebellar cortical function within HVI. Three possible interpretations for the 

differences are summarised here:

1. Eyeblink microzones have not been fully mapped in rabbits and they may be widely 

distributed in the cerebellar cortex. It is possible that restricted lesions of the cortex 

have not always damaged all of the critical loci. Also, it is possible that differences 

in eyeblink microzones might exist with different strains of rabbits. Most of the 

lesion work that fails to produce effective cerebellar cortical results has been carried 

out on albino rabbits, whereas the work carried out by Yeo and colleagues is carried 

out on a pigmented rabbit strain -  the Dutch belted.

2. The effects of a cerebellar cortical lesion might be dependent on the strength of

conditioning established before the lesion. If learning can be mediated by several

cortical regions, then the effect of damaging one of them may be less if extensive

training is given before the lesion and other cortical sites have developed the

association. Associative changes might initially occur in a restricted region of the

cortex, but as training continues, these changes become more widespread and

include other eyeblink control regions of the cerebellar cortex (e.g. paramedian or

ansiform lobe, Hesslow, 1994) or other regions o f the cerebellum (e.g. anterior
a & b

interpositus nucleus).

3. The observed differences might be due to a role played by the contralateral 

cerebellar cortex in NMR conditioning. As demonstrated by Gruart and Yeo (1995), 

the effects of bilateral cortical lesions are more powerful than those of unilateral 

lesions. Since lesions of the cerebellar cortex enhance brainstem excitability by 

removing Purkinje cell inhibition upon the cerebellar nuclei, it is possible that a 

unilateral cortical lesion potentiates any learning from the contralateral cerebellum.
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The experiments reported in this chapter confirm the critical importance of lobule HVI 

for the expression of NMR conditioning. CNQX infusions provide a temporary 

blockade of cerebellar cortical function with a window of inactivation which is 

dependent upon the concentration and location of infusion. In addition to localising eye 

blink control areas within HVI, this study provides a powerful method for reversible 

inactivations that can be used directly to determine whether memories for NMR 

conditioning are stored within the cerebellar cortex during acquisition (chapter 3) and 

extinction learning (chapter 4).

2.6.4 Characterisation of the critical eyeblink region within lobule HVI using 

zebrin II immunohistochemistry

Zebrin II immunohistochemistry provides an effective and useful landmarker of the 

rabbit cerebellar cortex. In experiment ID, the expression of zebrin II in the rabbit 

cerebellum was examined for the first time. The pattern of expression in the rabbit is 

similar to that reported for other mammals (Brochu et al, 1990) and is consistent across 

subjects. Analysis reveals clear zonal patterns of immuno-positive and immuno- 

negative bands throughout the vermis and hemispheres of the rabbit cerebellar cortex.

2.6.4.1 Zebrin II expression in lobule HVI

The pattern of zebrin II expression in lobule HVI o f the rabbit differs slightly from that 

in other species. In rats and other species, this lobule contains four immunopositive 

bands (Brochu et al, 1990). In the rabbit, only three distinct zebrin II positive bands 

were detected, separated by two zebrin II negative domains. The three distinct zebrin II 

positive bands in lobule HVI of the rabbit correspond to bands already defined in the rat 

(Brochu et al 1990), and can be identified as P4a+, P4b+ and P5+.

The experiments in this chapter demonstrate that a critical area for conditioned NMRs is 

in the medial part of rostral HVI. Comparison of the CNQX autoradiographs with the 

zebrin immunohistochemistry from adjacent coronal sections reveals that behaviourally 

effective drug locations can be defined within an area o f rostral HVI bounded by zebrin 

zone P4b+ dorsally and zebrin zone P5+ ventrally. Therefore, a region important for 

conditioning of the eyeblink response is located within P4b-.
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Electrophysiological mapping of eyeblink control regions in cats and ferrets has 

revealed that there are two eyeblink microzones within lobule HVI (Ivarsson and 

Hesslow, 1993; Hesslow, 1994a, 1994b). The more lateral microzone appears to be 

within the C3 zone and the more medial microzone is likely to be in the Cl zone. If the 

organisation of eyeblink control regions in the cerebellar cortex of the rabbit is similar 

to that o f the cat and ferret, it is likely that parts of the C3 zone occupy the P4b- region.

The characterisation of this reliable anatomical marker in lobule HVI of the rabbit will 

prove to be useful in future studies of eyeblink conditioning.
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Chapter 3

Cerebellar Cortical Lobule HVI is Critical for 
the Acquisition of NMR Conditioning
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3.1 Introduction

A role for the cerebellum in the regulation of motor behaviour has been proposed for 

almost 200 years. Flourens (1824) and Luciani (1915) were among the first to suggest a 

cerebellar involvement in motor co-ordination. It is now generally agreed that the 

cerebellum functions to produce optimal movements. However, the subject of a 

cerebellar involvement in the acquisition of motor learning remains a contentious issue 

(see Thach, 1998; Yeo and Hesslow, 1998).

3.1.1 NMR conditioning and permanent lesions of the cerebellum

Permanent lesion studies have been very useful in implicating a role for the cerebellum 

in NMR conditioning by identifying important cerebellar nuclear regions in the anterior 

interpositus nucleus (McCormick and Thompson, 1984a, 1984b; Yeo et al, 1985a; 

Welsh and Harvey, 1989) and cortical regions in lobule HVI (Yeo et al, 1985b; Yeo and 

Hardiman, 1992; but see Lavond et al, 1987b). A crucial question arising from these 

lesion studies is whether or not the cerebellum is indeed critical for NMR conditioning 

and whether there is storage of motor memories within the cerebellum.

The fact that lesions of the cerebellum prevent conditioned NMRs from being 

established and abolish fully learnt responses does not tell us anything about the 

memory trace for this learning. A simple interpretation from these lesions is that the 

neural circuitry supporting the plasticity necessary for conditioning is damaged. 

However, lesions to other structures in the circuit other than the cerebellum have a 

similar effect on conditioned NMRs. Why should we view lesions of the cerebellum 

differently?

An alternative explanation for the effects of cerebellar lesions on NMR conditioning is 

that the cerebellum does not contain the site of learning and that such lesions produce 

performance deficits, rather than learning deficits (Welsh and Harvey, 1989, 1991). The 

cerebellum might simply regulate neural excitabilities in brainstem pathways which are 

critical for CR expression and cerebellar lesions might disrupt the motor expression of 

the CR. An important point to note in this respect is that lesions o f the anterior 

interpositus nucleus (AIP) affect system excitabilities in a fundamentally different way 

to cerebellar cortical lesions. Although lesions of the cerebellar nuclei might produce a 

performance deficit due to a loss of tonic excitatory drive from the cerebellum, this is

113



not the case with cortical lesions, which disinhibit the cerebellar nuclei, thereby 

increasing tonic drive at its outputs. Therefore, if  the performance deficit argument is 

true for cerebellar nuclear lesions, cortical lesions should increase CR amplitudes 

together with the reported enhanced UR amplitudes (Yeo & Hardiman, 1992). That 

lesions of the cerebellar cortex abolish CRs, instead of increasing CR amplitudes, 

provides substantial evidence for a critical role of the cerebellar cortex in NMR 

conditioning.

An alternative explanation for the effects of cerebellar lesions on NMR conditioning is 

that the cerebellum might provide an essential input to a region of plasticity, so 

cerebellar lesions might affect processes critical for plasticity at this site.

Therefore, although one interpretation from cerebellar lesions is that the neural circuitry 

supporting the plasticity necessary for conditioning is damaged, there are clearly other 

possibilities to explain the observed behavioural effects on NMR conditioning.

3.1.2 The use of reversible lesions to distinguish between learning and performance 

deficits in NMR conditioning

Clearly, permanent lesions alone cannot resolve the role of the cerebellum in NMR 

conditioning. Recent studies have employed reversible lesions to differentiate between 

learning and performance effects. The strength of reversible lesions lies in their ability 

to assess the contribution of a particular brain structure to the learning task without 

producing long-term deficits in performance. During such experiments, conditioning 

trials are given whilst a particular brain structure is inactivated. An absence of 

conditioned responses after recovery from the inactivation indicates that the affected 

circuitry might be directly involved in the acquisition or storage o f the learning task.

Reversible inactivations cannot determine whether there is essential learning-related 

plasticity within a particular structure. If  the structure inactivated is critical for the 

acquisition of NMR conditioning, then there is a possibility that there might be essential 

learning-related plasticity within the structure. A great strength of the reversible 

inactivation technique is that it can tell us which structures are not involved in learning. 

The presence o f CRs after recovery from the inactivation would indicate that the region 

concerned is not involved in the acquisition or storage o f learning. Therefore, permanent
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lesions have implicated certain structures important for NMR conditioning, but 

reversible inactivations are able to tell us which of these structures are not directly 

involved in learning, thereby refining the search for potential sites of plasticity.

The first step in localising the site o f essential learning-related plasticity is the 

identification o f the circuitry necessary for the expression and acquisition of NMR 

conditioning. Reversible inactivations of the AIP have been made with a number of 

different techniques. An initial study using lidocaine blockade (Welsh and Harvey, 

1991) indicated that the AIP is not critically involved in the acquisition of NMR 

conditioning to a second CS, but all subsequent studies have used either the GABAa 

agonist muscimol, lidocaine or cooling to demonstrate that the AIP is critical for de 

novo acquisition of NMR conditioning (Clark et al, 1992; Krupa et al, 1993; Nordholm 

et al, 1993; Hardiman et al, 1996). In such experiments, inactivation of the AIP before 

acquisition training prevents NMR conditioning and has no effect on the ability to 

acquire once the block is lifted.

Another possibility is that there is essential plasticity in structures downstream from the 

cerebellum, which receive vital cerebellar input. This possibility has been excluded 

since reversible inactivation of the brachium conjunctivum, which carries output fibres 

from the cerebellum, does not prevent NMR conditioning (Krupa & Thompson, 1995). 

Likewise, inactivations of the magnocellular red nucleus and brain stem motor nuclei do 

prevent the expression of the conditioned NMR but do not prevent the acquisition of 

conditioning. This indicates a critical cerebellar involvement in the acquisition and 

storage of information necessary for NMR conditioning.

It has not been determined whether essential plasticity is within the cerebellar cortex, in 

the cerebellar nuclei or in precerebellar structures (see Thompson and Krupa, 1994; Yeo 

and Hesslow, 1998 for reviews). In addition to the AIP nucleus, inactivation of specific 

parts o f the inferior olive, particularly the DAO, also prevents the acquisition of NMR 

conditioning (Welsh and Harvey, 1998). Both the AIP and DAO are part of the same 

olivo-cortico-nuclear processing module (Brodai and Kawamura, 1980). Reversible 

inactivations have revealed that normal function in two components of the loop is 

required for learning. Is normal function necessary in the final component of this loop?
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The idea of NMR conditioning-related plasticity within the cerebellar cortex is an 

attractive proposition because of the immense processing ability of this structure. The 

possibility of any essential plasticity within lobule HVI of the cerebellar cortex could be 

rejected if reversible inactivations during acquisition failed to prevent learning. However, 

if cerebellar cortical lobule HVI plays a critical role in the acquisition of NMR 

conditioning, then its blockade before conditioning trials should prevent learning.

Although previous inactivation studies would have disturbed cerebellar cortical activity 

indirectly by disrupting the olivo-cortico-nuclear loop, the cerebellar cortex has not been 

targeted directly with reversible inactivations to test its role in the acquisition of NMR 

conditioning. The preceding chapter demonstrated that a discrete region within cerebellar 

cortical lobule HVI is critical for the performance of conditioned NMRs. This experiment 

examines whether this region is also critical for the acquisition of NMR conditioning by 

reversibly inactivating lobule HVI with CNQX (AMPA/Kainate receptor antagonist) 

during acquisition training.
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3.2 Methods

3.2.1 Surgery

19 male Dutch belted rabbits (1.8-2.5kg) were chronically implanted with a guide 

cannula directed towards the right cerebellar lobule HVI. The surgical procedure was as 

in experiment 1 A, chapter 2.

7-13 days after implantation of the guide cannula, a nylon monofilament suture loop 

was placed in the right NM under local anaesthesia (proxymetacaine hydrochloride; 

0.5% w/v).

3.2.2 Conditioning apparatus and stimuli

The apparatus, techniques and stimuli used for conditioning were similar to those 

described in experiment 1 A, chapter 2.

3.2.3 Experimental Design

All subjects underwent one session of adaptation. Each subject was placed in a Perspex 

restraining box within the conditioning chamber and the NM transducer was fitted. The 

subjects rested quietly for 25 minutes -  equivalent to the duration of one conditioning 

session -  and no stimuli were presented.

There were three main experimental phases, with three days between each phase (see 

experimental design, figure 3.1).

Phase 1 -  Acquisition 1

Subjects were randomly assigned to 2 groups, a CNQX treated group (n = 10) and a 

vehicle treated group (n = 9). All subjects received four, daily sessions of NMR 

acquisition training to a tone CS. Each acquisition training session was preceded by an 

infusion of either CNQX (3mM, 2pl in phosphate buffered saline (PBS), pH7.4) or 

vehicle (PBS, 2pl) into the right cerebellar cortex. The infusions lasted 2 minutes and 

were via a 31G injection cannula acutely inserted and extending 1.7 mm beyond the tip 

of the guide cannula. Each training session started 5 minutes after the end of injections, 

consisted of 50 trials and lasted for 25 min (session duration established with ref. to 

drug duration - Attwell et al, 1999). In 45 trials the CS and US were paired and in 5
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trials the CS was presented alone with no US. Each CS-alone trial was presented on 

every tenth trial.

Phase 2 -  Acquisition 2, Acquisition 3

All subjects received further daily sessions of training but without any infusions. Control 

subjects received four sessions (acquisition 2), whereas expérimentais received eight 

sessions of training (acquisition 2 and 3).

Phase 3 -  Performance testing

Experimental subjects underwent a performance test in which CNQX was infused into 

the cortex during a training session to establish whether the location and dose of drug 

infusion was sufficient to abolish CR performance. This was achieved as previously 

described by Attwell et al. (1999). 20 training trials (18 paired CS-US, 2 CS-alone) were 

given to establish a pre-infusion behavioural baseline. Each subject then received an 

infusion of CNQX (3mM, 2pi in phosphate buffered saline (PBS), pH7.4) and the 

frequency of conditioned responses (%CRs) was monitored. If CR frequencies had not 

returned to pre-infusion levels at the end of 50 trials, a further 50 trials were given. In 

this way, the effects of CNQX infusion were assessed for a time period equivalent to, or 

beyond, a full training session in phase 1.

3.2.4 Histology

In the final stage of the experiment, infusion cannulae were re-inserted and CNQX 

in PBS (3mM, containing IpCi/pl, 2pl over 2min) was infused. CNQX was infused 

in all subjects, including those from the PBS control group so that the equivalence of 

cannula position and fluid delivery could be compared in the control and experimental 

subjects. Each subject was then given heparin sodium (500U/kg, i.v.) and an overdose 

of pentobarbitone sodium (90mg/kg, i.v.) 17 Vz. minutes after the end of the CNQX 

infusion. This time was chosen with reference to the previous time course data (see 

Attwell et al, 1999) and it corresponds to the time point in the middle of a training 

session. Each subject was then perfused and the brains were prepared for histological 

analysis as in experiment 1 A, chapter 2.

The Nissl-stained sections were examined for signs of cannula-induced damage in critical 

cerebellar regions. In particular, the more ventral regions of lobule HVI and the cerebellar
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nuclei were studied. Subjects with damage to these regions were excluded from the study 

(see results).

3.2.5 Autoradiography and Image Analysis

As in experiment lA  (chapter 2), except that the autoradiographs were analysed using 

standard densitometry techniques (M5+, Imaging Research Inc., Canada).

3.2.6 Data analysis

CR frequency

A CR was defined as a NM response within the CS-US interval with amplitude greater 

than or equal to 0.5mm and with onset latency greater than 35ms from CS onset (see 

Hardiman and Yeo, 1992). CR frequency (% CRs) was calculated in two ways. For group 

data (figures 3.3 and 3.5), CR frequency was calculated for each block of 9 paired trials 

throughout the conditioning sessions. For individual data (figure 3.4), CR frequency was 

calculated in 10 trial blocks (9 paired trials + 1 CS alone trial) and plotted to show within 

session effects. Data from the paired and unpaired trials were treated similarly, i.e. 

occurrence of CRs could only be determined within the CS-US interval.

Statistical analysis

Data that passed tests for normality and homogeneity o f variance were analysed using a 

two-way, repeated measures ANOVA followed, where appropriate, by Newman Keuls 

multiple comparisons test on the individual means. Data that failed normality or 

homogeneity of variance tests was analysed using the Wilcoxen rank-sum test on main 

group effects over each phase.
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Figure 3.1
Experimental design for reversible inactivation during acquisition training.



3.3 Results

The main finding of this study was that cerebellar cortical lobule HVI is critical for the 

acquisition of NMR conditioning.

After completion of the experiment, the Nissl-stained sections for all 19 subjects were 

histologically examined for any permanent damage. Analysis revealed two subjects (1 

from the experimental group and 1 from the control group) with extensive, cannulation- 

related cortical damage in the cerebellar cortex. These subjects were subsequently 

excluded from the study and are not discussed further. The analysis for the remaining 17 

subjects (9 expérimentais and 8 controls) is discussed below.

3.3.1 Assessment of infusion locations by analysis of [̂ H] CNQX distribution

At the conclusion of behavioural testing, each experimental and control subject received a 

final infusion of [^H]-CNQX and quantitative autoradiography on serial brain sections 

was used to map the location and distribution of CNQX infusions. Of the 9 experimental 

subjects, one had CNQX binding in the cerebellar cortex and in the cerebellar nuclei. This 

subject was rejected from the study and is not discussed further.

It was confirmed that all 8 remaining experimental subjects received infusions restricted 

to the cerebellar cortex, with no detectable invasion o f the deep nuclei. Figure 3.2 shows 

the cannula tip locations and spread of drug for each experimental subject. The eight 

subjects are ranked by the effects of CNQX on behaviour. Acquisition was most 

prevented in subject 1 (HVI 1) and least prevented in subject 8 (CTX 3).
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Five experimental subjects formed the ‘HVI’ group (HVI 1-5) since autoradiography 

revealed sufficient spread of drug into the medial aspect of rostral lobule HVI (Fig 3.2). 

Although the HVI group infusions varied slightly in their spread in the rostral-caudal 

direction, their locations are consistent with the region identified earlier in the analysis of 

cortical regions important for the performance of NMR conditioning (chapter 2). 

Consistent with their cannula placements, subjects HVI 1-5 displayed very few CRs 

during the performance test in phase 3 of the experiment, indicating that the location and 

dose of CNQX was sufficient to abolish CR performance (Fig 3.4).

Three experimental subjects formed an off-target ‘cortex’ group (CTX 1-3) since 

although the drug spread was confined to the cortex, there was little if any spread into 

rostral HVI. The cannula placements for these subjects were either too caudal or too 

medial compared with those of the HVI group, and included regions of vermal and 

hemispheral lobules IV and V of the anterior lobe (figure 3.2). In subject CTX 1, there 

was some CNQX binding in medial HVI, but this infusion was at a more caudal level 

than those in the HVI group, and thereby excluded the previously identified critical 

region in HVI. Consistent with their cannula locations, these subjects showed little 

impairment of CR frequency during the performance test in phase 3 of the experiment, 

thus providing further evidence for their off-target cannula placements.

From the remaining 8 control subjects, autoradiographical analysis revealed that, in 3 

subjects, the cannula tips and infusion spread were in the inferior colliculus. These 3 

subjects were excluded from the study since their cannulations did not serve as good 

controls. The remaining 5 subjects all had cannula tip placements in lobule HVI (shown 

in white in figure 3.2) and the CNQX binding was mainly confined to this lobule 

(autoradiography not shown). These 5 subjects formed the control group
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3.3.2 Infusion of CNQX into rostral lobule HVI prevents the acquisition of NMR 

conditioning

3.3.2.1 Phase 1 (sessions 1-4)

Subjects in the control group acquired normally, reaching a stable level of learning (at 

least 8 CRs in the 9 paired presentations per block), in 166 ± 22.5 trials (mean ± S.E.M.). 

A comparison of CR frequencies in the HVI experimental group and control group 

revealed significant overall main group differences during phase 1 (Wilcoxen rank-sum, 

W=484.0, ni=20, n2=20, p<0.05). Control subjects reached 63.2 ± 18.9 %CR (± S.E.M) 

by session 4, whereas performance in the HVI experimental group was blocked 

throughout this phase (fig 3.3). A complete absence of CRs after CNQX infusions in the 

HVI group is consistent with the complete performance block seen in chapter 2. However, 

a block of performance cannot reveal whether acquisition was prevented in the HVI group 

(see below).

Performance in the off-target cortex group was not blocked during phase 1. These 

subjects demonstrated an ability to acquire conditioned responses relatively normally 

(figure 3.3).

3.3.2.2 Phase 2 (sessions 5-12)

Whether or not acquisition was impaired/prevented during cortical inactivation in phase 1 

was revealed by the behaviour displayed in phase 2 once the inactivation was lifted. A 

comparison of session 5, the first session in phase 2, reveals that the control group elicited

94.6 ± 4.2 %CRs whereas the HVI group only achieved 0.9 ± 2.0 %CRs. This result 

indicates that inactivation of lobule HVI prevented the acquisition of NMR conditioning 

in phase 1. Main group comparisons for sessions 5-8 indicate a highly significant 

difference between the HVI experimental group and control group (Wilcoxen rank-sum, 

W=535.5, ni=20, U2=20, p<0.05). Therefore, inactivation during phase 1 in the HVI 

experimental group had significantly impaired acquisition. A comparison of acquisition in 

phase 1 for the control subjects with that of the HVI experimental subjects during phase 2 

(sessions 5-8) reveals no significant differences (2 way repeated measures ANOVA, 

F=1.09, p>0.05). This comparable rate of acquisition indicates that inactivating HVI with 

CNQX completely prevented NMR conditioning and that the subjects subsequently 

learned as if naive.
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Figure 3.3
Frequency of conditioned responses during acquisition
Each data point represents the average group CR frequency 
during a session of acquisition training. # ,  control group 
(n=5) received saline infusions before sessions 1-4, ▲, ‘off- 
target’ cerebellar cortex group (n=3); ■ , experimental HVI 
group (n=5). Both the off-target and HVI group received 
CNQX infusions before sessions 1-4 (2p,l, 3mM). Error bars 
represent ± SEM.
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Infusions of CNQX in the off-target cortex group impaired the rate of learning slightly, 

but did not prevent learning (fig. 3.3). The cortex group acquired approximately one day 

later than the controls, whereas the HVI group acquired approximately four days after 

the controls. This result indicates that the behavioural effects observed were specific to 

the region of the cerebellar cortex inactivated and that subjects with incomplete 

inactivation of the critical eyelid/NM control regions of lobule HVI can acquire CRs 

relatively normally.

3.3.3 A strong correlation between acquisition and performance effects indicates 

that similar regions of the cerebellar cortex are important for performance and 

acquisition

In chapter 2 (experiments lA  and IB) a ventromedial region of the rostral portion of 

lobule HVI was shown to be critical for the performance of conditioned NMRs. 

Conditioned responses were abolished following CNQX infusions into this area. In this 

experiment I have shown that lobule HVI is critical for the acquisition of NMR 

conditioning. Is the same region within lobule HVI important for performance and 

acquisition?

There was a considerable difference in the severity of performance impairments (as 

measured in phase 3) and acquisition impairments (as measured in phase 2, sessions 5-8) 

within and across the HVI and CTX experimental subjects. Therefore, subjects HVI 1-5 

and CTX 1-3 were all included in the analysis of performance/acquisition effects to 

examine the importance of the degree of performance block by CNQX and its effects on 

the rate of acquisition of NMR conditioning. Figure 3.4 presents individual acquisition 

and performance data for each subject.
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Figure 3.4
CR frequency during acquisition and performance testing for ali experimental 
subjects
Individual data for eight experimental subjects. According to the effects of CNQX on 
acquisition and performance testing, five subjects formed the HVI experimental group 
and three subjects formed the off-target cerebellar cortical group. Acquisition is most 
impaired in subject HVI 1 and least impaired in subject CTX 3. i) CR frequency across 
10 trial blocks during acquisition 1, 2 and 3 (sessions 1-12). Infusions of CNQX 
preceded sessions 1-4. ii) CR frequency across 10 trial blocks during performance 
testing. Data is shown immediately before and after CNQX infusion. All infusions of 
CNQX during acquisition and performance testing were at a dose of 2pl of 3mM.
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Comparisons of the degree of performance block (as measured by the number of 9-trial 

blocks with 0% CRs in phase 3) and the rate of acquisition (as measured by the number of 

trials to reach >90% CRs) revealed a strong correlation (p<0.01, Spearmans Rank 

Correlation Coefficient = 0.851, figure 3.5). This finding indicates that the region of the 

cerebellar cortex critical for CR performance is also critical for the acquisition of NMR 

conditioning. Therefore, effects on performance are reliable indicators of effects on 

acquisition.
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Figure 3.5
Correlation of CNQX effects upon acquisition and 
subsequent performance.
Acquisition and performance measures for subjects 
HVI 1-5 and CTX 1-3. Correlation of rate of 
acquisition (expressed as number of trials in Phases 1 
and 2 needed to reach a criterion of 90% CRs within a 
9-tral block) with CNQX effects upon performance 
(expressed as total number of 9-trial blocks during the 
performance test in Phase 3 in which CR frequency was 
0%).
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3.4 Discussion

The memory storage for NMR conditioning cannot reside in structures downstream 

from the cerebellum since inactivation of cerebellar output, in the superior cerebellar 

peduncle, does not prevent acquisition (Krupa and Thompson, 1995). Hence, the 

essential learning-related plasticity for NMR conditioning must lie within the 

cerebellum or in precerebellar brainstem structures. Inactivations o f parts of the inferior 

olive (Welsh and Harvey, 1998) and anterior interpositus nucleus (see Yeo and 

Hesslow, 1998 for a review) both prevent acquisition of NMR conditioning. In the 

present study, it has now been shown that inactivation of a region within the medial part 

o f cerebellar cortical lobule HVI using CNQX prevents the acquisition of NMR 

conditioning. Subjects given four sessions of acquisition training under CNQX blockade 

displayed virtually zero levels of CRs at the start o f drug-free training, and then they 

acquired at a rate similar to that o f naïve controls. Autoradiographical analysis revealed 

that the interpositus nucleus would have remained functional throughout.

In the present experiment, a strong correlation was revealed between the severity of 

acquisition and performance impairments following CNQX infusions into the cerebellar 

cortex. Therefore, the location o f cerebellar cortex previously identified as critical for 

the performance of conditioned NM responses (chapter 2) is also critical for the 

acquisition o f NMR conditioning.

3.4.1 Inconsistencies between studies examining the role of the cerebellar cortex in 

the acquisition of NM R conditioning

The role of the cerebellar cortex in the acquisition o f NMR conditioning was also 

examined by Lavond & Steinmetz (1989), who demonstrated that lesions of the 

cerebellar cortex did not prevent NMR conditioning, but impaired the rate (it took more 

than 7 times longer) and level (an average of only 40-50% CRs was attained after 10 

days of training) of acquisition. More than half of the cortical lesioned subjects failed to 

learn, which was claimed to be due to damage of the cortex and underlying deep nuclei. 

Another study claims to have impaired, but not prevented learning when cerebellar 

cortical lobule HVI was cooled during 10 days of acquisition training (Clark et al.
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1997b). Asymptotic levels o f CRs were achieved by day 10 for a group o f 11 subjects, 

compared to the usual day 3 for normal rabbits in this paradigm. Although acquisition 

was clearly impaired, cooling the cerebellar cortex once the subjects were fully trained 

did not affect the expression of CRs. These findings are difficult to explain. However, 

the authors concluded from this that lobule HVI is more important for the acquisition of 

CRs than for the retention of CRs.

In contrast, the present experiment demonstrates that reversibly inactivating a discrete 

region within lobule HVI using CNQX fully abolishes learned conditioned NMRs 

(chapter 2) and inactivating this region before conditioning trials prevents acquisition. 

Therefore, functional eyeblink control regions within cerebellar cortical lobule HVI are 

required for the performance and acquisition of NMR conditioning. Why is there such a 

difference between my findings and those discussed above? One possible reason is that 

eyeblink microzones are widely distributed in the cerebellar cortex, due to which 

lesions/inactivations of the cerebellar cortex might not always damage the critical loci. 

This is especially the case in rabbits since eyeblink control areas have not been fully 

mapped in rabbits.

In accordance with the view that the behavioural outcome is highly dependent on the 

region of the cortex lesioned/inactivated, results from this present experiment confirm 

the importance of inactivating the correct part of the cerebellar cortex. Although 

infusions were restricted to the cerebellar cortex in the o f f  target cortex group, 

acquisition of NMR conditioning was not prevented. The infused drug did not spread 

into the region critical for performance and acquisition, which lies in the medial portion 

o f rostral HVI. This result clearly illustrates that the behavioural effects observed are 

very specific to the region of the cerebellar cortex inactivated. In a cortical cooling 

study, Clark et al (1997b) note that “..only a significant portion o f  cerebellar lobule 

H VI was disrupted” in their study. Although the meaning of this statement is obscure, a 

slight distinction between the regions o f the cerebellar cortex inactivated in their study 

and in my present experiment might offer an explanation for the difference in the 

behavioural outcome obtained.

The anatomy of branching collaterals from the inferior olive is also relevant. The Y 

zone shares branching climbing fibres with the lateral C3 zone, and the medial parts of
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the C l and C3 zone share climbing fibre supply (Ekerot & Larson, 1982). Olivary 

neurones from the dorsal accessory olive project to C3 and Y zones, or C3 and Cl 

zones, and all three cortical zones project to the AIP. From our understanding of 

eyeblink control areas in the cerebellar cortex of cats (Hesslow, 1994a, 1994b), we 

know that the medial area in lobule HVI contains a C3 zone. However, additional 

eyeblink areas in the cerebellar cortex have also been found in the cat: the paramedian 

lobe area is within the C3 zone, an area of the ansiform lobe (HVII) is within the Cl 

zone, and a third region within the lateral part of lobule HVI, whose zonal attributes are 

yet to be characterised. Therefore, although the target inactivation in this study was the 

medial part of lobule HVI, this would disturb excitability levels in the DAO, which 

could have functional consequences for other eyeblink control parts of the cerebellar 

cortex that receive branching collaterals, including Cl and Y zones. Hence, inactivation 

o f lobule HVI might not be so discrete functionally and a larger cerebellar cortical 

territory may be involved. Analysis of infusion locations and spread using 

autoradiography in this experiment demonstrated that although one of the o f f  target 

subjects (CTX 2) received an infusion into lobule HV, acquisition was not prevented in 

this subject. As to the putative role of other parts of the cerebellar cortex, it is not 

possible to comment on their importance in NMR conditioning until they are also 

systematically inactivated.

3.4.2 Does an absence of CRs following inactivation necessarily imply that 

learning was prevented by the CNQX treatment?

If  the cerebellar cortex was physically damaged by the cannulation process, delayed 

acquisition might relate to this damage independent of the CNQX effects. However, the 

control subjects and o f f  target cortex group were also cannulated and all subjects 

acquired CRs successfully. This observation suggests that the likelihood of cannula 

damage only in the HVI experimental subjects is extremely low. Secondly, similar 

extents o f cannula damage in each experimental subject would be required to account 

for the complete absence o f learning seen in post-inactivation training. Lastly, the high 

correlation between CNQX effects upon acquisition and subsequent performance 

(figure 3.5) makes this possibility highly unlikely. If delayed learning was caused by 

cannulation damage, this would have been evident in the performance test in phase 3 of
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the experiment since a drug infusion into damaged tissue would not have produced a 

good block o f performance. That there was a good correlation between acquisition and 

performance effects indicates that cannulation damage can be ruled out.

Another possible explanation for inactivation effects other than the prevention of 

acquisition is that repeated infusions of CNQX into cerebellar cortical lobule HVI might 

have induced long-term drug effects, which carried over to the post-drug testing phase 

of the experiment. So, a performance deficit could account for the lack of conditioned 

responses seen in post inactivation training. However, the rates of acquisition for the 

HVI group in phase 2 of the experiment were comparable with the rates o f acquisition 

for the controls in phase 1, which suggests that this were not the case.

A further possible interpretation of the inactivation experiments is that an absence of 

CRs following acquisition training under blockade may be the result of CNQX effects 

on sensory processing, to produce state dependent learning (SDL). SDL occurs when an 

association takes place between a CS and US in the drug condition, and the CS/US 

properties are altered by the drug. The CS and US are perceived differently in the drug 

state and drug-free state, so the memories for an association in the drug state can only 

be retrieved again in the drug condition. This could account for the baseline responses 

observed in post-inactivation training. To assess SDL effects, behaviour in the drug 

state is compared to that in the drug-free state. But since the expression of CRs is 

prevented in the drug state during HVI inactivations, the possibility of SDL effects is 

difficult to assess.

Local infusions of drugs can induce state-dependent effects by affecting sensory 

processing in the target area and its related circuitry directly, or by affecting areas 

outside the target area. The possibility of the drug producing SDL effects by diffusing 

into areas outside the target region can be rejected. In the o f f  target cortex group, 

learning proceeded relatively normally during CNQX infusions into areas adjacent to 

the critical cerebellar cortical region. During training in phase 2 of the experiment once 

the inactivation was lifted, the level of CR performance continued and was not different 

from control subjects at this stage. The ability o f subjects from the o f f  target cortex 

group to maintain the same level of CR performance reached in the drug condition as in 

the no-drug condition indicates that SDL had not occurred. However, the possibility of
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the drug producing SDL effects by acting on the target area cannot be ruled out when 

the expression of learnt responses is prevented during inactivation. In the present 

experiment, acquisition learning may have occurred during CNQX inactivation of 

lobule HVI but in a state-dependent manner. As far as the identification of a region 

critical for NMR conditioning is concerned, an essential involvement of the target 

region is implicated in the conditioning process whether it be normal plasticity or state- 

dependent plasticity. Therefore, SDL effects in regions outside the target area can be 

ruled out and SDL effects in the target region remain a possibility, but would be 

indicative of essential learning-related plasticity in cerebellar cortical lobule HVI.

3.4.3 Is there essential learning-related plasticity within the cerebellar cortex?

What role does the cerebellar cortex play in NMR conditioning? There are a number of 

possibilities: 1) The cerebellar cortex might be the site of plasticity for NMR 

conditioning; 2) Essential plasticity might be distributed at two or more sites where each 

site fulfils a particular role during NMR conditioning (Mauk and Donegan, 1997). The 

cerebellar cortex might be one of these sites of plasticity. Another site could be the AIP 

nucleus; 3) The cerebellar cortex might not contain any plasticity, but may influence 

another structure that actively takes part in learning.

3.4.3.1 The cerebellar cortex fulfils the necessary convergence criteria for learning

The high degree of convergent sensory inputs to the cerebellar cortex and its 

extraordinary processing capacity have inspired a number of theories of motor learning. 

Several models of cerebellar cortical learning propose that the convergent inputs of 

climbing fibres and mossy/parallel fibres to the Purkinje cell interact to produce 

associative learning (Marr, 1969; Albus, 1971; Eccles, 1977; Ito, 1982). Long-term 

depression (LTD) is a synapse-specific form of neural plasticity that has been 

demonstrated in the cerebellar cortex. This type of plasticity occurs when climbing 

fibres and parallel fibres are active in close temporal contiguity, leading to LTD of the 

parallel fibre-Purkinje cell synapse. Although it is not known whether this is the 

mechanism of synaptic plasticity during NMR conditioning, there is a decrease in
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simple spike discharges in Purkinje neurones in the CS period, consistent with a LTD- 

like process (Berthier and Moore, 1986; Hesslow and Ivarsson, 1994).

The connections o f lobule HVI fulfil the convergence criteria necessary for the 

development of plasticity. This lobule receives climbing fibre input from the rostro- 

medial parts of the dorsal accessory olive (DAO) and the adjacent medial part of the 

dorsal leaf of the principal olive (PC) (Yeo et al, 1985c). These regions of the inferior 

olive receive input from the spinal trigeminal nucleus (Berkley and Hand, 1978; van 

Ham and Yeo; 1992). This part of the 10 is especially sensitive to somatosensory 

information from the face (Gellman et al, 1983). Climbing fibres could therefore 

provide information about the US to lobule HVI. There is also a strong input to HVI 

from parts of the pontine nuclei (dorsolateral and lateral divisions of caudal parts) which 

receive visual information from the superior colliculus (Holstege and Collewijn, 1984; 

Wells et al, 1989) and which receive auditory information from the inferior colliculi 

(Kawamura, 1975). These mossy fibre projections are therefore able to supply lobule 

HVI with information about auditory and visual CSs during NMR conditioning.

In contrast, it is not clear whether the AIP receives appropriate converging inputs from 

the CS and US. In particular, it is uncertain whether there are appropriate mossy fibre 

inputs to this nucleus. An early report found that the pontine nuclei do not send 

collaterals to the deep nuclei (Dietrichs et al, 1983). But a later report found some 

evidence for this projection (Brodai and Bjaalie, 1992).

3.4.3.2 The inactivation results are consistent with a cerebellar cortical locus o f  

essential plasticity

The results of this experiment indicate a possibility for essential learning-related 

plasticity within cerebellar cortical lobule HVI, but they do not prove it. Inactivations of 

the DAO, AIP and cerebellar cortical lobule HVI all prevent NMR conditioning, 

indicating that normal activity in the entire olivo-cortico-nuclear loop is critical for 

learning to take place. The idea of essential plasticity within the cerebellar cortex is 

consistent with the amount of information processing in the cortex. The relatively 

simple circuitry of the cerebellar nuclei and inferior olive seem less likely to be able to
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support the complexity of response timing and CS-speciflcity in NMR conditioning, but 

this experiment was unable to confirm this hypothesis directly.

Attempting to localise the site of plasticity using lesions (permanent or temporary) is 

difficult because of the interconnections of the olivo-cortico-nuclear loop. Inactivations 

of any one structure within the loop has functional consequences for the remaining 

components, which could lead to deficits in learning not directly attributable to the 

inactivated structure. Consistent with this idea, olivary lesions grossly disturb cerebellar 

cortical function and greatly increase the rate of simple spike activity in Purkinje cells for 

some time after a lesion (Colin et al, 1980; Montarolo et al, 1982). Also, olivary 

inactivations cause decreased excitabilities of the cerebellar nuclei (Benedetti et al, 1983). 

It is difficult to establish whether local inactivations affect mechanisms at a particular 

site with the loss or whether they affect processing in another part of the circuitry.

The analysis of a particular structure’s contribution to the acquisition of NMR 

conditioning using reversible inactivations is therefore not completely free from 

performance related effects. Overall, inactivating a structure within the olivo-eortico- 

nuelear circuit cannot finally resolve that structure’s exact function in NMR conditioning. 

But the cortical inactivation experiment was a crucial prerequisite in identifying the 

cerebellar cortex as a candidate structure for essential plasticity. The possibility of any 

essential plasticity within the cerebellar cortex would have been rejected if reversible 

inactivations during acquisition had failed to prevent learning. Therefore, the plasticity 

for NMR conditioning may reside in the cerebellar nuclei, inferior olive, or cerebellar 

cortex, or it might be distributed between them. The exact role of the cerebellar cortex 

in conditioning could now be examined by employing an experimental design that can 

impair plasticity without affecting online processing in another part of the loop. Studies 

that interfere with mechanisms of consolidation might best address this issue.
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Chapter 4

The Cerebellar Cortex is Critical for the 
Extinction of NMR Conditioning
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4.1 Introduction

Many experiments have shown that the classically conditioned NMR is critically 

dependent upon the cerebellum and its associated circuitry (see Yeo and Hesslow, 1998 

for a review). I have demonstrated that a discrete region of lobule HVI of the cerebellar 

cortex is critical for the performance and acquisition of conditioned NMRs using 

localised and reversible drug infusions of CNQX (chapters 2 and 3). .

The absence of learned responses following inactivation of lobule HVI during 

acquisition learning might be due to reasons other than the prevention of learning. For 

instance, cortical damage due to the cannulation might slow the development of 

learning. Such a general impairment could give the impression of a drug-induced 

disruption of acquisition. This possibility is unlikely, since 1) similar extents of cannula 

damage in each experimental subject would be required to account for the complete 

absence of learning seen in post-inactivation training and the subsequent comparable 

rates of acquisition, and 2) control and off-target cortex subjects, also cannulated, 

successfully acquired CRs during saline and CNQX infusions respectively. This 

suggests that the likelihood of cannula damage only in the effective experimental 

subjects is low.

Another possibility is that repeated infusions of CNQX into cerebellar cortical lobule 

HVI might have induced long-term drug effects, which carried over to the post-drug 

testing phase o f the experiment. So, a performance deficit could account for the lack of 

conditioned responses seen in post inactivation training, falsely implicating an essential 

role for the cerebellar cortex in NMR conditioning. Although this possibility is unlikely 

since the subsequent rates of acquisition learning following HVI inactivation were very 

comparable with the rates of acquisition for naive controls, this possibility needs to be 

examined.

The main problem with deriving conclusions from reversible inactivations during 

acquisition is that a blockade of learning is indicated by an absence of learned responses 

following inactivation. This problem can be overcome by analysis of extinction 

learning. Extinction is an important phenomenon in associative learning and is seen as a 

gradual decline of a previously learned response following withdrawal of reinforcement. 

In classical conditioning, withdrawal of the US in trained subjects results in the
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extinction of CRs (Pavlov, 1927). The CS, which previously signalled a US, gradually 

loses its ability to produce a CR when repeatedly presented alone.

Since acquisition needs to precede extinction learning, the possibility of cannula 

damage would be evident during the acquisition phase of the experiment and affected 

subjects could be rejected from the experiment. Furthermore, performance deficits 

associated with long-term drug effects are not a factor in this design. A prevention of 

learning in extinction is demonstrated by the presence of CRs, which could not be 

expressed in an impaired system. Inactivation during extinction therefore provides a 

more convincing test for a blockade of learning.

Apart from serving in a more thorough re-examination of the importance of the 

cerebellar cortex in NMR conditioning, extinction is a very intriguing aspect of 

associative learning. This experiment is designed to try and understand more about 

cerebellar mechanisms of extinction learning in NMR conditioning.

4.2 Mechanisms of Extinction

Pavlov (1927) recognised that extinction is as important a phenomenon as conditioning 

itself and that behaviour can increase or decrease according to changing behavioural 

contingencies. This insight raises important questions about learning and perception. 

Why should the withdrawal of reinforcement result in a decrease in the probability of 

responding? Although extinction may appear a simple phenomenon, the mechanisms 

behind it are less obvious. Over the years, a number of theories have been developed to 

explain the decline in responding seen in extinction.

The generalisation decrement theory (reviewed by Mackintosh, 1974) is probably the 

simplest account and suggests that extinction occurs because there is a change in the 

conditioning situation that existed during acquisition. A conditioned response is specific 

to a set of conditions, which when modified in any way, cause the response to occur less 

frequently. This theory also implies that if in addition to the withdrawal of 

reinforcement, any other parameters that existed during acquisition are also altered 

(such as ITI), the rate of extinction will be more rapid. In support o f this theory, subjects

141



that receive partial reinforcement during acquisition training demonstrate more 

resistance to extinction compared to subjects that received full reinforcement during 

acquisition. Also consistent with this theory, changes in the method of CS and US 

pairing also produces extinction, although less effectively. But a weakness of the 

generalisation decrement theory is that it does not offer any mechanistic explanations 

for extinction.

4.2.1 Unlearning theory of extinction

Another straightforward account for extinction was provided by Rescorla and Wagner 

(1972), who proposed that extinction results from the reduction or destruction of the 

original learning. However, this unlearning theory cannot explain spontaneous 

recovery, a characteristic feature of extinction, in which the extinguished response can 

recover during a long interval between CS presentations (Pavlov, 1927). In subsequent 

sessions of extinction, the magnitude of spontaneous recovery decreases and eventually 

there is little or no responding. Pavlov regarded spontaneous recovery as proof that the 

original learnt response is not lost or destroyed in extinction. Another argument against 

the unlearning theory is that it is unable to explain the reinstatement effect. That is, once 

a response is fully extinguished, a few presentations of the US alone can cause a full 

recovery of CRs when the CS is presented again (see Bouton, 1994). The unlearning 

hypothesis of extinction is also unable to explain rapid reacquisition following 

extinction (Napier et al, 1992) or the faster rates of learning obtained with successive 

alternating sessions of acquisition and extinction (Smith and Gormezano, 1965), both of 

which clearly demonstrate surviving primary associations.

4.2.2 Response inhibition theory of extinction

Both spontaneous recovery and the reinstatement effect imply that the original 

association is preserved through extinction. Pavlov (1927) recognised this and firmly 

believed that the original CS-US association is not destroyed or reduced during 

extinction, but is overlaid by a process of internal inhibition. This inhibition theory 

represents a major and classic theory of extinction. In spontaneous recovery, Pavlov 

suggested that the CR becomes temporarily masked by a process of inhibition in 

extinction, which then spontaneously recovers over a period of time by the decay of this 

inhibitory process. This hypothesis requires the presence of independent excitatory and 

inhibitory processes in conditioning. Pavlov successfully demonstrated such processes
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in ‘conditioned inhibition’. Here, a third stimulus (called the ‘conditioned inhibitor’) is 

presented with the CS, and this combination is not paired with the US. These trials are 

mixed with the paired CS-US trials, but without the conditioned inhibitor. So, the US is 

predicted when the CS is presented alone, but when the conditioned inhibitor is 

presented with the CS, a negative association predicts that the US will not follow. 

Conditioned responses are elicited when the CS occurs on its own, but fade, when the 

CS is paired with the conditioned inhibitor. This experiment illustrates that the 

predictive relationship between the CS and US can possess excitatory as well as 

inhibitory properties, as would be required in acquisition and extinction respectively.

4.2.3 Response competition theory of extinction

Extinction might be the consequence of a new and competing learning process, which 

interferes with the performance of the original response. In this way, an encoding 

separate from the original conditioning is formed, so that both co-exist, and the CS 

attains a second meaning (e.g. an inhibitory association, where a CS signals no US) (see 

Bouton, 1994).

A recent and important addition to our knowledge of extinction is that performance of 

extinction behaviour is highly context-specific. Bouton has proposed that extinction 

learning is an extremely sensitive, context-specific process of learning and more so than 

acquisition. This sensitivity accounts for the finding that a rapid switch from extinction 

behaviour is observed when there is even a slight change in extinction contextual cues 

(Bouton, 1993). Bouton and colleagues demonstrated that if  acquisition occurs in one 

context and extinction occurs in another, CRs are still intact if  testing takes place in the 

first context or a third novel context (Bouton and Bolles, 1979; Bouton and King, 1983). 

Even when acquisition and extinction occur in the same context, CRs are intact if 

testing occurs in a another context (Bouton and Ricker, 1994). Hence, the contextual 

conditions present during encoding need to be the same as those present during retrieval 

for successful recall o f memory, a view that has been held for many years (McGeoch, 

1932). When this does not occur, retrieval of extinction fails. Context specificity can 

also explain spontaneous recovery, where the time interval between sessions introduces 

a change in extinction contextual cues, and thus a loss in extinction behaviour. This idea 

would imply that spontaneous recovery is a failure to retrieve the memory associated 

with extinction. Brooks and Bouton (1993) provided evidence for this idea by
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demonstrating that the presentation of an extinction retrieval cue before subsequent 

testing has the ability to attenuate spontaneous recovery.

The concept of coexisting memories, and their dependency on contextual cues for 

performance is not new. The behaviour observed at the end of extinction is dependent 

on whether the contextual cues for conditioning or extinction are present, since either 

type of memory can be retrieved (Bouton, 1994).

‘'The extinguished CS has properties resembling an ambiguous w ord”

Bouton, 1993

4.2.4 Non-associative loss theories of extinction

Another class of extinction theories suggests that a contributing factor to the decline in 

responding observed in extinction is due to non-associative mechanisms. Although 

Pavlov viewed extinction as a result o f loss in CS processing and internal inhibition 

(Pavlov, 1927), he did not suggest an associative inhibition mechanism to account for it. 

Pavlov suggested that extinction shares properties with both habituation (repeated non- 

reinforeed presentations leading to a decline in unconditioned responding) and latent 

inhibition (nonreinforeed exposure to a stimulus reducing its subsequent conditioning 

ability). One possibility is that the nonreinforced exposure to a stimulus during 

extinction causes a temporary decline in attention to the stimulus (Robbins, 1990), and 

spontaneous recovery occurs because attentional processes recover over the inter

session interval.

Pavlov’s inhibition theory was elaborated further by Hull (1943), who suggested that 

extinction depends on a fatigue-like process, such as reactive inhibition. He proposed 

that the more effortful the conditioned response, the greater the extinction would be. 

Reactive inhibition was suggested to account for the within session decline in responses 

observed, which then recover in time, thus explaining spontaneous recovery. Hull 

suggested that the failure to respond in the long term was due to a learned habit, called 

conditioned inhibition. Hull’s theory therefore has two components: a temporary, short

term learning which recovers with time (reactive inhibition), and a permanent, long

term learning (conditioned inhibition) which leads to a failure to respond. This idea is 

thus known as Hull’s two factor theory.
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A complete understanding of the associative processes underlying extinction has yet to 

be reached. All of the theories summarised above have strengths and weaknesses, and it 

is highly probable that extinction results from a combination o f some of them.

The experiment in this chapter examines the role of the cerebellar cortex in the 

extinction of NMR conditioning. Following acquisition, experimental subjects received 

extinction training while localised infusions of CNQX in the cerebellar cortex reversibly 

blocked AMPA/Kainate receptors at several types of cortical synapses. Any learning 

during this period would be evident during post-inactivation testing as reduced CR 

frequency. Control subjects received the same behavioural training, but with saline 

infusions instead of the CNQX blockade.

Reversible inactivation of the cerebellar cortex during extinction learning has the 

potential to achieve three objectives:

1. Reversible inactivations using localised drug infusions of CNQX have shown that a 

discrete region of cerebellar cortical lobule HVI is critical for the performance and 

acquisition of conditioned NMRs. This present experiment will reveal whether the 

neural circuitry supporting extinction learning is similar to that supporting 

acquisition and performance.

2. Since a prevention of learning in extinction is demonstrated by the presence of CRs, 

reversible inactivation during extinction learning will reveal whether cerebellar 

cortical inactivations during acquisition (and extinction) are due to a blockade of 

learning or whether effects such as cannulation damage or performance deficits 

associated with long-term drug effects are responsible for the behavioural results 

obtained.

3. This experiment is also designed to try and understand more about cerebellar 

mechanisms of extinction learning in NMR conditioning.
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4.3 M ethods

4.3.1 Choice of behavioural protocol

Several different procedures were tested in order to establish a suitable paradigm for 

extinction, but full details are not given here. The rate of extinction is highly dependent 

on the conditioning parameters, e.g. ITI, number of acquisition training sessions, 

number of acquisition trials per session and magnitude of reinforcement (see 

Mackintosh, 1974). The final protocol was finalised after several different ones (table

4.1 briefly lists the different protocols attempted) -  each was tested and the resultant 

effect on extinction were examined. Protocol 4 was found to offer the most reliable 

acquisition/extinction cycle suitable for analysis and was therefore chosen for the main 

experiment. Only the results of this main experiment are discussed below.

Table 4.1 Behavioural protocols used to establish 
a suitable paradigm for extinction

Conditioning
parameter Protocol 1 Protocol 2 Protocol 3

Final: 
Protocol 4

Number of 
habituation 
sessions

1 4 3 3

Number of 
acquisition 
sessions

6 6 4 3

Number of 
trials per 
session

50 100 100 100

Background
noise
(dBA)

57 57 57 57

CS tone
intensity
(dBA)

81 70 81 81

US shock
intensity
(mA)

2 2 2.5 2.5

Interstimulus
interval
(msec)

350 350 350 350

Intertrial
interval
(seconds)

25-35 
(mean 30)

25-35
(mean 30)

17-23 
(mean 20)

17-23 
(mean 20)

Number of 
animals 11 2 4 11
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4.3.2 Surgery

11 male Dutch belted Rabbits (1.8-2.5kg) were implanted with a guide cannula directed 

towards the right cerebellar lobule HVI. The surgical procedure was the same as in 

experiment 1 A, chapter 2.

4.3.3 Conditioning apparatus and stimuli

The apparatus and techniques used for conditioning were similar to those described in 

experiment lA, chapter 2. Each subject was placed in a ventilated, sound attenuating 

chamber facing a centrally mounted loudspeaker. The CS was a IkHz sine wave tone of 

410ms duration and an intensity o f 81 dBA. Background noise produced by ventilation 

fans was 57dBA. The US was periorbital electrical stimulation. Each US was a 60ms 

train o f three biphasic current pulses (2.5mA) applied to the periorbital region through 

stainless-steel clips. The interstimulus interval between the CS and US onsets on paired 

trials was 350ms. The intertrial interval was randomly selected between 17s and 23s, 

with a mean of 20s.

4.3.4 Experimental Design

5-7 days after cannula guide implantation, a nylon monofilament suture loop was placed 

in the right NM under local anaesthesia (proxymetacaine hydrochloride; 0.5% w/v). 

Topical chloramphenicol eye ointment (1% w/w; Daniels Pharmaceuticals, Derby, UK) 

was applied to the right eye of each subject on each day throughout the experiment to 

prevent infection of the eye or periocular areas.

All subjects underwent three, daily sessions of adaptation. At the beginning of the first 

adaptation session, two standard 12mm stainless-steel Michel clips were placed around 

the periocular region of the right eye -  one was placed approximately 5mm behind the 

lateral canthus of the eye and the other was placed approximately 5mm below the centre 

o f the lower eyelid. These clips served to deliver electrical stimulation to the facial skin 

surrounding the eyelid. Each stock was then placed within the conditioning chamber 

and the NM transducer was fitted. Each subject rested quietly in the conditioning 

chamber for 35 minutes, which was equivalent to the duration of one conditioning 

session. There were no presentations o f either the CS or US during this period.

There were four main experimental phases (see figure 4.1).
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Experimental design:

PHASE 1 PHASE 2 PHASE 3

CONTROL
SUBJECTS

Surgery
&

Recovery

EXPERIMENTAL Surgery 
SUBJECTS

PHASE 4

Habituation

-► □ □ □  -►
3 sessions

Habituation

□ □□ - 
3 sessions

Extinction 2

3 sessions

Extinction 2

3 sessions

3 sessions
CNQX infusions 
before each session

Extinction 1

Saline infusions 
before each session

Extinction 1

3 sessions

Performance
testing

Acquisition

3 sessions

Acquisition

3 sessions

Performance
testing

Re-acquisition

□ □
2 sessions

Extinction 3

3 sessions

Re-acquisition

□ □
2 sessions

Figure 4.1
Experimental design for reversible inactivation during extinction training



Phase 1 - Acquisition (sessions 1-3)

Ail subjects received three, daily sessions of NMR acquisition training to a tone CS 

(100 trials over 35 min, session duration established with ref. to drug duration -  chapter

2). In 90 trials the CS and US were paired and in 10 trials the CS was presented alone 

with no US. Each CS-alone trial was presented on every tenth trial.

Phase 2 - Extinction 1 (sessions 4-6)

Subjects were randomly assigned to 2 groups, a CNQX treated group (n = 6) and a 

vehicle treated group (n = 5). The dummy cannula was removed and a sterile, 33G 

infusion cannula was inserted through the guide to protrude approximately 1.5mm 

below the guide tip. Subjects then received three, daily sessions of extinction training, 

in which they were presented with 100 trials of the CS alone. Each extinction training 

session was preceded by an infusion of either CNQX (disodium salt, Tocris, 3mM; 2pi 

infused over 2 min) or vehicle (PBS; 0.0IM, pH 7.4, 2pi infused over 2min) into the 

right cerebellar cortex. Each training session started 5-10 minutes after the end of 

injections and lasted for 35 min.

Phase 3 - Extinction 2, Extinction 3 (control: sessions 7-9; expérimentais: sessions 7- 

12)

Both groups underwent further extinction, where control subjects received 3 daily 

sessions and experimental subjects received 6 daily extinction sessions. There were no 

infusions during this phase of the experiment.

Phase 4 - Reacquisition and drug-performance testing

After phase 3 of the experiment, the subjects received two, daily sessions o f acquisition 

training again. This was then followed by a performance test, where CNQX was infused 

into the cortex during a training session to establish whether the location and dose of 

drug infusion was sufficient to abolish CR performance. This was achieved as previously 

described in chapters 2 and 3. 20 training trials (18 paired CS-US, 2 CS-alone) were 

given to establish a pre-infusion behavioural baseline. Each subject then received an 

infusion of CNQX (3mM, 2pl in phosphate buffered saline (PBS), pH7.4) and the 

frequency of conditioned responses (%CRs) was monitored. CR frequencies were 

monitored immediately after CNQX infusion for 100 trials and then at 1 hour and 2 

hour time points to ensure that pre-infusion levels o f CRs were obtained. In this way.
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the effects o f CNQX infusion were assessed for a time period equivalent to, and 

beyond, a full training session in phase 2.

4.3.5 Histology

In the final stage of the experiment infusion cannulae were re-inserted. CNQX in 

PBS (3mM, containing IpCi/pl, 2pl over 2min) was infused. Each subject was then 

given heparin sodium (500U/kg, i.v.) and an overdose of pentobarbitone sodium

(90mg/kg, i.v.) 2116 min after the end of the CNQX infusion. This time was chosen 

with reference to the previous time course data (see chapter 2) and it corresponds to the 

time point in the middle of a training session. Each subject was then perfused 

transcardially and the brains were prepared for histological analysis as in experiment 

1 A, chapter 2.

4.3.6 Autoradiography and Image Analysis

Every sixth brain section was opposed to tritium-sensitive film (Hyperfilm, Amersham) 

for autoradiography together with tritium standards (Microscales, Amersham) for six 

weeks at 4°C. After film development, the sections were stained for Nissl substance 

with cresyl violet. The autoradiograph of every brain section was imaged with a 

monochrome CCD camera and analysed using standard densitometry techniques 

(MCID, Imaging Research Inc., Canada); the resultant images were calibrated and their 

densities were colour-coded with reference to the tritium standards as pmol of CNQX 

per mg tissue equivalent.

The stained sections were realigned to allow registration of the histology and 

autoradiography. An image of each Nissl-stained section was captured and was 

processed to reveal the brain edges and granule cell layer boundaries. Composite images 

of the colour-coded densitometry and the brain contours were then made.
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4.3.7 Data analysis

4.3.7.1 CR frequency

A CR was defined as a NM response within the CS-US interval with an amplitude 

greater than or equal to 0.5mm and with onset latency greater than 35ms from CS onset 

(see Hardiman and Yeo 1992). Data analysis for the acquisition and extinction parts of 

the experiment was the same, where CRs were recorded within the CS-US interval time 

window, although extinction consisted entirely of CS-alone presentations.

In order to demonstrate within session effects, CR frequency (%CRs) was calculated for 

each block of 10 paired/unpaired trials throughout the conditioning sessions.

4.3.7.2 CR latencies

The frequency of responses whose latency to onset occurred between 350 and 1450 

msec or between 35 and 100 msec during the extinction phases was also calculated for 

each group, in order to determine whether response onset latency changed during 

extinction training. These were expressed as a percentage of the total number of 

responses given.

4.3.7.3 Statistical analysis

Data were analysed using a two-way, repeated measures ANOVA followed, where 

appropriate, by the Student-Newman Keuls multiple comparisons test on the individual 

means.
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4.4 Results

The principal findings of this experiment are that infusion of CNQX into the cerebellar 

cortex prevents the extinction of conditioned NMRs.

After completion of the experiment, the Nissl-stained sections for all 11 subjects were 

histologically examined for any permanent damage. Analysis revealed no subjects with 

cannulation-related damage in the cerebellar cortex.

4.4.1 Distribution of [̂ H] CNQX in cerebellar cortex

At the conclusion of behavioural testing, each experimental and control subject 

received a final infusion of [^H]-CNQX and quantitative autoradiography on serial 

brain sections was used to map the location and distribution of CNQX infusions. Of the 

6 experimental subjects, one had CNQX binding in the cerebellar cortex and in the 

cerebellar nuclei. This subject was rejected from the study and is not discussed further.

It was confirmed that all five remaining experimental subjects received infusions 

restricted to the cerebellar cortex, with no detectable invasion of the deep nuclei. The 

cannula tip locations and spread of drug for each experimental subject is indicated in 

figure 4.2. The drug distributions varied slightly, ranging from minimal to complete 

invasion of lobule HVI. In figure 4.2, the subjects are ranked (A-E) according to the 

degree of extinction impairment (extinction was most prevented in subject A -  see 

figure 4.7). In subject A, the drug spread is mostly confined to lobule HV, with low 

levels of spread into the inferior colliculus. I have previously shown that infusion of 

CNQX into this region does not impair the acquisition of NMR conditioning (chapter

3). There is little spread into lobule HVI, although extinction was most prevented in this 

subject. The drug spread in subject B was within lobule HVI (both medial and lateral 

parts), but its placement was very rostral. Subject C ’s infusion covered a large part of 

the rostro-caudal cerebellar cortex, where the spread was largely confined to HVI (more 

dense label in medial part) and HV. The spread in subject D was mostly in HV and the 

medial portion o f HVI, where the infusion occupies a rather ventral position at caudal 

levels. The infusion in subject B is more lateral than in the other subjects, and covers 

HVI and HVII.
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Cannula Positions

pmol/mg

Figure 4.2
Distribution of [̂ H] CNQX in cerebellar cortex after localised infusion in experimental subjects
Subjects A-E are ranked according to the degree o f  extinction im pairm ent (extinction m ost prevented in subject A). Transverse sections are 
shown through the cerebellum  at 0.5 mm intervals, where each section is identified as distance from  X .  C annula tip placem ents for all ten 
subjects are shown on the standard sections, w here those for control subjects are in white. Densitom etry calibration, picom oles o f  CNQX per 
m illigram  o f  tissue equivalent. A bbreviations: cri, crus I; cril, crus II; DPFL, dorsal paraflocculus; FL, flocculus; HIV/V, lobules HIV/V; HVI, 
lobule HVI; N D , dentate nucleus; NF, fastigial nucleus; NI, interpositus nucleus; PM , param edian lobe; VPFL, ventral paraflocculus.



All five control subjects also had infusions restricted to the cortex -  in or near lobule 

HVI (distribution of drug is not shown). The cannula tip locations for each control 

subject are indicated in white.

4.4.2 CNQX infusions into the cerebellar cortex prevent the extinction of 

conditioned NMRs

The experimental and control groups did not differ in their acquisition rates 

(Fi,8=0.3499, P>0.05) (See figure 4.3).
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Figure 4.3
CR frequency across 20 trial blocks during 
acquisition
Acquisition in phase 1. For points joined by lines, each 
point represents the CR frequency across a block of 20 
trials: • ,  control group (n = 5); # , experimental group 
(n = 5). Markers at the end of sessions indicate mean CR 
frequencies across the session: A, control group; A, 
experimental group.
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4.4.2.1 Phase 2 (Extinction 1, sessions 4-6)

Before each session in phase 2 of the experiment, all subjects received infusions. 

Control subjects, which received saline infusions prior to each session, showed a 

characteristic normal pattern of extinction, reaching a session average of 13.1% in 

session 6 (figure 4.4 - CR frequencies are plotted in 20 trial blocks to reveal within 

session effects). In contrast, infusions of CNQX in the experimental subjects blocked 

CR performance in phase 2 (except for session 4 in two subjects -  see later for 

explanation). However, a block of performance cannot reveal whether extinction was 

prevented in the experimental group.

4.4.2.2 Phase 3 (Extinction 2 & 3, sessions 7-12)

Whether or not extinction was impaired/prevented during cortical inactivation in phase 

2 was revealed by the behaviour displayed in phase 3 once the inactivation was lifted. 

During phase 3, all subjects were given continued extinction training but without any 

infusions. Control subjects continued to show a low level o f responses during this 

phase. In contrast, experimental subjects showed high CR frequencies at the start o f this 

phase (see figure 4.4), indicating that the drug had prevented extinction in phase 2. 

These subjects then extinguished with continued training, at a rate very comparable to 

that of controls (see figure 4.5 for a comparison of extinction rates). There were no main 

effects of group (P>0.05) or session (P>0.05), but there was a significant group-by- 

session interaction (Fi,g=3.65, P<0.05). A student-Newman-Keuls post hoc test revealed 

that the groups were significantly different on the first (P<0.05), but not on later, 

sessions.

These results demonstrate that blockade o f  the cerebellar cortex using CNQX prevents 

the extinction o f  conditioned NMRs.
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Figure 4.4
CR frequency across 20 trial blocks during extinction
A, extinction under saline and CNQX for control and experimental subjects respectively during phase 2; B, continued extinction without 
any infusions in phase 3 (Extinction 2 & 3). For points joined by lines, each point represents the CR frequency across a block of 20 trials: 
• ,  control group (n = 5); • ,  experimental group (n = 5). Markers at the end of sessions indicate mean CR frequencies across the session: 
A, control group; A, experimental group.



(/)
0:
(DO)ro
c
8
0)
CL

100 n

90 -

80 -

70 -

60 -
A

50 -

40 -
A

30 -

A20 - A

10 -

Session

Figure 4.5
Comparison of extinction profiles for experimental and control groups
CR frequency across 20 trial blocks for experimental group in phase 3 
(extinction 2 & 3) and control group in phase 2/3 (extinction 1 and 2). For 
points joined by lines, each point represents the CR frequency across a 
block of 20 trials: # ,  control group (n = 5), # ,  experimental group (n -  
5). Markers at the end of sessions indicate mean CR frequencies across 
the session: A, control group; A, experimental group
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The analysis of responses occurring between 350 and 1450 msec or 35 and 100 msec 

revealed that CNQX had little effect upon response onset latency during extinction 

(Tables 4.2 and 4.3).

Table 4.2. Frequency of responses occurring between 350 and 1450 msec as 
a percentage of all responses given

Extinction 1 Extinction 2 Extinction 3

Control group 9.00 5.25 —

CNQX group 10.37 6.73 7.01

Table 4.3. Frequency of responses occurring before 100 msec as a 
percentage of all responses given

Extinction 1 Extinction 2 Extinction 3

Control group 0.56 0.25 —

CNQX group 2.22 1.60 2.34
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4.4.3 Regions of cerebellar cortex essential for performance (and acquisition) of 

conditioning can be dissociated from those essential for extinction.

Using CNQX infusions, it has been shown previously that a region of medial/rostral 

lobule HVI controls both the performance and acquisition of NMR conditioning 

(chapters 2 and 3). CNQX infusions into this HVI area abolish fully learnt conditioned 

responses and prevent conditioning in naïve subjects. Does inactivation of this same 

region of the cerebellar cortex also prevent extinction? To answer this question, a 

measure o f the magnitude of the drug’s disruption of extinction was correlated with a 

measure of the drug’s impairment of performance in the re-acquisition/performance 

phase. For each subject in the experimental group, the total number of CRs in extinction 

2, phase 3 (sessions 7-9) was correlated with the total sum of session averages during 

the performance test in Phase 4 in which CR frequency was 0%.

Although all cortical infusions had produced impairments o f extinction, there was an 

inverse relationship between the magnitude of extinction and performance impairments, 

with a correlation coefficient o f -0.936 (see figure 4.6).

To illustrate this point more clearly, individual data for extinction 1 and 2 (sessions 4-9) 

and performance testing are also presented (figure 4.7). From the five experimental 

subjects, the two most effective cases of extinction block using localised infusions of 

CNQX (subjects A and B) were the same two subjects who continued to show 

responses during extinction training on session 4 following drug infusion -  i.e. the drug 

failed to produce a sufficient block on session 4, and the drugs inefficiency at producing 

a block was further evidenced by the performance test.
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Figure 4.6
Correlation of CNQX effects upon extinction and 
subsequent performance
Extinction and performance measures for subjects A-E. 
Correlation of CNQX effects upon extinction (expressed 
as sum of CRs in extinction 2, phase 3) with CNQX 
effects upon performance (expressed as total sum of 
session averages during the performance test in Phase 4 
in which CR frequency was 0%.
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Figure 4.7
CR frequency plots for each experimental subject during extinction and 
performance testing
Individual data for each experimental subject (A-E), where extinction was most 
prevented in subject A and least prevented in subject E i), CR frequency across 10 
trial blocks during extinction 1 and 2 (sessions 4-9). Infusions of CNQX preceded 
sessions 4-6. ii), CR frequency across 10 trial blocks during performance testing. 
CR performance is shown before CNQX infusion, immediately following infusion, 
and at 1 and 2 hour time points after infusion. All infusions of CNQX during 
extinction and performance testing were at a dose of 2pl of 3mM.
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As an indication of appropriate cannula placements, all five control subjects also 

received a performance test after being given re-acquisition training in order to assess 

whether the cannula locations were suitable for assigning the subjects as controls. 

Infusion of CNQX abolished CRs in all five subjects, indicating effective placements. 

The table below summarises the performance block for each control subject.

Control subject
Number of 10 trial 

blocks at 0% CRs

1 9

2 9

3 9

4 5

5 2

4.4.4 A confirmation of the importance of rostral medial HVI for the acquisition 

of NMR conditioning.

As briefly described earlier, a range of different behavioural parameters were initially 

tested in order to establish a suitable protocol for extinction which enabled a stable rate 

of extinction amenable to analysis. Although the results only of the final experiment are 

detailed in this chapter, the trial protocols generated some useful data. Since acquisition 

needs to precede extinction learning, the possibility of cannula damage would be 

evident during the acquisition phase of these experiments. A subset of animals were 

discovered who failed to acquire during the acquisition phase. Subjects F and G 

received 6 sessions of acquisition training under paradigm 1 (see table 4.1 in methods) 

and subjects H and I were trained for 7 sessions under paradigm 2.

All four subjects reported here failed to acquire conditioned NMRs despite receiving 

extensive acquisition training and were therefore rejected from the experiments. 

Histological analysis later revealed that all four subjects had substantial damage to 

rostral medial HVI (figure 4.8). This result is consistent with the findings from chapter 

3 and further supports the proposition that rostral medial HVI is critical for the 

acquisition of NMR conditioning.
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Figure 4.8
Sections from subjects in which substantial damage to rostral medial HVI 
prevented NMR conditioning
Subjects F-I failed to acquire conditioned NMRs despite extensive training (subjects F 
and G received 6 sessions of acquisition training and subjects H and I were trained for 7 
sessions). Sections stained with cresyl violet demonstrate substantial cannulation 
damage in rostral medial HVI. This result is consistent with the finding that rostral 
medial HVI is critical for NMR conditioning (chapter 3).
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4.5 Discussion

The use of reversible lesions to analyse cerebellar contributions to NMR conditioning 

during acquisition training are not completely free from performance-related effects. 

The absence of CRs following acquisition training under inactivation could be due to a 

performance deficit, rather than a learning deficit, caused by long-term drug effects 

which carry over to the post-inactivation training session. To overcome this possibility, 

the present study has examined extinction learning, where the presence of CRs 

demonstrates a blockade of learning.

4.5.1 The cerebellar cortex is necessary for the extinction of conditioned NMRs

In this experiment, it was shown that blockade of the cerebellar cortex using CNQX 

prevents the extinction of conditioned NMRs. Subjects given three sessions of 

extinction training under CNQX blockade of the cerebellar cortex displayed high levels 

of CRs in drug-free training, and then subsequently went on to extinguish at a rate 

similar to that of controls. Autoradiographical analysis revealed that the interpositus 

nucleus would have remained fimctional throughout.

That impairments in learning were due to cannula damage can be ruled out since all 

experimental subjects were able to acquire to asymptotic levels at rates comparable to 

that of controls before the experimental phase of extinction began. Secondly, a 

performance deficit induced by extended drug effects can also be ruled out since post

inactivation training revealed a high level of responses, which then extinguished at a 

rate comparable to that of controls. These findings also have important implications for 

inactivations during acquisition learning (chapter 3), where it was not practicable to test 

for cannulation damage or long-term drug effects on performance due to the nature of 

the experiment. The dose of CNQX used for this extinction study is identical to that 

used for inactivation during acquisition, which verifies that such a dose does not 

produce performance deficits in the post-inactivation phase. Hence, results from this 

study strengthen and add to the findings of chapter 3, that the cerebellar cortex is critical 

for the acquisition and extinction of NMR conditioning.
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4.5.2 Are sites of essential plasticity disrupted when the cerebellar cortex is 

reversibly inactivated during extinction training?

This experiment demonstrates that reversible inactivation of the cerebellar cortex using 

CNQX prevents extinction. Does this imply that the cerebellar cortex is critical for 

extinction learning and that there is essential learning-related plasticity within this 

structure? The possibility of extended drug effects is ruled out since the experimental 

subjects displayed high levels of responses in post-inactivation training. A second 

possibility needs to be addressed. Reversible inactivation might not have prevented 

learning, but may have affected sensory processing. This possibility of state dependent 

learning (SDL) was discussed earlier in chapter 3. If SDL occurred in this experiment, 

CNQX would have altered the sensory properties of the CS during extinction training. 

Hence, extinction training in the drug state would have been to a CS with altered 

properties. In post-inactivation training however, the CS would once again be perceived 

as the stimulus presented during acquisition training in the drug-free state, which has 

not undergone any extinction training. This can account for the high level o f responses 

observed in experimental subjects during post-inactivation training. As in the preceding 

chapter, SDL effects remain a possibility, but would be indicative o f an essential 

involvement of the cerebellar cortex in the extinction of NMR conditioning.

As with reversible inactivations during acquisition (chapter 3), this experiment cannot 

determine whether there is essential learning-related plasticity within the cerebellar 

cortex or whether such inactivations affect processing in another part of the circuitry. 

The use of lesions (permanent or temporary) during conditioning trials cannot localise 

the site of plasticity for NMR conditioning because inactivations of any one structure 

within the olivo-cortico-nuclear loop has functional consequences for the remaining 

components. This issue can be resolved by interfering with mechanisms of 

consolidation after training, which would impair plasticity without affecting processing 

during training.
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4.5.3 Is the neural circuitry supporting extinction learning similar to that 

supporting acquisition/performance?

4.5.3.1 The cerebellar cortex and NMR conditioning

It has been shown previously that a region of medial/rostral lobule HVI controls both 

the performance and acquisition of NMR conditioning (chapters 2 and 3). Is this region 

of the cerebellar cortex also critical for the extinction of conditioned NMRs?

Results from this extinction experiment confirm the importance of medial/rostral 

regions of cerebellar cortical lobule HVI in the performance of conditioned NMRs. The 

experiment in chapter 3 demonstrated a high level of correlation between the region of 

HVI necessary for the performance and acquisition of NMR conditioning. So, measures 

of performance can define circuitry necessary for acquisition, although acquisition 

learning was not directly evaluated here. In the present experiment however, the cortical 

inactivations during extinction training all produced impairments of extinction, but there 

was an inverse relationship between the magnitude of extinction and performance 

impairments (figure 4.6) in contrast to the acquisition study. This result suggests that 

within the cerebellar cortex, different regions vary in their control of extinction and 

acquisition/performance.

Autoradiographical analysis suggests that more rostral areas including some in lobule V 

and regions slightly more lateral in HVI-HVII may additionally be involved in 

extinction learning. Significantly, these locations are consistent with those of additional 

eyeblink control regions described electrophysiologically in cats and ferrets (Hesslow, 

1994a, 1994b). Four eyeblink areas in the cerebellar cortex of the cat were discovered, 

two of which are in lobule HVI (medial and lateral parts), one is in the paramedian lobe, 

and the last area is located within HVII of the ansiform lobe.

It has been suggested previously that lobule V is critical for eyelid extinction learning 

(Perrett & Mauk, 1995), and the findings reported here may be regarded as weakly 

consistent with this idea. It was however claimed that anterior lobe lesions disrupted the 

learned timing of conditioned eyelid responses in rabbits and produced short-latency 

responses which could not be extinguished. Here, there was no evidence for short- 

latency, CS-driven NM responses after inactivation o f the cerebellar cortex, although in
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two subjects (C and D), there was clear binding of CNQX in lobule V of the anterior 

lobe (see figure 4.2). Analysis of response onset latencies between 350 and 1450 msec 

or 35 and 100 msec during extinction demonstrated that the effect of CNQX 

inactivation on response latency was not significant (tables 4.2 and 4.3). My findings 

are therefore inconsistent with the suggestion that lobule V of the anterior lobe is 

critical for response timing during eyeblink conditioning.

A major concern about the short latency responses reported after cerebellar cortical 

lesions (Perrett et al, 1993) is that they might not be associatively produced conditioned 

responses, but represent non-associative, sensitised responses to the auditory stimulus 

that may be uncovered by the lesions. Since the authors claim that the anterior lobe is 

critical for the timing of conditioned eyelid responses (Perrett et al, 1993), only subjects 

whose lesions disrupted conditioned response timing were considered in their extinction 

study (Perrett and Mauk, 1995). These chosen subjects continued to show short latency 

responses during extinction training, which might have been non-associative, sensitised 

responses to the auditory stimulus.

Some of the findings from the study carried out by Perrett and Mauk (1995) directly 

contradict the results reported here.

“Complete lesions o f  lobule HVI and the ansiform lobe, sparing the

anterior lobe, significantly affected neither the timing nor extinction o f  CRs

Perrett and Mauk (1995)

In contrast to these results, I have found that, in addition to a region of medial/rostral 

lobule HVI, more rostral areas including some in lobule V and regions slightly more 

lateral in HVI-HVII are all involved in extinction learning to some extent. These 

contradictory results are difficult to explain, but the level of histological analysis in the 

study by Perrett and Mauk (1995) is not detailed. Further histological analysis of those 

lesions would be needed before strong conclusions could be drawn about essential 

cortical areas in their study.

Another important consideration regarding experimental protocols might offer some 

explanation for the inconsistencies between the findings reported here and those of
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Perrett and Mauk (1995). The acquisition training in their experiment would have been 

different for each subject because the US shock intensity was '"adjustedfor each animal 

to induce a robust eyeblinl^’. However, extinction learning is highly dependent on the 

magnitude of reinforcement used during acquisition (reviewed by Mackintosh, 1974). 

Different US shock intensities during acquisition would be expected to produce 

different rates of extinction for each subject, which would mean that the interpretation 

of results obtained by such methods is not simple.

4.5.3.2 The cerebellar nuclei and NMR conditioning

In previous studies, it has been shown that inactivation of the interpositus nuclei with 

muscimol infusions prevents acquisition and extinction learning equally (Hardiman et 

al, 1996; Ramnani and Yeo, 1996). This is in contrast to the findings with cerebellar 

cortical inactivations. Because of strong anatomical convergence from the cortex to the 

nuclei, inactivations of the interpositus would not have differentially affected eyeblink 

control areas in the cortex.

4.5.4 Mechanisms of extinction learning

Why should the withdrawal of reinforcement in extinction result in a decrease in the 

probability of responding? As discussed earlier, the mechanisms behind extinction 

learning are not clear, but four main theories have been developed: 1) Unlearning theory 

(Rescorla and Wagner, 1972); 2) Response inhibition theory (Pavlov, 1927); 3) 

Response competition theory (see Bouton, 1994); and 4) Non-associative loss theories, 

such as habituation and latent inhibition (Pavlov, 1927), or a temporary decline in 

attention to the stimulus (Robbins, 1990).

Previously, a high level of correlation was demonstrated between the region of HVI 

necessary for the performance and acquisition of NMR conditioning (chapter 3), 

indicating that the same cerebellar cortical territory controls the performance and 

acquisition of conditioned responses. So, measures of performance can define circuitry 

necessary for acquisition, although acquisition learning was not directly evaluated in 

this study. In the present experiment, although all cortical infusions produced 

impairments of extinction, there was an inverse relationship between the magnitude of
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extinction and performance impairments. This inverse relationship suggests that 

differential inactivations have been achieved and differences between extinction and 

performance/acquisition circuitry may have been revealed.

Extinction learning may therefore involve plasticity in cerebellar circuitry subsidiary to 

that involved in acquisition learning, consistent with the idea that extinction is not 

unlearning but is a separate coding process. This finding is compatible with a number of 

phenomena which the unlearning theory cannot explain. Effects such as spontaneous 

recovery, reinstatement, the rapid reacquisition seen following extinction (Napier et al,

1992), or the faster rates of learning obtained with successive alternating sessions of 

acquisition and extinction (Smith and Gormezano, 1965), all clearly demonstrate 

surviving primary associations.

Consistent with the reported findings here, differences between circuitry supporting 

acquisition and extinction have also been unmasked in the analysis o f other forms of 

learning and memory. The acquisition of auditory fear conditioning is dependent on the 

amygdala (LeDoux, 1992), but little is known about the structures involved in 

extinction. Quirk et al (2000) examined the effect o f lesioning the ventromedial 

prefrontal cortex (vmPFC), a structure which projects to the amygdala, on the 

acquisition and extinction of conditioned fear responses established in rats (tone CS and 

footshock US). Using a 2 day training protocol, vmPFC lesions had no effect on 

acquisition and subsequent extinction of conditioned freezing on day 1. Full extinction 

was achieved by the end of day 1. On day 2, control rats recovered only 27% of their 

acquired freezing, whereas vmPFC lesioned rats recovered 86%, which was comparable 

to a group of subjects that never received any extinction. The conclusion was that the 

vmPFC is not necessary for the acquisition or within session extinction of conditioned 

fear, but is critical for the long-term recall of extinction learning -  i.e. the consolidation 

of extinction learning.

Similar findings were reported by Morgan et al (1993), who also examined the 

contribution of the prefrontal cortex to the acquisition and extinction of conditioned 

fear. Freezing behaviour was monitored in control rats and mPFC lesioned rats during 

both phases of the experiment. Lesions of the mPFC had no effect on the rate of 

acquisition, whereas the rate of extinction was significantly slower than that of controls.
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The findings from the experiment reported here are consistent with related findings in 

other learning tasks and they suggest that learning-related plasticity during acquisition 

and extinction might be in different regions of the brain. The extinction of NMR 

conditioning may involve plasticity in cerebellar circuitry subsidiary to that involved in 

the earlier acquisition learning.

More recently, the analysis of conditioned taste aversion (CTA) in rats revealed 

differences in the cellular mechanisms o f acquisition and extinction (Berman & Dudai, 

2001). During CTA training, subjects learn to associate a taste with delayed malaise. 

Subsequent extinction training involves repeated presentation o f the conditioned taste, 

but without the malaise-inducing drug. The insular cortex (IC) in rats is involved with 

the formation of long-term CTA memory, which requires muscarinic and P-adrenergic 

receptors, the mitogen-activated protein kinase (MAPK) ERKl-2 cascade, and the 

transcription factor Elk-1 (see Berman & Dudai, 2001). Analysis of extinction learning 

revealed that extinction of CTA memory is also dependent on protein synthesis and P- 

adrenergic receptors in the IC, but independent o f muscarinic receptors and MAPK 

(Berman & Dudai, 2001). Therefore, the extinction of CTA shares some molecular 

mechanisms with acquisition, but differences between acquisition and extinction 

mechanisms were also revealed.

Further analysis of molecular mechanisms involved in the acquisition and extinction of 

NMR conditioning will provide greater insight into how the cerebellum functions to 

learn and store motor memories.
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Chapter 5 

General Discussion
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5.1 Introduction

A role for the cerebellum in the regulation of motor behaviour has been proposed for 

almost 200 years and it is now generally agreed that the cerebellum functions to produce 

optimal movements. However, there is still no agreement about whether this role is 

restricted to the co-ordination and execution of movements (see Llinas and Welsh,

1993) or whether it includes the storage of motor memories (Brindley, 1964; Eceles et 

al, 1967; see also Yeo and Hesslow, 1998).

Classical conditioning of the rabbit’s nictitating membrane response (NMR) has 

provided evidence consistent with a cerebellar motor learning hypothesis. Recent 

studies have used reversible inactivation techniques to examine which neural structures 

actively contribute to the acquisition and storage of NMR conditioning. Reversible 

inactivations of the cerebellar anterior interpositus (AIP) nucleus prevent the acquisition 

of NMR conditioning (Clark et al, 1992; Krupa et al, 1993; Nordholm et al, 1993; 

Hardiman et al, 1996; Krupa and Thompson, 1997). Inactivations of cerebellar output, 

in the superior cerebellar peduncle, do not prevent acquisition (Krupa & Thompson,

1995), suggesting that the essential plasticity for NMR conditioning lies within the 

cerebellum or precerebellar brainstem structures.

It is suggested that inactivations of the cerebellar nuclei disturb excitability levels in 

other components of the olivo-cortico-nuclear loop (Yeo et al, 1997). Consistent with 

this idea is the finding that inactivation of the inferior olive also prevents the acquisition 

of NMR conditioning (Welsh & Harvey, 1998). Although these inactivations would 

have disturbed cerebellar cortical activity indirectly by disrupting activity in the olivo- 

cortico-nuclear loop, the role of the cerebellar cortex had not been fully investigated 

directly with reversible inactivations.

The main focus of this thesis was to determine whether the circuitry essential for the 

expression, acquisition and extinction of NMR conditioning also includes the cerebellar 

cortex, an important prerequisite in localising the memory trace for NMR conditioning.
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5.2 Summary of experimental findings

In the studies reported here, reversible inactivation o f the cerebellar cortex using CNQX 

(an AMPA/kainate receptor antagonist) was used directly to assess its role in the 

performance, acquisition and extinction of NMR conditioning. Lobule HVI was 

targeted since earlier analyses had shown its importance for NMR conditioning (Yeo et 

al, 1985b; Yeo and Hardiman, 1992; Hardiman and Yeo, 1992) and studies in the cat 

have shown that lobule HVI contains the principal eyeblink control microzones which 

receive climbing fibre inputs signalling periocular stimulation (Hesslow, 1994a, 1994b). 

Also, the connections of lobule HVI fulfil the convergence criteria necessary for the 

development of plasticity (Yeo et al, 1985c). Climbing fibres are able to provide 

information about the US and mossy fibre projections can supply information about 

auditory and visual CSs to lobule HVI during NMR conditioning.

The experiments demonstrate that reversible inactivations of the cerebellar cortex 

prevent the performance (chapter 2), acquisition (chapter 3), and extinction (chapter 4) 

of NMR conditioning.

5,2,1 Performance o f conditioned NM responses

Experiments in chapter 2 demonstrated that blockade of cerebellar cortical AMP A/ 

kainate receptors in lobule HVI completely, but reversibly, block the performance of 

previously established classically conditioned NM responses. The behavioural effects 

observed were due to inactivation of the cerebellar cortex alone since autoradiography 

revealed that the cerebellar nuclei must have remained functional throughout. The 

critical cortical region was localised even within lobule HVI (experiment IB). Infusions 

which excluded the critical region within cerebellar cortical lobule HVI failed to abolish 

the conditioned NMR (experiment 1C). Collectively, the results indicate that in the 

rabbit, the critical eyeblink control areas are in the rostral part o f medial lobule HVI.

Zebrin II immunohistochemistry provided effective and useful landmarks in the rabbit 

cerebellar cortex (experiment ID). The dorsal and ventral boundaries of the critical 

cortical region lies between zebrin II immunopositive bands P4b+ and P5+ (i.e. in 4b-) 

in the medial part of rostral HVI.
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5.2.2 Acquisition o f conditioned NM responses

Inactivation of the same critical region within cerebellar cortical lobule HVI using 

CNQX prevented the acquisition o f NMR conditioning (chapter 3). Because the drug 

did not bind to the interpositus nucleus, the results o f this experiment are consistent with 

essential learning-related plasticity within cerebellar cortical lobule HVI.

Drug infusions into other cortical regions spared acquisition, demonstrating the 

specificity of behavioural effects and confirming that the critical area for acquisition is 

the same as that critical for performance.

5.2.3 Extinction o f conditioned NM responses

In chapter 4, inactivation of the cerebellar cortex using CNQX prevented the extinction 

of conditioned NMRs.

The same general region of cerebellar cortex, in the medial part of rostral lobule HVI, 

controls the performance, acquisition, and extinction of NMR conditioning. However, 

in the extinction experimental subjects, there was an inverse relationship between the 

magnitude of extinction and performance impairments. This finding suggested that, 

within eyeblink control regions o f the cerebellar cortex, sub-regions may vary slightly 

in their control of extinction and acquisition/performance. So, extinction learning may 

involve plasticity in cerebellar circuitry subsidiary to that involved in acquisition 

learning, consistent with the idea that extinction may be a separate coding process.

General Discussion

5.3 The role of the cerebellar cortex in NMR conditioning

Chapters 2, 3 and 4 demonstrate that the cerebellar cortex is critical for the performance, 

acquisition, and extinction o f NMR conditioning respectively, but they do not disclose 

its functional role. The cerebellar cortex might be essential not because it contains 

essential plasticity, but because it influences memory formation at another site.

Although reversible lesions do not specify the role played by a particular brain structure 

in a particular learning task, a very important strength of this technique is that it can
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indicate which structures are not actively involved in learning. So, the results of 

experiments 3 and 4 are consistent with essential learning-related plasticity within the 

cerebellar cortex. This possibility would have been rejected if reversible inactivations 

failed to prevent learning.

Inactivations o f the DAO, AIP and cerebellar cortical lobule HVI all prevent NMR 

conditioning, indicating that normal activity in the entire olivo-cortico-nuclear loop is 

critical for learning to take place. Inactivations of any one structure within the loop 

causes a disruption of excitability levels in the other structures. Olivary lesions disturb 

cerebellar cortical function and increase the rate of simple spike activity in Purkinje 

cells for some time after a lesion (Colin et al, 1980; Montarolo et al, 1982), causing 

decreased excitabilities of the cerebellar nuclei (Benedetti et al, 1983). Although the 

concept of essential plasticity within the cerebellar cortex is the more attractive idea 

because of its greater potential for information processing compared with the relatively 

simple circuitry of the cerebellar nuclei and inferior olive, the experiments in chapters 3 

and 4 have not made a final distinction between these possibilities.

Therefore, due to the nature of the connections within the olivo-cortico-nuclear loop, 

inactivations of any one structure within the loop has functional consequences for the 

remaining components. Deficits in learning can occur because of functional changes 

outside the inactivated structure. Hence, it is difficult to know whether the cerebellar 

cortical inactivations in chapters 3 and 4 affected mechanisms locally or whether they 

affected processing at another part of the circuitry. Further work will now be needed to 

establish where within the candidate structures memories become finally localised in a 

permanent form.

5.4 The localisation of plasticity for NMR conditioning

Are the neural changes underlying learning during NMR conditioning localised to one 

discrete structure, or are they distributed through several? The suggestion that memory 

traces are localised does not necessarily imply one single anatomical location. Instead, 

the memory trace might involve of a number of loci, parallel circuits and feedback 

loops.
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In chapter 3, inactivation of cerebellar cortical lobule HVI prevented acquisition of 

conditioned NMRs and initial levels of CRs after training under the drug were zero. 

Subsequently, these subjects acquired at rates similar to, but not identical to, those of 

controls. The learning rates of the experimental subjects were slightly greater than those 

of controls. These moderate savings can be explained by the fact that the experimental 

subjects had a greater familiarity with the background of the conditioning chambers, 

which led to a more rapid acquisition. Additional exposure to the training environment 

can enhance learning rates (see Mackintosh, 1974). This possibility could be tested 

using a ‘sit’ control group, in which subjects would climatise to the conditioning 

chambers for an equal length o f time that the experimental subjects are trained under the 

drug. Since the ‘sit’ control group do not receive any conditioning stimuli, they are 

unable to learn about the CS and US. By comparison of the learning rates o f the sit 

group during subsequent training sessions, it is possible to determine whether the 

moderate savings in experimental subjects were due to additional exposure to the 

conditioning environment.

Other explanations for the slight savings are possible. There need not be a single locus 

for learning; another region may also actively mediate NMR conditioning. Possible 

candidate structures include other parts of the ipsilateral cerebellar cortex, the 

contralateral cerebellar cortex, AIP, and non-cerebellar domains.

5.4.1 Learning mechanisms in cerebellar cortex

Given the extensive processing capacity of the cerebellar cortex and its high degree of 

sensory inputs, the generation of precisely timed and context-specific conditioned 

responses is a feasible function of the cerebellar cortex.

Genetic manipulations have been used to examine the involvement of the cerebellar 

cortex in eyeblink conditioning. In one study, Purkinje cell deficient (pcd) mice (in 

which all Purkinje cells are lost in the third to fourth week of development) 

demonstrated some acquisition o f conditioned eyelid responses, although it was 

profoundly impaired (Chen et al, 1996). The authors concluded that the cerebellar 

cortex plays an important, but not critical, role in the acquisition of eyeblink 

conditioning. Conditioned responses could also be extinguished, which led to the 

conclusion that the cerebellar cortex is not necessary for the extinction of eyelid CRs.
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However, it is difficult to arrive at strong conclusions from the use o f mutant mice due 

to the potential for compensatory mechanisms and the development of other, even non- 

cerebellar, learning strategies. Furthermore, eyelid conditioning in mice may have 

important differences in mechanisms when compared with NMR conditioning in 

rabbits.

The experiments in chapters 3 and 4 indicate that the cerebellar cortex is a candidate 

structure for essential learning-related plasticity during normal NMR conditioning in 

rabbits. It may have the following roles:

1) Cerebellar cortical lobule HVI might be the sole site of plasticity for NMR 

conditioning. The slight savings in acquisition observed in chapter 3 could be due to 

a greater familiarity with conditioning surroundings. Previous experiments that 

prevented learning by AIP or inferior olive inactivations would have done so by 

disrupting excitability levels in cortical lobule HVI or depriving it of an essential 

input.

2) Cerebellar cortical lobule HVI may be one of several sites of plasticity essential for 

NMR conditioning. Results from the extinction experiment (chapter 4) are 

consistent with this idea and indicate that in addition to cerebellar cortical lobule 

HVI, more rostral cortical areas including some in lobule V and regions slightly 

more lateral in HVI-HVII may all be involved in extinction learning. If learning is 

mediated by several regions, associative changes could initially occur in a restricted 

region of the cortex, but, as training continues, these changes may become more 

widespread and include other regions of the brain. Candidate structures include 

other regions of the ipsilateral cerebellar cortex, the contralateral cerebellar cortex 

and the AIP nucleus. Alternatively, a number o f regions might simultaneously 

participate in the learning process. Whether the learning occurs serially in a 

hierarchical manner or whether several regions simultaneously take part in learning, 

each region may contribute to different aspects of learning. In NMR conditioning, 

different regions may code for the context of the conditioning stimulus and its 

response timing.
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3) Cerebellar cortical lobule HVI might not contain essential plasticity at all, but may 

influence another structure actively engaged in the learning, either by providing an 

essential input or by regulating excitability levels.

The use of functional magnetic resonance imaging (fMRI) during delay eyeblink 

conditioning in humans has recently revealed learning-related increases of activity in 

the ipsilateral cerebellum, as well as the contralateral ventral motor/premotor cortex 

(Ramnani et al, 2000). The learning-related changes within the cerebellum included 

medial crus I and lobule HVI, without any notable changes in the cerebellar nuclei. The 

importance of lobule HVI is consistent with the results reported here in chapter 3 and 

the combined importance of crus I and lobule HVI is consistent with the findings from 

the extinction experiment in chapter 4.

5.4.1.1 Mechanisms o f cortical learning for NMR conditioning

Theoretical models of cerebellar cortical learning propose that the convergent climbing 

fibre and mossy/parallel fibre inputs to the Purkinje cell interact in a conjunctive 

manner to produce associative learning through a change in efficacy of the parallel fibre 

to Purkinje cell synapse (Marr, 1969; Albus, 1971; Eccles, 1977; I to, 1982). Consistent 

with these cerebellar cortical learning hypotheses, long-term depression (LTD) has been 

demonstrated at the parallel fibre -  Purkinje cell synapse following conjunctive 

activation of climbing fibres and mossy fibres (Ito et al, 1982; Ekerot & Kano, 1985).

The theoretical models have provided a basis for a potential learning mechanism during 

classical conditioning. CS- and US-related information are thought to be transmitted via 

the mossy/parallel fibres and climbing fibres respectively, and conditioning might occur 

as a decrease in efficacy of the parallel fibre to Purkinje cell synapse. Although it is not 

known whether this is the mechanism of plasticity during NMR conditioning, 

electrophysiological studies have provided some evidence of learning-related changes in 

Purkinje cell simple spike activity. It was demonstrated that some Purkinje cells 

increased and some decreased their simple spike firing rates in the CS period in cortical 

lobule HVI (Berthier & Moore, 1986). Recordings from an eyeblink controlling area of 

the C3 zone in decerebrate ferrets revealed that up to 20% of the Purkinje cells greatly 

reduced or completely suppressed their simple spike discharges during the CS-US
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period (Hesslow & Ivarsson, 1994). Both studies present some evidence consistent with 

a LTD-like process during NMR conditioning.

Also in support of a LTD-like mechanism, a decrease in tritiated AMPA-binding was 

found in the molecular and granular layers of cerebellar cortical lobule HVI following 

NMR conditioning in the rabbit (Hauge et al, 1998). Significant differences were found 

between unpaired/naïve and paired animals (in which the changes were confined to the 

trained side), suggesting that the decrease in AMP A binding observed was caused by 

associative learning. AMP A receptors are critically involved in the induction and 

maintenance of cerebellar LTD (see Linden and Conner, 1995), so these results are 

consistent with a LTD-like mechanism for NMR conditioning in cerebellar cortical 

lobule HVI.

However, it is not known whether CS- and US-related information are transmitted via 

the mossy/parallel fibres and climbing fibres respectively during NMR conditioning. 

Although direct olivary microstimulation can serve as a US substitute (Mauk et al, 

1986; Steinmetz et al, 1989) and direct stimulation of mossy fibres in the middle 

cerebellar peduncle (Steinmetz et al, 1986; Hesslow et al, 1999) or pontine nuclei 

stimulation (Steinmetz et al, 1989) can serve as an effective CS, these findings do not 

prove that learning occurs through a mossy fibre-climbing fibre association during 

normal conditioning with peripheral stimuli. For instance, mossy fibres are able to 

transmit US-related information as well as CS-related information. Therefore, an 

alternative to a mossy fibre-climbing fibre association is a mossy fibre-mossy fibre 

association upon Purkinje cells. Indeed, parallel fibre stimulation alone has been shown 

to produce LTD without a reinforcing climbing fibre input in an in vitro preparation 

(Hartell, 1996). In this study, strong activation of parallel fibres produced LTD at the 

site of stimulation as well as inducing LTD in distant, spatially isolated parallel fibre 

synapses upon the same Purkinje cell. This finding challenges theoretical models of 

cerebellar cortical learning that assign a critical role to climbing fibre activity.
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The connections o f  lobule HVI fulfil the convergence criteria necessary for the 

development o f  plasticity via either mechanism. In addition to appropriate climbing 

fibre and mossy fibre inputs transmitting US and CS information respectively, lobule 

HVI also receives a rich supply o f  mossy fibre inputs directly from the trigeminal 

system (Yeo et al, 1985c). Hence, both climbing fibres and mossy fibres can provide US 

related information to lobule HVI, and therefore learning can proceed via a mossy fibre- 

climbing fibre or mossy fibre-mossy fibre mechanism.

5.4.1.2 Evidence fo r  cortical learning in other motor learning tasks 

Although it is difficult to establish a causal relationship between cerebellar plasticity 

and the behavioural manifestation o f  motor learning, a number o f  experimental findings 

support the idea o f  cerebellar cortical learning. In monkeys, adaptation to a new 

perturbation o f  motor position is accompanied by increases in complex spike frequency 

while the subject adapts to the new load (Gilbert and Thach, 1977). This increase in 

complex spike firing is accompanied by a long-term decrease o f  simple spike firing in 

the same Purkinje cells. These findings demonstrate the impact o f  climbing fibre 

activity on simple spike firing during motor adaptation. In another motor learning task 

involving visually guided arm movements, monkeys were initially trained to move a 

cursor to a target box over a video screen by moving a manipulandum (Ojakangas & 

Ebner, 1992). Errors in the movements were introduced by changing the gain between 

the cursor movement and hand movement. Subjects adapted by adjusting their arm 

movements to match the new relationship between hand and cursor movement. 

Consistent with the Marr-Albus cortical learning hypothesis, a transient increase in 

complex spike activity was seen during learning. Changes in simple spike activity were
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also observed during learning, but the relationship between complex spike activity and 

simple spike activity was less clear.

Further evidence for cortical motor learning comes from the vestibulo-ocular-reflex 

(VOR), in which compensatory eye movements are produced in the direction opposite 

to head movements to automatically stabilise vision relative to space. Adaptation of the 

VOR during head rotation also involves changes in efficacy of the parallel fibre to 

Purkinje cell synapse (Ito, 1984; Watanabe, 1984). Recordings of Purkinje cells in the 

flocculus exhibit two types of simple spike modulation during head rotation. Simple 

spike discharges either increase or decrease, which lead to a decrease or increase in 

VOR gain respectively.

A number o f experimental findings are therefore consistent with the idea of motor 

learning within the cerebellar cortex.

In addition to LTD at the parallel fibre -  Purkinje cell synapse, other types of synaptic 

plasticity have also been demonstrated in the cerebellar cortex. Long-term potentiation 

(LTP) can occur at the parallel fibre - Purkinje cell synapse (Salin et al, 1996) and at the 

mossy fibre -  granule cell synapse (D’Angelo et al, 1999). There are therefore many 

potential mechanisms for learning-related plasticity in the cerebellar cortex.

5.4.2 Learning mechanisms in cerebellar nuclei

Previous experiments demonstrated that reversible inactivations of the AIP prevent 

NMR conditioning and that subjects proceed to acquire as though naïve once the block 

is lifted (Clark et al, 1992; Krupa et al, 1993; Nordholm et al, 1993; Hardiman et al,

1996). Hence, inactivating the AIP or cerebellar cortical lobule HVI produces identical 

results: a prevention of learning. As with the conclusions reached from my cerebellar 

cortical inactivations, results with AIP inactivations implicate potential learning-related 

plasticity. Consistent with this view is the demonstration of cerebellar nuclear plasticity 

(Racine et al, 1986). One possibility is that the AIP is solely responsible for neural 

modifications during NMR conditioning, without a role for the cerebellar cortex.

If the cerebellar nuclei are the sites of plasticity for associative learning, they must 

receive converging inputs from the CS and US. Although the cerebellar cortex receives
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appropriate converging inputs from pontine nuclei mossy fibres and climbing fibres, it 

is unclear whether the connections of the AIP fulfil the crucial convergence criteria 

necessary for learning. Although there is a rich supply o f climbing fibre and mossy fibre 

collaterals to this nucleus (see Eccles et al, 1967), it is not resolved whether the AIP 

receives an appropriate mossy fibre input from the pontine nuclei. The importance of 

pontine mossy fibres in relaying CS-related information to the cerebellum during NMR 

conditioning was recently demonstrated.

Stimulation of the middle cerebellar peduncle (MCP), which mainly contains mossy 

fibres projecting from the pontine nuclei to the cerebellum (Brodai & BJaalie, 1992), 

achieved an immediate transfer of conditioning in decerebrate ferrets initially 

conditioned using a peripherally applied CS (Hesslow et al, 1999). Conditioned 

responses to the peripherally applied CS and MCP stimulation were dependent on one 

another, such that unpaired presentations of one CS extinguished responses to the other 

CS. Since antidromic activation was blocked during MCP stimulation, this experiment 

provided very direct evidence for the activation of one CS pathway during NMR 

conditioning, which involves pontine nuclei mossy fibres projecting to the cerebellum.

There have been differing reports on the pontine nuclei mossy fibre input to the 

cerebellar nuclei. Originally, it was thought that the pontine nuclei do not send 

collaterals to the deep nuclei (Dietrichs et al, 1983), but later reports show weak pontine 

mossy fibre collaterals to the interpositus nucleus (Brodai & Bjaalie, 1992). Whether or 

not the AIP receives appropriate mossy fibre afferents relaying information about the 

CS will determine its likelihood as a potential site for associative learning. Even if  the 

AIP does receive appropriate converging collateral inputs relaying information about 

the CS and US, it is not clear how the relatively simple synaptic organisation of the 

cerebellar nuclei could entirely account for the generation of precisely timed and 

stimulus specific conditioned responses.

5.4.3 Learning mechanisms in cerebellar cortex & cerebellar nuclei

An alternative to learning-related plasticity being confined to the cerebellar cortex or 

cerebellar nuclei is that NMR conditioning might involve plasticity in both regions. If 

so, how does each structure contribute to the learning? Is the plasticity distributed
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equally among the two loci throughout conditioning or are distinct functions served by 

each during learning?

The vestibular ocular reflex (VOR) has some similarities with eyeblink conditioning. 

Both forms of learning require paired stimulus presentations. In the VOR, learning 

occurs following pairings of head rotation with image motion. In eyeblink conditioning, 

learning can occur with pairings of a tone and periocular stimulus. Another similarity 

between VOR adaptation and eyeblink conditioning is the debate that surrounds 

essential plasticity. VOR adaptation is critically dependent on the cerebellar cortex and 

vestibular nuclei (see Ito, 1998), and it is not resolved whether essential plasticity 

resides in one or both structures. Ito (1982) suggests that VOR adaptation involves a 

reduction in strength of the parallel fibre to Purkinje cell synapse, whereas others 

propose that VOR adaptation also involves modifications in the vestibular inputs to 

cells in the vestibular nucleus (see Raymond et al, 1996).

Similar analyses have been applied to eyeblink conditioning. A dual locus model for 

eyelid conditioning has been proposed (Mauk, 1997; Mauk and Donegan, 1997). It is 

suggested that conditioned responses are mediated by plasticity in the cerebellar cortex 

and in the cerebellar nuelei. Learning is proposed to occur first in the cortex and then it 

is transferred to the nucleus. Induction of plasticity in the nucleus is controlled by 

plasticity in the cerebellar cortex, and both forms of plasticity can undergo LTP and 

LTD. In this model, granule eell/Purkinje cell synapses undergo LTD when active in the 

presence of a climbing fibre input, but they increase in strength (LTP) when active 

without the climbing fibre input. The plasticity at the mossy fibre/interpositus synapse is 

dependent on the inhibitory Purkinje cell input. The mossy fibre/interpositus nucleus 

synapse undergoes a form of Hebbian plasticity when it is active during transient 

decreases in Purkinje cell activity, but they decrease in strength when active in the 

presence of a strong inhibitory Purkinje cell input. In this model, conditioned responses 

result from increased synaptic activation of the interpositus and decreased inhibition of 

the interpositus through LTD in the cerebellar cortex. It is suggested that extinction 

learning involves the complete reversal of plasticity responsible for the acquisition of 

CRs. In this case, there is potentiation of the granule cell to Purkinje cell synapses and 

depression of the mossy fibre to interpositus synapses.
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In the model proposed by Mauk, it is argued that sinee response timing in classieal 

conditioning is learned, it must involve some additional form of synaptic plasticity, 

separable from general response expression. It is suggested that the cerebellar cortex is 

necessary for the learned timing of the CR and the cerebellar nuelei support the 

expression of conditioned eyelid responses. Evidence supporting the dual locus, 

expression/timing model is rather weak. It is claimed that lesions of the anterior lobe of 

the cerebellar cortex spare conditioned eyelid responses, but disrupt response timing, 

revealing short latency responses (Perrett et al, 1993, Perrett and Mauk, 1995; Garcia et 

al, 1998). A disruption in response timing following such lesions is regarded as 

evidence consistent with separate mechanisms of response timing and response 

expression. However, a major concern about the short latency responses seen after 

cerebellar cortical lesions is that they might not be assoeiatively produced conditioned 

responses, but represent non-associative, sensitised responses to the auditory stimulus 

that are unmasked by the disinhibitory cortical lesions.

One assumption in the model proposed by Mauk is that mossy fibre collaterals to the 

AIP are sufficient for conditioned response expression. But the mossy fibre projections 

from the pontine nuclei to the cerebellar nuclei are sparse (Brodai & Bjaalie, 1992) and 

there is no evidence to suggest that they can activate movements. Strong stimulation of 

the MCP, which mainly activates pontine mossy fibres, would be expected to excite 

neurones from the AIP nucleus and cerebellar cortex, and potentially produce short 

latency and long latency eyelid EMG activity respectively (Hesslow et al, 1999). 

Analysis o f conditioned response latencies evoked by MCP stimulation however reveals 

no short latency responses, suggesting that CRs are generated by pontine mossy fibre 

projections through the cerebellar cortex.

Another possible, but indirect mechanism for learning in the AIP is an association 

between the inhibitory cerebellar cortical input and climbing fibre input to the AIP, 

whereby CS related information can be transmitted to the AIP via the cerebellar cortex, 

thus eliminating the need of pontine nuelei mossy fibre collaterals to the AIP. This 

mechanism for learning within the AIP might be with or without cerebellar cortical 

plasticity. Consistent with this hypothesis, LTD and LTP have been reported between 

the Purkinje cell -  cerebellar nuclear synapse (Aizenman et al, 1998).
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Is memory stored in the same region that changes during learning? One possibility is 

that the primary site of change reverts to the original state, and the modifications are 

stored in another part of the brain. For instance, since the cerebellar cortex receives 

appropriate converging inputs, the learning related modifications might take place in the 

cortex, but then are subsequently transferred and stored in the cerebellar nuclei. This 

would eliminate the need of appropriate converging inputs to the nuclei.

5.4.4 Learning mechanisms in contralateral cerebellum

Although lesions/inactivations of the cerebellum ipsilateral to the conditioned side 

successfully abolish learned responses and prevent NMR conditioning in naïve subjects, 

the contralateral cerebellum could make a contribution to learning. In support of this 

suggestion, after unilateral cerebellar cortical lesions there can be slight recovery of 

CRs in previously overtrained subjects (Harvey et al, 1993). In contrast, conditioning 

deficits are non-recoverable after bilateral cortical lesions even in highly overtrained 

subjects (Gruart & Yeo, 1995). A contralateral contribution to conditioning is consistent 

with the physiological finding that both sides of the cerebellar cortex control eyeblink 

responses (Ivarsson and Hesslow, 1993; Ivarsson et al, 1997). Anatomically, there is 

evidence for CS and US-related information available to both sides o f the cerebellum, 

van Ham & Yeo (1992) demonstrated bilateral trigemino-olivary projections and 

pontine mossy fibres project bilaterally (Brodai and Bjaalie, 1992).

5.4.5 Learning mechanisms in inferior olive

Lesions to parts of the olive that receive auditory or visual information have no effect 

on conditioning (Yeo et al, 1986). Regions of the inferior olive critical for CRs do not 

receive direct auditory inputs. Since there is no direct convergence of information 

necessary for learning within the inferior olive, this structure cannot be a site of learning 

but it is part o f the circuit critical for associative learning of the eyeblink response. 

Alternatively, the inferior olive could receive auditory information transmitted to the 

cerebellar cortex indirectly via the nucleo-olivary projection. This mechanism would 

then satisfy the convergence criteria necessary for learning.
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There are therefore m any potential sites o f associative learning for NM R conditioning, 

summ arised in the simplified diagram below.
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5.4.6 Learning in structures efferent from the cerebellum

The possibility o f neural plasticity in structures efferent from the cerebellum  has been 

rejected since reversible inactivation o f the superior cerebellar peduncle (SCP) prevents 

the expression, but not the acquisition o f CRs (Krupa and Thom pson, 1995). This 

finding is important because it demonstrates a cerebellar or precerebellar localisation of 

memory for NM R conditioning. However, SCP inactivations need to be carefully 

considered. In addition to the projection to the red nucleus and thalamus, the AIP also 

sends an inhibitory projection to the inferior olive (Andersson et al, 1988). Ruigrok and 

Voogd (1990) reported that there is a strong projection from the AIP to the DAO in rats, 

and that this projection is via the SCP. The nucleo-olivary pathway is considered to be



significant for NMR conditioning because it controls activity levels in the olivo-cortico- 

nuclear processing module. However, results from the SCP inactivation study suggest 

that this is not the case. It is quite possible that TTX was infused into another region 

important for conditioning instead of the SCP. A candidate structure that lies very close 

to the SCP is the rubrobulbar tract, which projects from the red nucleus to the accessory 

abducens nucleus, and is also important for the expression of CRs (Rosenfield et al, 

1985). If the results from the SCP inactivation study were due to inactivation of the 

rubrobulbar tract instead, this could mean that structures downstream from the 

cerebellum are also required for NMR conditioning, a finding which would have 

implications for current belief of a cerebellar localisation of the memory trace. 

Alternatively, infusions of TTX could have spared the nucleo-olivary fibres, but 

blocked the nucleo-rubral and nucleo-thalamic connections. If  this were the case, then 

the results are consistent with cerebellar learning ideas.

5.5 Further experimental analysis to localise the site of plasticity for NMR 

conditioning

An important feature of memory formation is its progression from a short-lived labile 

form, to a long-lasting, stable form. This process o f consolidation is sensitive to 

interventions, which can be used to directly interfere with mechanisms of information 

storage and thereby prevent learning. Inactivations which interfere with the 

consolidation of NMR conditioning would need to be carried out for all components of 

the olivo-cortico-nuclear loop to determine which of these sites contain essential 

plasticity.

Such inactivations have been attempted for the AIP. The consolidation of memories is 

thought to be dependent on the synthesis of new proteins at sites where the critical 

plasticity occurs (Davis & Squire, 1984). Infusion of anisomycin (a protein synthesis 

inhibitor) into the AIP before acquisition training significantly impaired CR acquisition 

(Bracha et al, 1998), but did not prevent learning. In another study, infusion of 

actinomycin D (a transcription inhibitor) into the AIP before acquisition training 

prevented NMR conditioning (Gomi et al, 1999). The findings from both studies 

suggest that the synthesis of new proteins in the interpositus nucleus is important for the 

acquisition of NMR conditioning, consistent with the idea of learning-related plasticity
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within the AIP. Once the subjects had fully acquired, a final infusion o f muscimol was 

used to examine infusion locations. In both studies, infusions of muscimol resulted in 

CR abolition, which was presented as an indication o f locations within or near the AIP. 

However, since there was no indication of drug spread and muscimol infusions into 

eyeblink regions of the cerebellar cortex would be equally effective in abolishing CRs, 

the results from both studies may have been due to combined inactivation of the 

cerebellar cortex and cerebellar nuclei. These findings do not therefore resolve the issue 

o f localisation.

Further analysis of consolidation mechanisms using an appropriate inactivation method 

that allows an indication of infusion spread is required. Post-training inactivations using 

a suitable drug (e.g. muscimol - Brioni et al, 1989) can directly affect the consolidation 

of memories and thereby locate the circuitry for memory storage without affecting the 

performance of learning. A final infusion of radiolabelled muscimol followed by 

autoradiography would give an indication o f drug location and distribution. Such 

inactivation experiments would be required for each component of the olivo-cortico- 

nuclear loop to establish which of these candidate structures contains essential plasticity 

for NMR conditioning.

5.6 Conclusion

It is clear that there are many unresolved questions relating to NMR conditioning. 

Nonetheless, the conditioned NMR has proven to be an extremely useful tool for 

examining cerebellar function specifically and associative learning more generally. The 

findings reported in this thesis support a cerebellar learning hypothesis and demonstrate 

that the cerebellar cortex is critical for the performance, acquisition, and extinction of 

NMR conditioning. This is consistent with an entirely cortical, or entirely nuclear 

plasticity, or a combination of plasticities distributed among these cerebellar loci and/or 

other pre-cerebellar structures. Further experiments will reveal the sites of plastic 

changes underlying NMR conditioning and will potentially contribute to a greater 

understanding of how the brain learns and stores memories.
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