
The Control of Transmission in Spino- 
olivo-cerebellar Pathways

Thesis submitted for the Degree of 
Doctor of Philosophy.

Simon Charles Baker

Institute of Neurology 
London

. T/:

%ONOON, /  
V/CtN 3BG



ProQuest Number: 10018650

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10018650

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



ROCKEFEÜ.ER MEDICAL ÜBRARY 
INSTITUTE OF NEUROLOGY 

T H E  N A T IO N A L  H O S P IT A L  
QUEEN SQUARE, LONDON, WC1N 3BG

TTssifesî  lA<r
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ABSTRACT

1. Climbing fibre responses from the thorax were recorded 
from the a, b and c2 zones. Evidence for a rostro-caudal 
somatotopic organisation of the a and c2 zones is 
discussed, with rostral axial structures represented in 
more caudal lobules of the anterior lobe and in the more 
rostral folia of the c2 zone in the paramedian lobule of 
the posterior lobe.

2. In the paralysed decerebrate preparation, transmission 
in spino olivo-cerebellar paths (SOCPs) to the ipsilateral 
b zone from the thorax was consistently inhibited during 
the inspiratory phase of the central respiratory cycle and 
more weakly inhibited during the late expiratory phase. 
The phasic inhibition corresponds to the phases of active 
respiratory movement.

3. The excitability of the ipsilateral b zone SOCP from 
the thorax was also modulated by phasic afferent activity 
generated by passive inflation and deflation of the thorax 
during artificial ventilation.

4. The polysynaptic segmental intercostal to intercostal 
reflex in both inspiratory and expiratory nerves was 
phasically modulated during the respiratory cycle with 
prominent inhibition during inspiration. A model of the 
segmental neural network is proposed that could also 
modulate activity in the segmental relays of ascending 
pathways.

5. The phasic respiratory modulation of excitability of 
these pathways is reflected in the excitability of the 
inferior olive. Both spontaneous complex spike discharge 
and the amplitude of the olivary reflex are reduced during 
the inspiratory phase in the thoracic microzone of the 
ipsilateral b zone in the paralysed decerebrate



preparation.

6. Phasic modulation of simple spike discharge was 
observed in some Purkinje cells in the b zone during the 
respiratory cycle, but was not systematically investigated. 
The amplitude of the initial spike and secondary spikes of 
the climbing fibre response and plateau potentials were not 
significantly influenced by the phase of the respiratory 
cycle.

7. The results are discussed in relation to the hypothesis 
that the olivary discharge represents a motor error signal. 
A distinction is made between afferent activity signalling 
deviation of actual from intended movement that can be used 
for feedback correction within an ongoing movement and a 
perturbation or deviation that requires correction by an 
additional movement or a change in motor strategy. The 
climbing fibre response is identified with the latter motor 
performance error.



CONTENTS
Page
3 Abstract

11 I Functions of the cerebellum

i) Development of ideas of cerebellar function
ii) Contemporary theories of cerebellar function
iii) Neuronal network models

19 II Organisation of the olivo-cerebellar system

i) Anatomical organisation of the cerebellum
ii) Climbing fibre afferents
iii) Saggital organisation

26 III Synaptic activation of Purkinje cells

i) Synaptic activation of Purkinje cells from 
mossy fibres.

ii) Synaptic activation of Purkinje cells from 
climbing fibres.

iii) Intrinsic properties of Purkinje cells
iv) Interaction between mossy fibre and climbing 

fibre activation

40 IV Control of transmission through the Inferior
Olive

i) Electrotonic coupling
ii) Intrinsic properties of olivary neurons
iii) Modulation of excitability by monoamines
iv) Postsynaptic inhibition of olivary neurons
v) Functional organisation of olivary 

inhibition



49 V Functional organisation of the spino-olivo
cerebellar paths

i) The spino-olivo-cerebellar paths (SOCPs)
ii) Somatotopic organisation in SOCPs
iii) Control of transmission in SOCPs

70 VI Respiration and motor control

i) The respiratory motor system
ii) Segmental integration
iii) Postural reflexes
iv) Integration of locomotion & respiration
v) Integration of posture & movement
vi) Role of the cerebellum in locomotion
vii) Role of the cerebellum in respiration

100 VII Aims of the investigation

102 VIII Methods

RESULTS

118 IX Cerebellar responses evoked from thoracic
nerves

i) Identification of components of the evoked 
réponse

ii) Effect of preceding intercostal nerve 
stimulation



127 X Topographical organisation of thoracic
climbing fibre responses on the cerebellar 
surface.

i) Mediolateral organisation
ii) Rostrocaudal organisation 

Discussion

136 XI Respiratory modulation of thoracic segmental
reflexes 
Discussion

147 XII Modulation of transmission in spino-olivo-
cerebellar paths to the lateral vermis
during the respiratory cycle.

i) Modulation of amplitude of climbing fibre 
responses from the thorax

ii) Modulation of latency of climbing fibre
responses from the thorax.

iii) Effect of increasing respiratory drive
iv) Modulation of climbing fibre responses from 

the sciatic nerve

171 XIII Modulation of transmission in thoracic
spino-olivo-cerebellar paths to the lateral 
vermis during the pump cycle 
Discussion



189 XIV Excitability of inferior olivary neurons
during the respiratory cycle

i) Identification of the olivary reflex
a) Effect of high frequency stimulation
b) Effect of conditioning stimulation
c) Climbing fibre responses in individual 

Purkinje cells
ii) Modulation of the olivary reflex during the 

respiratory cycle
iii) Modulation of spontaneous complex spike 

discharge during the respiratory cycle.
iv) High frequency olivary burst discharge 

during the respiratory cycle

223 XV Miscellaneous observations

i) Simple spike discharge of lateral vermis 
Purkinje cells during the respiratory cycle.

ii) Climbing fibre evoked plateau potentials in
the lateral vermis during the respiratory 
cycle.
Disussion

242 General discussion
247 Bibliography



ILLUSTRATIONS

Fig. 1. Page 105
Fig. 2. 114
Fig. 3. 120
Fig. 4. 124
Fig. 5. 126
Fig. 6. 129
Fig. 7. 133
Fig. 8. 139
Fig. 9. 141
Fig. 10. 146
Fig. 11. 149
Fig. 12. 152
Fig. 13. 154
Fig. 14. 157
Fig. 15. 160
Fig. 16. 163
Fig. 17. 166
Fig. 18. 169
Fig. 19. 173
Fig. 20. 176
Fig. 21. 179
Fig. 22. 186
Fig. 23. 191
Fig. 24. 194
Fig. 25. 197
Fig. 26. 199
Fig. 27. 202
Fig. 28. 204
Fig. 29. 207
Fig. 30. 209
Fig. 31. 211
Fig. 32. 213
Fig. 33. 216
Fig. 34. 218
Fig. 35. 211



Fig. 36. Page 225
Fig. 37. 227
Fig. 38. 230
Fig. 39. 234
Fig. 40. 236

10



I. Functions of the cerebellum.

i) Development of ideas of cerebellar function.
Early studies of the function of the cerebellum were 

limited to the observation of the effect of lesions of the 
cerebellum on motor performance, but led to the important 
distinction between structures directly involved in the 
generation of motor output and their modulation by the 
cerebellum.

Before the observations of Flourens (1794-1867) 
speculation about the function of the cerebellum was 
largely confined to concrete extrapolation from observation 
of its gross appearance, although Rolando (1773-1831) had 
already determined from lesion experiments that it had a 
role in motor activity. However Flourens is credited with 
the observation that cerebellar ablation impaired the 
coordination of movements rather than the performance of 
individual movements and that this deficiency was rapidly 
compensated.

Three phases following cerebellar ablation were 
described by Luciani (1840-1919) which were referred to as 
functional exaltation, deficiency phenomena and 
compensation. The significance of the initial phase as an 
acute "release" phenomenon was not however appreciated 
until the demonstration by Lowenthal and Horsley (1897) and 
Sherrington (1898) that decerebrate rigidity was abruptly 
abolished by electrical stimulation of the anterior lobe of
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the cerebellum.
The regulatory role of the cerebellum emerged clearly 

from the studies of vestibular and cervical reflexes. De 
Kleign and Magnus (1920) demonstrated that complete
cerebellectomy, confirmed histologically, did not abolish 
vestibular or cervical reflexes acting on the limbs and 
therefore that the disequilbrium following cerebellar 
lesions was not attributable to the interuption of a reflex 
arc (cited in Magnus 1924). The subsequent demonstration
that these reflexes are markedly enhanced in the
"anaemically decerebrated" cat (Pollock & Davis, 1927) in 
which ligation of the basilar and carotid arteries results 
in infarction of the anterior lobe of the cerebellum, 
supplied from the superior cerebellar arteries, clearly 
established an inhibitory, regulatory role of the 
cerebellum on these reflex pathways. It also justified 
Holmes (1917) conclusion from clinical observations of 
cerebellar lesions sustained during World War I, that the 
cerebellum "takes no direct part in the processes, whether 
initiated reflexly or voluntarily, that produce motor 
effects, and that it does not augment these, but that it 
"sets" or "tunes" or regulates the activity of certain 
motor mechanisms".

In their extensive review of cerebellar physiology Dow 
& Moruzzi (1958) conclude that "we are in some danger of 
being deceived by our own terminology. Such words as 
"regulation", "control" or "supervision", useful as they 
may be in any attempt to give a tentative explanation of
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our results, may create the wrong impression, that we know 
what is going on in the cerebellum",

ii) Contemporary theories of cerebellar function
Current theories of cerebellar functions have been 

developed by the application of control systems concepts 
derived from the field of engineering, and from neural 
network models derived from consideration of the fine 
structural organisation of the cerebellar cortex and the 
electrophysiological properties of its elements.

Such an analysis was initially applied to the 
operation of the stretch reflex (Merton, 1953) in which it 
was proposed that afferent signals generated by the muscle 
spindles provide feeback control of muscle length. In many 
systems, however, afferent signals may be inadequate to 
provide feedback control of movement, if the afferent input 
generated by movement is not in the same modality as the 
input used in its control, if the spatial separation of the 
output from the input uncouples the feedback generated or if 
the loop time of the feedback is too long to be used in 
control (Ito, 1984). In such situations feed forward 
control systems can provide a predictive signal which in an 
ideal system prevents errors occurring. Ito (1970) applied 
this concept to the analysis of the vestibulo-ocular reflex 
(VOR) which must operate in an open loop mode since there 
is inadequate feedback from the visual system to the 
vestibular input used in the control of visual 
stabilisation. The flocculus was envisaged as a sidepath
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that assisted the feedforward control of the VOR.

The operation of such a system is critically 
dependent on the parameters both of the motor apparatus and 
the central control system, so that performance of the VOR 
would be compromised by changes in the oculomotor system 
that result during development or from subsequent damage. 
Such a feedforward control system must therefore be capable 
of recalibration of its internal parameters by a system 
that monitors its ouput. In the operation of the VOR such 
a signal would be provided by "retinal slip" (Ito, 1970) 
and such a signal is transmitted to the flocculus by the 
climbing fibres (Maekawa & Simpson, 1973), which thus 
receives appropriate inputs for its postulated role in 
providing "adaptive gain" control of the VOR.

The "metasystemic" concept of cerebellar function was 
extended by Mackay and Murphy (1979) who proposed that the 
modulation of reflex gain and phase by the cerebellum was 
a general control mechanism in a wide variety of systems. 
Most motor systems are acted on by a number of reflex 
pathways, the appropriate gain for each pathway may vary 
independently and constitutes a multivariable control 
system (Ito, 1984).

The oculomotor system receives visual and 
proprioceptive inputs in addition to the vestibular signals 
and the gain of these individual reflex pathways will vary 
depending on the task, for example smooth pursuit or visual 
stabilisation. Such a task or "set" dependent gain change
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may represent a fundamental control strategy (Prochazka, 
1989) in which the cerebellum plays an integral role.

From a consideration of the flocculus contribution to 
the VOR/ Ito (1984), proposed that the cerebellum confers 
on a system the capacity for "coordination, orthometria and 
compensation", analogous to multivariable, predictive and 
adaptive control in an engineering system.

Contemporary understanding of how the neuronal 
circuitry of the cerebellum operates to confer these 
properties on a system is largely derived from experiments 
in which the activity of operationally defined units has 
been recorded from the cerebellum and from theoretical 
analysis of models of the cerebellar neuronal network.

iii) Neuronal network models
Brindley (1964) proposed that the cerebellum was a 

"principal agent in the learning of motor skills"; from a 
consideration of its use and complexity, he suggested that 
messages from the forebrain were "further elaborated by the 
cerebellum in a manner that the cerebellum learns with 
practise, and thus further elaboration makes use of 
information from sense organs". A similar proposal was 
made by Eccles, Ito and Szentagothai (1967) who further 
suggested such learning might involve "growth" of the 
dendritic spines of Purkinje cells.

These ideas were developed by Marr (1969) into an 
explicit theory of cerebellar cortical function, drawing on 
the detailed analysis of the synaptic organization of the
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cortex, the quantitative relation between these elements 
and the principles utilised by artificial feature 
detectors.

A particular pattern of activity in mossy fibres was 
represented by the discharge of a subset of granule cells 
(the "codon representation"), the divergence in the mossy 
fibre granule cell synapses allowing overlapping patterns 
of mossy fibre activity to be represented as separate 
patterns of granule cell discharge (or codon 
representations).

In the learning of the motor skills it was proposed 
that synapses from parallel fibres to Purkinje cells are 
facilitated by the conjunction of presynaptic and climbing 
fibre activity. It was envisaged that each olivary cell 
responded to the "cerebral instruction for an elemental 
movement", while the Purkinje cell is also exposed via the 
mossy fibre input, to information about the context in 
which the movement is made, thus with repetition the 
Purkinje cell comes to respond to the context alone.

In order to optimise the number of patterns recognised 
and the accuracy of recognition there are constraints on 
the number of parallel fibres activated by each mossy fibre 
input. It was proposed that Golgi cell inhibition of 
granule cells served to regulate the number of granule 
cells activated. In order that the Purkinje cell responds 
only to patterns of active parallel fibres with facilitated 
synapses it is necessary to control the Purkinje cell 
"threshold" for activation; it therefore was proposed that
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the convergent inhibition from stellate and basket cells, 
sampling the parallel fibre activity across the folium, 
served this function.

A subsequent theory developed independently by Albus 
(1971) derived from the perceptron model of pattern 
recognition systemsandembodied a similar analysis of the 
mossy fibre granule cell synapses as an expansion recoder 
to enhance pattern separation, with the Golgi cells acting 
to limit the granule cell response. Albus however proposed 
that the climbing fibres acted as an error correcting 
system, the synaptic weight of parallel fibre synapses 
conjunctively activated with climbing fibre input being 
decreased.

These models deal explicitly only with spatial 
patterns of afferent activity. Marr envisaged that as each 
action progessed "the context for the next part of it would 
form... allowing further development of the action". (Marr, 
1969) . A model has also been developed which deals with 
temporal patterns of afferent activity (Fujita, 1982) and 
employs a learning rule analogous to the Albus model in 
which the rate of change in synaptic weight is determined 
by the product of the rate of parallel fibre discharge and 
the increase in climbing fibre discharge above the mean 
rate.

A model of cerebellar cortical function proposed by 
Pellionisz and Llinas (1979), in which the operation of the
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cortex is represented by a vectorial transformation, does 
not incorporate learning capability, though the requirement 
for a degree of adaptability is conceded without any 
explicit mechanism being yet proposed.

Models derived from the theories of Marr and Albus 
ascribe a unique role to the climbing fibres ̂  that of 
influencing Purkinje cell output by a heterosynaptic 
interaction with parallel fibre synapses. In these models 
which employ a decrease in synaptic weight associated with 
conjunctive activation, the climbing fibres convey 
information reflecting a perturbation or error in 
performance of the motor system to which it is connected. 
(Marr, 1969; Albus, 1971; Oscarsson, 1980).

18



II. Organisation of the olivo-cerebellar system.

i) Anatomical organisation of the cerebellum
lobeThe anterior, surface of the cat cerebellum forms three 

longitudinal divisions, the midline vermis, intermediate 
cortex and lateral hemispheres, and the entire surface is 
further divided by transverse fissures. Several
nomenclatures are used to described these gross anatomical 
divisions, the most widely used being derived from Larsell 
(1937) who divided the vermis into ten lobules. Hi to HX, 
which are further subdivided into sublobules consisting of 
a few folia. The anterior lobe consists of Lobules I-V and 
is separated by the deep transverse fissura prima from the 
posterior lobe.

The basic organisation of the cerebellar cortex was 
first described by Cajal (1911). The cortex consists of 
three layers, an outer molecular layer which contains 
numerous unmyelinated axons running parallel to the long 
axis of the folia, the cell bodies of the outer stellate 
and basket cells and dendritic arborisations of Purkinje 
cells; the Purkinje cell layer which contains the large 
Purkinje cell bodies in a single sheet and is traversed by 
the ascending axons of the granule cells; and the granular 
layer which contains the numerous small granule cells, and 
characteristic glomeruli formed by the mossy fibre synapses 
on granule cell dendrites. In addition the cell bodies and 
axonal ramifications of the Golgi cells lie immediately 
beneath the Purkinje cell layer (Ito, 1984) .
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The Purkinje cell is unique in providing the only 
output from the cerebellar cortex, its dendrites project in 
the molecular layer and divide to form terminal branches 
which are heavily invested with spines. The dendritic tree 
is remarkable in that it is confined to a plane 
perpendicular to the long axis of the folium. Afferent 
synapses from the parallel fibres terminate on these 
dendritic spines forming "crossing over" synapses which are 
excitatory (Eccles, Llinas and Sasaki, 1966b).

The parallel fibres run in the molecular layer for 
about 3mm in the cat and thus traverse the dendritic fields 
of numerous Purkinje cells. They arise from the bifurcation 
of the ascending granule cell axons which themselves make 
synaptic contact with Purkinje cells (Mugnaini, 197 6) 
conferring a degree of "radial connectivity".

ii) Climbing fibre afferents.
The axon of a climbing fibre traverses the granule 

cell layer and divides at the level of the Purkinje cell 
body. The terminal arborisation of each climbing fibre 
ramifies over the dendritic tree of a single Purkinje cell 
extending throughout the inner two thirds of the molecular 
layer as described by Cajal. The terminal forms numerous 
varicosities which synapse on short dendritic spines on the 
proximal dendrites (Palay & Chan Palay, 1974).

Evidence has accumulated that the inferior olive is
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the exclusive source of climbing fibres in mammals. 
Specific chemical lesions of the inferior olive result in 
destruction of climbing fibres throughout the cerebellum. 
Moreover, there is a remarkable topographic organisation of 
olivo cerebellar projection to every part of the cerebellar 
cortex (Voogd & Bigare 1980).

The number of Purkinje cells however is greater than 
the number of olivary neurones by a factor of 10 in the cat 
(Mlonyeni, 1973) . Collaterals of a single climbing fibre 
have been observed to terminate on individual Purkinje 
cells separated by 12-14 cells within a lobule. (Desclin, 
1974). Single climbing fibres also give collaterals to 
widely separated lobules in the anterior and posterior 
lobes respectively (Brodai, 1980; Armstrong, Harvey and 
Schild, 1973b).

iii) Sagittal organisation.
The initial division of the cerebellum into medial, 

intermediate and lateral zones was derived from 
investigation of corticonuclear projections. Subsequent 
studies by Voogd and colleagues using Haggvist stained 
material from cats and ferrets revealed that the Purkinje 
cell axons in the cerebellar white matter formed narrow 
parallel bands separated by regions containing thinner 
afferent fibres. They concluded that Purkinje cells forming 
narrow sagittal zones projected to distinct cerebellar 
nuclei through these fibre compartments. (Voogd & Bigare,
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1980) . The medial zone was subdivided into a medial A zone 
projecting to the fastigial nucleus and a lateral B zone 
connected to Deiters' nucleus. The intermediate zone was 
subdivided into three zones the Cl and C3 zones projecting 
to the anterior interpositus and the 02 zone lying between 
them to the posterior interpositus nucleus, the lateral 
zone consists of the Dl and D2 zones projecting to the 
rostromedial and caudolateral regions of the lateral 
nucleus respectively. Subsequent analysis of the 
olivocerebellar projection by degeneration and anterograde 
transport revealed that these fibres were confined within 
the same saggital compartments (Voogd, 1969; Groenewegen & 
Voogd, 1977; Groenewegen, Voogd & Freedman 1979). The 
vermal A and B zones and the nuclei to which they project, 
receive a projection from the caudal medial and dorsal 
accessory olives respectively; similarly, in the 
intermediate cortex the C2 zone and posterior interpositus 
and the Cl and C3 zones and anterior interpositus nucleus 
receive afferents from the rostral medial and dorsal 
acccessory olives respectively. The D zones and lateral 
nucleus receive afferents from the principal olive.

A close correspondence between the olivary projection
to the cerebellar cortex and deep nuclei and the
corticonuclear projection has been found in both the b zone
and intermediate cortex (Andersson & Oscarsson, 1978a,b;
Gibson, Robinson, Alam & Houk, 1987). Purkinje cells within
the b zone that are differentially activated by VFSOCP's 

(ventral funiculus-spinc-olivocerebeiiar)
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from the fore and hindlimbs project to different groups of 
cells in the lateral vestibular nucleus which themselves 
receive a collateral projection from the inferior olive 
activated by the same peripheral field forming discrete 
olivo-cortico-nuclear units.

The termination of spino olivary pathways determined 
from the topography of the characteristic surface evoked 
potentials, also revealed a saggital organisation into 
zones of about 1mm width (Oscarsson, 1969) which 
corresponds to the anatomical organisation (Ekerot & 
Larson, 1979b, Oscarsson & Sjolund, 1977a).

The subdivision has been further elaborated; the A 
zone has been divided into three subdivisions (Groenewegen 
& Voogd, 1977; Voogd & Bigare, 1980) which receive 
afferents from discrete regions of the caudal MAO. 
Electrophysiological studies have revealed a further X zone 
between the a and b zones of lobules V and VI (Ekerot & 
Larson, 1982) which receives a projection from the midpart 
of the MAO (Campbell & Armstrong, 1985). The termination 
of axon collaterals of climbing fibres has been determined 
from the distribution of the surface potentials evoked by 
an axon reflex and are found not only widely distributed 
within the saggital zones but across zones thus the x and 
lateral Cl zones receive a common olivocerebellar input. 
Similarly the medial Cl and medial C3 zones and lateral C3 
and D2 zones receive collaterals of the same climbing 
fibres (Ekerot & Larson, 1982). The posterior lobe vermis
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and the floculonodular node is also organised into zones, 
however the olivo cerebellar projection and corticonuclear 
efferents are more complex in their organisation and show 
marked species differences (Voogd & Bigare, 1980) .

Sagittal organization of mossy fibre afferents.

In an electrophysiological study of the topography of 
mossy and climbing fibre evoked potentials in the 
intermediate part of the anterior lobe, Ekerot and Larson 
(1980) found a close correspondence between the somatotopic 
organisation of the cutaneous mossy fibre terminals and 
climbing fibre distribution. In chloralose anaesthetised 
cats the N3 potential corresponding to synaptic activation 
of Purkinje cell dendrites (Eccles, Sasaki & Strata, 1967) 
could be recorded from a discrete area over the focal mossy 
fibre termination. Anterograde transport of lectin 
conjugated HRP by spinocerebellar afferents (Matsushita 
1984; Yaginuma & Matsushita, 1987) has demonstrated a 
precise saggital organisation in lobules III and IV. 
Afferents from thoracic levels terminate in nine strips. 
In the vermis areas 1 and 2 lie within Voogds zone Al, area 
3 in A2 and Area 4 in the middle of the B zone. Areas 5-8 
lie in the intermediate cortex and area 9 in the lateral 
cortex.

It has been proposed that the predominant organisation 
of the cortex is in radial columns, excitation of Purkinje 
cells being due to the synapses formed by the ascending
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part of the granule cell axon (Llinas, 1982) . In accordance 
with this Bower and Woolston (1983) found that natural 
stimulation in the rat excited a localised group of granule 
cells and the Purkinje cells lying immediately above rather 
than in a longitudinal beam corresponding to the parallel 
fibre axons. Similar localisaton of Purkinje cell 
activation was observed following stimulation of single 
filaments of the intercostal nerves in the barbiturate 
anaesthetised cat (Coffey et al.,1970).

The experiments of Ekerot and Larson (1980) however 
clearly established the efficacy of parallel fibres to 
excite Purkinje cells along their length following mossy 
fibre stimulation. The apparent radial connectivity may 
therefore reflect the relative weight of inhibitory and 
excitatory synapses on the Purkinje cells which may not be 
solely determined by the anatomical configuration.
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Ill. Synaptic activation of Purkinje cells.

i) Synaptic activation from parallel fibres.
Purkinje cells receive monosynaptic excitation and

anddisynaptic inhibition from parallel fibres through the 
stellate and basket cell synapses (Eccles Llinas & Sasaki, 
1966b) . The long time course of the epsp (in excess of 
100msec) was inferred from the facilitation of the invasion 
of the dendritic tree by an antidromic impulse, by a 
conditioning on-beam parallel fibre volley and has 
subsequently been confirmed by in vivo and in vitro 
recording in the presence of GABA antagonists (Campbell, 
Ekerot, Hesslow & Oscarsson, 1983 Sakurai, 1987) . The 
e.p.s.p. is usually abruptly terminated by a disynaptic 
i.p.s.p. in intracellular recordings, which has a duration 
up to 200 msec and outlasts the epsp (Eccles, Llinas & 
Sasaki, 1966b; Crepel & Delahaye-Bouchard, 1978; Campbell, 
Ekerot & Hesslow, 1983).

Parallel fibre excitation may give rise to 
regenerative dendritic discharge (Llinas & Nicholson, 1971; 
Chan, Hounsgaard & Midtgaard, 1989) and "on-beam" 
excitation of sufficient intensity in the presence of GABA 
antagonists causes a plateau depolarisation 
indistinguishable from the climbing fibre response 
(Campbell, Ekerot, Hesslow & Oscarsson, 1983) . These 
responses require either the interruption of the inhibitory 
pathway to the Purkinje cells or the intense depolarisation 
from synchronous activation of a beam°^parallel fibres .and
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are unlikely to appear in response to physiological 
activity in mossy fibre afferents.

Activation of mossy fibre afferents by electrical 
stimulation of a peripheral nerve in the awake or 
anaesthetised cat leads, to a short latency increase in
simple spike,discharge in most cells followed by a decrease

/-of variable duration. A small number of cells respond with 
only a decrease in SS discharge indicating a predominance 
of inhibitory pathways to the Purkinje cell (Armstrong & 
Rawson, 1979a,b)

ii) Synaptic activation from climbing fibres.
The spontaneous discharge of climbing fibres typically 

consists of a burst of 1-6 impulses (Crill 197 0; Armstrong 
& Rawson, 197 9a). However a full Purkinje cell climbing 
fibre response (CFR) evoked by a single impulse in the 
climbing fibre (Eccles, Llinas & Sasaki 1966a; Campbell & 
Hesslow, 1986a) consists of an initial spike and a variable 
number of secondary spikes and wavelets superimposed on a 
prolonged positive wave in extracellular recordings. A 
variable number of impulses from 1-5 is discharged down the 
Purkinje cell axon by the CFR (Ito & Simpson, 1971; 
Campbell & Hesslow, 1986b).

The lower amplitude of the secondary spikes was 
initially ascribed to partial inactivation of the somatic 
spike generating conductances (Granit & Phillips 1956) . 
However, the secondary spikes are not collided out by an 
antidromic impulse (Martinez, Crill & Kennedy, 1971)
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indicating their origin in the dendrites. Direct recording 
from impaled Purkinje cell dendrites revealed multiple 
sites of spike generation which could discharge 
asynchronously even after inactivation of the somatic spike 
(Fu jIta, 1968).

The secondary spikes arise from a positive wave in 
extracellular recordings which corresponds to a plateau 
depolarisation of 12-25 msec duration in intracellular 
records from Purkinje cell somata (Campbell & Hesslow, 
1983a). Climbing fibre evoked plateau potentials of a 
about 100 msec duration were recorded from proximal 
dendrites in both intra and extracellular records, and 
plateau potentials of variable duration from 25-1000 msec 
were found in unitary recordings from the distal dendritic 
tree and in field potentials from the cerebellar surface in 
anaesthetised cats (Ekerot & Oscarsson, 1981; Campbell & 
Hesslow, 1986a; Campbell, Ekerot & Hesslow, 1983; Fujita, 
1968, 1969) .

iii) Intrinsic properties of Purkinje cells.
The properties and distribution of ionic channels 

underlying the somatic and dendritic responses of Purkinje 
cells have been extensively investigated in both mammalian 
and non-mammalian species in the |in-vitro slice 
preparation. Similar properties have been found across 
species though some differences exist in the relative 
contribution of these conductances.

Two voltage dependent Na+ conductances have been
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identified which are restricted to the somatic membrane; a 
fast Na+ channel responsible for the somatic spikes and a 
non-inactivating Na+ channel giving rise to a plateau 
depolarisation that underlies the abrupt onset of sustained 
firing that Purkinje cells generate in response to 
depolarisation (Llinas & Sugimori, 1980a; Hounsgard & 
Midtgaard, 1988) .

Two classes of Ca++ conductance are responsible for 
the dendritic electro responsiveness, a "slow" Ca++ 
conductance which gives rise to large amplitude spikes 
following depolarisation with a delay of over 100msec 
(Llinas & Sugimori, 1980b, Hounsgaard & Midtgaard, 1988; 
Chan, Hounsgaard & Nicholson, 1988) and a non inactivating 
Ca++ conductance which gives rise to a plateau 
depolaristion. Multiple sites of dendritic spike
generation with pseudosaltatory conduction were proposed on 
the basis of the variable notched appearance of the 
dendritic spikes in the alligator (Llinas & Nicholson, 
1971) and independent synchronous discharge of multiple 
spikes has been observed following dendritic penetration in 
the rabbit (Fujita, 1968).

These Ca++ dependent dendritic responses have many 
features of the responses to synaptic activation by 
climbing fibres or intense parallel fibre volleys (Ekerot 
and Oscarsson, 1981; Campbell, Ekerot, Hesslow & Oscarsson, 
1983; Llinas and Sugimori, 1980b; Chan, Hounsgaard & 
Midtgaard, 1989) and both decreases in extra-cellular Ca++ 
during climbing fibre stimulation (Stockle & Ten
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Bruggencate, 1980) and increases in dendritic Ca++ levels  ̂
(Ross & Werman, 1987) have been found.

In addition to the conductances underlying the active 
responses of the soma and dendrites, several classes of K+ 
channel determine their discharge characteristics. Two 
voltage dependent K+ conductances have been found, a 
delayed inward rectifier which is activated during plateau 
depolarisations and determines their amplitude (Llinas & 
Sugimori, 1980a,b; Hounsgaard and Midtgaard, 1988) . A 
transient outward rectifying conductance localised to the 
distal dendrites in the turtle (Chan, Hounsgaard & 
Nicholson, 1988) has a profound influence on the generation 
of both somatic Na+ spikes and on the threshold for Ca++ 
spikes. Inactivation of the outward current by maintained 
depolarisation of the membrane greatly enhances the somatic 
response to depolarisation and lowers the threshold for 
initiation of dendritic Ca++ spikes (Hounsgaard & 
Midtgaard, 1988) the subsequent de-inactivation occurring 
gradually over a period of 500 msec (Chan, Hounsgaard & 
Midtgaard, 1989).

Ca++ entry during direct or synaptically evoked 
dendritic spikes activates a K+ conductance and results in 
a hyperpolarisation with a duration of hundreds of 
milliseconds (Llinas & Sugimori, 1980b; Hounsgaard & 
Midtgaard, 1988, 1989) and is responsible for the
inactivation response described by Granit & Phillips 
(1956). Repeatedly evoked dendritic spikes or climbing 
fibre responses at rates less than 1 Hz induced a prolonged
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hyperpolarisation with a duration of up to a minute.
The dendritic components of the climbing fibre response are 
markedly voltage sensitive, and the plateau and secondary 
spikes are attenuated at hyperpolarised membrane potential, 
(Llinas & Sugimori, 1980b; Chan, Hounsgaard & Midtgaard, 
1989) reflecting decreased activation of Ca++ conductances. 
Under these conditions the duration of the long lasting 
hyperpolarisation following repetitive CFRs is also 
attenuated (Hounsgaard & Midtgaard, 1989) .

The local nature of the dendritic Ca++ spikes and 
their voltage sensitivity allows for the independent 
control of synaptic activation from parallel fibres onto 
discrete areas of the dendritic arborisation by local 
inhibitory synapses or voltage and Ca++ dependent K+ 
conductances activated during the climbing fibre response.

iv) Interaction between mossy fibre and climbing fibre
activation.

Modulation of the Climbing fibre response by activity in 
parallel fibres.

Conditioning a climbing fibre response by off beam 
parallel fibre stimulation decreases the amplitude or 
completely inhibits the secondary spikes recorded 
extracellularly (Eccles, Llinas, Sasaki & Voorhoeve, 1966; 
Campbell & Hesslow, 1986a) for up to 150 msec, whereas the 
initial spike amplitude is modestly enhanced for up to 200 
msec. Conditioning by an on-beam parallel fibre volley.
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which gives rise to an epsp/ipsp sequence, increases 
secondary spike amplitude at intervals up to 150 msec, 
while initial spike amplitude is decreased at intervals 
less than about 10 msec and is subsequently enhanced at 
intervals up to about 200 msec. (Campbell & Hesslow, 
1986a). The increase in the initial spike amplitude 
results from spike initiation at a hyperpolarised membrane 
potential while the early decrease following on beam 
stimulation results from partial inactivation of the 
somatic Na+ conductance during depolarisation by the epsp.

The inhibition of secondary spikes by off beam 
inhibition reflects the failure of spread of excitation 
from climbing fibre synapses into the distal dendrites 
(Campbell, Ekerot & Hesslow, 1983) and the low safety 
factor for synaptic activation of dendritic spikes (Llinas 
& Nicholson, 1971; Chan, Hounsgaard & Midtgaard, 1989). 
The facilitation by a preceding on-beam stimulus has a 
similar time course to the facilitation of antidromic 
invasion of superficial dendrites by a conditioning 
parallel fibre volley (Eccles, Llinas & Sasaki, 1966a) and 
the parallel fibre epsp recorded in the presence of GABA 
antagonists (Campbell, Ekerot, Hesslow & Oscarsson, 1983, 
Sakurai, 1987). Inactivation of a transient K+ conductance 
would also facilitate Ca++ spike initiation (Hounsgaard 
Midtgaard, 1988) .

Conditioning parallel fibre stimulation can also 
modulate the plateau potential of the CFR in both proximal 
and distal dendrites. In proximal dendrites the plateau is
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abolished or attenuated by a preceding parallel fibre 
volley and abruptly terminated by parallel fibre 
stimulation during an established plateau. In the distal 
dendrites the long duration plateaus are also abolished or 
attenuated by preceding parallel fibre stimulation; 
however, stimulation during an established plateau 
shortened its duration but did not abruptly cause its 
termination (Campbell, Ekerot & Hesslow, 1983). These 
differential effects may result from the differential 
distribution of synapses on the Purkinje cell dendrites, 
the inhibitory synapses terminating both on the proximal 
smooth dendrites which receive climbing fibre synapses and 
more distally whilst parallel fibre synapses are restricted 
to the more distal spiny dendrites.

In addition to modulating the dendritic spikes and 
pi a teau potentials and subsequent Ca++ dependent processes 
following the CFR, the number of impulses discharged along 
the Purkinje cell axon is enhanced by a preceding on beam 
parallel fibre volley, (Campbell & Hesslow 1986b) 
presumably reflecting the greater action on the somatic 
membrane of the increased amplitude of the secondary 
spikes.

Modulation of climbing fibre responses by preceding 
climbing fibre responses

Conditioning a CFR by a preceding CFR at short 
intervals causes a decrease in the initial spike amplitude
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at intervals up to 25 msec and an increase up to 100 msec 
in some units. the amplitude of the secondary spikes was 
markedly increased at intervals up to 100 msec (Campbell & 
Hesslow, 1986a). The effects on the initial spike can be 
accounted for in a similar manner to the effects of 
conditioning parallel fibre volleys by the depolarisation 
and hyperpolarisation of the soma following the CF 
stimulation. The prolonged facilitation of the secondary 
spikes may be due to the presence of the dendritic plateau 
potentials of similar duration or alternatively to the 
inactivation of the transient K+ conductance (Hounsgaard & 
Midtgaard, 1989) . Although the spontaneous discharge rate 
of climbing fibres is between 1 and 2 Hz, intervals of 
100msec or less occur in response to high intensity 
stimulation (Ekerot, Oscarsson & Schouenberg, 1989) .

Climbing fibre discharge consists of a burst of up to 
5 impulses at about 500 Hz (Armstrong & Harvey, 1966; 
Crill, 197 0; Armstrong & Rawson, 1979b). Although a single 
impulse is capable of triggering a complex spike, the 
amplitude and duration of the plateau potential recorded 
from distal dendrites is increased substantially following 
stimulation with three shocks at 3.3 msec intervals. 
(Campbell, Ekerot, Hesslow & Oscarsson, 1983) .

At intervals greater than 1 sec, the dendritic spikes 
and plateau component of a CFR are attenuated by preceding 
CFRs, through the Ca++ dependent long lasting 
hyperpolarisation (Hounsgaard & Midtgaard, 1989).
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Modulation of simple spike discharge by climbing fibre 
responses.

A pause in the spontaneous simple spike discharge 
following a complex spike for up to 300 msec was observed 
in the earlest records of Purkinje cell discharge (Granit 
& Phillips, 1956) in the barbiturate anaesthetised cat. In 
the awake behaving animal such pauses are much less 
conspicuous, simple spikes discharge occurring at intervals 
as early as 8 msec following the complex spike, the 
duration of the interval being inversely related to the 
discharge rate preceding the complex spike such that a 
significant interruption of simple spike discharge was only 
evident at discharge rates below 40-50/sec (Armstrong & 
Rawson, 197 9a).

The slow irregular climbing fibre discharge has an 
important tonic effect on Purkinje cell discharge, its 
cessation leading to a gradual increase in the simple spike 
discharge over several minutes. Resumption of climbing 
fibre discharge then decreases simple spike discharge over 
many seconds (Colin, Manil & Desclin, 1980). Similar 
inhibition of spontaneous SS discharge by low frequency CFR 
stimulation is seen in vitro and parallels the development 
of the long lasting Ca++ dependent hyperpolarisation 
(Hounsgaard & Midtgaard, 1989).

High frequency stimulation of climbing fibres at 4Hz, 
or greater, results in the gradual development of a 
prolonged suppression of simple spike discharge with a 
duration of up to a minute (Rawson & Tilokskulchai, 1981;
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Andersson & Hesslow 1987b), presumably reflecting powerful 
activation of the Ca++ dependent hyperpolarisation.

Excitatory or inhibitory actions on Purkinje cell 
discharge mediated by parallel fibre stimulation or 
activation by mossy fibre afferents are modified by a 
preceding climbing fibre response (Ebner & Bloedel 1982,
1984; McDevit, Ebner & Bloedel, 1987). Both excitatory and 
inhibitory synaptic actions are enhanced at intervals of K 
20-70msec. and may result from the plateau depolarisation 
and long lasting hyperpolarisation respectively. A 
hyperexci table phase following the CFR has also been 
observed in the in vitro preparation (Llinas & Sugimori, 
1980b; Hounsgaard & Midtgaard, 1989) and is attributable to 
inactivation of the transient outward rectifier following 
a CFR.

Long term depression of parallel fibre synapses.

The prediction in Albus' (1971) theory that 
conjunctive activation of parallel fibre synapses with 
climbing fibres would lead to depression of the parallel 
fibre synapse has been confirmed in a number of 
experimental paradigms.

Ito, Sakurai & Tongroach, (1982) coupled stimulation 
of the vestibular nerve at 20 Hz to activate parallel fibre 
synapses on Purkinje cells in the rabbit flocculus with 
conjunctive activation of their climbing fibres by 4 Hz 
stimulation in the inferior olive for a period of 25 sec.
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The Purkinje cell discharge in response to stimulation of 
the same vestibular nerve was subsequently depressed while 
the response to contralateral vestibular nerve stimulation 
was unimpaired. Although there was some recovery from the 
synaptic depression over about 10 minutes a significant 
depression in the response was maintained for over an hour. 
When glutamate was iontophoresed locally onto the Purkinje 
cell dendritic tree conjunctively with 4Hz olivary 
stimulation, a depression in the response to glutamate was 
observed with a similar time course.

The characteristics of this long term depression (LTD) 
have been studied utilising direct stimulation of two 
discrete beams of parallel fibres which synaptically 
activate a Purkinje cell, one of which is conjunctively 
stimulated with climbing fibres by an electrode in the 
Inferior Olive, the other serving as a control (Ito & Kano, 
1982; Ekerot & Kano, 1985). A long term depression with a 
similar time course was induced in the conjunctively 
stimulated parallel fibre synapses.

When the climbing fibre stimulation is preceded by an 
"off beam" parallel fibre stimulus which attenuates the
Ca++ dependent dendritic spikes and plateau depolarisation 
(Campbell, Ekerot & Hesslow, 1983) conjunctive stimulation 
of "on beam" parallel fibres prevents synaptic depression. 
Long term depression was observed when parallel fibre
stimulation preceded the climbing fibre stimulus by up to 
20 msec or followed by up to 125msec and a smaller delayed
LTD was induced at intervals up to 37 5 msec, the
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development of LTD was however more rapid at an interval of 
20 msec and the magnitude increased with increase in 
frequency of conjunctive stimulation from 2 to 4Hz. (Ekerot 
& Kano, 1989). It was proposed that the critical event in 
inducing LTD is synaptic activation together with Ca++ 
entry during the dendritic plateau depolarisation. By 
conjunctive stimulation of climbing fibres with application 
of specific glutamate receptor agonists it has been shown 
that activation of the quisqualate receptor is a necessary 
condition for LTD (Kano & Kato, 1987, 1988).

Selective activation of climbing fibres and parallel 
fibres is possible also in the in vitro slice preparation. 
Conjunctive stimulation at an interval of 10 msec in the 
presence of picrotoxin to abolish stellate and basket cell 
inhibition reliably induced LTD in the parallel fibre 
synapses even in cells which had very low amplitude or 
absent plateau depolarisations following climbing fibre 
stimulation (Sakurai, 1987). Parallel fibre stimulation 
alone at the low frequency of 4Hz, caused a modest 
potentiation of the parallel fibre epsp, consistent with 
the learning rule proposed in Fujita's (1982) model.

The regulation of Ca++ entry during the dendritic 
spike and plateau depolarisations by stellate cell 
inhibition may account for the failure to find LTD with 
conjunctive stimulation of climbing fibre and parallel 
fibre afferents in the in vitro perfused brain preparation 
(Llinas, Yarom & Sugimori, 1981) and may determine the rate 
of development and degree of synaptic depression in
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individual parallel fibre synapses during motor learning.
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IV. Control of transmission through the Inferior Olive

i) Electrotonic coupling.
Coupling between olivary neurons was demonstrated by 

Eccles and colleagues (Eccles, Llinas & Sasaki, 1966a). 
Following antidromic activation of olivary neurons by 
climbing fibre stimulation, an orthodromic climbing fibre 
discharge was recorded both in the same climbing fibre and 
those that were not directly activated and was attributed 
to recurrent excitatory collaterals terminating on olivary 
neurons. Ultrestructurai studies of the synaptic
organisation of the olivary neurones have, however, 
revealed the presence of gap junctions between dendrites 
which receive afferent synapses and form glomeruli 
surrounded by glial cells (Sotelo, Llinas & Baker, 1974; 
King et al., 1976) .

Direct electrophysiological evidence for electrical 
coupling between olivary neurones has been provided from in 
vitro studies in the brain stem slice preparation. 
Intracellular recording from two identified cells revealed 
graded potentials in one cell to current injection in the 
other after blockade of synaptic transmission by Mn ions in 
the superfusate (Llinas & Yarom, 1986); the coupling 
coefficient between cells was estimated at 0.25. In some 
slices oscillations in membrane potential were present, 
either spontaneously or in response to drug application, 
and these occurred synchronously in all olivary cells
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recorded in the slice (Llinas & Yarom, 1986) .
Such oscillations persisted in the presence of TTX to 

block axonal conduction and the cells behaved as an 
ensemble of coupled elements. The oscillations were 
unaffected by intracellular stimulation of a single cell 
but could be abolished or reset following extracellular 
stimulation of a large number of units. Electrical 
coupling is thus sufficiently extensive to link each cell 
within a thin 300fi slice.

ii) Intrinsic properties of Inferior Olive neurones

Following orthodromic or antidromic activation of 
olivary neurons, the field potential evoked in the inferior 
olive by a subsequent stimulus is inhibited for up to 100 
msec, this being originally attributed to "recurrent 
inhibition" of olivary neurons mediated via axon 
collaterals of climbing fibres, followed by a period of 
facilitation (Armstrong & Harvey, 1966). Intracellular 
recording from olivary neurons revealed an initial 
prolonged action potential with superimposed spikes at a 
frequency of around 500 Hz followed by a hyperpolarisation 
of up to 100msec and a subsequent slow depolarisation 
(Crill, 1970; Armstrong, Eccles, Harvey & Matthews, 1968) 
corresponding to the initial bursts of discharge of the 
climbing fibre response and the subsequent recurrent 
inhibition and facilitation.

The ionic conductances underlying these responses have
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been investigated in the in vitro brainstem slice 
preparation (Llinas & Yarom, 1981a, b). Following either 
orthodromic or antidromic activation, olivary neurons in 
vitro respond with a brief initial spike of 1 msec duration 
followed by a prolonged after depolarisation (ADP) of 10-15 
msec which may carry a series of high frequency wavelets. 
The ADP is followed by an after hyperpolarisation (AHP) of 
150-200 msec whose amplitude is directly related to the 
amplitude of the preceding ADP, the AHP being abruptly 
terminated by a depolarisation.

The initial spike is generated by an Na+ conductance 
located in the somatic membrane and is blocked by TTX. The 
ADP and AHP are both abolished by ions that block CA++ 
channels and are generated by a high threshold Ca++ and a 
Ca++ dependent K+ channel respectively. The Ca++
conductance generating the ADP is located in the dendrites 
and following administration of TEA to block K+
conductances gives rise to prolonged plateau depolarisation 
which shows no sign of inactivation. An additional low 
threshold Ca++ conductance restricted to the somatic 
membrane, which is inactivated at the resting membrane 
potential of -65mV, is revealed at hyperpolarised membrane 
potentials. When de-inactivated by hyperpolarisation it 
has a lower threshold than the Na+ spike, and is rapidly 
inactivated after about 10msec by subsequent 
depolarisation.

These conductances are responsible for the
characteristic discharge of olivary neurons. The high
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frequency spike discharge of climbing fibres is generated 
by the somatic Na+ conductance in response to the ADP. When 
the cell is hyperpolarised the dendritic high threshold 
Ca++ conductance may not be activated and the cell responds 
with a single or reduced number of impulses in the spike 
burst. (Crill, 1970; Andersson, 1984b). The oscillatory 
properties in vivo are generated by two mechanisms. At 
depolarised membrane potentials the somatic Na+ spike 
discharge activates a dendritic Ca++ conductance and Ca++ 
dependent K+ conductance underlying the ADP/AHP sequence, 
the hyperpolarisation deinactivates the low threshold 
somatic Ca++ conductance which in turn initiates a Na+ 
spike, the frequency of the oscillation being determined by 
the AHP duration, which is itself determined by the Ca+ + 
entry during the dendritic spike. At hyperpolarised 
membrane potentials rather higher frequency oscillation may 
be induced by sequential depolarisation due to 
deinactivation of the low threshold Ca++ conductance 
causing a somatic Na+ spike and subsequent rapid 
inactivation of the Ca++ conductance generating a small 
ADP.

The low spontaneous discharge rate of olivary neurons 
is due to the prolonged time course of the AHP. Following 
discharge of an individual olivary neuron the AHP may be 
followed by a series of subthreshold depolarisations 
generated by the low threshold Ca++ conductance each of 
which activates a further Ca++ dependent K+ conductance 
mediated hyperpolarisation.
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iii) Modulation of Inferior Olivary excitability by
monoamines

A variety of monoamine and peptide containing 
terminals has been revealed in the inferior olive by 
fluorescence and immunohistochemical methods.

These transmitter systems have a modulatory role on 
exitability of central and peripheral neurons and may have 
a analogous role on transmission in the inferior olive. 
The tremor induced by Harmaline due to synchronous rhythmic 
discharge of olivary neurons at about lOHz is abolished by 
prior treatment with 5-7 DHT which leads to destruction of 
5HT terminals, and the recovery of the Harmaline induced 
tremor coincides with re innervât ion of the inferior olive 
by 5HT fluorescent terminals. (Sjolund, Wiklund & 
Bjorklund, 1977).

The ionic mechanisms underlying Harmaline's action on 
inferior olive neurons has been investigated in the in 
vitro slice preparation (Llinas & Yarom, 1986) . In 10% of 
the slices synchronous subthreshold oscillations in 
membrane potential were observed and such oscillations were 
induced in most of the remaining experiments by the 
application of Harmaline in conjunction with either 
serotonin or dopamine. When applied alone Harmaline both 
hyperpolarises the cell and thereby leads to deinactivation 
of the low threshold Ca++ conductance and, by a direct 
action on the Ca++ conductance, shifts its inactivation 
curve to a more positive membrane potential, with the 
result that subthreshold oscillations are converted to
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rhythmic firing at about lOHz. Application of serotonin or 
dopamine depolarised these cells and increased their input 
resistance and thus increased dendritic excitability. In 
the presence of harmaline, these agents induced a low 
frequency oscillation (0.5-2Hz) of membrane potential in 
previously stable cells.

iv) Postsynaptic inhibition of olivary neurons
Intracellular recording from inferior olivary neurons 

in vivo (Llinas, Baker & Sotelo, 1974) and in vitro (Llinas 
& Yarom, 1981a) has provided direct evidence for inhibitory 
post synaptic potentials following stimulation of afferent 
fibres. GABA containing synapses on olivary neurons have 
been demonstrated immunocytochemically in studies employing 
antibodies to GABA or its synthetic enzyme GAD (Sotelo, 
Gotow & Wassef, 1986; Angaut & Sotelo, 1987) . These 
terminals are characterised by the presence of pleomorphic 
vesicles and form symmetric synapses on predominantly small 
dendrites and a notable feature is the constant association 
of GAD labelled terminals forming synapses on small 
dendrites linked by gap junctions. Llinas et al. (1974) 
recorded occasional units in the inferior olive with a high 
frequency discharge up to 500/sec in response to peripheral 
nerve stimulation and proposed that the periolivary 
reticular neurons may provide inhibitory synapses. More 
recently a topographically organised innervation (Dietrichs 
& Walberg, 1985, 1986) has been shown to arise
predominantly, if not exclusively from GABA containing
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neurons (Nelson & Mugnaini, 1989). Thus each olivary 
subnucleus has a collateralised projection to the 
vestibular or cerebellar nuclei and associated cortex, and 
receives a reciprocal inhibitory GABA containing nucleo- 
olivary projection. Following ablation of this pathway the 
GAD immuno reactivity in the principal olive is reduced by 
over 90% (Nelson & Mugnaini, 1989) . The caudal MAO however 
receives its main GABA innervation from the parasolitary 
nucleus, which also receives afferents from the fastigial 
nucleus (Andrezik, Dormer, Foreman & Person, 1984) and may 
be the subcortical target of Purkinje cells in the 
flocculus and posterior lobe vermis (Angaut & Brodai, 1967; 
Paton & Spyer, 1990) and thus correspond to the other 
sources of GABA afferents.

v) Functional organisation of olivary inhibition.
The "recurrent inhibition" described by Armstrong and 

Harvey (1966) that follows activation of olivary neurons 
may in part be attributed to the intrinsic properties of 
the olivary neurons which results in a prolonged after 
hyperpolarisation (Llinas & Yarom, 1981a,b). However, 
inhibition of olivary neurons with a similar timecourse has 
been found without prior excitation. Visual signals reach 
the flocculus of the rabbit from two pathways, one from 
contralateral (I) and the other from the ipsilateral eye 
(II). These pathways relay respectively in the caudal and 
rostral halves of the dorsal cap of the I.O, conditioning 
stimuli to pathway I inhibiting transmission in pathway II
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without activating those olivary neurons (Takeda & Maekawa, 
1980) . Conditioning stimuli to pathway II had
insignificant effects on transmission through pathway I. 
The time course of the inhibition was similar to the 
"recurrent inhibition" (Armstrong & Harvey, 1966) with an 
onset delay of 1-3 msec following activation of the caudal 
dorsal cap neurons and a duration in excess of 100 msec. 
The site of inhibition was at the olivary neurons as 
antidromic field potentials were similarly inhibited and 
inhibition could be evoked by direct stimulation of 
preolivary afferents. The pathways involved remain obscure 
though collateral activation of vestibulo-olivary 
inhibitory neurons by preolivary afferents is possible.

A mutual inhibition between climbing fibre afferents 
to adjacent microzones of the b, cl and c3 zone has also 
been found (Andersson, 1984b). The inhibition is greatest 
between closely apposed microzones and weaker between fore 
and hindlimb zones in the intermediate cortex, and it was 
shown to occur at the level of the olivary neurons as the 
olivary reflex was also inhibited. A weak lateral 
inhibition was also found in the b zone following surface 
stimulation of the cerebellar cortex that antidromically 
activated climbing fibres in the adjacent microzone. The 
time course of inhibition was similar with a rapid onset 
and duration of up to 100 msec. The mechanism of the mutual 
inhibition is not known but may involve a contribution from 
both electrotonic spead of hyperpolarisation from activated 
olivary neurons (Llinas & Yarom, 1981b) and synaptic
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activation of inhibitory neurons by climbing fibre and 
spino-olivary collaterals.

The cerebellar nucleo-olivary projection can exert a 
powerful inhibition on olivary neurones. Following high 
frequency stimulation of climbing fibres at 2.5-7.5 Hz in 
the anaesthetised cat, there is a prolonged inhibition of 
CFR amplitude for up to 60 secs and a similar inhibition 
of the olivary reflex, indicating inhibition at the level 
of the olivary neurons. This effect was seen in the Cl and 
C3 zones but was not significant in the b zone where a 
later facilitation was apparent. (Andersson & Hesslow,
1987a). The simple spike discharge of Purkinje cells in

fibre ^these zones following high frequency climbing activation
was inhibited for a period corresponding to the inhibition
of CFR amplitude. Interpositus neurones, including those
antidromically acivated from the inferior olive, were
disinhibited and many cells which were initially silent
discharged at 100-200Hz after the conditioning stimulation
(Andersson & Hesslow, 1987b). Simple spike discharge in the
b zone was similarly inhibited, however, the discharge of
their vestibular target neurons was not investigated. This
inhibition of olivary neurons was abolished by prior
section of the superior cerebellar peduncle to interrupt
the interpositus nucleo-olivary fibres.
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V. Functional organisation of the spino-olivo-cerebellar 
paths.

i) The spino-olivo-cerebellar paths.
Electrophysiological studies have shown that discrete 

spino-olivo-cerebellar paths running in the ventral, 
lateral and dorsal funiculi terminate in the anatomically 
defined sagittal zones of the olivocerebellar projection 
(Oscarsson & Sjolund, 1977a; Ekerot & Larson, 1979a; 
Larson, Miller & Oscarsson, 1969a,b; Oscarsson, 1968, 
1969a; Andersson & Eriksson, 1981) .

The VF SOCPs have been extensively investigated in the 
anaesthetised cat (Oscarsson & Sjolund, 1977a,b,c: 
Andersson & Sjolund, 1978; Sjolund, 1977), following 
partial spinal cord lesions interrupting the other 
ascending paths, and terminate in the a, b, cl and c3 
zones. The VFSOCPs have certain common characteristics, 
they cross the midline at the segmental level and ascend in 
the contralateral ventral funiculus and terminate 
monosynaptically on olivary neurons. The pathways are 
activated by Group II and III afferents from muscle and 
high threshold cutaneous afferents corresponding to the FRA 
system, with a weak contribution from Ib afferents. Each 
VFSOCP can be identified by its discrete termination within 
the cerebellum and its characteristic latency.

The aVFSOCP is activated from the ipsilateral
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hindlimbs with a mean latency of 21.9ms with a segmental 
delay of about 5msec. There is evidence for subdivision of 
the a zone; the medial part is activated bilaterally from 
the hindlimbs, and may correspond to the anatomical 
division of the A zone into a medial Al and lateral A2 zone 
with separate origin within the CMAO (Groenewegen & Voogd, 
1977; Voogd & Bigare 1980) . Cells within the CMAO have been 
found which respond to stimulation of the dorsal spinal 
ramus, rather than peripheral nerve arising from the 
ventral spinal ramus (Armstrong & Harvey, 1968) and 
Armstrong (1974) has proposed that axial structures may be 
represented in the aVF SOCP.

The VFSOCPs terminating in the b zone have a 
mediolateral somatotopic representation of rostro-caudal 
structures and within each microzone there is a bilateral 
projection, with a much longer latency and weaker 
contralateral contribution. The mean latencies of the fore 
and hindlimb pathways are similar, 19.7 and 19.5 msec 
respectively ipsilateral, and 21.2 msec contralateral, the 
segmental delay for the forelimb pathway however being much 
longer (mean 8.7msec), than the hindlimb pathway,(mean 
3.9msec; Oscarsson & Sjolund, 1977a). Simultaneous 
stimulation of the fore and hindlimbs would arrive 
simultaneously in the inferior olive, and because there is 
convergence of the two pathways onto the same olivary 
neurons (Oscarsson, 1968) this may be of functional 
significance.
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The VF SOCPs to the intermediate cortex terminate in 
the cl and c3 zones. They are activated from the hindlimbs 
at relatively short latency with a mean of 15.8 msec in the 
cl zone and 18.5msec in the c3 zone, the short segmental 
delay of 1.5msec being consistent with a monosynaptic 
segmental relay.

The cells of origin of these pathways have been 
identified by retrograde transport of HRP from the olivary 
nuclei (Armstrong & Schild, 197 9) and form three relatively 
distinct populations. An intermediate group of cells lying 
bilaterally in the medial part of lamina VII formed a 
continuous column from cervical to lumbosacral levels, and 
as only the b zone receives a VF SOCP from cervical levels 
this group was identified with the bVFSOCP. A dorsal group 
of cells lying in laminae IV and V, which were almost 
entirely ipsilateral were labelled after injections 
restricted to rostral levels of the olive and were 
identified with the cl and c3 VFSOCPs which terminate in 
the rostral DAO, the short segmental delay of these SOCPs 
being consistent with the response properties of neurons 
lying within this region. The final group of cells which 
occupied a ventro medial position in laminae VIII and were 
entirely confined to lumbosacral segments and as these 
cells were only labelled following injections that included 
the caudal MAO they were identified with the aVFSOCP. The 
distribution of the intermediate and ventromedial cell 
groups was partially continuous and some intermediate group
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cells were labelled from injections in the caudal MAO and 
may contribute to the aVFSOCP.

Two pathways ascend in the lateral funiculus. The 
LFSOCP was identified as a long latency pathway to lobule 
V & VI of the intermediate cortex and the paramedian lobule 
and terminates in the c2 zone. It is activated by 
stimulation of afferents of the FRA class in all four limbs 
and has a long suprasegmental delay indicating a 
polysynaptic brainstem relay (Larson, Miller Oscarsson, 
1969b; Armstrong, Harvey & Schild, 1973a). Dorsally in the 
lateral funiculus the dorsolateral SOCPs project to other 
zones. The b zone receives a somatotopically organised 
projection from both ipsilateral fore and hindlimbs 
activated by low threshold cutaneous afferents. The x, cl 
and c3 zones receive an ipsilate r al forelimb DLF SOCP 
projection and further fore and hindlimb projections to the 
d zones have been described (Andersson & Eriksson, 1981). 
The segmental delay is consistent with a monosynaptic 
activation of the ascending pathways, whereas a long 
suprasegmental latency is consistent with a polysynaptic 
relay in the brainstem.

SOCPs in the dorsal funiculus have been shown to 
project to all zones of the anterior lobe (Oscarsson 1969; 
Ekerot & Larson 197 9a,b). The DFSOCPs terminating in the 
vermis have been less well characterised. Oscarsson 
described a hindlimb projection to both the medial and
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lateral vermis of lobules IV to V and a forelimb projection 
restricted to lobule V lying between the medial and lateral 
hindlimb responses, in unanaesthetised decerebrate cats. 
Short latency DFSOCPs have been found to terminate in the 
X, cl, c3 and d2 zones. With the exception of the x zone, 
which receives a projection only from the forelimb and 
upper thorax these DFSOCPs carry a detailed somatopic 
representation of the ipsilateral half of the body. Long 
latency responses were found in the c2 and dl zones and 
also in the zones receiving short latency projections under 
choloralose anaesthesia (Ekerot & Larson, 1979a). Within 
the short latency zones a detailed somatotopy was evident. 
The c2 zone was activated by both fore and hindlimb 
afferents over most of lobule V, however more rostrally 
extending into lobule IV the hindlimbs alone were 
effective. These pathways were activated by cutaneous and 
muscle afferents belonging to the flexor reflex afferent 
class. Latency measurements indicate a monosynaptic 
projection from the dorsal column nuclei to the Inferior 
Olive and the latency of transmission across the dorsal 
column nuclei is consistent with a disynaptic relay within 
the nucleus (Ekerot & Larson, 197 9a).

ii) Somatotopic organisation in SOCPs.
1. Vermis
a zone: Current illustrations of the somatotopic
organisation of the olivocerebellar projection emphasise 
the hindlimb representation within the a zone of the
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anterior lobe vermis (e.g. Oscarsson, 1980; Ito, 1984), 
whereas Armstrong (1974) has argued that axial structures 
are represented in the medial vermis and there is 
accumulating evidence to support this proposition. Many 
studies have utilised decerebrate or barbiturate 
anaesthetised preparations in which transmission in the 
aVFSOCP is inhibited at the segmental level and 
transmission through the olivary relay in the caudal MAO is 
attenuated (Oscarsson & Sjolund, 1977c; Sjolund, 1977) so 
that minor projections may have been overlooked.

The A zone in the anterior lobe can be subdivided into 
a medial Al, and a lateral A2 zones which receive a 
topographically organised projection from the CMAO (Voogd 
& Bigare, 1980) . The a VFSOCP may also be subdivided in 
that bilateral responses to hindlimb stimulation are found 
within the medial compartment (Oscarsson & Sjolund, 1977a). 
In experiments in which the cord is intact, responses 
within lobule III and IV have been found from stimulation 
of the sacrum and tail (Robertson, Laxer & Rushmer, 1984) 
and caudally in lobule V and VI from mechanical stimulation 
of the neck (Roberts on, Laxer & Rushmer, 1982) or 
electrical stimulation of cervical nerves (Berthoz & Llinas
1974); responses elicited from the forelimb (Robertson et 
al., 1984) may have been recorded inadvertently from the x 
zone. Climbing fibre responses are evoked in the medial 
vermis, extending through lobule III to VI, by stimulation 
of the splanchnic nerve (Widen 1955; Langhof, Hoppener, Rubia,
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1973; Perrin & Crousillat, 1979) and their afferents which 
travel in the ventral funiculus are activated at the 
threshold for delta fibres. Widen also demonstrated 
occlusion of presumed climbing fibre responses in the 
vermis of lobe V in the barbiturate anaesthetised cat, 
evoked from both splanchnic and lower intercostal nerves, 
together with inhibition of splanchnic nerve responses by 
a conditioning intercostal stimulus even at subthreshold 
stimulation intensities for evoking a cerebellar response, 
and he inferred a common path ascending in the ventral 
funiculus mediating both responses.

Climbing fibre response evoked from the vagus are 
found in the medial vermis of lobule VI and the caudal 
folia of lobule V (Perrin & Crousillat, 1985) and these 
responses were only evoked from stimulation of the thoracic 
vagus. Responses to vagus or splanchnic nerve stimulation 
have also been found in the caudal MAO (Perrin & 
Crousillat, 1980) and some units were found with receptive 
fields that include fore and hindlimbs or the face 
(Gellman, Gibson & Houk, 1985; Gellman & Houk, 1983) . 
However some of the responses may have been in the cells 
projecting to the x zone (Campbell & Armstrong, 1985).

Investigations of the projection from the dorsal 
column nuclei has supported a more extensive somatotopic 
organisation within the caudal MAO. Although an early 
degeneration study (Boesten & Voogd, 1975) indicated that
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the gracile nucleus projected to the caudal pole and the 
cuneate to more rostral areas of the MAO, subsequent 
investigation with anterograde transport of radiolabelled 
amino acids has revealed substantial overlap of the 
projections from gracile, cuneate and trigeminal nuclei 
within the central region of the caudal MAO, which is 
partly coextensive with the region of origin of the x zone 
(Campbell & Armstrong, 1985) .

The somatotopic representation of the body surface of 
the cat within the dorsal column nuclei is continuous 
across the cuneate and gracile nuclei (Millar & Basbaum,
1975). The distal limbs have a disproportionate
representation in the dorsal region of the nuclei, whereas 
the thorax and abdomen are represented more ventrally at 
the junction between the medial part of the cuneate and 
lateral gracile nuclei. It is unlikely that current 
anatomical methods can establish the exact congruence of 
the cuneate projection to the MAO with the origin of the x 
zone and these anterograde labelling studies indicate a 
convergent termination of cuneate and gracile projections 
within more caudal regions of the MAO than the origin of 
the X zone projection (Berkley & Hand, 1978; Huerta et al., 
1985; Gerrits et al., 1985) The failure of the original 
investigation of the DF SOCPs to the medial vermis 
(Oscarsson, 1969) to reveal other than a hindlimb 
representation in the anterior lobe may be related to the 
use of a barbiturate anaesthetic and restriction of the 
investigation to lobule V and more rostral lobules.
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X zone
The X zone, lying between the a and b zones in lobules 

V and VI, appears to be exclusively activated from the 
forelimbs and rostral thorax via the DF and DLF pathways. 
The projection arises from the middle region of the MAO 
which corresponds to the site of termination of afferents 
from the cuneate nucleus (Andersson & Ericksson, 1981; 
Campbell & Armstrong, 1985). 
b zone

The b zone contains a medio-lateral somatotopic 
representation of the rostro caudal extent of the body, 
with each region bilaterally represented in a sagittal 
strip of about lOOu width (Andersson & Ericksson, 1981). 
There is considerable overlap between the representation of 
fore and hindlimbs, some Purkinje cells responding to 
stimulation of both limbs, the distribution of 
contralateral responses being weaker and more restricted 
(Oscarrson, 1968). Along the rostro-caudal extent of the b 
zone the maximal amplitude of evoked responses from fore 
and hindlimbs and the width of their termination zone is 
graded, such that fore limbs responses are maximal in lobe 
V whereas hindlimb responses are maximal more rostrally, 
the face representation being only present in caudal folia 
(Andersson & Ericksson, 1981; Andersson & Sjolund, 1978).

Intermediate Cortex
The cl and c3 zones contain a detailed somatotopic 

representation (Ekerot & Larson, 197 9b). In view of the
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collateral innervation of the lateral cl or cX zone and the 
X zone and the medial cl and medial c3 zones (Ekerot & 
Larson, 1982) these maps are interrelated. The c3 zone has 
been investigated in detail and contains two somatopic 
repesentations in the medial and lateral parts 
respectively. Responses evoked from stimulation of the 
dorsal ramus at TV and T13 were found in partially 
overlapping areas between the forelimb and hindlimb 
representation; however, these responses were small and 
were only recorded from the Purkinje cell layer and were 
absent from surface recording (Ekerot & Larson, 1979b). 
The predominant representation of the limbs in these zones 
is compatible with the role of the interposito-rubro-spinal 
pathway in 1imb movement.

The c2 zone which receives a bilateral projection from 
both fore and hindlimbs has been regarded as lacking 
somatotopic organisation (Ito, 1984) . However, despite 
extensive convergence of fore and hindlimb responses 
mediated via the DFSOCP projection, the hindlimb 
representation extends to more rostral folia than the 
forelimb representation (Ekerot & Larson, 1979b). Afferents 
from the cervical and extraocular muscles also converge in 
the c2 zone in lobules V and VI (Berthoz & Llinas, 1974). 
Further evidence for a rostro caudal differentation within 
the c2 zone comes from investigations of the cerebro- 
cerebellar climbing fibre paths (Andersson & Nyquist,
1983) . The lateral area of the posterior sigmoid gyrus
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projects to the caudal regions of the cl, c2 and c3 zones 
in the anterior lobe, whilst the medial area projects to 
rostral regions of these zones, corresponding to the fore 
and hindlimb regions respectively of the cl and c3 zones, 
as determined from peripheral stimulation. In view of the 
collateralisation of climbing fibres between 
topographically related areas of the anterior and posterior 
lobes, a similar organisation should be present in the c2 
zone in the paramedian cortex (Rosina & Provini, 1987; 
Armstrong, Harvey & Schild, 1973b). Furthermore the 
projection from the rostral MAO to the c2 zone is 
topographically organised in a rostro-caudal direction 
(Brodai, Walberg & Hoddevik, 197 5).

Following stimulation of the vagus or splanchic 
nerves, evoked potentials with the characteristic form of 
climbing fibre responses and a latency of 18-25 msec are 
found bilaterally in a sagittal strip in the intermediate 
cortex extending from lobule V to VII corresponding to the 
c2 zone (Hennemann & Rubia, 1978; Widen, 1955) and also in 
a very limited area of the paramedian lobule on folium 4, 
the ascending pathways from the splanchnic nerve lying in 
the lateral funiculus.

Similar responses to stimulation of the superior 
laryngeal nerve in the barbiturate anaesthetised cat were 
found in the intermediate cortex of Crus I, corresponding 
to the most caudal region from which splanchnic and vagal
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responses were present and from the paramedian lobule at 
the border of folium 3 and 4 (Lam & Ogura, 1952).

The posterior interpositus nucleus and associated 
intermediate cortex and olivary afferents have been 
attributed with control of the axial musculature from 
consideration of the comparative anatomy of mammals, such 
as the Whale, which lack highly developed limbs but has 
instead enormous axial and tail muscle development (Ito,
1984) . The absence of a clear somatotopic organisation of 
limb afferents to the c2 zone may reflect this functional 
specialisation.

iii) Control of transmission in SOCPs.
Transmission through the different SOCPs is markedly 

affected by anaesthetic drugs or decerebration (e.g. 
Gordon, Rubia & Strata, 1973; Andersson & Sjolund, 1978b). 
The amplitude of CFRs in each zone fluctuates spontaneously 
over periods of seconds to minutes. Such fluctuations 
occur independently in each zone (Oscarsson & Sjolund, 
1977c). The variability in transmission in these pathways 
is due both to changes in excitability of the olivary 
neurons (Oscarsson & Sjolund, 1977c; Andersson & Hesslow, 
1987a) and in the segmental and suprasegmental relays of 
the ascending paths (Oscarsson & Sjolund, 1977; Andersson 
& Sjolund, 1978; Sjolund, 1978; Leicht, Rowe & Schmidt, 
1973a,b; Apps & Lidierth, 1989).
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Decerebration and Anaesthesia.
In the decerebrate preparation transmission in the VF 

SOCP is inhibited at both the segmental and olivary level 
(Oscarsson & Sjolund, 1977c; Sjolund, 1978) and is 
disinhibited following a small dose of chloralose although 
CFRs can still be evoked in the other zones. Their 
amplitude is variable and is enhanced by low doses of 
barbiturate anaesthetics (Gordon, Rubia 6 Strata, 1973). 
Transmission in the long latency pathways to the a and c2 
zones, which have polysynaptic SOCPs are attenuated by 
deeper barbituate anaesthesia. Some CFRs may still be 
evoked in these zones however and in the a zone may be 
mediated by the DF SOCPs (Oscarsson, 1969; Robertson, Laxer 
& Rushmer, 1982; Berthoz & Llinas, 1974) .

During anaesthesia with chloralose, CFRs can be 
evoked in the long latency a and c2 zones, but transmission 
in the Cl and C3 zones is extremely variable and less 
secure than under barbiturate anaesthesia. In the b zone 
the longer latency contralateral responses may be enhanced 
while the ipsilateral responses are less prominent than in 
the unanaesthetised decerebrate preparation (Oscarsson & 
Sjolund, 1977a). Additional long latency responses appear 
under chloralose anaesthesia in the short latency zones 
mediated by a polysynaptic brainstem relay from the DF SOCP 
(Ekerot & Larson, 197 9a).

61



Control of transmission in SOCPs at the spinal segmental 
level.

Stimulation of afferents belonging to the FRA system 
synaptically activates segmental pathways to the flexor 
motoneurons mediating the flexion reflex (Lloyd, 1943; 
Ecoles & Lundberg, 1959). Implicit in the concept of the 
FRA system is the central control of transmission in these 
pathways, such that the predominant excitation of flexor 
and inhibition of extensor motoneurons could even be 
reversed under the influence of descending supraspinal 
control (Holmquist & Lundberg, 1961). In addition to the 
reflex actions on motoneurons, stimulation of the FRA 
activates interneurons in the reflex pathways to primary 
afferents mediating the primary afferent depolarisation of 
FRA afferents (Carpenter et al., 1963) and ascending 
pathways to the brainstem and cerebellum (Oscarsson, 1973 
review) in addition to the VF SOCPs. Each of these 
pathways is under descending control from supraspinal 
systems and their activity reflects the integration of 
activity in the FRA with the central motor command 
(Lundberg, Malmgren & Schomberg, 1987).

The segmental control of transmission to the a and b 
VFSOCPs was investigated following selected stimulation of 
descending pathways or administration of drugs acting on 
noradrenergic transmission (Sjolund, 1978; Andersson & 
Sjolund, 1978). Following L-DOPA administration 
concurrently with a monoamine oxidase inhibitor, the short
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latency flexion reflex pathway is inhibited as is the PAD 
induced by FRA stimulation, instead a long latency flexor 
discharge appears resembling that seen during locomotion 
(Anden, Jukes, Lundberg & Vyklicky, 1966). Transmission in 
the a and b VF SOCPs was inhibited by L-DOPA treatment in 
the chloralose anaesthetised cat and following clonidine 
administration, a direct alpha 2 agonist, the flexor reflex 
was similarly inhibited, although by contrast the DRP was 
enhanced. A strong correlation between the amplitude of 
the flexor reflex and transmission in the a VF SOCP was 
present with a weaker correlation between the amplitude of 
the DRP and transmission in the b VFSOCP, suggesting common 
elements between each reflex pathway and VFSOCP; 
transmission in the cl and c3 VF SOCPs and across the olive 
was unchanged by these agents.

Parallel changes in transmission to the a and b 
VFSOCPs and these segmental reflex pathways were induced by 
activity in descending supra spinal systems (Sjolund, 
1978) . In the decerebrate cat transmission from the FRA to 
flexor motoneurons and the primary afferents is inhibited 
(Eccles & Lundberg, 1959; Carpenter, 1963), this inhibition 
being due to tonic activity in a descending reticulo spinal 
pathway running in the DLF and independent of activity in 
descending noradrenergic systems (Holmquist & Lundberg, 
1959) . Transmission to the a & b VF SOCPs was similarly 
inhibited at the segmental level in the decerebrate 
preparation. Lesions of the DLF released both the reflex
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pathways and VFSOCPs from inhibition, while continuous 
stimulation of the DLF almost abolished transmission in the 
a VFSOCP and increased the latency of the b VFSOCP, a 
parallel inhibition of the flexor reflex and DRP was 
present. Continuous stimulation of the isolated ventral 
funiculus induced a similar inhibition of transmission in 
both a and b VFSOCPs, with only minimal inhibition of 
segmental reflex pathways, and may be mediated by the 
ventral reticulospinal path which has an inhibitory action 
on segmental interneurons (Jankowska, Lund, Lundberg & 
Pompeiano, 1968).

Excitatory effects are also mediated by descending 
pathways running in the DLF and VF. A brief train of 2 or 
3 stimuli to the DLF evoked a CFR in the a and b zones and 
a flexor motoneuron discharge and DRP; similarly, one or 
two stimuli to the VF evoked a CFR in the a and b zones and 
a segmental response with a longer stimulus train. The 
latency of the responses in the a and b zones indicate a 
polysynaptic pathway to the spino-olivary neurons. The 
descending pathways mediating these actions have not yet 
been determined, however excitatory effects on segmental 
and ascending pathways have been described from both rubro 
and corticospinal paths lying in the DLF. (Lundberg & 
Voorhoeve, 1962; Carpenter Lundberg & Norsell, 1963; Kongo, 
Jankowska & Lundberg, 1969 (segmental paths); Magni & 
Oscarsson, 1961 (VSCT)). Similar excitation of segmental 
and ascending paths activated from the FRA have been found
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from the lateral vestibulospinal tract lying in the ventral 
quadrant (ten Bruggencate & Lundberg, 1974 (segmental); 
Baldissera & Roberts, 1976 (VSCT)).

Neither inhibitory or excitatory effects from 
activity in these descending pathways on transmission to 
the Cl or C2 VF SOCPs were demonstrated in these
experiments, so these paths appear to signal activity in 
the FRA independent of supraspinal control.

Control of the transmission through the DFSOCP
The olivary projection from the dorsal column nuclei 

arises from a distinct subgroup of cells from the
projection to cerebellum and thalamus (Alonso, Blanco, 
Paino & Rubia, 1986) and may have a disynaptic connection 
with primary afferents terminating in the nuclei (Ekerot & 
Larson, 197 9a). The receptive fields of neurons in the 
dorsal column nuclei include inhibitory surrounds (Gordon 
6 Jukes, 1964) and similar fields have been found for
olivary neurons (Gellman, Houk & Gibson, 1983). Inhibitory 
responses to peripheral afferent stimulation are mediated 
by both pre and postsynaptic inhibition within the dorsal 
column nuclei (Andersen, Eccles, Schmidt & Yokota, 
1964a,b,c; Andersen, Etholm & Gordon, 197 0) . The dorsal 
columns also contain axons of postsynaptic neurones, which 
are themselves under the control of descending pathways and 
which terminate in the dorsal column nuclei (Noble &
Riddell, 1989).
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The dorsal column nuclei also receive afferents from 
cerebral cortex (Kuypers & Lawrence, 1967) red nucleus 
(Holstege & Tan, 1988) and the gigantocellular reticular 
nucleus (Sotgui & Marini, 1977). Stimulation of cerebral 
cortex inhibits transmission in the dorsal column nuclei by 
presynaptic inhibition of primary afferents (Towe & Jabbur, 
1961; Andersen, Eccles, Schmidt & Yokota, 1964a,b). 
Similar inhibition can be evoked from stimulation within 
the reticular formation after degeneration of the cerebral 
cortex and has the same time course as primary afferent 
depolarization in the nucleus (Cesa Bianchi & Sotgui, 
1969) . Transmission through the nuclei is inhibited during 
voluntary movements including locomotion (Ghez & Pisa, 
1972; Coulter, 1974) and by visual and auditory stimuli 
(Atweh, Banna, Jabbur & Tomey, 1974) which is mediated by 
presynaptic inhibition from cortical and reticular 
afferents.

A number of investigations have demonstrated the 
convergence of climbing fibre activation from peripheral 
and cortical stimulation (Miller, Nezlina & Oscarsson, 
1969; Rowe, 1977; Andersson & Nyquist, 1983) and at least 
one cortico-olivo- cerebellar path involves a relay in the 
dorsal column nuclei (Andersson, 1984a). Cortical and 
peripheral stimulation at intensities below threshold for 
evoking a climbing fibre response may however inhibit a 
subsequent CFR and the effective cortical areas correspond 
to those from which a CFR in that area can be evoked
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(Leicht, Rowe & Schmidt, 1973b; Fennell & Rowe, 1973; Rowe, 
1977; Andersson & Nyquist, 1983). Recently direct evidence 
that inhibitory interactions within the dorsal column 
nuclei are involved in the cortical and peripheral induced 
inhibition of DFSOCPs has been obtained (Apps & Lidierth, 
1989) and the inhibition is antagonised by application of 
a GABA antagonist to the dorsal column nucleus .(Lidierth,1991)

Control of transmission in spino-olivo-cerebellar paths 
during locomotion.

The physiological control of transmission in the cl
and c2 SOCPS has been investigated in the intact cat during
spontaneous locomotion (Apps, Lidierth & Armstrong, 1990; 
Lidierth & Apps, 1990). CFRs were evoked by stimulation of 
the superficial radial nerve through implanted cuff 
electrodes with monitoring of the compound action potential 
to exclude movement related changes in stimulus efficacy.

Transmission in the c2 SOCP was inhibited during
locomotion, manifested as a reduction of both CFR amplitude 
and the probability of a CFR being evoked by each stimulus. 
At low stimulus intensity CFRs could be completely
suppressed during locomotion, reappearing at higher 
stimulus intensity. Within the step cycle, CFR amplitude 
was phasically modulated at 7 of the 11 recording sites, 
maximal CFRs occuring at mid stance or late swing. 
Ipsilateral and contralateral responses were modulated in 
phase despite the out of phase limb movements.
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The absence of modulation at some recording sites may 
reflect a ceiling effect because the threshold for 
eliciting a CFR varied fourfold between recording sites and 
a decrease in the depth of modulation was observed with 
increasing stimulus intensity.

Transmission in the cl SOCP from the fore limb revealed 
a similar modulation during locomotion, with maximal CFRs 
evoked during the mid to late swing phase of the 
ipsilateral forelimb and minimal responses during early 
stance or the transition to swing, while the probability of 
a CFR being evoked by each stimulus varied with the same 
phase relationship. The depth of modulation was also 
attenuated by increasing stimulus intensity.

Variation in the probability of CFRs indicates a 
precerebellar site of modulation in the cl and c2 SOCPs, 
the modulation of CFR amplitude was also attributed to a 
precerebellar locus on account of the similar phasic 
modulation of the dendritic and somatic components of the 
CFR. The earliest component of the cl CFR, which can be 
attributed to the short latency DFSOCP, is also phasically 
modulated during the step cycle, indicating a modulatory 
influence at the cuneate or olivary level.

The inhibition of transmission in these pathways 
occurs at appropriate phases of the step cycle to attenuate 
transmission of the appropriate proprioceptive and 
exteroceptive afferent activity generated by locomotion, 
consistent with the absence of modulation of spontaneous 
climbing fibre discharge in the intact cat during
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locomotion. In the intact animal however it is not possible 
to distinguish between the modulatory effects of the 
central motor command and that due to activity in sensory 
afferents generated by movement.
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VI. Respiration and motor control,

i) The respiratory motor system.

The rhythmic respiratory activity of the trunk muscles 
is dependent on the integrity of structures in the 
brainstem. A small area in the medulla was identified by 
Flourens (1842) as responsible for the generation of the 
respiratory rhythm.

This concept of "respiratory centres" was developed in 
a series of experiments by Lumsden (1923), and from the 
effects of progressively more caudal brainstem transections 
he identified four centres, a caudal gasping centre, an 
expiratory centre in the rostral medulla, an apneustic 
centre in the caudal pons and a pneumotaxic centre in the 
rostral pons. These centres were stimulated by hypercapnia 
and hypoxia and were under the reflex control of vagal 
afferents mediating the Hering-Breuer reflexes. 
Subsequently the motor output of such centres has been 
studied at the segmental level.

Intracellular recording from thoracic motoneurons 
projecting to the internal and external intercostal muscles 
revealed rhythmic depolarisations and hyperpolarisations 
designated as central respiratory drive potentials (CRDPs), 
which were abolished by rostral cord transection. (Eccles, 
Sears & Shealy, 1962). When these depolarisations reached
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threshold the characteristic discharge of inspiratory and 
expiratory motoneurons, recorded from the nerve filaments 
was generated (Sears, 1963, 1964b). It was further
demonstrated that the hyperpolarisation during each phase 
resulted from postsynaptic inhibition, as the intracellular 
injection of chloride ions reversed the hyperpolarisation 
to a depolarisation (Sears, 1964d). Similar slow potentials 
have also been recorded from the phrenic motoneurons 
responsible for the inspiratory activity of the diaphragm.

In the unitary recordings from intercostal nerve 
filaments the alpha and gamma motoneuron discharges were 
clearly distinguished by spike amplitude, the discharge of 
large spikes being correlated with electromyographic 
activity and occurring phasically through the respiratory 
cycle. The discharge of small amplitude spikes could be 
recorded from filaments innervating segments without EMG 
activity and occurred either tonically or phasically with 
frequency modulation in phase with the respiratory cycle. 
These discharge patterns persisted during paralysis and are 
thus centrally generated. When the PaC02 is artificially 
lowered by increasing ventilation the rhythmic discharge is 
abolished and expiratory motoneurons show a tonic discharge 
modulated by the segmental stretch reflex evoked by the 
pump induced inflation of the chest wall (Sears, 1964 
b,c,d; Bainton, Kirkwood & Sears, 197 8)

The pattern of inspiratory and expiratory discharge 
is strongest in the filaments to the most proximal segments
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of the intercostal muscles and decreases distally, also 
there is a rostrocaudal gradient of activity such that 
inspiratory activity is predominant rostrally and 
expiratory activity caudally (Bainton, Kirkwood and 
Sears, 1978) .
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ii) Segmental integration.
Motoneurons in the thoracic spinal cord have been 

located anatomically (Coffey, 1971) and 
electrophysiologically (Kirkwood et al., 1988) They form a 
continuous column in the ventral horn, motoneurons 
projecting to the dorsal ramus and levator costae nerve 
lying medially and those projecting to the intercostal 
nerves lying laterally though with considerable overlap of 
the two pools. Within the pool of neurons projecting to the 
intercostal muscles those supplying the internal 
intercostal muscle, particularly the interchondral part, 
lie lateral to the external intercostal motoneurons. 
Intercostal motoneurons thus occupy a position intermediate 
between that of the paraspinal axial motoneurons and 
motoneurons to the limb muscles in the lumbar and cervical 
enlargements.

Intercostal motoneurons receive both monosynaptic and 
polysynaptic connections from primary and secondary muscle 
spindles in homonymous nerves of the same and adjacent 
segments (Sears, 1964c; Kirkwood & Sears, 1974; Kirkwood & 
Sears, 1981). Stimulation of higher threshold afferents, 
(2x threshold or above), gives rise to a later reflex 
discharge in expiratory nerves to several adjacent 
segments, the polysynaptic intercostal to intercostal 
reflex (Downman, 1955). The reflex was elicited by 
stimulation of the internal intercostal and lateral 
intercostal branch reflecting activation of cutaneous or 
high threshold muscle afferents (Aminoff & Sears, 1971),
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but only with much higher stimulus intensity from the nerve 
to the external intercostal, which is a pure muscle nerve. 
The short latency expiratory nerve discharge is accompanied 
by reciprocal inhibition of the inspiratory motoneuron 
discharge in the inspiratory internal intercostal nerve, 
which may be followed by a late reflex discharge. The 
amplitude of the reflex discharge of expiratory motoneurons 
in the internal nerve is reduced during the inspiratory 
phase, corresponding to the hyperpolarising phase of the 
CRDP, and is enhanced during expiration. Cortical 
stimulation with a brief train of impulses to areas from 
which thoracic movements were elicited prior to paralysis, 
evoked a similar expiratory discharge and reciprocal 
inhibition of inspiratory neurons, and this response showed 
a similar phasic modulation by the respiratory cycle.

Stimulation within the medial reticular formation 
causes a sustained activation of inspiratory motoneurons 
and reciprocal inhibition of expiratory motoneurons 
(Andersen & Sears, 1970). This activity persists after 
sagittal brainstem lesions which interupt the bulbospinal 
respiratory axons and appears to represent a separate 
reticulospinal projection to the thoracic level.

An interneuronal network was proposed that could 
subserve both the reciprocal inhibition observed from 
segmental and descending inputs and the reciprocal 
depolarising and hyperpolarising phases of the CRDPs 
mediated by convergence on common segmental interneurons 
(Aminoff & Sears, 1971) .
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Respiratory related interneurons have been 
characterised in the thoracic spinal cord (Kirkwood, 
Munson, Sears & Westgaard, 1988; Sumi, 1963;) and 
quantitative estimates indicate they are an order of 
magnitude more abundant than bulbospinal neurons. Of the 
identified interneurons, the majority had contralaterally 
projecting axons and many had axons descending over several 
segments. Units were classified according to their 
discharge characteristics, the majority being either 
inspiratory or expiratory and differing from the 
motoneurone discharge by a more tonic or early onset of 
phasic discharge. 1% of the interneurons were classified 
as post inspiratory, a pattern of discharge that 
interestingly is not exhibited by the bulbospinal 
respiratory neurons, and a small group of interneurons 
discharged in relation to the pump cycle. Many units were 
activated by stimulation of peripheral nerves generally at 
high thresholds (5-lOx nerve threshold and responded with 
a train of spikes at latencies 10-20 msec) and may mediate 
the reflex effects from the high threshold afferents 
(Aminoff & Sears, 1971) although they were unresponsive to 
stimulation of low threshold afferents less than 2x 
threshold. Some of these interneurones may mediate the 
hyperpolarising phase of the CRDP, as inhibition of an 
expiratory motoneurone from an identified interneuron has 
been demonstrated (Kirkwood, Munson, Westgaard & Sears, 
1988) .
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iii) Postural reflexes.

The postural stability of axial structures depends on 
both local proprioceptive reflexes and descending 
influences from neck and vestibular receptors which serve 
to stablilise the head or the trunk.

Passive movements of the chest wall elicit reflex 
activity in both alpha and gamma motoneurons (Sears, 1962, 
1963; Corda, Von Euler and Lennerstrand, 1965; Critchlow 
and Euler, 1963) which persists in the spinal preparation. 
The pattern of respiratory activity reflects the 
interaction between the central respiratory drive (the 
command for respiratory movement) and segmental reflex 
activation. Following dorsal root section the phasic alpha 
respiratory motoneuron discharge is greatly attenuated or 
abolished (Sears, 1964b). However these motoneurons 
continue to receive phasic depolarisation and 
hyperpolarisation comprising the CRDP (Sears, 1964d), the 
question of whether or not the motoneuron reaches threshold 
then being determined by the net level of synaptic 
excitation driven either by the prevailing level of 
chemical drive (central and peripheral chemoreceptors) or 
other descending systems (vide supra) which Sears (1977) 
has suggested determine the "operating point" of the 
system. Thus postural activation may reveal previously 
subthreshold respiratory activity in both inspiratory 
(Goldman, Loh and Sears, 1985) and expiratory muscles (De
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Troyer and Ninane, 1987). However, tonic activity in the 
absence of respiratory modulation may occur in both alpha 
and gamma motoneurons, such activity being most prominent 
in those muscles with the highest proportion of muscle 
spindles, the rostral external intercostale (Sears, 1964c; 
Duron, 1973; Duron & Marlot, 1987), and may serve a 
primarily postural role with respiratory recruitment only 
at high drive, and phasic respiratory activity 
predominating in those muscles with the lowest proportion 
of spindles, the diaphragm and interchondral muscles.

The neck and vestibular reflexes which serve to 
stablize the head in space, both provide a postural 
activation of axial muscles which is integrated with the 
respiratory drive (Massion, Meulders & Colle 1960a,b; 
Corda, Von Euler and Lennerstrand, 1966), such reflex 
stimulation contributing a tonic activation of both 
inspiratory and expiratory intercostal muscles without 
directly affecting diaphragmatic activity. These postural 
reflexes may be conveyed over both vestibulospinal pathways 
which make inhibitory and excitatory monosynaptic 
connexions with thoracic motoneurons and reticulo spinal 
projections from the nucleus reticularis gigantocellularis 
which predominantly activate inspiratory motoneurons 
(Andersen & Sears, 197 0).
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iv) Integration of locomotion and respiration.

In quadrupeds the thoracic and associated musculature 
is involved in the rhythmical movements of respiration and 
locomotion, and the thorax is subjected to repeated impact 
loads during footfall. Such biomechanical constraints 
require a close functional cooperation between respiratory 
and locomotor activity. In several species a fundamental 
coupling of one stride per breath is observed during fast 
running (Bramble & Carrier, 1983), while transitions 
between higher and lower coupling ratios may occur although 
coupling is not obligatory.

The human bipedal gait generates oscillatory trunk 
movements (Thorstesson et al. 1984) with two cycles per 
step in the frontal and vertical axes and one per step in 
the lateral axis. Despite differing mechanical constraints 
locomotor respiratory coupling is also present with a 
predominant ratio of 2:1, the respiratory cycle being 
characteristically locked to a particular footfall (Bramble 
& Carrier, 1983). Axial trunk muscles are rhythmically 
active with two bursts of cocontraction per step cycle 
(Thorstensson et al., 1982). The amplitude of each burst is 
asymmetric with maximal activity coinciding with 
contralateral deviation of trunk. Similar locomotor related 
activity is present in the axial muscles of the cat 
(Carlson et al., 1980) and such activity serves a postural 
role in limiting axial movement during locomotion.
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Coupled locomotor and respiratory activity in the 
intact animal may arise peripherally from postural reflexes 
acting on respiratory muscles or from synchronization of 
locomotor and respiratory cycles by common afferent 
signals. Direct coupling of the central rhythm generators 
has however been demonstrated in the paralysed vagotomised 
rabbit preparation. (Viala & Freton, 1983) . The
spontaneous respiratory discharge recorded from the phrenic 
nerve can be entrained with a 1:1 coupling by eliciting 
locomotor activity in the decerebrate, similar coupling 
being present in the high spinal preparation. Furthermore 
hypercapnia evoked long lasting phrenic bursts with an 
independent frequency in the spinal preparation, and in 
turn these "respiratory" rhythms could entrain the 
locomotor rhythm. The integration of locomotion and 
respiration reflects both peripheral and central coupling 
between the respective rhythm generators.

v) Integration of posture and movement.

Classical experiments in the decerebrate cat 
demonstrated that stepping movements could be elicited by 
electrical stimulation of the transected brainstem; in 
subsequent experiments the extent of this mesencephalic 
locomotor region (MLR) has been defined and corresponds to 
the nucleus cuneiformis, which represents the rostral 
extension of a column of cells which project into the 
dorsolateral funiculus, stimulation of which elicits
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locomotion (Mori, 1987; Armstrong, 1986). However, 
stimulation is only effective if the limbs generate 
adequate postural support with the trunk supported in a 
hammock. Functional integration of posture and locomotion 
is mediated by parallel descending pathways from the 
brainstem. Stimulation within the medial pons identifies 
ventral excitatory and dorsal inhibitory systems regulating 
postural tone. Stimulation of the dorsal inhibitory system 
reduced extensor tone and abolishes MLR evoked stepping.

High decerebrate preparations, in which the plane of 
section spares the subthalamic and posterior hypothalamic 
regions, display spontaneous locomotion, and stimulation 
within the subthalamic locomotor region (SLR) also evokes 
locomotion which is inhibited by stimulation of the dorsal 
pontine inhibitory postural system.

In the intact animal stimulation at these sites evokes 
a similar sequence of postural adjustment and locomotor 
activity associated with signs of behavioural arousal. The 
onset of exercise in intact animals is associated with 
abrupt respiratory and cardiovascular responses which 
anticipate metabolic demands and similar responses are 
observed following stimulation of the SLR (Millhorn et al.,
1987). Thus the output of higher level motor structures 
represents an integral command from which individual 
components of a response are elaborated in a coherent 
pattern.
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vi) The role of cerebellum in locomotion.

Afferent information during locomotion is conveyed to 
the cerebellar cortex and nuclei over the DSCT, VSCT and 
RSCT which transmit information related to the state of the 
peripheral motor system. The two latter systems also 
transmit information related to the state of the central 
segmental motor system (Arshavsky et al. 1986) both of 
which are phasically active during fictive locomotion. 
Efferent activity exerts an influence on locomotion via the 
descending reticulospinal, lateral vestibulospinal and 
rubrospinal pathways.

i) Reticulospinal tract fastigial nucleus and medial
vermis (a zone) system.

Phasic activity, locked to the step cycle is present 
in identified reticulospinal neurons in the intact cat 
(Drew et al. 1986), many cells discharging with two peaks 
of activity closely related to activity of fore or hindlimb 
muscles. The average pattern was of maximal discharge in 
the swing phase when activity is greatest in flexor 
muscles. Electrical stimulation of reticulospinal neurons 
enhanced activity in ipsilateral flexor muscles during the 
swing phase (Orlovsky, 1972b; Drew and Rosssignol, 1984) 
and evoked reciprocal responses in contralateral limbs. 
Rhythmic activity was abolished following ablation of the 
cerebellum (Arshavsky et al., 1986) indicating that 
rhythmic modulation derives from the fastigial projection
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to the reticulospinal neurons.

Activity in fastigial neurons during locomotion in the 
decerebrate preparation displays a similar phasic 
modulation with maximal activity of the population occuring 
in the swing phase (Arshavsky et. al. 1986). No 
information is available regarding the activity of the 
Purkinje cells projecting to the fastigial nucleus in 
either the decerebrate or intact animal.

ii) Lateral vestibular tract and lateral vermis (b 
zone) system.

A rhythmic discharge phase locked to the 
locomotor cycle has been recorded from vestibulospinal 
neurons in the decerebrate cat (Arshavsky et al. 1986) 
walking on a moving belt. When stepping was confined to 
the hindlimbs the mean discharge rate increased with both 
tonic and phasic patterns in individual cells, peak 
discharge of the population coinciding with the stance 
phase of the cycle over a range of stepping frequencies. 
Cerebellectomy resulted in a marked increase in discharge 
rate but loss of the rhythmic activity.

In the study of Udo et al. (1982) in which cordinated 
quadrupedal locomotion was evoked, both forelimb and 
hindlimb projecting neurons displayed rhythmic activity 
one group of cells having a single peak of activity during 
the stance phase the second group displaying two peaks one 
preceding and the other during the stance phase.
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Lesions of Deiters nucleus cause a marked reduction in 
extensor muscle activity during locomotion (Orlovsky, 
1972b); conversely, stimulation of vestibulospinal neurons 
evoked extensor activity which summated with the rhythmic 
activity of the central pattern generator (CPG), being 
largely gated out during the swing phase (Orlovsky, 1972b). 
Cooling of the lateral vermis results in enhanced extensor 
activity with a modest increase in both stance and step 
cycle duration (Udo et al., 197 6) and associated with a 
substantial enhancement of the peak discharge of 
vestibulospinal neurons during stance. This contrasts with 
the finding that cerebellectomy resulted in a marked 
increase in tonic discharge but loss of rhythmic modulation 
of vestibulospinal neurons (Orlovsky, 1972c). This 
discrepancy is likely to reflect methodological differences 
as cerebellectomy will remove both the projection from the 
vermis and from the fastigial nucleus, and hindlimb 
stepping compared to quadrupedal stepping provides a less 
powerful phasic afferent drive to vestibulospinal neurons 
(Udo et al., 1982) .

These experiments indicate that the Purkinje cells of 
the B zone exert a net inhibitory effect on the rhythmic 
activity of vestibulospinal neurons. Recording from 
Purkinje cells in fore and hindlimb microzones of the B 
zone revealed a phasic modulation of the discharge (Udo et 
al. 1981). Two patterns of discharge were identified. A 
subset of the Purkinje cells in both fore and hindlimb
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zones displayed a single peak of activity during the early 
phase of extensor activity, while the remaining cells 
displayed two peaks of activity during the early extensor 
phase and during stance. This rhythmic activity is in 
phase with the activity of neurons in Deiters nucleus, and 
would act to damp the rhythmic activity in these neurons 
rather than enhancing their activity.

iii) Rubrospinal tract, anterior interpositus nucleus and
intermediate cerebellar cortex system.

Rhythmic activity has been recorded from hindlimb 
rubro-spinal projections (Orlovsky, 1972d). Most cells 
discharged rhythmically and the peak activity of the 
population of cells correlated with the onset of flexor 
activity at the end of stance and the onset of swing in the 
contralateral hindlimb; a few cells displayed peaks during 
both swing and stance. Stimulation of rubrospinal neurons 
during hindlimb stepping in the decerebrate cat revealed 
marked enhancement of flexor muscle activity during swing 
with little effect during stance. Following 
decerebellation the rhythmic activity of rubrospinal 
neurons was abolished or markedly attenuated and the mean 
discharge rate substantially reduced (Orlovsky, 1972d), 
indicating that the rhythmic activity of rubrospinal 
neurons derives from the anterior interpositus nucleus.

Lesions of the anterior interpositus nucleus result in
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hypoflexion of the ipsilateral limbs during locomotion 
which particularly affects the distal joints. Conversely 
cooling or lesioning the paravermal cortex results in 
hyperflexion of the limbs and instability of gait (Chambers 
& Sprague, 1955a,b; Udo et al., 1979a,b).

All cells of the anterior interpositus nucleus in the 
decerebrate cat which responded to hindlimb stimulation 
displayed rhythmic activity during hindlimb stepping 
(Arshavsky, et. al. 1986). Although the phase relationship 
varied widely in individual neurons, the peak discharge in 
the population of cells correlated with flexor activity 
during the swing phase. AIN neurons with receptive fields 
on one or both forelimbs also discharged rhythmically in 
the intact cat walking on a belt (Armstrong & Edgley 1984a;
1988) and they also displayed a wide individual variation 
of patterns of discharge. But the population of cells had 
a peak discharge correlated with the swing phase of the 
ipsilateral forelimb, similar phasic activity being 
observed in a further quarter of cells whose receptive 
fields included the thorax. Rhythmic activity with no 
clear population peak was also found in cells related to 
the neck and head.

The anterior interpositus receives a convergent 
topographical projection from the cl and c3 zones in the 
medial and lateral intermediate cortex. The first 
recordings from paravermal Purkinje cells of lobules II and
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Ill in the "hindlimb stepping" decerebrate cat (Orlovksy 
1972d) revealed rhythmic activity in most cells with 
considerable individual variation in their phase relation 
to the step cycle, but with a population peak in the early 
stance phase. As this pattern of activity was out of phase 
with the AIN neurons it was envisaged that this latter 
activity was related to phasic disinhibition from the 
cortex.

Recent studies in the intact cat walking on a belt 
(Armstrong & Edgley 1984b, 1988; Edgley & Lidierth 1988)
have provided conflicting results. Purkinje cells lying in 
lobule V were classified as belonging to the cl, c2 or c3 
zones on the basis of their complex spike receptive fields 
and mediolateral location. The majority of cells had 
receptive fields for both complex and simple spikes 
restricted to the distal forelimbs, and a few cells had 
receptive fields covering the head, neck or trunk. Almost 
all cells discharged rhythmically and despite individual 
variation the population exhibited a clear peak of activity 
in the swing phase of the ipsilateral forelimbs. Despite 
the wide individual variation within each zone, a 
mediolateral gradient was apparent both between the cl and 
c3 zones and within the c2 zone such that peak activity 
occurred later in the cycle in the more lateral cells.

The rhythmic activity of these paravermal Purkinje 
cells is in phase with activity in the AIN similar to the 
relationship between b zone and Deiters nucleus neurones
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and implies that the cortex acts to damp the activity in 
the cerebellar nuclei during locomotion. This conflicts 
with the results of Orlovsky's (1972a) study in which 
paravermal activity was out of phase with activity in the 
interpositus. It seems likely that their population of 
cells included some lying in the b zone which extends into 
the paravermal area in rostral lobules.

A consistent finding is an increase in activity of 
both cerebellar nuclear cells and Purkinje cells at the 
onset of locomotion (Orlovksy, 1972a,c; Armstrong & Edgley, 
1984a,b). Orlovsky (1972a) noted an increase in activity in 
these neurons with increasing "vigour" of locomotion. In 
a comparison of the discharge of interpositus and 
paravermal Purkinje cells in the intact cat during 
locomotion at different speeds and between locomotion on 
the level and uphill (Armstrong & Edgley, 1988) only modest 
increases in discharge of both cell types were found 
despite substantial increases in the vigour of locomotion. 
The cerebellar output is involved in the coordination of 
locomotion independently of its power control (Mori, 1987).

One situation in which the cerebellum may play a 
critical role is in the response to perturbation during 
locomotion. Following a perturbation of hip flexion in the 
swing phase in the decerebrate cat there is a compensatory 
change in activity of the hip flexors and a coordinated 
response of the distal limb joints. This is associated
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with significant changes in the pattern of rubrospinal 
discharge (Orlovsky, 1972d) which may be mediated through 
the cerebellum. Similarly, a tap to the dorsum of the paw 
evokes a coordinated stumble corrective response dependent 
on the phase of the step cycle and characterised by 
shortening of the ipsilateral stance phase with premature 
onset of extensor activity in the contralateral limb. 
Activity in vestibulospinal neurons preceded the 
contralateral extensor activity (Udo et al., 1982) and 
Purkinje cell discharge in the B zone displayed a mixed 
response with a predominant decrease of activity in most 
cells. Afferent signals reaching Deiters nucleus would 
thus find the gain of the pathway enhanced by the 
predominant disinhibition from the cerebellar cortex.

These studies are consistent with the function of the 
cerebellar cortex as an inhibitory sidepath to pathways 
through the cerebellar nuclei, gain control in such 
pathways being determined by the operation performed in the 
cortex on its afferent information.

Olivary discharge during locomotion and limb movement.
A number of studies have investigated climbing fibre 

discharge in relation to the step cycle in the decerebrate 
cat. In the caudal MAO, which projects to the a zone of 
the medial vermis, the discharge of single cells showed no 
obvious corrrelation to any individual step cycle though in 
2 of 5 cells that were recorded for a sufficient number of
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cycles a clear relationship was present in the cycle 
histogram, with two peaks occurring in relation to the 
onset of stance and swing phases in the ipsilateral
hindlimb. Similar observations were made in multiple unit
recordings though it was apparent that different units were 
discharging at the preferred times in each individual 
cycle. Field potentials evoked from antidromic stimulation 
of the medial vermis also showed rather modest fluctuations 
throughout the step cycle compatible with variation in 
excitability of the population of cells (Boylls, 1980) 
Similar studies in the decerebrate cat, recording complex 
spike discharge in relation to the step cycle in the 
forelimb area of the b zone of the lateral vermis (Udo, 
Matsukawa, Kamei, Minoda & Oda, 1981) or intermediate
cortex of lobule V (Kim, Wang & Ebner, 1987), both revealed
increases in complex spike discharge related to the onset 
of the stance phase of the ipsilateral forelimb.

Although the locomotor patterns generated in the 
decerebrate preparation are quite sophisticated they differ 
from that of the intact animal (Armstrong, 1988) and thus 
the pattern of afferent sensory input generated will 
differ. In addition the loss of tonic as well as step cycle 
related activity in descending pathways (Armstrong & Drew, 
1984a,b) may compromise transmission at multiple segmental 
and suprasegmental sites on afferent pathways.

Investigation of olivary discharge (Gellman, Gibson & 
Houk, 1985) or complex spike discharge in the b zone and 
intermediate cortex in awake cats during locomotion
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(Armstrong, Edgley & Lidierth, 1988; Andersson & Armstrong, 
1987) has consistently failed to demonstrate any relation 
to unperturbed locomotion. Inferior olivary neurons are 
remarkably sensitive to passive mechanical stimulation 
(Rushmer, Roberts & Augter, 1976) however similar 
stimulation on touch down of the paw during spontaneous 
locomotion failed to evoke olivary discharge unless it 
occurred during an unexpected perturbation of movement 
(Gellman, Gibson & Houk, 1985). Similarly in cats trained 
to walk on a circular ladder with several hinged rungs, no 
modulation of complex spike discharge in the b zone 
occurred during the step cycle, unless the cat stepped on 
a hinged rung. Such perturbation frequently evoked a 
complex spike with a latency corresponding to the stimulus 
of initial descent of the rung (Andersson & Armstrong, 
1987) .

In the decerebrate cat perturbation of the step cycle 
on a treadmill failed to evoke complex spike discharge in 
the a zone (Boylls, 1980), but the inhibition of 
transmission in segmental pathways and in the VF SOCP to 
the a zone could inhibit such a response in the decerebrate 
(Andersson & Sjolund 1978).

Gilbert and Thach (1977) recorded the simple and 
complex spike discharge of Purkinje cells in the 
intermediate cortex of awake monkeys trained to maintain a 
manipulandum within a set distance from a central position 
indicated by a light stimulus; an imposed torque displaced 
the lever and prompt repositioning was rewarded. After
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training the imposed load against either flexion or 
extension was changed, the performance of the monkey in 
repositioning rapidly compensated for the load change. 
Following this load change the complex spike discharge, 
which had been occurring randomly at low frequency, 
occurred in most trials following the applied load by up to 
150 msec. Over the course of the improvement in performance 
the simple spike discharge was decreased following loading 
and the occurrence of a complex spike decreased in 
frequency. These observations are in accord with the 
predic t ions of the Marr Albus theories, however they take J

no account of changes in mossy fibre input that might occur 
with a change in motor strategy such as increased co
contraction to reduce limb compliance.

These observations in the intact preparation are 
consistent with the postulated role of the climbing fibres 
in signalling the detection of a deviation in motor 
performance from its predicted course and performing the 
"error detecting" role required by Albus' theory of 
cerebellar cortex (Albus, 1971). It would be of interest 
to know how the simple spike response to perturbation of 
locomotion in each zone (e.g. b zone Matsukawa & Udo,
1985) was modified with repeated trials which would be 
expected to evoke a complex spike discharge (e.g. b zone 
Andersson & Amstrong, 1987) and what contribution each 
cerebellar corticonuclear unit makes to the initial and 
compensated response to perturbation.
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vii) Role of the cerebellum in respiration.
Early studies on the role of the cerebellum in 

respiration involved observation following stimulation or 
ablation. Thus it was established that the cerebellum was 
not essential for the generation of the respiratory rhythm 
which persisted following complete decerebration (Stella, 
1937). But both the rate and depth of ventilation were 
increased, an effect attributable in part to the blood loss 
during surgery. Moruzzi (1940) showed that electrical 
stimulation of the vermis inhibited both the respiratory 
and cardiovascular response to occlusion of the common 
carotid arteries and he inferred that the cerebellum 
exerted a tonic inhibitory influence on respiration.

Evidence derived from such studies requires careful 
interpretation. Ablation of cerebellar structures 
inevitably affects the activity of parallel descending 
motor pathways and thereby could reset the "operating 
point" of the segmental apparatus, and the resulting 
mechanical effects on ventilation could, in turn, influence 
the central respiratory command through chest wall, 
pulmonary and chemosensory reflexes. The interpretation 
of respiratory effects of such experiments therefore 
required paralysis with artificial ventilation or 
vagotomy. In addition the effect of a lesion may be 
obscured when it includes adjacent zones with functionally 
antagonistic organisation.
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Following ablation or cooling of the anterior lobe in 
the paralyzed, vagotomised, decerebrate cat, increases in 
tonic and phasic discharge were observed in both external 
(inspiratory) and internal (expiratory) intercostal 
motoneurones (Corda, Von Euler & Lennerstrand, 1965). 
However, following complete cerebellectomy under similar 
experimental conditions, no permanent alterations in rate 
or depth of respiration, nor any change in the C02 
threshold for rhythm generation were observed, though 
transient apneusis was observed during the surgical 
ablation (Speck & Webber, 1982).

The effects of cerebellar stimulation also require 
careful interpretation. Electrical stimulation of the 
cortex will excite Purkinje cells directly and 
transynaptically through activation of parallel fibre and 
climbing fibre synapses. Antidromic activation of climbing 
fibre collaterals will tend to recruit Purkinje cells lying 
in functionally linked saggital zones. The high frequency 
stimulation generally employed (50 Hz Moruzzi, 1940; 180 Hz 
Corda, Von Euler & Lennerstrand, 1966; 300 Hz Meulders,
Massion & Colie, 1960; 50-200 Hz Lutherer and Williams,
1986) will evoke post stimulus inhibition of Purkinje cell 
discharge, which may explain the rebound phemonena often 
described following tetanic stimulation (Morruzzi, 1940; 
Meulders, Massion & Colle, 1960). Stimulation within the 
cerebellar nuclei or high intensity cortical stimulation 
will also antidromically activate mossy fibre afferents, as
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the vermis receives mossy fibre afferents from areas 
involved in respiratory and autonomic control (Somana & 
Walberg, 1979a,b). Such antidromic activation may have 
profound effects on these systems and may underlie the 
"fastigial" pressor response to electrical stimulation of 
the rostral fastigial region (Achari & Downman, 197 0; Doba 
& Reis, 1972) with its associated changes in respiratory 
pattern (Lutherer & Williams, 1986), as these effects were 
not observed following local injection of excitatory amino 
acids (Bradley, Pascoe, Paton & Spyer, 1987).

Because the cerebellar cortex is organised into 
functionally distinct narrow sag i ttal strips the effects  ̂
of stimulation will be critically dependent on stimulation 
site, and opposite effects may be elicited at sites 
separated by less than 1mm (Corda, Von Euler & 
Lennerstrand, 1965) while the effects of stimulation may be 
obscured if adjacent zones are stimulated together.

Despite these limitations consistent results have been 
obtained in the decerebrate cat. Stimulation of the vermis 
and paravermal area of the anterior lobe causes an 
ipsilateral inhibition and contralateral enhancement of 
tonic and respiratory related discharges in both 
inspiratory and expiratory alpha motoneurones (Meulders, 
Massion & Colie, 1960), as well as gamma motoneurones 
(Corda, von Euler & Lennerstrand, 1965). These effects 
were in the same direction and of the same pattern as those 
elicited by the tonic neck reflexes evoked by ipsi and 
contralateral neck flexion. A somatopic organisation was
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demonstrated, stimulation of Lobule VI inhibiting extensor 
tone in the ipsilateral forelimb. Lobules IV and V 
inhibiting the ipsilateral thoracic musculature and lobule 
III inhibiting ipsilateral hindlimb extensor tone.

The inhibition of postural tone in both thorax and 
limbs by stimulation of vermal and paravermal sites is 
therefore likely to be mediated predominantly by cerebellar 
inhibition of the lateral vestibular spinal tract which is 
tonically active in the decerebrate preparation.

Electrical stimulation of the rostral fastigial 
nucleus has repeatedly and consistently been shown to evoke 
a pressor response, (Achari & Downman, 197 0; Doba & Reis, 
1972; Lutherer & Williams, 1986; Bradley, Paton and Spyer, 
1987) and either a central apnoea (Bradley, Paton and 
Spyer, 1987) or mixed reponses with either apnoea followed 
by increased respiratory rate or a pure increase in rate 
(Lutherer and Williams, 1986) . Such responses are not seen 
following injection of excitatory amino acids (Bradley, 
Pascoe, Paton and Spyer, 1987) and persist after 
excitotoxic destruction of fastigial neurons (Henry & 
Connor, 1986), indicating that they are due to stimulation 
of fibres of passage.This could comprise either antidromic 
activation of mossy fibre afferents from the parabrachial 
region (Somana & Walberg, 1979b) or the solitary tract 
(Somana & Walberg, 197 9a; Zheng et al., 1982) which project 
to both anterior and posterior lobe vermis, or to 
activation of efferent projections from the anterior lobe 
cortex, as pressor effects have been observed following
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electrical (Ban, Hilliard & Sawyer, 1960) and chemical 
stimulation of the anterior vermis (unpublished 
observations cited in Bradley, Pascoe, Paton and Spyer,
1987) .

In the decerebrate preparation electrical or chemical 
stimulation of the posterior vermis. Lobules IX and Xa 
evokes an apneustic discharge and a pressor response. In 
the anaesthetised decerebrate, stimulation at these sites 
evokes apnoea and a depressor response (Bradley, Pascoe, 
Paton & Spyer, 1987, Cat; Bradley, Ghelarducci, Paton & 
Spyer, 1987, rabbit; Nisimaru & Watanabe, 1985, rabbit). 
Electrical but not chemical stimulation in the caudal 
fastigial area of the rabbit evoked similar responses 
indicating activation of the efferent projection from the 
uvula and nodulus in this species.

Anatomical studies have revealed pathways from the 
uvula to the parabrachial nucleus and the rostral nucleus 
of the solitary tract (Bradley, Ghelarducci, LaNoce, Paton, 
Sebastiani, Spyer & Sykes, 1989) and lesions of the 
parabrachial region abolish or attenuate the depressor 
response in anaesthetised preparations without affecting 
the pressor response in the decerebrate. Lesions of the 
fibre bundle to the nucleus of the solitary tract or local 
injection of bicuculline abolish the pressor response in 
the decerebrate to reveal a depressor response 
characteristic of the anaesthetised preparation (Paton & 
Spyer, 1990).
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Parallel pathways from the posterior vermis thus exert 
a tonic inhibitory influence over opposing central 
respiratory and cardiovascular centres in the decerebrate. 
Aspiration of the uvula disinhibits the baroreceptor reflex 
(Bradley, La Noce & Spyer, 1990) and electrical stimulation 
of the uvula inhibits both spontaneous activity in 
barosensitive neurons in the solitary nucleus and 
excitation from aortic or sinus nerve stimulation (Paton, 
Silva-Carvalho, Goldsmith & Spyer, 1990).

The nodulus and uvula receive a prominent vestibular 
mossy fibre input and contribute to the maintenance of 
equilibrium. Labyrinthine stimulation evokes a
vasodepressor response (Spiegel and Demetriades, 1922) and 
electrical stimulation of the vestibular nerve evokes a 
predominant inhibition of sympathetic activity (Megirian & 
Manning, 1967; Uchino et al., 1970). Vestibular
stimulation can thus modulate sympathetic reflexes, which 
in turn are modulated by the posterior cerebellar vermis.

The cerebellum thus has two fundamentally different 
roles in relation to respiration; through the projections 
from the uvula and nodulus it can modulate the central
respiratory and cardiovascular reflexes and through the
projections from the a,b and c zones it coordinates the
activity of the respiratory motor apparatus.

The anterior lobe receives a mossy fibre input from 
the thorax (Coffey, Godwin Austin, Macgillivray & Sears,
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1971). In the barbiturate anaesthetised cat characteristic 
mossy fibre evoked responses were recorded in the vermis 
and intermediate cortex of lobules IV and V. These responses 
had a punctate distribution with a slight preponderance in 
rostral areas of responses from lower thoracic segments. 
Short latency (2.4msec from T2, 4.8msec from TlO) and 
longer latency (>10 msec from T8) responses were found, 
corresponding to spinocerebellar and spino-reticulo- 
cerebellar pathways respectively and also a climbing fibre 
representation which was not studied in detail. Selective 
lesions of the spinal afferent tracts confirmed that the 
short latency pathways had the anatomical distribution of 
the DSCT, VSCT and dorsal column pathways. The whole 
rostrocaudal extent of the thorax was represented in the 
DSCT, and the VSCT representation extended to at least T4. 
More rostral segments may be represented in the rostral 
spino cerebellar pathway, the forelimb homologue of the 
VSCT (Oscarsson, 1965). The dorsal column pathways convey 
inputs from as low as T8.

Anatomical studies have identified spinocerebellar 
neurons throughout the thoracic cord. (Matsushita et al., 
197 9) lying in and adjacent to Clarkes column and laminae 
V, VII and VIII. Anterograde labelling of these pathways 
(Matsushita et al., 1984; Yaginuma & Matsushita, 1986; 
Yaginuma & Matsushita, 1987) reveals an extensive 
projection to all lobules of the anterior lobe and 
extensively to the posterior lobe particularly the
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paramedian lobule, with a substantial contralateral 
component. Labelled terminals formed nine narrow saggital 
strips corresponding to the A,B,C1,C2,C3 and D zones.

It has been proposed that the overlapping distribution 
of mossy fibres from the thorax and limbs provides an 
anatomical basis for the integration of information from 
the trunk and limbs (Coffey et al. 1971).

Although the role of the cerebellum in rhythmical 
movements has been extensively investigated (Arshavsky, S 
Gelfand & Orlovsky, 1986; Armstrong, 1986, 1988) there is 
little information on activity in cerebellar afferent or 
efferent pathways during respiration, though respiratory 
related activity was recorded from the cortex in early 
investigations (Dow & Moruzzi, 1958) .
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VII. Aims of the investigation.

The principal theories of cerebellar cortical function 
propose that the climbing fibres convey a motor error 
signal and experiments confirm that climbing fibre 
discharge is related to perturbation of movement rather 
than the appropriate afferent activity consequent on the 
movement itself. The main aim of the investigation was to 
make use of the respiratory system, with its automatic
central rhythm generation as a exemplary motor system to 
study the neurophysiologcal mechanisms controlling 
transmission in spino-olivo-cerebellar paths from the 
thorax, that would confer on these pathways the property of 
selective response to unanticipated afferent activity 
reflecting a perturbation or motor error signal.

We proposed to investigate the control of olivary
discharge in response to a peripheral stimulus, both by the 
central respiratory motor command and by peripheral
afferent activity generated by movement, utilising the 
dissociation of the motor command from the afferent
activation by movement which characterises the paralysed 
ventilated experimental preparation. We also proposed to 
investigate the central respiratory control of transmission 
in segmental reflex pathways which share common features 
with the segmental pathways of the ventral funiculus spino- 
olivary paths, and, additionally, the integration at the 
inferior olive of activity in these afferent pathways.
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The main hypothesis behind these investigations was 
that transmission in spino-olivary paths would be 
controlled at one or more levels by a derivative of the 
central respiratory motor command.
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VIII Methods

Animals
Experiments were performed on 45 adult cats of both sexes 
weighing between 1.5 and 3.5kg which were either maintained 
under general anaesthesia or were decerebrated.
Anaesthetic procedures.

1. Anaesthesia was induced with intramuscular 
injection of Ketamine (Ketalar, Parke Davis Ltd. U.K.) 
15mg/kg and Xylazine (Rompun, Bayer Ltd, Germany) O.lmg/kg 
and was maintained by slow intravenous injection of alpha 
chloralose 70mg/kg (alpha chloralose. Sigma, St. Louis, 
U.S.A.^ . A 2% solution of chloralose at 100 C was drawn up 
into an equal volume of cold sterile water to give a 
supersaturated solution. Supplementary doses of 6mg/kg 
were given as required. All animals were moderately or 
deeply anaesthetised with no withdrawal of the hindlimbs to 
a strong pinch and either no response or a transient 
flexion at the shoulder to strong forelimb stimulation 
(Sears, 1964b).

2. Decerebration: anaesthesia was induced with 
ketamine 15mg/kg and Xylazine 0.1/kg as above. The trachea 
was rapidly cannulated and anaesthesia maintained with 
Halothane 1-1.5% until the completion of surgery and 
decerebration at the mid-collicular level, with complete 
removal of the brain rostral to the transection.

Animals were paralysed with Gallamine triethiodide
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(Flaxedil) after the completion of surgery, at which time 
a stable level of anaesthesia had been maintained for at 
least 3 hours or decerebration performed. Blood pressure 
and central respiratory pattern were monitored continuously 
and showed no sustained response to noxious stimulation. 
Limb reflexes were monitored in periods of recovery from 
paralysis.

Surgical Procedures
1. General Preparation
The anaesthetised animal was shaved and placed supine 

with the neck extended. The left and right forelimb veins 
were cannulated percutanously for drug administration. A 
midline incision was made in the neck exposing the
sternohyoid muscles which were separated and retracted. 
The trachea was divided below the larynx and cannulated. 
The right carotid artery was dissected, ligated rostrally
and cannulated for blood pressure recording. In
preparation for decerebration the left carotid was also 
ligated. In some animals the vagi were dissected and a 
loose ligature placed around each nerve to allow later 
vagotomy; in other experiments the left vagus was cut and 
exposed for stimulation though a lateral neck incision. 
The left sciatic nerve was dissected free but left in
continuity for later stimulation.
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Fig. 1. Diagrammatic representation of the thoracic 
segmental innervation (Reproduced from Eccles, Sears & 
Shealy, 1962).

Internal intercostal nerve.
Internal intercostal muscle.
Lateral intercostal nerve.
Abdominal oblique muscle.
Cutaneous branches of lateral intercostal nerve. 
Rectus abdominis muscle.
Cutaneous branches of internal intercostal muscle. 
External internal intercostal nerve.
External intercostal muscle.
Muscular branch of dorsal ramus.
Cutaneous branches of dorsal ramus.
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Fig. 1. Legend, see facing page.
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A dorsal midline incision was made from T2-T12. The 
vertebral processes at T2 and T3 were exposed and clamped, 
small paramedian incisions were made over the L2 vertebra, 
its lateral attachments divided and the vertebra clamped. 
The animal was supported in a frame from the vertebral 
clamps, and the head fixed with ear bars and secured by a 
bar passing behind the incisor teeth.

2. Thoracic dissection
The left dorsal extensor muscles were removed by blunt 

dissection. A rostral external intercostal nerve from T3 
or T4 was dissected for recording the inspiratory discharge 
(Sears, 1964b). The internal and external intercostal and 
dorsal ramus nerves from adjacent caudal segments between 
T8 to TlO were dissected as required in each experiment 
(Fig. 1) . The external intercostal muscle was reflected 
using watchmakers forceps under an operating microscope, 
exposing the external intercostal nerve and its proximal 
filaments which were dissected free and gathered in a loop 
of braided cotton and cut distally.

The internal intercostal nerve was visualised by 
reflecting the internal intercostal muscles, where it is 
seen as a substantial trunk. A ligature was placed around 
the nerve which was cut distally.

The branches of the dorsal primary ramus to multifidus 
spinae were exposed following the removal of the dorsal 
extensor muscles and in some experiments were dissected 
free, ligated and cut.

A pool of warm mineral oil was created between the
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skin flap and the thorax, in which the nerves were 
suspended.
Decerebration

The cranium was exposed by a midline incision though 
skin and fascia, muscle and periosteum was reflected from 
the parietal bones bilaterally and an opening made in each 
parietal bone with a dental drill and extended across the 
midline with bone cutters; the cut edges were plugged with 
bone wax. After reflecting the dura the sagittal sinus was 
divided between ligatures.

Under deep anaesthesia the occipital cortex was 
aspirated bilaterally to expose the colliculi, and the 
brainstem sectioned with a blunt instrument passing through 
the superior colliculi in a plane passing caudal to the 
mamillary bodies. The brain was rapidly aspirated, the 
cranial cavity loosely packed with cotton wool and bleeding 
from the basilar artery controlled with direct pressure. 
Cerebellar exposure

An opening was made in the overlying occipital bone 
with a dental drill and extended rostrally with bone 
cutters and the edges were carefully plugged with bone wax. 
The bony tentorium was similarly removed to its rostral 
limit. The paramedian lobule and the contralateral vermis 
were exposed in some experiments by extending the area of 
bone removed. Dissection was however kept to a minimum to 
minimise the risk of air embolism.

The dura was incised over the exposed area and 
reflected, the skin edges were drawn up and a pool of
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warmed mineral oil created to cover the exposed cortex.

General Management
Animals were ventilated with air by a pressure driven 

Infant Pressure Ventilator (Bows BP200). To minimise the 
segmental stretch reflex caused by chest wall movement and 
entrainment of the central rhythm generator by pulmonary 
inflation (Sears, 1964b) a high pump rate of 56/min and low 
tidal volume adjusted to give an end tidal PC02 of 3-4% 
were usually selected. The central respiratory drive could 
be stimulated by the addition of C02 to the inspired air. 
The lungs were intermittently inflated to prevent 
atelectasis and the trachea was aspirated through a side 
arm.

End expiratory C02 was continuously monitored with an 
infra red gas analyser (P.K. Morgan Ltd. 901-MK2) 
calibrated between 0-10% C02. Blood pressure was
continuously monitored from the carotid cannula connected 
to a pressure transducer (Sanborn 267BC). Mean BP was 
displayed digitally and the waveform displayed on an 
oscilloscope. Estimated blood loss during surgery was 
replaced by Haemacel (Hoechst UK Ltd.). Fluid balance 
during the experiment was maintained by intermittent 
infusion of 0.9% saline amounting to 2ml/kg/hour and 
supplemented as required by Haemacel to maintain mean BP 
above 90 mm Hg.

The bladder was either catheterised or intermittently 
manually expressed. Rectal temperature was monitored with
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a thermocouple probe and maintained between 37 and 39 
degrees centigrade by a thermostatically controlled heating 
blanket.

Neural stimulation and recording 
1. Peripheral Nerves.
Stimuli were delivered by an optically isolated

battery stimulator (Digitimer DS2) The timing of stimuli
and trigger pulses was controlled by a Digitimer D4030
(Digitimer UK).

Nerves were mounted on bipolar platinum electrodes
(0.25mm diameter) and covered in mineral oil or soft
paraffin wax to prevent drying. The sciatic nerve was
stimulated in continuity and direct activation of motor
fibresused to assess the degree of neuromuscular blockade. /A
Other sites were stimulated through percutaneous needle 
electrodes. Stimulus duration was 0.1msec for mounted 
nerves and 1 msec for percutaneous stimulation.

Neural discharge was recorded monophasically from the 
internal and external intercostal nerves mounted on fine 
platinum electrodes (0.1mm diameter) covered in mineral 
oil.

Cerebellar recording and stimulation
Cerebellar surface potentials were recorded through 

sprung, silver ball electrodes (approximately 0.5mm 
diameter). Electrodes were cleaned electrolytically and 
"chlorided" after connection to the anode of a 1.5V battery
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in 1% Sodium Chloride solution for 30-60 seconds until 
black.

The active electrode was moved across the cerebellar 
surface by a micromanipulator under direct vision through 
the operating microscope. The indifferent electrode was 
buried in the neck muscles. Surface evoked responses were 
mapped by systematically moving the electrode in 100 p 
steps across each folium in the mediolateral direction.

The cerebellar surface was stimulated through platinum 
electrodes made from 0.25mm diameter wires separated by 2 
mm set in Araldite and cut square at the tip.

Purkinje cell recording.
Individual Purkinje cell discharges were recorded from 

the superficial cortex of a folium with either Tungsten 
microelectrodes (TM-25-12, Clark Electromedical Instruments 
U.K.) or glass capillary microelectrodes which were found 
to give better resolution of simple and complex spike 
components. Glass microelectrodes were made from capillary 
tubes (GC150F-10 Clark Electrochemical Instruments) on a 
microelectrode puller (Optical Instrument Services Ltd. 
U.K.) and broken back to give a tip diameter of 2.8-3.2p. 
and filled with 3M NaCl. Microelectrodes were mounted on 
a micromanipulator and advanced into the cortex through the 
intact pia, either manually or by a stepper motor (S-CAT
0.1 Digitimer Ltd.). The cortex was stabilised with a 
perspex pressure plate with a 1mm diameter hole through 
which the microelectrode was advanced. The pressure was
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insufficient to occlude the underlying vessels.

Data Collection
Neural signals were fed to an FET input stage of unity 

gain through shielded leads, driven by the output signal. 
The signals were then amplified (Digitimer U.K.). 
Peripheral nerve discharge was recorded with a high 
frequency cut off at 10 kHz and low frequency time constant 
of 3 msec. Cerebellar evoked potentials were recorded with 
a low frequency time constant between 10 msec and 5 secs 
depending on the component of the evoked potential 
investigated. The unitary discharge of Purkinje cells was 
recorded with a short time constant of 0.8 msec to reduce 
base line fluctations. The amplified signal was recorded 
on one quarter inch magnetic tape (Ampex Precision Magnetic 
Tape CA U.S.A) on a 4 track FM recorder (Racal Recorders 
STOR-4) at tape speed three and three quarter inch/sec for 
evoked responses or seven and a half inch/sec for spike 
recording.

The external intercostal (inspiratory) discharge and 
internal intercostal (expiratory) nerve discharge, trigger 
pulse and pump cycle were recorded as required on the other 
three tape channels.

Data Analysis
1. The respiratory cycle.
Data was analysed off line from tape. The inspiratory 

neural discharge was full wave rectified and low pass
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filtered ("leaky integrated") with a time constant of 200 
msec. The onset of the cycle was derived from this 
integrated signal using a level discriminator, which 
prevented "false triggering" of the cycle onset from the 
tonic discharge of single units that were encountered in 
both chloralose anaesthetised and decerebrate preparations.

The duration of both the inspiratory phase and the 
total cycle were closely related to the pump cycle duration 
in preparations with intact vagi. The onset and offset of 
the inspiratory discharge were tightly phase locked to the 
deflation and inflation phases of the pump cycle 
respectively. The duration of individual cycles thus forms 
a distribution around the pump cycle duration (Fig. 2) The 
variation in cycle length predominantly reflects the 
variation in expiratory phase duration.

In the eupnoeic preparation, expiration is largely 
passive, though expiratory activity can be recorded from 
the most proximal regions of caudal internal intercostal 
muscles, the "low threshold" area for expiration (Sears, 
1964c; Bainton et al., 1978).

Averaging of activity in successive cycles will tend 
preferentially to reveal changes correlated with the 
inspiratory and early expiratory phases due to their 
synchronisation by the pump cycle at the expense of 
activity related to the late expiratory phase which will be 
progressively less well synchronised in successive cycles.
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Fig. 2. Left lower records: Inspiratory neural discharge 
in successive respiratory cycles showing variation in cycle 
duration.

Top: Average inspiratory neurogram. Neural discharge was 
"leaky integrated" (time constant 200 msec) and averaged 
over 50 cycles, each record represents 6 seconds duration. 
Right: Histogram of cycle duration in seconds, of
successive cycles.

113



g
•HU«J
g(A

1 I
CM
O'•H

114



2. Evoked Responses
Evoked responses were analysed off line from magnetic 

tape replayed at half speed. Signals were digitised 
(Cambridge Electronic Design 1401 Analogue to Digital 
converter) at a sampling rate of 5000 Hz (equivalent to 
10,000 Hz at full tape speed) and analysed on a Tandon 
microcomputer using the SIGAVG (Cambridge Electronic 
Design) Signal averaging programme and software developed 
in the department by Mr. C.P. Seers.

The timing of the original stimuli was recorded on 
tape by a trigger pulse of 1 msec. This signal was
subsequently amplified and used to trigger a level 
discriminator. The low pass filtering of the tape at three 
and three quarter inch/sec introduced a consistent 200 jisec 
delay in reaching the triggering level.

A programme enabled the responses to successive 
stimuli delivered independently of the timing of the 
respiratory cycle to be sorted according to their delay 
from the onset of each individual cycle. The onset of each 
cycle was determined from the integrated inspiratory 
neurogram, each successive digitised signal was filed and 
tagged with the delay from the cycle onset. The 
respiratory cycle was divided into arbitrary time bins 
selected according to cycle duration. The filed responses 
could then be averaged and in later versions of the 
programme the standard error of the mean of each point 
calculated.

The latency and amplitude of the responses could be

115



measured either with manually controlled electronic cursors 
or manually after responses were plotted (Phillips PM8 153 
plotter).

As a control experiment responses were binned and 
averaged in an arbitrary cycle, independent of the 
respiratory cycle e.g. a 5 second cycle, generated by the 
Digitimer.

3. Purkinje cell discharge
The simple and complex spike discharge of individual 

Purkinje cells was analysed using the SIGAVG and SPIKE 2 
data analysis programmes (Cambridge Electronic Design).

In those records in which the amplitude of the initial 
component complex spike (CS) could be reliably 
distinguished from the simple spike (SS) by its amplitude, 
SS and CS were distinguished with a spike height
discriminator and analysed separately. When CS could not 
be distinguished by spike amplitude they were included with 
the SS sampling. Since the mean discharge frequency of CS
is low, 1-2 Hz, compared with SS, <30 Hz, they will
contribute to no more than approximately 5% of the total 
Purkinje cell discharge.

Complex spike morphology was investigated by using a 
spike discriminator to trigger off the initial component of 
each CS, which were saved with the SIGAVG programme in a 
peristimulus trigger mode. CS falling in different phases 
of the respiratory cycle were separated by using a
Digitimer, triggered with the onset of each respiratory
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cycle, to generate an output during one phase of the cycle, 
this output and the output of the spike discriminator being 
fed to an "AND" switch which gave an output when both 
inputs were activated simultaneously. The CS falling 
within a phase of the cycle determined by the Digitimer 
setting were thus selectively saved in the SIGAVG 
programme.
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RESULTS

IX Cerebellar responses evoked from thoracic nerves,
i) Identification of components of the evoked response.

Stimulation of intercostal nerves evoked responses in 
the medial and lateral vermis and intermediate cortex (Fig. 
3) . The early components were of low amplitude (<20 pV) 
and short latency (<10 msec) corresponding to the mossy 
fibre afferent component (Coffey et al 1971) . The later 
components were of large amplitude, up to 200 pV recorded 
from the cerebellar surface and with a latency 
characteristic of the climbing fibre response in the a, b 
and c2 zones respectively.
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Fig. 3. Upper records; characteristic climbing fibre 
responses in the a (left), b (middle) and c2 (right) zones 
evoked from the internal intercostal nerve (TlO). Each 
record is the average of 20 successive responses. The 
distribution of these climbing fibre responses on the 
exposed cerebellar surface is represented below. The 
anterior lobe rostral to Lobule IV was not accessible for 
surface recording.
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The threshold for eliciting a climbing fibre response 
in the a and b zones corresponded to the threshold for the 
intercostal to intercostal reflex, although climbing fibre 
responses in the c2 zone were however occasionally evoked 
at stimulus intensities sub threshold for the reflex.

In the a zone, climbing fibre responses were only 
recorded under chloralose anaesthesia when the preparation 
was in good physiological condition. The threshold and 
amplitude of these responses showed marked fluctuations
over periods of minutes and responses were intermittently 
completely inhibited as previously described by Miller and 
Oscarsson (1970).

In the b zone climbing fibre responses were present in 
decerebrate and anaesthetised preparations. Under
chloralose anaesthesia marked fluctuations in amplitude 
were observed independently of the fluctuation in 
excitability in the a zone pathways. In the decerebrate, 
climbing fibre responses were invariably present and the 
amplitude of responses often remained stable over a period 
of hours.

Climbing fibre responses in the c2 zone resembled 
those in the a zone, showing marked fluctuations in 
amplitude; they were present in chloralose anaesthetised 
preparations in good physiological condition and
occasionally were transiently present in decerebrate
preparations.
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ii) Effect of preceding intercostal nerve stimulation

In contrast to the mossy fibre evoked response, the 
climbing fibre response characteristically fails to follow 
high frequency stimulation. Conditioning stimuli at short 
intervals can therefore be used to confirm the identity of 
the climbing fibre component of the compound evoked 
response. when supramaximal paired stimuli to the 
intercostal nerves are delivered, the climbing fibre 
component of the second evoked response is inhibited at 
intervals up to 100 msec (Fig. 4), revealing the early and 
late components of the mossy fibe evoked response in the 
averaged trace (Coffey et al. 1971). The amplitude of the 
second CFR in the averaged record recovers at longer 
intervals but remains attenuated at the longest interval 
(160 msec). A longer lasting inhibition was also observed 
and the response to paired stimulation at incremental 100 
msec intervals is illustrated in Fig. 5. The second CFR is 
completely inhibited at 100 msec and remains attenuated at 
500 msec. The inhibition at this latency is clearly 
revealed if the stimulus is reduced to a juxtathreshold 
intensity, when the second CFR remains inhibited at the 
longest interval (900 msec).
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Fig. 4. Effect of conditioning intercostal nerve
stimulation at short intervals on the climbing fibre
response in the ipsilateral b zone.

a singleUpper trace: evoked response to^nternal intercostal nerve 
stimulus (TlO).
Lower traces: Evoked responses to paired stimuli at
incremental 20 msec intervals. The CFR component of the 
second response remains attentuated at the longest 
interval.
Scale bars: 100 msec, 100 pV.
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Fig. 5. Effect of conditioning intercostal nerve 
stimulation at long intervals on the climbing fibre 
response in the ipsilateral b zone.
Left; upper trace: Evoked response to internal intercostal 
nerve stimulation (TlO).
Lower traces: Evoked responses to paired stimuli at
incremental 100 msec intervals. The CFR component 
progressively recovers but remains attenuated at the 
longest interval.
Right; upper trace: Suprathreshold stimuli at 500 msec
interval. Middle and lower traces: Juxtathreshold stimuli 
at 500 and 900 msec intervals respectively.
Inhibition of the second climbing fibre response is 
apparent at the longest interval with threshold stimuli. 
Scale bars: 100 msec, 50 pV. Responses recorded with long 
time constant (5 secs) to reveal climbing fibre plateau 
potentials. Each trace represents the average of 50 
responses.
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X Topographical organisation of climbing fibre responses 
from the thorax.
i) Mediolateral distribution

In chloralose anaesthetized animals CFRs evoked by 
stimulation of intercostal nerves were present in two 
sagittal strips in the medial and lateral vermis 
corresponding to the a and b zones respectively (Fig. 3). 
In the a zone CFRs from the thorax, hindlimb and vagus were 
coextensive and no evidence of mediolateral somatotopy was 
found. Ipsilateral thoracic CFRs in the b zone were found 
in a thin sagittal strip between the hindlimb 
representation medially and the forelimb representation 
laterally as previously described (Ekerot & Larson, 1979b). 
There was considerable overlap in the distribution of CFRS 
from the thorax and limbs in surface recordings and all 
individual Purkinje cells that gave a CFR to intercostal 
nerve stimulation also gave a CFR to stimulation of the 
fore or hindlimb, or both (Fig. 6). CFRs were evoked from 
contralateral thoracic nerves in all experiments except two 
in which the animals were in poor physiological condition; 
such contralateral responses were more variable in 
amplitude.

In chloralose anaesthetised animals thoracic CFRs were 
evoked bilaterally in the intermediate cortex and 
paramedian lobule, coextensive with fore and hindlimb CFRs 
but no evidence for mediolateral somatotopy was found.
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Fig. 6. Response of a Purkinje cell in the ipsilateral b 
zone to stimulation of the intercostal (upper traces) and 
sciatic nerves (lower traces). Climbing fibre responses(°! 
were consistently evoked from both nerves.
Scale: Each trace represents 30 msec.
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Fig. 6. Legend; see facing page
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CFRs were evoked in each zone from the internal and 
external intercostal nerves and the dorsal spinal ramus. 
CFRs from the external intercostal nerves were however less 
consistently present in the contralateral b zone and 
displayed greater variability. No difference in
distribution of CFRs from rostral (T4) or caudal (TlO) 
thoracic segments was observed.

ii) Rostrocaudal distribution

In the a zone, thoracic CFRs were recorded from the 
cerebellar surface in a continuous strip from the most 
rostral accessible cortex (lobule IV) to the caudal folia 
of lobule VI, coextensive with the hindlimb CFRs. CFRs 
from vagal stimulation were recorded from the caudal folia 
of lobule V and from lobule VI.

In the b zone thoracic CFRs were recorded from a 
parallel strip extending from the most rostral accessible 
cortex (lobule IV) to the rostral folium of lobule VI. 
Vagal CFRs were not present in the b zone.

In the c2 zone thoracic CFRs were recorded bilaterally 
in the anterior lobe in a sagittal strip extending from 
lobule III to lobule VI and in the paramedian lobule from 
folium 3 to 5, coextensive with the fore and hindlimb CFRs. 
CFRs in the C2 zone were only consistently recorded under 
chloralose anaesthesia and displayed marked fluctuations in
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amplitude, with frequent periods when transmission was 
completely inhibited. During these fluctuations the area 
over which CFRs were recorded also fluctuated. CFRs were 
recorded most consistently from lobule V and folium 4 and 
spread rostrally and caudally during periods of increased 
excitability of the pathway. CFRs from vagal stimulation 
were found in lobule V and VI of the anterior lobe and 
folium 3 of the paramedian lobule.

Fig. 7. illustrates the CFRs recorded from folia 3,4,5 
and 6 of the paramedian lobule in one experiment. Each 
trace represents the average of four CFRs recorded when the 
C2 pathway was maximally excitable. CFRs were additionally 
evoked from percutaneous electrodes in the tail and tongue 
representing caudal and rostral axial structures. CFRs 
from the tail were of low and variable amplitude and only 
recorded from folia 5 and 6; CFRs from the tongue and vagus 
were also of low amplitude and only recorded from the most 
rostral folium 3. CFRs from the intercostal nerves 
extended from folium 3 to folium 5. CFRs from fore and 
hindlimbs were of large amplitude and extended through the 
entire rostrocaudal extent of the zone.

131



Fig. 7. Rostro-caudal distribution of climbing fibre 
responses in the c2 zone of the ipsilateral paramedian 
lobule following peripheral stimulation.
Left: Evoked responses recorded from Folia 3-6 following 
stimulation at progressively more rostral sites, from left 
to right: Tail, hindlimb, intercostal nerve (TlO), vagus 
nerve, forelimb and tongue. Each trace represents the 
average of four consecutive responses to supramaximal 
stimulation recorded during a period when the evoked 
climbing fibre response were maximal. Right: Histogram of 
average CFR amplitude at each site.
Scale: Each trace represents 30 msec. Scale bar: 100 jiV.
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Discussion

The representation of the thorax in the 
olivocerebellar projection to the a zone is consistent with 
the proposal by Armstrong (1974) that axial structures are 
represented in the medial vermis and is consistent with 
clinical observations of the importance of the vermis for 
axial motor control.

The presence of CFRs from the vagus in the caudal 
folia of lobule V and in lobule VI of the a zone (Perrin & 
Crousillat, 1985) was confirmed in this study. Taken with 
the evidence discussed above (Introduction; V ii)), a 
coarse rostrocaudal somatotopic gradient can be found in 
the a zone with caudal axial structures predominantly 
represented in rostral lobules and more rostral structures 
represented caudally extending into the posterior lobe. 
The extensive area over which CFRs from the hindlimb can be 
evoked, extending from the most rostral lobules to lobule 
VI may reflect the critical role of the hind limb in 
maintaining the stability of the body axis.

In the b zone the thoracic representation between the 
fore and hindlimb microzones was consistent with the 
mediolateral somatotopic organisation described in previous 
investigations (Oscarsson, 1968; Andersson & Ericksson, 
1981); convergence of forelimb and hindlimb CFRs on 
individual Purkinje cells was also confirmed. Maximal CFRs
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from intercostal nerves were found in lobule V consistent 
with a coarse rostrocaudal gradient in which rostral 
structures are predominantly represented in more caudal 
lobules.

The presence of CFRs from the thorax in the c2 zone is 
not surprising in view of the extensive convergence of CFRs 
in this zone from all limbs and is consistent with
arguments from phylogenetic differences in the development 
of the c2 zone/ posterior interpositus nucleus complex, 
that this zone is involved in control of the axial motor 
system.

We were able to confirm a vagal CFR in the c2 zone but 
this was less extensive than that found by Perrin & 
Crousillat (1985) who described a discontinuous 
representation extending through lobules V, VI and VIII 
onto the paramedian lobule. In these experiments the vagal 
CFRs showed marked fluctuations. During periods when the 
c2 SOCP was inhibited, CFRs from the vagus were frequently 
not elicited when stimulation of the intercostal nerves or 
limbs was still effective. It is likely that the less 
extensive distribution of vagal CFRs in these experiments 
reflects differences in excitability of the c2 SOCP.

The discrete punctate CFRs evoked from the superior 
laryngeal nerve (Lam & Ogura, 1952) contrast with the lack 
of somatotopic organisation of the fore and hindlimb CFRs
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which was also found in our experiments. However the 
distribution of CFRs from rostral and caudal axial 
structures revealed a coarse rostrocaudal somatotopic 
gradient in both the anterior lobe, in which rostral 
structures are predominantly represented in caudal lobules, 
and the paramedian lobule in which rostral structures are 
predominently represented in rostral folia. This
rostrocaudal somatotopic gradient is consistent with both 
previous anatomical and electrophysiological studies 
(Introduction; V ii)).

XI Respiratory modulation of thoracic segmental reflexes.

Stimulation of the internal intercostal nerve in the
paralysed ventilated preparation evokes a polysynaptic
discharge in the internal intercostal nerves of adjacent
segments (Downman, 1955; Aminoff & Sears, 1971). The
response in the external intercostal nerves to just
suprathreshold stimuli is an inhibition of spontaneous
discharge, but at higher stimulus intensities a reflex
discharge appears at a longer latency corresponding
approximately to the offset of reflex discharge in the
internal intercostal nerve (Aminoff and Sears, 1971) .

Fig. 8 illustrates the reflex responses in the
internal intercostal (lefthand records) and external
intercostal nerves (T9) following stimulation of an

at an intensityadjacent internal intercostal nerve (TlO), suprathresholdA
for a reflex discharge in the external intercostal nerve.
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During inspiration (upper records) the reflex discharge in 
the external intercostal nerve appears on the background of 
inhibition of the spontaneous inspiratory discharge. 
During expiration the inhibition is less prominent and the 
reflex discharge is enhanced.

The modulation of the amplitude of the reflex 
discharge during the respiratory cycle is illustrated in 
Fig. 9. The neural discharge in the internal and external 
intercostal nerves (T9) has been "integrated" and the 
response to 7 50 stimuli to the internal intercostal nerve 
(TlO) at iHz sorted into 500 msec bins through the 
respiratory cycle.
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Fig. 8. Intercostal to intercostal reflex recorded from 
the internal intercostal nerve (T9) (left records) and 
external intercostal nerve (right records). During 
inspiration (upper records) the reflex discharge in the 
internal intercostal nerve is inhibited compared to 
expiration (lower records) In the external intercostal 
nerve (right) both the spontaneous and reflex discharge are 
inhibited during inspiration. Stimulus indicated by dot.

Scale bar; 25 msec.
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Fig. 9. Respiratory modulation of the intercostal to 
intercostal reflex.
Upper trace: Integrated inspiratory neural discharge. Time 
constant 200 msec. Scale bar: 500 msec.
Middle trace: Integrated neural discharge external
intercostal nerve (T9) Time constant 30 msec.
Lower trace: Integrated neural discharge internal
intercostal nerve (T9) Time constant 30 msec. Scale bar: 
100 msec. The respiratory cycle is divided into 500 msec 
time bins and the reflex discharge to 750 consecutive 
stimuli to the internal intercostal nerve (TlO) falling in 
sequential bins has been averaged and displayed in the 
corresponding period of the cycle.
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The intercostal to intercostal reflex in the internal 
intercostal nerve (lower record. Fig. 9) shows a marked 
inhibition during inspiration as described by Aminoff and 
Sears (1971) and the reflex discharge in the external 
intercostal nerve also shows a similar inhibition during 
inspiration. Both the internal and external intercostal 
nerve responses are maximal in the post inspiratory period 
and show greater variability during the late expiratory 
phase.

Discussion

The reflex excitation of expiratory motoneurones with 
reciprocal inhibition of inspiratory motoneurones following 
electrical stimulation of the internal intercostal nerves 
in the barbiturate anaesthetised cat was described by 
Aminoff and Sears (1971) and was attributed to the reflex 
actions of cutaneous afferents and possibly also group II 
and III muscles afferents. The reflex excitation of the 
inspiratory motoneurones was not investigated though its 
presence was noted.

these authors observed 
During inspiration inhibition of the direct response

of expiratory motoneurones and a reciprocal
inhibition of the spontaneous inspiratory activity.
Conversely during expiration the direct response of the
expiratory motoneurones was facilitated, the absence of
spontaneous activity in inspiratory motoneurones was held
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to conceal the reciprocal inhibition during this phase.

A schematic model of the interneuronal network 
subserving these interactions was described based on the 
reciprocal distribution of excitatory and inhibitory 
synaptic drives responsible for the depolarising and 
hyperpolarising phases of the central respiratory drive 
potentials (Sears, 1964d), with a segmental input to the 
inspiratory and expiratory interneurones. The weak, long 
latency excitation of the inspiratory motoneurones from the 
segmental input was depicted by the presence of an 
additional interneurone in this pathway (Aminoff and Sears 
1971).

Such a model based on postsynaptic inhibition clearly 
predicts that the longer latency excitatory response in the 
inspiratory motoneurones to stimulation of the intercostal 
nerves should be facilitated during inspiration and 
inhibited during expiration. Furthermore should the 
"operating point" of the segmental motoneurones be 
determined such that spontaneous activity is maintained 
throughout the respiratory cycle, the inhibitory response 
of the inspiratory motoneurones to intercostal nerve 
stimulation should be observed throughout the respiratory 
cycle.

in the present studyBy contrast the long latency excitatory response in
À-the inspiratory motoneurones was inhibited during 

inspiration, thus corresponding to the pattern of
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modulation of the visceromotor reflex response in the 
phrenic motoneurons following stimulation of the splanchnic 
nerve (Downman, 1955, Fig. 9) . Furthermore when
spontaneous activity was observed in inspiratory nerves 
during the expiratory phase the inhibition following 
intercostal nerve stimulation was less marked than during 
inspiration.

These observations argue for a more complex model 
network subserving the interaction between the respiratory 
and segmental inputs to the inspiratory and expiratory 
motoneurones, that allows for direct modulation of the 
segmental interneuronal pathways by the central respiratory 
drive. Fig. 10 illustrates one such modification of the 
schematic network of Aminoff and Sears (1971) in which the 
dotted lines indicate an inhibitory pathway that would 
account for the observed inspiratory inhibition of the long 
latency excitation of inspiratory motoneurones by a 
segmental input. A reciprocal inhibitory pathway from the 
expiratory input would predict an attentuation of the 
reciprocal inhibitory response in inspiratory motoneurones 
to a segmental input and a maximal excitatory response in 
the post inspiratory phase in both inspiratory and 
expiratory motoneurones.
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Fig. 10. Schematic model of the segmental network 
subserving the intercostal to intercostal reflex, modified 
from Aminoff and Sears, 1971. The pathways shown as dotted 
lines indicate modifications that would account for the 
inspiratory inhibition of the reflex in the external 
intercostal nerve.
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XII Modulation of transmission in spino-olivo-cerebellar
paths.
i) Amplitude of thoracic CFRs

In the decerebrate preparation CFRs in the b zone did 
not show marked spontaneous fluctuations and stable 
recordings could be made over periods of hours.

The modulation of transmission in the b zone SOCP from 
the thorax was investigated by recording the CFRs evoked by 
stimulation of the intercostal nerveTIOat iHz. In all 
experiments a clear inhibition of the ipsilateral thoracic 
CFRs was observed during the inspiratory phased Frequently 
this was directly apparent on inspection of the CFRs evoked 
during a single respiratory cycle, the depth of modulation 
depending critically on the stimulation parameters.

In some preparations modulation of CFRs from a 
supramaximal stimulus was apparent (Fig. 11, upper record). 
The CFR evoked by each stimulus at iHz showed considerable 
variability and some stimuli failed to evoke a CFR. Fig. 
11 illustrates the progressive attenuation of the amplitude 
of the average CFRs in the ipsilateral b zone evoked during 
the inspiratory phase.

Respiratory modulation of thoracic CFRs in the ipsilateral 
b zone was specifically investigated in 12 animals, 7 
anaesthetised with chloralose, 5 decerebrate. Phasic 
inspiratory inhibition of CFR amplitude was apparent in the 
averaged, binned records from each of these experiments.
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Fig. 11. Respiratory modulation of CFR's from the thorax 
in the ipsilateral b-zone.
The respiratory cycle is divided into 500 msec time bins 
and the CFRs evoked from 750 consecutive stimuli at iHz to 
the internal intercostal nerve falling in each time bin 
have been averaged and displayed in the corresponding 
period of the cycle.
Upper trace: Integrated inspiratory neural discharge. 
Middle trace: CFRs evoked by single supramaximal stimuli to 
the internal intercostal nerve (TlO).
Lower trace: CFRs evoked by paired threshold stimuli at a 
3 msec interval.
Scale bars; upper: 500 msec, lower: 50 msec, 50 pV.
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Respiratory modulation was often only apparent at near 
threshold stimulus intensities or with paired threshold 
stimuli with a brief (3msec) interstimulus interval. The 
CFRs in the ipsilateral b zone to paired threshold stimuli 
to the internal intercostal nerve, binned and averaged 
through the respiratory cycle (Fig. 11, lower record) 
reveal a modest attenuation in amplitude during the 
inspiratory phase with a marked variability in the form of 
the averaged response reflecting variable latency of 
individual responses.

Contralateral b zone CFRs were studied in 6 
experiments. The individual responses were much more 
variable and this is reflected in the amplitude of the 
averaged CFRs binned in the respiratory cycle.

No consistent pattern of modulation of CFR amplitude 
in the contralateral b zone was observed across 
experiments. In two preparations the amplitude of thoracic 
CFRs was maximal during the inspiratory phase (Fig. 12, and 
in one animal CFR amplitude reached a minimum in the late 
inspiratory phase (Fig. 13, lower record). In the other 
experiments no trends were apparent during the respiratory 
cycle.
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Fig. 12. Respiratory modulation of CFRs from the thorax in 
the contralateral b zone: Examples in which CFR amplitude 
is maximal during the inspiratory phase.
CFRs evoked from 750 consecutive stimuli at iHz to the 
internal intercostal nerve (TIG), falling in sequential 500 
msec time bins of the respiratory cycle have been averaged 
and displayed sequentially as in Fig. 11.
Scale bars: 25 msec, 50 |iV.
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Fig. 13. Respiratory modulation of CFRs from the thorax in 
the ipsi and contralateral b zone.
CFRs evoked from 750 consecutive stimuli to the internal 
intercostal nerve (TIG) at 1 Hz, falling in sequential 500 
msec time bins of the respiratory cycle have been averaged 
and displayed in the corresponding period of the cycle. 
Upper trace; Integrated inspiratory neural discharge. 
Middle and Lower traces : Averaged evoked responses in the 
ipsilateral and contralateral b zone in the same 
experiment. Scale bars; upper: 500 msec, lower: 25 msec, 
50 pV.
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Ipsilateral and contralateral b zone CFRs averaged and 
binned in the respiratory cycle from one experiment are 
illustrated in Fig. 13. Ipsilateral CFRs are markedly 
inhibited during the inspiratory phase and reach their 
maximum amplitude in the post inspiratory phase and there 
is a progressive attenuation during the expiratory phase 
though less prominent than during inspiration. The changes 
in amplitude of contralateral CFRs are less marked but a 
similar trend towards late inspiratory inhibition and post 
inspiratory recovery can be discerned.

The inherent variability in the CFRs will inevitably 
give rise to spurious trends in a proportion of such 
records. To assess the contribution of this source of 
variability the CFRs were binned and averaged in an 
arbitrary cycle of 5 seconds duration (Fig. 14) Since 
individual respiratory cycles had a duration of between 7.5 
and 8 seconds the arbitrary cycle drifted in relation to 
the respiratory cycle.

In the ipsilateral b zone no trend is apparent in the 
amplitude of the averaged CFRs in relation to the arbitrary 
cycle indeed the amplitude variation between successive 
bins in the arbitrary cycle is substantially greater than in 
the expiratory phase of the respiratory cycle indicating 
that the amplitude variation in the inspiratory phase 
contributes the greatest source of variability in the 
amplitude of the average CFRs in the arbitrary cycle.

if
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Fig. 14. The upper left and right traces are the 
ipsilateral and contralateral averaged CFRs from Fig. 13. 
The same 7 50 consecutive CFRs falling in sequential 250 
msec time bins of an arbitrary cycle of 5 seconds, which 
drifts with respect to the onset of the respiratory cycle, 
have been averaged and displayed sequentially in the lower 
traces.
Scale bars: 25 msec, 50 pV.
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similarly in the contralateral b zone, no trend is 
apparent in the average CFR amplitude in relation to the 
arbitrary cycle and the CFR amplitude variation between 
successive bins is similar to that between successive bins 
in the respiratory cycle. The possibility that the trends 
apparent in the respiratory cycle arise by chance cannot be 
excluded with confidence and contralateral CFRs were not 
studied further.

ii) Latency of thoracic CFRs

Averaged CFRs in the ipsilateral b zone evoked by 
paired thresh oId stimuli to the intercostal nerves 
displayed marked variability in their form during the 
inspiratory phase of the respiratory cycle. The latencies 
of these averaged responses are variable (Fig. 15); the 
latency of onset and latency to peak are both delayed 
during inspiration so that the average CFR is composed of 
multiple components at different latencies.
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Fig. 15. Latency of CFRs from the thorax in the 
ipsilateral b zone during the respiratory cycle.
CFRs from 750 consecutive paired stimuli, at a 3 msec 
interval, falling in sequential 500 msec time bins of the 
respiratory cycle have been averaged and displayed 
sequentially under each other. The two examples show 
increasing latency to onset and peak of the CFR's during 
the inspiratory phase. (0-3 seconds).
Scale bars: 10 msec, 50 jiV.
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iii) Effect of increasing respiratory drive.

The central respiratory drive can be controlled 
experimentally by determining the level of inspired C02 
while maintaining mechanical ventilation constant.

CFRs in the ipsilateral b zone evoked by paired 
threshold stimuli to the internal intercostal nerve during 
hypocapnic apnoea (PC02 2.8%) and hypercapnia (PC02 6.6%) 
are illustrated in Fig. 16. Averaged CFR amplitude is 
markedly reduced during inspiration. CFR amplitude during 
expiration remains attenuated relative to mean CFR 
amplitude in hypocapnic apnoea. The latency of the CFRs
during respiration are however strikingly longer than 
during apnoea with no significant latency shift between 
inspiration and expiration under these conditions.
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Fig. 16. Climbing fibre responses from the thorax to the 
ipsilateral b zone during hypocapnic apnoea and during 
hypercapnia.

Left; Integrated inspiratory neural discharge above, and 
below the CFRs falling in sequential 500 msec time bins of 
the respiratory cycle have been averaged and displayed in 
the corresponding period of the cycle. A total of 750 CFRs 
were evoked at iHz by paired threshold stimuli at a 3 msec 
interval with expiratory C02 held at 6.6%. The last trace 
(right) is the average of 50 CFRs recorded during 
hypocapnic apnoea, with an end expiratory C02 of 2.8%.

Right : In the upper record the evoked responses in
hypocapnic apnoea and during expiration are superimposed, 
in the lower record the evoked responses in inspiration and 
expiration are superimposed. The CFR during hypocapnic 
apnoea has a shorter latency than the CFRs during the 
respiratory cycle.
Scale bars; upper left: 500 msec, lower left: 50 msec, 50 
]iV, right: 10 msec, 50 pV.
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The effects of graded increases in PC02 are ^ 
illustrated in Fig. 17. CFRs were evoked by a single 
stimulus to the internal intercostal nerve during 
hypocapnic apnoea (C02 2.25%) and following the onset of 
the respiratory rhythm (C02 4.55%). There is a marked 
reduction of the amplitude of CFRs during the respiratory 
cycle, compared to apnoea, with a phasic reduction of CFR 
amplitude during inspiration. As inspired C02 was further 
increased there was a complete inhibition of CFRs at this 
stimulus intensity and paired shocks were necessary to 
evoke responses.

The upper right hand record illustrates the CFRs 
evoked at an increased central respiratory drive (C02 9.0%) 
following paired stimuli to the same nerve. There is a 
prominent inspiratory inhibition and a smaller late 
expiratory inhibition of CFR amplitude. The lower right 
hand record shows the CFRs to the same stimulus parameters 
after reduction of the central respiratory drive (C02 
4.4%). The amplitude of CFRs is markedly enhanced both in 
comparison to hypercapnia and to the response to a single 
stimulus at comparable levels of central respiratory drive.

164



Fig. 17. Effect of increasing central respiratory drive on 
CFRs from the thorax in the ipsilateral b zone.
Upper left: Integrated inspiratory neural discharge at end 
expiratory CO2 4.55% and 9.0%.
Lower left: Averaged CFRs in 500 msec time bins of the 
respiratory cycle at end expiratory C02 of 4.55%, the final 
trace is the average of 50 CFRs during hypocapnic apnoea at 
end expiratory C02 2.25%. CFRs were evoked by a single 
suprathreshold stimulus at 1 Hz to a total of 750.
Upper Right: Averaged CFRs, as above, during the
respiratory cycle at end expiratory C02 9.0%, evoked by
paired suprathreshold stimuli at a 3 msec interval. (CFRs 
were not elicited by a single stimulus)
Lower Right: Averaged CFRs to the same stimulus parameters 
as above at end exp iratory C02 4.5%
Scale bars; upper left; 500 msec, lower; 50 msec, 50 |iV.
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iv) Modulation of climbing fibre responses from the
sciatic nerve

CFRs evoked from sciatic nerve stimulation could be 
recorded throughout the mediolateral extent of the lateral 
vermis with surface electrodes. Maximal sciatic CFRs were 
found in the medial part of the b zone, but these CFRs 
failed to show any modulation in amplitude during the 
respiratory cycle (Fig. 18, lower record) and no consistent 
change in CFR amplitude was observed between hypocapnic 
apnoea and hypercapnia.

CFRs corresponding to the cl and b zones were recorded
in the most lateral part of the vermis of Lobule IV, from
the same electrode position, following sciatic nerve
stimulation. Variation in amplitude of the averaged CFRs
during the respiratory cycle is illustrated in Fig. 18
(upper and middle records). The amplitude of the component

input tothe thoracicof the evoked response corresponding to the sciatic,b zone
CFR shows a phasic inhibition during inspiration, similar 
to the modulation of the intercostal CFRs.
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Fig. 18. Climbing fibre responses from the hindlimb in the 
ipsilateral b zone during the respiratory cycle.
Top: Integrated inspiratory neural discharge at end
expiratory 002 6.2% (lower) and 9.9% (upper traces).
Upper trace: Averaged CFRs in 500 msec time bins of the 
respiratory cycle at end expiratory C02 6.2%. CFRs were 
evoked by a single suprathreshold stimulus to the sciatic 
nerve at iHz to a total of 750. The early component 
corresponds to the Cl zone CFR and the later component to 
the b zone CFR recorded from the lateral part of the b 
zone.
Middle trace: Same recording site and stimulation
parameters but at end expiratory C02 of 9.9%.
Lower trace: Averaged CFRs from another recording site in 
the medial b zone evoked from the sciatic nerve during the 
respiratory cycle at normocapnia.
Scale bars: Top; 500 msec. Lower; 50 msec, 50 jiV.
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Increasing central respiratory drive by increasing end 
expiratory C02 from 6.2% (upper record) to 9.9% (middle 
record) enhances the inspiratory modulation of the CFR 
amplitude, the amplitude of the late expiration CFRs 
corresponding to the amplitude of averaged CFRs recorded 
subsequently during hypocapnic apnoea.
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XIII Modulation of transmission in thoracic spino-olivo- 
cerebellar paths during the pump cycle.

Modulation of transmission in these pathways by the 
rhythmic proprioceptive input during the inflation and 
deflation phases of the pump cycle was investigated in a 
similar manner to the modulation by the central respiratory 
cycle.

CFRs were evoked, at intervals of 1.01 s, in the 
thoracic b zone by paired threshold stimuli to the internal 
intercostal nerve . The animal was ventilated at 52 cycles 
per minute with an inspiratory to expiratory duration of 
1:2, so that the stimuli drifted, with respect to the onset 
of the pump cycle, through a complete cycle approximately 
every 20 cycles.
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Fig. 19. Thoracic climbing fibre responses in the 
ipsilateral b zone throughout the pump cycle during 
spontaneous respiration.
CFRs falling in sequential 125 msec time bins of the pump 
cycle have been averaged and displayed sequentially. A 
total to 7 50 CFRs were evoked by a single suprathreshold 
stimulus to the internal intercostal nerve (TIG) at iHz. 
Pump rate was 52 a minute (pump cycle duration 1.154 secs, 
inflation phase 0.385 secs) and end expiratory C02 was 
maintained at 6.0% and the respiratory cycle duration was 
between 7 and 8 seconds. Chloralose anaesthesia.
Inflation phase indicated by horizontal bar.
Scale bars: 25 msec, 50 jiV.
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Fig. 19 illustrates the average CFR amplitude in 
successive 125 msec bins through the pump cycle in an 
animal under deep chloralose anaesthesia with a slow 
respiratory rhythm with end expiratory C02 maintained at 
6.0%, The mean CFR amplitude increases progressively 
during the inflation phase and decreases during the early 
deflation phase. The depth of modulation is comparable to 
that seen during the respiratory cycle.

One source of modulation in this preparation will 
arise from the synchronisation of inspiration with the 
deflation phase of the pump cycle; however this is unlikely 
to contribute signficantly to the depth of modulation as 
the respiratory cycle duration is 5-10 fold longer than the 
pump cycle. The experiment was repeated in the same animal 
under the same conditions of passive ventilation but 
without added C02 in the inspired gas : Under these
conditions end expiratory 002 fell to 3.5% and hypocapnic 
apnoea supervened. A similar progressive increase in mean 
CFR amplitude is apparent during inflation and a decrease 
in amplitude in the early expiratory phase with a further 
increase in the late deflation phase (Fig. 20).
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Fig. 20. Climbing fibre responses in the ipsilateral b 
zone from the thorax during the pump cycle in hypocapnic 
apnoea.
The same stimulation and recording parameters as in Fig. 19 
but with end expiratory C02 maintained at 3.5%, below the 
threshold for respiratory rhythm generation.
Scale bars: 25 msec, 50 |iV.
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Marked CFR amplitude modulation was only observed 
under deep chloralose anaesthesia, although a similar trend 
was observed in decerebrate preparations. Fig. 21 
illustrates the mean amplitude of CFRs from paired 
threshold stimuli in 125 msec bins through the pump cycle, 
although there is no marked amplitude modulation, the 
latency of the CFRs in the mid deflation phase is delayed 
relative^°the late inflation phase.
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Fig. 21. Climbing fibre responses in the ipsilateral b 
zone from the thorax during the pump cycle: Latency
changes.
The same recording parameters as Fig. 19. CFRs were evoked 
by paired threshold stimuli at a 3 msec interval to the 
internal intercostal nerve (TlO) at iHz in the decerebrate 
preparation during spontaneous central respiratory rhythm 
generation.
Upper trace: Averaged CFRs in sequential 125 msec time bins 
of the pump cycle.
Lower trace: Superimposed records of averaged CFRs in
inflation and deflation phases. The latencies to onset and 
peak are earlier during inflation.
Scale bars: Upper; 50 msec, 50 pV. Lower; 10 msec, 50 |iV.
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Discussion.

i) Sources of variability in climbing fibre response 
amplitude.

The climbing fibre response to repeated peripheral 
nerve stimulation has been used to investigate the 
excitability of spino-olivo-cerebellar paths to the cl and 
c2 zones during spontaneous locomotion in the cat (Apps, 
Lidierth & Armstrong, 1990, Lidierth & Apps, 1990) . The 
interpretation of changes in average CFR amplitude must 
take account of factors that influence both the probability 
and amplitude of individual CFRs. As the inferior olivary 
neurons are extensively coupled through gap junctions they 
tend to function as a "neuronal ensemble", discharging as 
a population in an all or nothing manner, so that the the 
average amplitude of CFRs will reflect the probability of 
a stimulus eliciting a synchronous olivary discharge.

The amplitude of a given CFR recorded from the 
cerebellar surface will reflect both the number of olivary 
neurons discharging and the amplitude of the field 
potential generated by the individual complex spikes. The 
number of olivary neurons discharging will reflect both the 
synaptic excitation of individual olivary neurons and the 
degree of electrical coupling between them. (Introduction; 
Section IV i)).
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The amplitude of the field potential generated by one 
individual climbing fibre response will depend on the 
intrinsic properties of the Purkinje cell and the
excitatory and inhibitory synaptic drive at that time 
(Introduction; Section III iv)). The amplitude of the
initial spike of the climbing fibre response recorded at 
the cerebellar surface is markedly attenuated by stellate 
cell inhibition (Campbell, Ekerot & Hesslow, 1983) Phasic 
modulation of excitatory and inhibitory synaptic drive to 'fb 
Purkinje cells may therefore be reflected in changes in 
climbing fibre response amplitude. Data presented in the 
subsequent section demonstrates that there is no
significant change in amplitude of the climbing fibre 
response evoked by an axon reflex following antidromic 
stimulation in the b zone during the respiratory cycle, 
indicating either that the net excitability of the
population of Purkinje cells is not modulated during the 
respiratory cycle or that it is insufficient to influence 
the climbing fibre response.

ii) Respiratory modulation of SOCP excitability.

The transition from hypocapnic apnoea to the onset of 
the respiratory rhythm is associated with a decrease in 
amplitude of b zone CFRs from the thorax which was not seen 
in CFRs evoked from the sciatic nerve and is therefore 
unlikely to represent a non specific effect of increasing 
systemic PC02. A consistent pattern of modulation of CFR
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amplitude was apparent throughout the b zone with a 
striking decrease during inspiration and a post inspiratory 
enhancement. In some experiments a decrease in amplitude 
was also apparent during the late expiratory phase which 
corresponds to active expiration. These latter changes 
were inconsistent and this may reflect the greater 
influence of cycle duration variability on the amplitude of 
averaged CFRs either in the late part of the cycle or at 
the onset of inspiration. When averaged across many cycles 
expiratory modulation of CFR amplitude may be better 
demonstrated by normalising the cycle length by dividing 
each cycle into fractional bins.

Increasing central respiratory drive progressively 
inhibited CFR amplitude and enhanced the phasic modulation. 
The depth of modulation could be arbitarily determined by 
adjusting stimulus parameters. Phasic modulation also could 
be revealed by use of paired threshold stimuli and was 
reflected in the latency of the evoked responses, which 
were longer during inspiration indicating temporal 
summation at some point in the pathway.

During locomotion in the cat a similar decrease in CFR 
amplitude is seen with the transition from rest to rhythm 
generation with a phasic modulation of CFR amplitude during 
the cycle. (Apps, Lidierth and Armstrong, 1990, Lidierth 
& Apps, 1990). Using non noxious stimulation of the 
superficial radial nerve in the spontaneously walking cat
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phasic changes in excitability in the cl and c2 zones were 
observed. In the cl zone the excitability of the SOCPs was 
greatest during mid to late swing and least during early 
stance. Responses in the c2 zone evoked from ipsilateral 
and contralateral limbs were in phase and, during the 
locomotor cycle, CFR amplitude revealed two peaks during 
mid stance and late swing, which were attributed to the 
summation of modulatory drives acting on ipsilateral and 
contralateral inputs during their respective stance phases.

iii) Origin of modulation of SOCPs.

In the spontaneously walking cat the modulation of 
SOCP excitability may arise from a direct effect of the 
spinal central rhythm generator or indirectly as a result 
of phasic afferent activation consequent on locomotion, as 
peripheral nerve stimulation can profoundly inhibit 
transmission in SOCPs. (Introduction; Section IV iii)).

Modulation of the cl SOCP involved the earliest 
component of the CFR attributable to the DFSOCP, implying 
modulation at the level of the dorsal column nucleus, or 
the inferior olive (Lidierth and Apps, 1990). This could 
arise either from a descending pathway to these nuclei, as 
phasic locomotor activity is present in cortical neurons 
(Armstrong & Drew, 1984a), or from activity in ascending 
pathways in the dorsal columns (Lidierth, 1991).
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In the paralysed, ventilated decerebrate preparation 
the cortical efferent pathways are removed and the activity 
of the central rhythm generator and the phasic afferent 
activation are uncoupled and can be investigated 
independently. The phasic respiratory modulation must 
therefore reflect the direct effect of the central rhythm 
generator. However, the phasic modulation of CFR amplitude 
during the pump cycle, as seen in hypocapnic apnoea, 
reflects the influence of phasic afferent activation by 
passive inflation and deflation of the lungs and chest 
wall.
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Fig. 22. Diagrammatic representation of spino-olivary 
paths ascending in the dorsal and ventral funiculi (DRG: 
Dorsal root ganglion, DEN: Dorsal funiculus nuclei, I.O.; 
Inferior olive, CF: Climbing fibre).
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iv) Site of modulation of transmission in SOCPS.

Three SOCPS terminate in the b zone, the DFSOCP and 
VFSOCP (Fig. 22) having suprasegmental and segmental relays 
respectively, while the DLFSOCP, (not illustrated), relays 
at both levels (Introduction; Section V i)). The 
excitability of the segmental pathways of the a and b 
VFSOCPs parallels changes in segmental reflex pathways 
following pharmacological challenge (Andersson & Sjolund, 
1978; Introduction; Section V iii)) and may share common 
elements with these reflex pathways. It is likely that 
respiratory modulation of transmission through VF SOCPS 
occurs predominantly at the segmental level in parallel 
with modulation through segmental reflex pathways although 
a direct effect of the respiratory central rhythm generator 
on the excitability of olivary neurons cannot be excluded.

Transmission through the DFSOCP is susceptible to 
modulation at the relay in the dorsal column nuclei by 
activity in parallel ascending paths as well as descending 
projections from cerebral cortex, red nucleus and reticular 
nuclei (Introduction; Section V iii)). The respiratory 
rhythm may exert a direct or indirect influence on the 
excitability of the dorsal column nuclei through these 
descending paths.

Peripheral afferent activation during the pump cycle 
may inhibit transmission through the DFSOCP at the level of
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the dorsal column nuclei (Lidierth, 1990) or may modulate 
the excitability of segmental relays to the DLF and VF 
SOCPs. The present experiments cannot establish the 
contribution of individual SOCPS to the overall modulation 
of transmission in these pathways or the exact level at 
which this is effected. Further experiments would be 
required either to isolate individual pathways by selective 
lesions, interpretation of which would be complicated by 
interuption of descending pathways carrying the central 
respiratory drive, or to record from identified neurons on 
individual pathways.

The excitability of the inferior olive neurons will 
reflect the integration of its excitatory and inhibitory 
afferents and provides an indirect index of the activity of 
the afferents converging on the olivary neurons.

188



XIV Excitability of olivary neurons during the respiratory
cycle.
i) Identification of olivary reflex.

Antidromic stimulation of climbing fibres from the 
cerebellar surface evokes a short latency CFR by an axon 
reflex and a later CFR which depends on antidromic invasion 
of the olivary neurones, and initiation of an orthodromic 
action potential in the same and neighbouring cells as a 
result of the extensive electrical coupling between olivary 
neurons (Andersson, 1984b; Llinas, Baker & Sotelo, 1974).

The axon reflex (AR) and olivary reflex components of 
the evoked response in the cl zone can be distinguished 
easily in surface recordings (Fig. 23). Stimulation of the 
forelimb area of the paramedian lobule evokes a 
characteristic axon reflex CFR at a latency of 6 msec and 
an olivary reflex CFR at 8 msec recorded from the 
intermediate cortex of lobule V. Following high frequency 
stimulation of the superficial radial nerve at 5 Hz for 3 
seconds and suprathreshold for evoking a CFR, the later 
component is inhibited for many seconds, characteristic of 
the olivary reflex (Andersson & Hesslow, 1987a).

189



Fig. 23. Left record illustrates the climbing fibre axon 
reflex and olivary reflex recorded from the surface of the 
cl zone in the forelimb microzone, lobule V, following 
stimulation of folium 3 of the paramedian lobule. 
Following stimulation of the superficial radial nerve 
suprathreshold for evoking a CFR at the same site at 5 Hz 
for 30 seconds the olivary reflex component is inhibited 
(right).
The olivary reflex is indicated by an asterisk.
Scale bars: 10 msec, 100 pV.
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Fig. 23. Legend; see facing page.
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Surface recordings from the b zone following 
stimulation of an adjacent folium, also reveals a short 
latency component at 3-4 msec corresponding to the axon 
reflex CFR, followed by a variable number of components. 
High frequency stimulation does not cause a prolonged 
inhibition of olivary excitability in the b zone pathway 
(Andersson & Hesslow, 1987a), therefore a conditioning 
stimulus to the internal intercostal nerve was used to 
evoke a CFR in the b zone 50 msec prior to surface 
stimulation, the resulting "recurrent inhibition" 
(Armstrong & Harvey, 1966) inhibiting the OR component.

The effect of a conditioning stimulus is shown in Fig. 
24, the averaged response revealing two components at 7 
msec and 9 msec, following the AR. A conditioning stimulus 
at 50 msec attenuates both these components whereas by 
contrast, a conditioning stimulus subthreshold for CFR 
preceding surface stimulation by 10 msec to give a 
subthreshold excitatory input to the olivary neurons 
selectively enhances the component at 9 msec.
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Fig. 24. Antidromic evoked responses in the thoracic 
microzone of the b zone following stimulation of an 
adjacent folium.

The left and right pairs of records illustrate the effect 
of a preceding stimulus to the internal intercostal nerve, 
suprathreshold and subthreshold for a CFR respectively, on 
the antidromic evoked responses. The left of each pair 
illustrates the response to a single antidromic stimulus.

In the left pair, the right of the pair illustrates the 
effect of a conditioning stimulus given 50 msec prior to 
antidromic stimulation, the small components at 7 and 9 
msec which follow the axon reflex and include the olivary 
reflex, are inhibited.

In the right pair of records, the right of the pair 
illustrates the effect a conditioning stimulus given 10 
msec prior to antidromic stimulation, with the evoked 
response to the conditioning stimulus alone superimposed. 
The component at 9 msec is markedly enhanced by the 
subthreshold conditioning stimulus.
Scale bars: 20 msec, 100 pV.
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Extracellular recording from individual Purkinje cells 
in the thoracic b zone following surface stimulation of an 
adjacent folium (Figs. 25 and 26) revealed an AR between 
3.2 and 4.6msec and an OR between 9 and 10 msec. The OR 
varied in latency between individual responses and was only 
present on a variable proportion of trials and therefore 
made a smaller contribution to the average CFR amplitude.

Although the OR may result from multiple EPSPs the AR 
represents a single climbing EPSP (Andersson, 1984b). The 
intermediate components of the AR thus represent dendritic 
or secondary spikes, so that attenuation of its amplitude 
by a conditioning stimulus (Fig. 24) will reflect summation 
of the effects of preceding climbing fibre and parallel 
fibre activation on the secondary spikes. (Campbell and 
Hesslow, 1986a). Since both preceding climbing fibre, and 
on-beam parallel fibre activation tend to enhance the 
secondary spike amplitude the reduced amplitude of this 
component implies that the net effect of conditioning 
stimulation at this interval reflects "off-beam" inhibition 
of the Purkinje cells.
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Fig. 25. Antidromic evoked responses in individual 
Purkinje cells of the b zone following stimulation of an 
adjacent folium.
Left: The upper pair of traces illustrate the axon reflex 
and olivary reflex climbing fibre responses in this cell. 
In the lower pair only the axon reflex is present.
Right: The left upper pair of traces have been superimposed 
in the top record. The lower record illustrates the 
averaged response to 50 successive antidromic stimuli. 
Components representing the secondary spikes of the axon 
reflex CFR and the olivary reflex can be distinguished.
The olivary reflex is indicated by an asterisk.
Scale bars: 10 msec, 100 |iV.
Stimulus artefact has been edited.
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Fig. 26. Antidromic evoked responses in individual 
Purkinge cells of the b zone following stimulation of an 
adjacent folium.

Displayed as in Fig. 25. The olivary reflex is elicited 
infrequently at this site, and is small in the averaged 
record.
The olivary reflex is indicated by an asterisk.
Scale bars: 10 msec, 100 jiv.
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il) Modulation of the olivary reflex during the
respiratory cycle.

The axon reflex and olivary reflex components of the 
surface evoked response to stimulation of the thoracic b 
zone in the decerebrate, averaged in successive 250 msec 
bins through the respiratory cycle are illustrated in Fig. 
27. In this decerebrate preparation, the later components 
of the averaged response are all of small magnitude 
compared with the axon reflex, reflecting variability in 
their frequency of occurrence, latency and relative 
amplitude. The most marked modulation is seen in the 
amplitude of the component with a latency of 10.3 msec 
corresponding to the olivary reflex at this site. The 
olivary reflex is almost completely inhibited during the 
late inspiratory phase and recovers during expiration. The 
inhibition of the olivary reflex component is clearly seen 
at an expanded time scale (Fig. 28).
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Fig. 27. Antidromic evoked responses in the thoracic 
microzone of the b zone during the respiratory cycle.

Upper traces: Integrated inspiratory neurogram.

Lower traces: The responses evoked by 750 consecutive
antidromic stimuli to an adjacent folium, falling in 
sequential 250 msec time bins of the respiratory cycle have 
been averaged and displayed sequentially in the 
corresponding period of the cycle. The olivary reflex 
component at a latency of 10.3 msec is inhibited during 
inspiration. Decerebrate preparation.
Scale bars: Upper; 250 msec. Lower; 20 msec, 100 jiV.
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Fig. 28. The antidromic evoked responses in peak 
inspiration and expiration from Fig. 27 are displayed at an 
expanded time scale in the left and right hand traces 
respectively.
The olivary reflex is indicated by an asterisk.
Scale bars: 10 msec, 50 pV.

203



! 10 ms

50 pv

Fig. 28. Legend; see facing page.

204



similar phasic modulation during the respiratory cycle 
was observed in the deep chloralose anaesthetised animal. 
Figs. 29 & 31 and Figs. 31 & 32 illustrate the averaged 
antidromic evoked responses at two sites in the thoracic b 
zone, in 500 msec bins through the respiratory cycle. The 
long duration of the respiratory cycle, greater than 8 sec, 
under deep chloralose anaesthesia, reveals the modulation 
of the olivary reflex during each phase of the cycle. The 
olivary reflex component is most prominent in the immediate 
post inspiratory phase but is almost completely inhibited 
during inspiration and during the late expiratory phase 
which corresponds to active expiration (Figs. 29 & 30). A 
similar phasic modulation of the olivary reflex is seen in 
Figs. 31 & 32, although the late expiratory inhibition is 
less marked. At this recording site the latency of the 
olivary reflex at 8.5 msec coincides with the second 
component of the antidromic response corresponding to the 
secondary spike of the axon reflex CFR, as the form of the 
olivary reflex evoked response is determined by the 
position of the recording electrode relative to the maximum 
CFR.
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Fig. 29. Antidromic evoked responses in the thoracic
microzone of the b zone during the respiratory cycle.

Averaged antidromic evoked responses in 500 msec time bins 
of the respiratory cycle have been displayed as in Fig. 27.

The olivary reflex component is almost completely inhibited 
except in the immediate post inspiratory phase (Record 4). 
Chloralose anaesthesia.
The inspiratory phase is indicated by the horizontal bar. 
Scale bars: 25 msec, 50 |iV.
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Fig. 30. The antidromic evoked responses in inspiration 
and the immediate post inspiratory phase from Fig. 28 are 
displayed at an expanded scale in the left and right hand 
traces respectively.
The olivary reflex is indicated by an asterisk.
Scale bars: 10 msec, 50 jiV.
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Fig. 31. Antidromic evoked responses in the thoracic
microzone of the b zone. ’
Averaged antidromic evoked responses are displayed as in 
Fig. 29. The olivary reflex component is progressively 
inhibited during inspiration and reaches a maximum in the 
post inspiratory phase. Chloralose anaesthesia.
The inspiratory phase is indicated the horizontal bar. 
Scale bars: 25 msec, 50 |iV.
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Fig. 32. The antidromic evoked responses in inspiration 
and the post inspiratory phase from Fig. 31 are displayed 
at larger an expanded scale in the left and right hand 
traces respectively.
The olivary reflex is indicated by an asterisk.
Scale bars: 10 msec, 25 pV.
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iii) Modulation of spontaneous CS discharge during the
respiratory cycle.

Stable recordings were made from 6 Purkinje cells in 
the thoracic b microzone, in which complex spikes could be 
unequivocally distinguished from simple spikes by spike 
height alone using a threshold discriminator. In these 
decerebrate preparations all cells showed spontaneous CS 
with a characteristic frequency of 1-2 Hz. Two of the six 
cells revealed a clear phasic modulation of their 
spontaneous discharge (Fig. 33), including one cell (upper 
record) which was penetrated by the microelectrode and 
subsequently discharged only CS. In both of these cells 
spontaneous CS discharge was inhibited during inspiration. 
The upper record reveals a peak CS discharge in the early 
expiratory phase, consistent with the phasic modulation of 
olivary excitability as revealed by the modulation of the 
olivary reflex. In this preparation the pattern of CS 
discharge in the lower record is obscured by the 
variability in the duration of the inspiratory phase, which 
extends into the early expiratory phase in the averaged 
respiratory cycle.

In the remaining 4 cells recorded in two further 
experiments no clear evidence of modulation of their 
spontaneous CS discharge is apparent (Fig. 34).

214



Fig. 33. Spontaneous complex spike discharge in Purkinje 
cells in the thoracic microzone of the b zone during the 
respiratory cycle.
Top and bottom pairs of records are from different 
experiments. The upper trace in each pair is the 
integrated inspiratory neural discharge. Below are 
histograms of spontaneous complex spike discharge falling 
in 500 msec time bins of the respiratory cycle. Complex 
spikes were evoked in each cell by stimulation of the 
internal intercostal nerve (TlO). Spontaneous complex 
spike discharge was inhibited during inspiration in these 
cells.
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Fig. 34. Spontaneous complex spike discharge in Purkinje 
cells in the thoracic microzone of the b zone during the 
respiratory cycle.
Left and right records are from different experiments. The 
upper traces are the integrated inspiratory neural 
discharge. The lower records are histograms of spontaneous 
complex spike discharge falling in discrete time bins of 
the respiratory cycle. Complex spikes were evoked in all 
cells by stimulation of the internal intercostal nerve 
(TlO). Spontaneous complex spike discharge was independent 
of the phase of the respiratory cycle in these cells.
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iv) High frequency olivary burst discharge during the
respiratory cycle.

The sustained climbing fibre discharge in the impaled 
Purkinje cell illustrated in Fig. 35 provided an 
opportunity to investigate the effect of a physiological 
modulation of olivary excitability on the number of 
impulses discharged in each olivary burst discharge. Each 
climbing fibre response in this unit consisted of a large 
initial epsp followed by 1-4 smaller epsps (Fig. 35). The 
mean number of epsps comprising each CFR during the 
inspiratory phase (500-1500 msec), representing the period 
of minimum olivary excitability, and the post inspiratory 
phase (1500-2250 msec), representing the period of maximum 
olivary excitability, were compared with the mean during 
the whole cycle (l-5secs) . The histogram in Fig. 35 
illustrates the number of CFRs comprised of l-5epsps, it 
appears that in this unit there are substantially fewer 
CFRs with 5 epsps during the mimimum phase of olivary 
excitability than during the peak of excitability with the 
mean number of epsps over the cycle intermediate between 
these.

Although this is consistent with the hypothesis that 
the level of olivary excitability modulates both the 
probability of spontaneous CS discharge and the number of 
impulses comprising the olivary discharge, the results of
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Fig. 35. High frequency olivary discharge during the
respiratory cycle.
Spontaneous climbing fibre epsps were recorded from an 
impaled Purkinje cell in the b zone, in which a climbing 
fibre epsp could be evoked by stimulation of the internal 
intercostal nerve (TlO). The upper traces illustrate the 
variable number of epsps constituting each olivary burst 
discharge. Below is a histogram showing the percentage of 
spontaneous climbing fibre discharges with one or more 
epsps, during the inspiratory phase (500-1500 msec), during 
the post inspiratory phase (1500-2250 msec), or throughout 
the cycle (0-5 secs). All climbing fibre discharges have 
an initial epsp and more than 90% have at least three 
epsps. Bursts of 4 or 5 epsps are less frequent during the 
inspiratory phase than during the post inspiratory phase or 
the average throughout the cycle.
Scale bars: 10 msec, 100 pV.
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an individual recording must be regarded with considerable 
caution particularly since the total number of CFRs in the 
500-1500 msec group is small compared to the other groups, 
of the order of 100 CFRs.
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XV Miscellaneous observations.
i) Simple spike discharge of Purkinje cells in the
lateral vermis.

Although the simple spike discharge of Purkinje cells 
was not systematically investigated, both the spontaneous 
discharge and the simple spike response to peripheral nerve 
stimulation w ere frequently recorded during the 
identification of individual cells. In the majority of 
cells the simple and complex spike discharge could not 
reliably be distinguished using a threshold discriminator 
and the total of simple and complex spikes were recorded. 
In the paralysed decerebrate preparation Purkinje cells in 
the b zone characteristically responded to peripheral nerve 
stimulation with a short latency increase in simple spike 
discharge followed by a variable decrease in discharge 
frequency. This response in a Purkinje cell in the hindlimb 
b microzone to stimulation of the sciatic and intercostal 
nerves, is illustrated in Fig. 36, in other cells however 
the response to limb nerve stimulation was predominantly 
inhibitory with no initial facilitation (Fig. 37).
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Fig. 36. Post stimulus time histograms illustrating the 
response of a Purkinje cell in the hindlimb microzone of 
the b zone to stimulation of the ipsilateral sciatic nerve 
(top) and internal intercostal nerve (bottom).
Stimuli were delivered at 1 Hz and spikes counted using a 
window discriminator that included both simple and complex 
spikes.
In contrast to the increased spike discharge following 
sciatic nerve stimulation, the response to intercostal 
nerve stimulation was a predominant inhibition of 
spontaneous discharge following the initial facilitation.
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Fig. 37. Post stimulus time histograms illustrating the
cellresponse of a Purkinje in the thoracic microzone of the b 

zone to stimulation of the ipsilateral sciatic nerve (top), 
internal intercostal nerve (middle) and superficial radial 
nerve (bottom). Stimuli were delivered at iHz and spikes 
counted using a window discriminator that included both 
simple and complex spikes. The predominant response of 
this cell to limb nerve stimulation was an inhibition of 
spontaneous discharge.
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In some cells there was an increase in spike frequency
during inspiration which was audible over the loudspeakers.
The sum of simple and complex spike discharge throughout
the respiratory cycle for three cells is illustrated in
Fig. 38. The peak discharge occurring in inspiration or

upperthe post-inspiratory phase in the two cells shows a clear 
respiratory modulation of their simple spike discharge. 
Afferent information derived from the central respiratory 
rhythm generator is thus conveyed to the cerebellum over 
the mossy fibre pathway analogous to afferent input from 
other rhythm generators (Arshavsky et al., 1986).
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Fig. 38. Spontaneous discharge of Purkinje cells in the 
thoracic microzone of the b zone during the respiratory 
cycle.
The top record is the integrated inspiratory neural 
discharge, below are the cycle histograms of the 
spontaneous discharge of three Purkinje cells identified by 
complex spikes evoked from the internal intercostal nerve 
(TlO). Spikes were counted using a window discriminator 
that included both simple and complex spikes.
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ii) Climbing fibre evoked plateau potentials in the
lateral vermis.

Prolonged plateau potentials can be recorded from both 
proximal and distal Purkinje cell dendrites following a 
complex spike; such plateau potentials can also be recorded 
in the extracellular evoked response recorded from the 
cerebellar surface (Ekerot & Oscarsson, 1981) . The 
duration of the plateau potentials is influenced by the net 
synaptic drive on the Purkinje cell (Campbell, Ekerot & 
Hesslow, 1983), such that, for example, "off-beam" 
inhibition following parallel fibre stimulation shortens 
the duration of the plateau, however it is not known 
whether physiological changes in Purkinje cell excitability 
such as those occurring in some cells during the 
respiratory cycle can influence plateau duration.

Climbing fibre reponses following sciatic nerve 
stimulation were recorded from the ipsilateral b zone with 
surface electrodes using a time constant of 5 seconds, 
which is long relative to the duration of the plateau 
potentials (100-1000 msec). Control recordings indicated 
that electronically generated square waves of up to 1 sec 
duration were recorded without significant distortion using 
this time constant.

Following the initial positive component of the 
complex spike a negative plateau potential of up to 100 uV 
and 200-300 msec duration is apparent (Fig. 39) . 
Superimposed on this plateau is a small "rebound spike"
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which follows the initial CFR by 100 msec. (Ekerot & 
Oscarsson, 1981), and the plateau potential then resolves 
over 1-2 seconds.

To investigate the effect of phasic simple spike 
activity during the respiratory cycle on these plateau 
potentials, the surface responses following sciatic 
stimulation at 0.5 Hz were averaged into 500 msec bins 
through the respiratory cycle (Fig. 40). No modulation of 
the plateau potential amplitude or duration was apparent in 
these experiments, however the "rebound spikes" at 100 msec 
after the initial climbing fibre response were more 
prominent in the post inspiratory phase, corresponding to 
the period of maximal olivary excitability. Due to the 
variability in latency of this component it is not well 
seen in averaged records, but can be seen as a small 
positive deflection on the plateau potential in the middle 
records of Fig. 40.

232



Fig. 39. Climbing fibre plateau potentials in the b zone 
evoked from the internal intercostal nerve (TlO).

The top three traces illustrate single records of the mass 
evoked climbing fibre responses and their plateau 
potentials, recorded with surface electrodes with a time 
constant of 5 seconds. Stimuli were delivered to the 
internal intercostal nerve at 0.5 Hz. The average of 50 
consecutive CFRs is illustrated below.
Scale bars; 500 msec, 100 pV.
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+500 ms

Fig. 39. Legend; see facing page.
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Fig. 40. Climbing fibre plateau potentials in the thoracic
microzone of the b zone during the respiratory cycle.

The responses evoked by 7 50 consecutive stimuli to the 
internal intercostal nerve (TlO) at 0.5 Hz, falling in 
sequential 500 msec time bins of the respiratory cycle have 
been averaged and displayed below each other. Climbing 
fibre responses were recorded with a surface electrode and 
a time constant of 5 seconds.
Scale bars: 500 msec, 100 |iV.
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Fig, 40. Legend; see facing page.

236



Discussion.

1) Modulation of olivary excitability during the
respiratory cycle.

The absence of significant variation In amplitude of 
the axon reflex climbing fibre response In these 
experiments confirms that the variation In CFR amplitude 
reflects the number of olivary neurons discharging and 
justifies using the average CFR amplitude as an Index of 
transmission through the Inferior olive.

The decrease In amplitude of the olivary reflex during 
Inspiration could arise either from a parallel decrease In 
olivary excitability or from collision of the antidromic 
Invasion of olivary neurons by orthodromic spikes. The 
phasic decrease In spontaneous complex spike discharge 
during inspiration is however Inconsistent with the latter 
explanation.

The decrease In the mean number of epsps representing 
the olivary burst discharge in the single Purkinje cell 
during Inspiration is also consistent with a phasic 
decrease In olivary excitability. The functional 
significance of the number of spikes In the olivary burst 
discharge Is not known. As a single olivary discharge 
evokes a full complex spike in a Purkinje cell the 
functional significance may lie in the action of olivary 
collaterals on neurons in the deep cerebellar nuclei
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Comparable observations have been reported in the 
decerebrate cat stepping on a treadmill (Boylls, 1980). 
The amplitude of the antidromic field potential recorded in 
the caudal medial accessory olive was used as an index of 
olivary excitability during the step cycle. A significant 
decrease was found in the late swing phase. The spontaneous 
CS discharge in 5 Purkinje cells in the a zone was also 
determined during stepping and 2 of the 5 cells showed 
clear modulation of their CS discharge with separate peaks 
of activity in the early swing and in early stance. The 
observed decrease in the amplitude of the antidromic field 
potential correlated with the decrease in spontaneous CS 
discharge in late stance.

ii) Origin of modulatory drive.
The inferior olive receives an inhibitory projection 

from the cerebellar nuclei, which can modulate transmission 
through the nucleus by direct post synaptic inhibition of 
individual olivary neurons and functional uncoupling of the 
electrotonic junctions between neurons (Introduction; 
Section IV) . Phasic inhibition of b zone CFRs through this 
pathway would require an appropriately phased respiratory 
modulation of the nucleo-olivary neurons in Deiters 
nucleus, which terminate on the olivary neurons in the DAO, 
which in turn project to the b zone. Although there is good 
evidence for phasic modulation of lateral vestibulo-spinal 
tract neurones in other rhythmical movements (Arshavsky et 
al., 1986), this has not yet been investigated in relation
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to the respiratory cycle. Furthermore nucleo-olivary 
inhibition of transmission to the b zone may be less 
prominent, as significant inhibition is not seen following 
disinhibition of lateral vestibular nucleus neurons, by 
high frequency b zone CFRs, in the deeply barbiturate 
anaesthetised cat (Andersson & Hesslow, 1987b).

Alternatively, the modulation of olivary excitability 
may reflect the excitatory synaptic activity from the last 
order neurons of the spino-olivary paths. In thoracic 
segments, some interneurons with ascending axon branches 
display an appropriate phase relationship to the 
respiratory cycle (Kirkwood et al., 1988) to provide such 
a modulatory influence on segmental neurons of the SOCPs.

iii) Differences between observations in intact and
decerebrate preparations.

There is a growing consensus from experiments in 
intact animals that the frequency of complex spikes does 
not systematically vary across the locomotor cycles unless 
the cycle is perturbed. (Introduction; Section VI vi)). 
However, in decerebrate preparations CS discharge is 
modulated by the scratch reflex, during locomotion and from 
the present study, the respiratory cycle. Although 
decerebrate preparations can generate these rhythmical 
movements the balance of activity in ascending and 
descending pathways will not precisely reflect that in the 
intact animal; furthermore neuromuscular blockade in
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experimental animals will inevitably disturb the balance 
between the central command for movement and activity in 
peripheral afferents consequent on movement. Reduced 
preparations may be useful in investigation of the elements 
of motor control, but the functional significance of these 
observations must be interpreted in light of observations 
in intact animals.

iv) Simple and complex spike discharge during the 
respiratory cycle.

Mossy fibre afferents to the cerebellum discharge in 
response to movement and their activity reflects both the 
central motor command and peripheral afferent activation 
(Introduction; Section I (vi). Although simple spike 
activity has not been systematically investigated the 
observation of Purkinje cells in the b zone with simple 
spike discharge modulated during the respiratory cycle in 
the paralyzed decerebrate preparation is consistent with 
similar observations during fictive locomotion and 
scratching (Introduction; Section VI vi)). The limited 
number of observations does not allow generalisation to a 
description of the population response.

Interactions between the net inhibitory and excitatory 
drive on Purkinje cells and the form of the complex spike 
has only been investigated using electrical stimulation of 
afferents (Campbell, Ekerot & Hesslow, 1983; Campbell & 
Hesslow, 1986a). The physiological significance of such
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findings remains uncertain) it is possible to investigate 
the interaction between the physiological modulation of 
simple spike discharge during rhythmical movements and 
evoked climbing fibre responses at different times in the 
cycle. The absence of significant variation in complex 
spike morphology during the respiratory cycle in these 
experiments may reflect the absence of significant phasic 
modulation of simple spike discharge in the population of 
Purkinje cells either as a consequence of a weak phasic 
modulation of the mossy fibre afferents from the thorax in 
the paralysed, ventilated animal or due to the net effect 
of subgroups of Purkinje cells with different patterns of 
phasic simple spike discharge.
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GENERAL DISCUSSION

Functional significance of modulation of transmission in
SOCPs.

The absence of phasic CS discharge during unperturbed 
locomotion in the cat (Gellman et al. 1985; Andersson & 
Armstrong, 1987) or voluntary limb movement in the primate 
(Gilbert & Thach, 1977) by the phasic afferent activity 
generated by movement in contrast to the sensitivity of 
olivary neurons to passive stimulation of such afferents 
(Rushmer, Roberts & Augter, 197 6) indicates that 
transmission in these pathways is under central control. 
The response of olivary neurons to perturbation of 
locomotion or limb movement in these studies indicates that 
this is not a state dependent inhibition of the pathways 
but that the appropriate afferent activity generated by 
movement is selectively gated during movement while 
afferent activity that is inappropriate to the anticipated 
movement continues evokes olivary discharge.

The observed phasic modulation of transmission in the 
b zone SOCP from the thorax, with a consistent inhibition 
during inspiration and weaker inhibition during late 
expiration, corresponding to the active respiratory 
movements of the thorax, reflects a gating of activation of 
olivary neurons by the proprioceptive afferents activated 
by these respiratory movements.
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A similar gating mechanism has been demonstrated in 
the cl and c2 zones of the cat during spontaneous 
locomotion (Apps, Lidierth & Armstrong, 1990; Lidierth & 
Apps, 1990) . Transmission in the cl zone SOCP from the 
ipsilateral forelimb was inhibited during both early
stance, when paw contact would have generated phasic 
cutaneous and proprioceptive afferent activity and again, 
during the transition from stance to swing, when activity 
in hip flexors is enhanced. The excitability of these 
pathways is therefore modulated such as to gate this 
appropriate afferent activity. Correspondingly, the 
excitability of the c2 SOCP was modulated with two phases 
of inhibition during the early stance and early swing
phases of the ipsi and contralateral forelimbs consistent 
with similar gating of self generated afferent activity in 
this bilateral pathway from both forelimbs.

The afferent activity generated by movement is 
utilised in the feedback control of movement and the 
control of gain in these central pathways constitutes a 
fundamental component of a motor control strategy 
(Prochazka, 1989). The afferent feedback from muscle
spindle afferents has been conceptualised in terms of the
length servo theory (Merton 1953), whereby changes in 
spindle afferent discharge signal the difference between 
intrafusal and extrafusal contraction representing a 
proportional error signal that automatically adjusts reflex 
control of contraction to minimise the error. During the
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performance of automatic or habitual movements the afferent 
activity is predictable and the contribution of reflex 
pathways engaged by this feedback is accommodated within 
the overall motor strategy. Although the error signal in 
a length servo implies a deviation of actual performance 
from intended performance, this error is corrected within 
the movement by the servo mechanism. By contrast, an error 
of motor performance that arises from an unanticipated 
perturbation of movement, or a change in internal 
parameters of the motor system, may require either a change 
in motor strategy or an adjustment to the control system 
parameters and is corrected by an additional movement and 
represents second category of performance error.

Perturbation of voluntary breathing in man by applying 
an unexpected resistive or pressure load (Newsom Davis & 
Sears, 197 0) resulted in a brief inhibition of intercostal 
muscle activity followed by a late stretch reflex which was 
proportional to the prevailing level of contraction. It 
was proposed that the autogenic inhibition of contraction 
by tendon organ activity during movement is normally 
suppressed by a matched presynaptic inhibition of Group Ib 
terminals by corticospinal pathways. Following a
perturbation the additional unmatched activity has access 
to segmental reflex paths causing transient inhibition of 
intercostal muscle activity which precedes the otherwise 
automatic compensation by the servo or stretch reflex 
component.
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Perturbation of the step cycle will similarly evoke an 
automatic reflex response (Introduction; Section VI v) ), 
activity in segmental and suprasegmental pathways acting to 
maintain equilibrium. The occurrence of such a deviation 
of actual performance from intended performance cannot be 
corrected within the limits of the initial motor strategy 
and constitutes a performance error of the second category, 
that is signalled to the cerebellum over spino-olivo- 
cerebellar pathways (Andersson & Armstrong, 1987) .

The modulation of transmission in SOCP's represents a 
specific example of a general principle of motor control 
organisation, whereby transmission within central pathways 
is determined by the motor command. The specific 
characteristics of the olivary discharge, responding 
selectively to inappropriate afferent activity which 
represents a motor performance error, results from a 
matching of the anticipated afferent activity generated by 
movement with equivalent inhibition of transmission in the 
spino-olivo-cerebellar paths.

Role of the cerebellum in respiration.

The present observations on the somatotopic 
organisation of the climbing fibre responses evoked from 
the thorax, together with previous studies (Introduction; 
Section V iv)), indicate that the respiratory motor system
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is represented in each cortical zone of the vermis and 
intermediate lobe.

The divergence of mossy fibre afferents from the 
thorax throughout the vermis and intermediate cortex 
(Coffey et al., 1971) provides an anatomical basis for 
supraspinal integration of respiratory activity with the 
control of limb movement. Similarly, the convergence on 
Purkinje cells in the thoracic representation of each zone, 
of activity in mossy fibre afferent pathways from the limbs 
and thorax, provides a substrate for the coordination of 
automatic respiratory activity with postural and voluntary 
motor activity in the axial musculature. Adaptive 
plasticity in these thoracic microzones (Introduction; 
Section II) confers on this system the ability to acquire 
skilled coordinated movements with repeated practice.

Experimental observations following stimulation or 
ablation of the posterior lobe vermis (Introduction; 
Section VI vii)) indicate that this region may play an 
analogous role in the adaptive coordination of the activity 
of the central respiratory rhythm generator with postural 
and autonomic reflexes.
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