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Abstract

In recent years, our understanding of cortical function has been dominated by the 

view that neurons operate as part of larger assemblies, with each assembly responsible 

for an aspect of information processing. Advances in multiple neuron electrode 

recording have enabled the activity of several cells to be sampled simultaneously in vivo 

in the awake behaving monkey, thereby allowing, in theory at least, the function of 

assemblies to be monitored. This method can provide important insights into the role of 

single cells as potential members of a neuronal assembly.

The aim of this thesis is to review our current understanding of the cortical 

control of voluntary hand movements, and to describe experimental work which has 

explored the simultaneous activity of multiple cortical neurons, and the interaction 

between them as a basis for that control. The experimental paradigm used was the fine 

control of forearm and intrinsic hand muscles during performance of the precision grip 

task by the macaque monkey.

Multiple single electrode recordings were made in the motor cortex of two 

purpose-bred macaque monkeys trained to perform the precision grip task. Up to 16 cells 

were simultaneously recorded and identified as pyramidal tract neurons or cortico- 

motoneuronal cells by antidromic invasion and spike-triggered averaging of hand muscle 

EMG, respectively. Individual cells were characterised according to their antidromic 

latency and the modulation of their firing with the task. The interactions between cells in 

a population were analysed by correlation techniques in the time domain. The strength of 

correlation between pairs of cells was investigated in relation to the cell type involved, 

the similarity of their task relationship and the distance between them. The contribution 

of individual cells to oscillatory synchrony between the cortex and hand muscles was



investigated by regression-based analysis in the frequency domain. The resulting data 

were modelled using computer simulations of parts of the motor system.

This thesis provides strong evidence for the existence of a cortical network which 

could be responsible for oscillatory activity across a population of neurons. Synchrony 

was observed between local field potentials in the cortex and hand muscle EMG. The 

results suggest a significant contribution of population synchrony to the cortical control 

of distal muscles during certain phases of movement. The proposed function for 

synchrony between cortical output cells is in the efficient activation of motoneurons by 

temporal summation of their excitatory post-synaptic potentials in the target 

motoneurons.
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Chapter 1 

Introduction

1.1 The motor system as an example of cortical function.

In our quest to understand brain function, evolutionary, neurophysiological, 

anatomical and developmental evidence has been accumulated that suggests that all areas of 

cortex may have a common processing function (Mountcastle, 1978). The similarity 

between different cortical areas is most pronounced at early stages of development, 

following which specialisation occurs according to function. However, there remain 

elements of cortical functional organisation which are common between areas, for example 

its six-laminar structure, and the grouping within it of particular sets of neurons having 

specific inputs and outputs.

Transplantation experiments in neonates have shown that areas of prototypical cortex 

destined to become somatosensory cortex can be replaced by proto-visual cortex with no 

detrimental effects later in development (Schlagger and O’Leary, 1991). Normal 

connections are made from the thalamus with the ‘new’ cortex, suggesting that, for a critical 

period early in development, undifferentiated cortex is equipotent for different processing 

functions. It is only later that specialisation occurs in the form of organisation by its inputs 

and outputs. Evolutionary theorists have suggested that the complexity of the primate brain 

may have arisen by duplication of the undifferentiated processing units and subsequent 

functional allocation into specific areas (Jones, 1990).

A popular theory of cortical functional arrangement is that of modular organisation.

Asanuma (1975) and Mountcastle (1978) have both propounded the theory that cerebral

cortex comprises intrinsic networks, which are available for selection by different inputs,
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and which participate in the generation of specific outputs. Consideration of the nature of 

processing required in each area leads to the notion of clear differences in the intrinsic 

connectivity that must exist between areas. Thus primary receiving areas, once fully 

developed, are likely to comprise relatively hard-wired connections, so as to optimise the 

reliability of signalling the presence of particular stimuli. In contrast, the flexibility of 

processing required by the motor system suggests that it should be organised differently, in 

order to maximise the repertoire of responses available to a given sensory input (Porter and 

Lemon, 1993). We therefore expect to see somewhat different intrinsic connectivity within 

the fully developed processing units of sensory and motor cortex. This has arisen due to their 

organisation during development, under the influence of their input connections from the 

thalamus and other areas.

Why is motor function a useful paradigm with which to explore the functions of the 

cerebral cortex? The primary reason derives from the relative ease of characterisation of its 

output: movement. Unlike other cortical areas, the output from cortical motor areas can be 

measured as the activity of motoneurons and muscles and the movement itself.

In models of mammalian motor systems, the motor cortex, and in particular its 

corticospinal output, is seen as having an executive function. However, it is also known that 

the cortex is not independent and self-sufficient in this function, requiring both inputs from 

other subcortical and cortical structures and integration of its output with the spinal 

machinery. Therefore the role of motor cortex in executing movement can only be 

understood in the context of its input and output pathways. It should also be noted that 

alternative suggestions have been made as to the role of the motor cortex, for example in 

visuo-motor co-ordination, action perception and motor imagery (Decety and Grezes, 1999;

Carpenter et al., 1999). This thesis will focus on the executive role of the motor cortex.
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The extent of the contribution of cortex to generation of voluntary movement has 

been revealed by lesion experiments. Both reversible (Matsumura et ah, 1991) and 

permanent (Brinkman, 1974) lesions of motor cortex result in complete disruption of 

movements requiring fine control of distal musculature with relative preservation of postural 

control and reaching movements. Lesions to the pyramidal tract, which is the main 

descending motor pathway from motor cortex, result in permanent loss of relatively 

independent finger movements with recovery of other, whole limb movements, posture and 

locomotion (Lawrence and Kuypers, 1968a).

It is important to realise, however, that a large proportion of motor control derives 

from subcortical areas such as cerebellum, basal ganglia and pons, lesions of which give rise 

to a variety of different motor disorders. Thus, disturbances such as persistent hypotonia and 

tremor follow cerebellectomy in primates, and Parkinsonian akinesia results from basal 

ganglia lesions (Rothwell, 1994). The major output of both the basal ganglia and the lateral 

cerebellum is via the cortical motor areas, and it is probable that these connections are the 

means by which these structures make their important contribution to the control of the body 

musculature.

The chosen paradigm for this study of cortical function is the performance of a 

precision grip between finger and thumb by the macaque monkey. The monkey is a useful 

model for human motor function, as its motor system shares much of its specialisation with 

that of the human. In addition, there are pronounced similarities between the human and 

macaque hand, including an opposable thumb (Napier, 1961). The precision grip task was 

chosen because it requires the activity of the corticospinal system to control the intrinsic 

hand muscles in a precise way. Performance of the precision grip task requires the integrity

of the circuits within motor cortex (Matsumura et al., 1991).
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1.2 Theoretical models of cortical function.

The study of cortical motor function requires the development of a theoretical 

framework to formalise the issues in motor control. Control system models have recently 

been used to address problems such as motor planning, motor prediction, state estimation 

and motor learning (see Wolpert (1997) for review).

Theoretical approaches consider the motor system as being made up of one or more 

‘black box’ processors, which achieve a desired computational goal by physiologically 

unspecified means. This method is conceptually far removed from the bottom-up approach 

which is adopted in the main part of this thesis, yet its value in predicting the kinematic and 

dynamic parameters which the cortex might be processing is clear. To be successful a 

computational model for planning, controlling and executing movements with characteristics 

similar to real movements should generate predictions about the nature of the information 

transfer taking place in the primate motor system.

From an engineering perspective, the arm can be considered as a dynamic system 

whose inputs are the motor commands issued by the controller. The controller has access to 

the output of the system, sensory feedback. The outputs are some function of the current 

state. The behaviour of the dynamic system is dependent on the inputs and a set of state 

variables which confer the initial conditions. For example a robotic model of an arm can 

generate a movement given the desired torques around the joints as a motor command, and 

the joint angles and angular velocities as state variables. The sensory feedback might be in 

the form of visual and proprioceptive signals about joint angles and position information.

One aspect of motor control to which this framework has been applied is the issue of

motor planning. Wolpert (1997) reminds us that, even for the simplest of motor tasks, a vast

range of degrees of freedom exists for executing that movement, e.g. in different available
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paths, velocity profiles and muscle activations. He described motor planning as being the 

process by which a single solution from this selection is chosen. Within his proposed 

framework the path chosen was that of optimal control, i.e. to minimise the value of a 

certain cost function. Both dynamic and kinematic cost functions were investigated, but 

more recently, the cost function has been described in terms of signalling integrity. Using 

both theoretical (Harris and Wolpert, 1998) and experimental (Sabes et al., 1998) 

approaches, the Wolpert group developed a model for motor planning in which the 

movement was selected so as to minimise the effects of signal-dependent neuronal noise on 

the variability of the final arm position. This model is attractive because it can also predict 

planning of saccadic eye movements using the same cost function.

Another aspect of motor control, which Wolpert et al. (1995) tackled with a

computational model, was that of sensorimotor integration. Their model incorporated

internal models to predict the behaviour of the dynamic system. There are two varieties of

internal models; (1) forward models, which mimic the causal flow of a process by predicting

its next state, and (2), inverse models, which invert the causal flow, by estimating the motor

command which caused a particular state transition. Wolpert et al. proposed a model (Fig.

1.2.1) based on a state estimator, or controller, with access to both the inputs and outputs of

the system. The controller produced an estimate of the current state by monitoring the inputs

and outputs. The model used a combination of the effects of two processes to predict the

state estimate. The first (upper part Fig 1.2.1) was a feed-forward process using the current

state and motor command to predict the next state by simulating the movement dynamics

with a forward model. The second (lower part fig 1.2.1) feedback process compared the

sensory output with a prediction of the output based on the current state. The sensory error,

or difference between actual and predicted sensory feedback, was used to correct the state

18



estimate resulting from the forward model. The relative contributions of the internal 

simulation and sensory correction processes to the final state estimate were regulated by the 

time-varying gain of a Kalman filter so as to provide optimal state estimates. The model 

was able to reproduce the characteristics of the measured variance in estimate of hand 

position during a movement. Wolpert concluded that this implicated a forward model in 

sensori-motor guidance.

Feedforward path
Motor

Command
Predicted 

Next StateForward Model 
of Arm’s 
Dynamics

Current State 
Estimate

Next State 
Estimate

Kalman Gain
State

Correction
Predicted
Sensory

Feedback

Sensory
Error

Model of 
Sensory  
Output

Time (s)
Actual Sensory  

FeedbackFeedback path

Fig. 1.2.1 The Wolpert model of sensorimotor integration.

To summarise this work, computational models of various aspects of motor control 

have provided a framework in which some experimental studies can be designed and 

interpreted. To date, these models have gone some way to explaining results from human 

movement experiments, but some development is needed before models can predict the 

parameters coded by cells in the primate motor system.
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1.3 Function of different cortical areas in control of hand movement.

The four main cortical areas known to be critically involved in control of voluntary 

movement are the precentral cortex (Ml), corresponding to area 4 in Brodmann's 

classification, the supplementary motor area, (SMA, or mesial part of area 6), premotor 

cortex (PM, or lateral part of area 6) and cingulate motor cortex (CMA or areas 23 and 24; 

Fig. 1.3.1). Non-primary motor areas have since been further divided into 6 different areas: 

(Dum and Strick, 1991) the SMA on the medial wall of the hemisphere, pre-SMA, the 

arcuate premotor area (APA) in and around the caudal bank of the arcuate sulcus, the region 

adjacent to the superior precentral sulcus (SPcS) and the rostral and caudal cingulate motor 

areas (CMAr and CMAc). Dum and Strick (1991) used retrograde tracer injection into 

cervical spinal cord (C4 to T2 grey matter) to determine the location of the corticospinal 

(CS) neurons projecting to the cervical spinal cord: Ml contributed about 50% of CS fibres, 

compared with 12-19% from SMA, 12-21% from premotor areas, and 17-21% from 

cingulate motor areas. Ml therefore constitutes by far the largest of the descending 

influences on the cervical spinal cord.

The contribution of these areas to movement has long been studied, via a great many 

different methods. Initial findings used crude electrical stimulation of the cortical surface to 

evoke muscle responses, and thence methods have progressed to fine intra-cortical 

stimulation and recording techniques. More recently functional imaging has been used to 

identify areas of cortex which are active during movement. There follows a brief description 

of the postulated function of the different cortical motor areas.

The first indication that M l is crucially involved in the selection and activation of 

distal muscles came from intra-cortical microstimulation (ICMS) effects. MI has the lowest
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thresholds for stimulation of all the motor areas, and produces the most focal activation of 

muscles, often evoking discrete movements of fingers or wrist (Asanuma and Rosen, 1972).

Passingham (1993) wrote in his book on the functional anatomy of the frontal lobes: 

‘[primary] Motor cortex provides a mechanism for the execution of the fine behavioural 

variants which are selected in voluntary action. The ability to perform discrete movements 

depends on the direct connections from motor cortex to the motor neurons in the spinal 

cord.’

His conclusion was based on evidence from: (1) lesions in the pyramidal tract of 

humans and macaques resulting in loss of fine distal control; (2) correlation between the 

extent of corticospinal termination and dexterity observed across mammalian species and (3) 

the evidence from spike-triggered averaging (or STA, see section 6.1) for direct CM 

connections to discrete muscle fields (Porter and Lemon, 1993). Functional imaging 

evidence also supports the function of Ml in execution of voluntary muscle activation (PET: 

Colebatch et al., 1991; fMRI: Rao et al., 1995).

Passingham (1993) suggested that the premotor cortex plays a role in the selection of

movements. Monkeys taught to select between two different movements on the basis of a

colour cue were unable to relearn the contingency between cue and response after

postarcuate premotor cortex removal, although both movements could be executed. This

result was mirrored in observations of patients with premotor lesions, who demonstrate

ideomotor apraxia, or an inability to retrieve the appropriate movement given the instruction

to do so. The anatomical evidence in support of this function includes a strong input to

premotor areas from parietal cortex, which could supply the proprioceptive and visual

information necessary for selection of the appropriate movement. Electrophysiological

evidence includes work by Wise and Mauritz (1985) who recorded set-related activity in
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single premotor cells while the animal was waiting for a cue to move. A separate study by 

Chen and Wise (1996) investigating the directional tuning of discharge from cells in the 

supplementary eye fields indicated that these cells are involved in learning an association 

between a visual stimulus and an oculomotor response. Functional imaging data is consistent 

with this finding, in that PET scans show greater activation in lateral premotor cortex for 

tasks where subjects must select between movements rather than simply repeat the same 

movement (Deiber et al., 1991).

The hallmark of SMA function is probably its involvement in bilateral tasks. 

Brinkman (1984) showed deficits in tasks requiring bimanual co-ordination performed by 

macaques after unilateral SMA lesion. The performance returned to normal after subsequent 

callosal section. It was suggested that this could be explained by an imbalance of control 

produced by the unilateral lesion, leaving one SMA to deal with the preparation for action 

by the motor executive apparatus bilaterally. However, Kazennikov et al., (1998) showed 

that monkeys with both unilateral and bilateral SMA lesions were able to perform a 

bimanual co-ordination task requiring one hand to grasp and pull out a drawer, while the 

other reached into it to pick out a piece of food. They concluded that SMA was involved in 

movement initiation rather than bimanual co-ordination, based on delays seen in initiating 

movements with the arm contralateral to the lesion.

An involvement of SMA in preparation of bilateral tasks is anatomically supported

by dense output connections from SMA to the cortical motor areas of the opposite

hemisphere (Dum and Strick, 1991). Tanji et al. (1988) showed very different movement

related cell activity in SMA and M l. Cell firing was seen in SMA in association with

movements produced either with the ipsilateral arm, contralateral arm or bimanually. SMA

receives most of its cortical inputs from the second somatic sensory area and parietal areas 5

22



and 7. This would allow transfer of information about sensory context for movement 

planning. Thalamic input to SMA is from the VLo nucleus, which itself receives inputs 

from basal ganglia (Schell and Strick, 1984). Passingham (1993) emphasises deficits in self

initiated tasks in monkeys with SMA lesions, with a relative preservation of extemally-cued 

performance. His interpretation is that SMA functions similarly to postarcuate premotor 

areas, but has a greater contribution in response selection for tasks with no external cues. 

This can be explained by its more substantial inputs from basal ganglia, which may be 

involved in initiation of willed movements (Rothwell, 1994). PET experiments in normal 

humans show activity in SMA both during execution of complex finger movements, and 

during mental rehearsal of the same movement sequence (Roland et al., 1980). Further work 

will no doubt help to tease out the contribution of SMA to bimanual control, planning of 

complex sequences and selection of self-cued movements.

The function of cingulate motor areas is less well studied than other secondary motor

areas. Passingham (1993) mentioned lesions of area 24 which resulted in similar deficits in

self-paced movement execution as the SMA lesions. Shima et al. (1991) recorded task-

related neurons in CMAc and CMAr with firing which preceded muscle activity, but was

uncorrelated with the external cues to trigger the movement. Most recently Shima and Tanji

(1998) found cells in macaque CMAr which were active for selection of a task based on

reward value, but not on external cues. They argued that the connectivity of the CMA makes

it a likely candidate for processing reward information to be used in movement selection.

The CMA receives prominent inputs from other parts of the limbic system and preffontal

cortex, which would provide the motivational state information on which to select the

movement. The strongest evidence for this function provided by Shima and Tanji (1998)

was an impairment of the ability to select between tasks based on their reward value after
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inactivation of CMAr by muscimol injection. There was no effect on the ability to select 

based on an external cue.

The final issue to be mentioned here is that of the organisation of the cortical system 

as a whole. Rouiller (1996) argued against a classical hierarchical organisation, with MI 

being responsible for appropriate muscle activations to perform movements, while non

primary areas were responsible for attention, selection, preparation and programming of 

hand movements. This arrangement would, he proposed, be subserved by a dense 

convergence of projections from non-Ml areas onto M l, with no direct CS outputs from 

these areas. However, since non-Ml areas account for about half the CS fibres (Dum and 

Strick, 1991) the evidence seems instead to support parallel influences from the different 

areas onto spinal targets. Somewhat paradoxically, although non-primary motor areas 

contribute a large proportion of CS pathways, the direct CM connections to motoneurons 

originate largely in M l. Rouiller (1996) demonstrated close apposition of CS projections 

from SMA onto cervical motoneurons using dual label light microscopy, suggesting the 

existence of CM connections from SMA, but this remains to be confirmed by electron 

microscopy. However, Maier et al., (1997), found weaker CM effects from SMA as 

compared to M l.

In conclusion, the four basic cortical areas involved in controlling the hand show 

functional specialisation, but not a strict hierarchical organisation i.e. all four areas appear to 

have a direct corticospinal influence on the motoneuron pool. However, these influences 

may be very different, with Ml exerting a far more direct effect than the other cortical motor 

areas.
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Fig. 1.4.1. Intrinsic circuitry of the motor cortex.
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Pyramidal cells are triangular; non-pyramidal cells are circular. Inhibitory synapses 
are represented by black circles, excitatory by white semi-circles. RN =red nucleus; 
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1.4 Cortical neuroanatomv.

The classical evolutionary picture of cortical development from multiplication of 

processing modules has arisen from histological evidence which suggests that all areas of 

neocortex are organised in a similar 6-laminar structure from the same basic cellular 

components (Rockel et al., 1980). The inputs and outputs to the cortex are found within 

these laminae and can be identified by intra-neuronal labelling, such as retrograde HRP 

labelling.

All areas of cortex receive their main specific thalamic inputs in layer IV (Rockel et 

al., 1980). Their subcortical outputs are from layers V and VI. The motor cortex differs 

slightly in that it is often considered to be agranular, so that the cell morphology which 

would normally be used to delineate layer IV is largely absent. However, the motor cortical 

circuits seem to be based on the same neuroanatomical template despite this difference 

(Figl.4.1).

Rockel et al. (1980) described a distinct contrast between arrangement of different 

areas based on their inputs and outputs. Areas 17 and 3b comprise a dominant 

thalamocortical input to layer IV, but few cortico-cortical connections, and are characterised 

by higher cell density throughout the layers. By contrast, parietal area 7, and frontal area 4 

have more cortico-cortical connectivity, more columnar organisation, although they still 

receive a strong thalamocortical influence. Both areas show less dense cell packing in layers 

III and V compared to areas 17 and 3b. Rockel et al. (1980) suggested that this was evidence 

for a greater level of intracortical processing in parietal and motor cortex. The authors 

proposed that these areas produced more dense efferent projections from layer V, requiring 

less dense architecture to allow for the longer apical dendrites of pyramidal cells. They 

concluded:

26



‘essentially the same structural units are present throughout the whole of the 

neocortex. The differences in function between cytoarchitectonie areas depend upon the 

differences in total pattern of connection of these modules... ’

There are several basic cell types within motor cortex, of which pyramidal cells are 

the most common (78%, Sloper et al., 1979) and the largest. Their axons project to other 

cortical or subcortical regions and their function is to carry the outputs from motor areas. 

Pyramidal cells are found in layers II to V, the majority being in layers III and V. Their 

morphology exhibits extensive dendritic branching, with dendritic spines receiving the 

majority of synaptic inputs. All the corticospinal output from motor cortex derives from 

lamina V. It is estimated that 10-20% of its pyramidal cells project their axons down the 

spinal cord (Porter and Lemon, 1993). Abeles (1991) states in his review of cortical 

organisation that, in all known cases, pyramidal cells make excitatory synapses onto their 

postsynaptic targets, while receiving mainly inhibitory synapses close to the soma, but 

excitatory synapses on dendrites.

An important feature of pyramidal cell axons is their extensive collateralisation. 

This was studied in detail by Kuypers (1981), who mapped the collateralisation of 

corticospinal fibres to other subcortical centres. He showed that collateralisation was an 

important feature of CS fibres in all species studied. Humphrey and Corrie (1978) made a 

detailed study of the targets of CS collaterals in the macaque. They found the subcortical 

targets to include the red nucleus, pontine nuclei, reticular formation, dorsal column and 

trigeminal nuclei. Porter and Lemon (1993) suggest that their function is to provide the 

subcortical targets with an efference copy of the motor command. Interestingly, this is an 

integral part of the Wolpert et al., (1995) theoretical model of sensorimotor integration.
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Within the cortex, intracortical collaterals from cells in layer III project throughout 

the laminae, whereas those from cells in layer V terminate in deeper layers only and spread 

further horizontally.

Lamina V of motor cortex has the least dense cell packing of all the layers, (Sloper et 

al., 1979). Pyramidal cells within motor cortex are organised into clusters, the functional 

significance of which has yet to be determined. Each cluster gives rise to a bundle of 

ascending apical dendrites, amongst which communication between pyramidal cells 

probably occurs (Feldman, 1984).

The other cells found in motor cortex, which are non-pyramidal cells, include basket 

cells, which are large inhibitory aspiny stellate cells found in layers III, IV and V. They 

project mainly to intrinsic pyramidal cells. Basket cells differ from other cells in several 

ways: they are inhibitory, probably releasing GAB A (Abeles, 1991); they receive their 

synapses diffusely over the cell body and dendrites, unlike spiny stellate and pyramidal 

cells, which both receive much of their input at dendritic spines. Also, basket cells mainly 

have horizontally oriented axons, unlike the predominantly radial connectivity throughout 

the motor cortex. Other horizontal intracortical fibre systems include pyramidal axon 

collaterals found at the border of layers II and III.

Radial organisation is a significant feature of cortical connectivity. Abeles, (1991)

proposed that the organisation of processing modules into radial columns would minimise

the need for longer-distance horizontal connectivity between areas within cortex.

Additionally, such horizontal connections as do exist between areas may benefit from the

complex folding of cortical surface allowing shorter pathways and faster communication.

Spatial proximity is a major factor in the prediction of whether pairs of cells are synaptically

inter-connected (Abeles, 1991; Matsumura et al., 1996). Thus radial organisation of
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processing units combined with short-range horizontal connections between them may be an 

optimal arrangement across different cortical areas.

Perhaps the most compelling argument for radial organisation of processing units 

comes from studies in the sensory areas, where it appears to be involved in segregation of 

different modalities of incoming sensory information. In monkey primary visual cortex, the 

cells seem to be segregated into three types of processing modules. Some cells are 

distinguished by their ocular dominance, some by their orientation selectivity and some by 

their colour responsiveness. In the next stage of processing, V2, there seem to be three types 

of processing areas: two which stain for cytochrome oxidase in stripes, and one interstripe 

region (Livingstone and Hubei, 1984). Cells from the first area seem to be involved in 

further processing of information from the Y-type retinal ganglion cells, while the others 

seem to relate to X-type retinal ganglion cells.

Mountcastle was the original proponent in the 1950s of the idea that radial

organisation in the motor system might allow segregated input-output units, projecting to

separate spinal targets. However, the significance of radial organisation for output maps of

the motor cortex is still under debate. Two opposite views exist: The original hypothesis

that microzones within motor cortex control single muscles was proposed by Mountcastle

(1978) and Asanuma (1975). On the other hand. Lemon (1988) and Schieber and Hibbard

(1993) suggested a distributed, non-somatotopic representation of output pathways. Phillips

and Porter (1977) partly resolve this by delineating the ‘areal representation’ as the

somatotopic arrangement of the output map controlling the main subdivisions of

musculature, i.e. arm, face, leg and trunk. The finely detailed ‘intra-areaT representation of

movements in Ml within each area has characteristically distributed features, as indicated by
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multiple representation of identical ICMS-evoked movements over Ml (Lemon, 1988; Sato 

and Tanji, 1989).

Data from the Lemon group showed that cortico-motoneuronal (CM) cells 

facilitating the same target muscle were distributed over a wide region of the macaque motor 

cortex. The group of CM cells which activate a single motoneuron is called a colony 

(Phillips, 1969), and maybe distributed over as much as 6.5mm in the dorsoventral and 2mm 

in the mediolateral direction (Lemon, 1990). Porter and Lemon (1993) conclude that the 

output map contains multiple overlapping representations of different muscles.

It is perhaps surprising then that neighbouring CM cells have been shown to project 

to common output targets, reinforcing the argument for a somatotopic organisation of Ml 

(Cheney and Fetz, 1985). This work involved the investigation of CM cell muscle fields by 

ICMS and STA during a simple wrist flexion-extension task. However, a contrasting 

conclusion was presented by Lemon et al., (1987) based on evidence from a study of the 

activity of CM cells projecting to a wide range of muscles during the precision grip task. 

The latter study found neighbouring CM cells with more disparate muscle fields and a lower 

correspondence between CM effects and ICMS effects than did Cheney and Fetz (1985). 

They suggested that the cortical organisation of CM cells contributing to the two tasks might 

differ, in that the wrist movement involves alternate co-activation of select groups of 

synergistic muscles, whereas precision grip requires subtle fractionation of muscle activity 

across larger groups of muscles.

Regarding the importance of radial organisation in the output maps of M l, it is

possible that the individual clusters of pyramidal cells are functionally significant in

projecting to broadly separate spinal targets, perhaps in a task-related rather than muscle-

related manner. This was suggested by Lemon (1981a) as the explanation for his finding that
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adjacent cortical output neurons received similar afferent inputs and exhibited matching 

behaviour during movement. Rather than supporting the somatotopic motor map theory, 

Lemon (1981b, 1988) proposed that the output map in Ml might be specialised for 

producing a certain muscle synergy, for use in some movements but not others. This is 

supported by the finding that CM cells are not active during all the movements in which 

their target muscles are used (Muir and Lemon, 1983).

The classical concept of a motor map proposed by Asanuma (1975) and Mountcastle 

(1978, 1997) also encompassed somatotopic organisation of inputs to the cortex. This was 

also investigated by Lemon (1981b) who recorded the response of single Ml cells to passive 

sensory stimulation, and during active movements. He concluded that the topographic map 

of afferent input to Ml was also complex, with multiple representations of input from a 

single zone (e.g. wrist, hand or digits). In addition, these distributed representations of each 

zone were overlapping, reinforcing the argument for a more complex input-output 

organisation than the strictly somatotopic columnar arrangement suggested by Asanuma 

(1975).

Another group who have contributed significantly to the study of input-output

organisation in the motor cortex are Kwan and collaborators (Wong et al., 1978; Kwan et al.,

1978 and Murphy et al., 1978). This group demonstrated a nested organisation of input and

output connections in motor cortex, using sensory stimulation to determine the input zones,

and low-current ICMS to map the output responses. They confirmed the existence of radially

organised zones representing each area. Specifically, they found a nested arrangement with

the finger zone inside successive enclosures by the wrist, elbow and shoulder zones. There

was, however, significant overlap of the zones of contiguous joints, and each sensoiy

stimulus or ICMS-evoked movement was multiply represented within the zone. The
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observed multiple representation of sites with similar input-output coupling led the authors 

to propose that specific sensory inputs could play a role in the sequencing of movement 

vectors to execute a movement. They postulated that each representation of a particular 

movement about a joint might be associated with a particular combination movement such 

as wrist and finger flexion.

In addition to radial organisation, another common theme in the functional 

connectivity of cortical areas is inhibition across a network. The importance of inhibitory 

networks in the motor cortex was revealed by some elegant experiments involving the block 

of GABAergic transmission in local populations (Matsumura et al., 1991) and in single cells 

(Matsumura et al., 1992). Observations of macaque manual dexterity following local G ABA 

antagonist injections demonstrated deficits consistent with muscle weakness. The authors 

concluded that an intact inhibitory network was necessary for the skilled control of hand 

movements. Inhibitory block caused non-reciprocal activity of PTNs, resulting in an 

increase in total muscle activity with errors in timing of activity sequences. The effect of this 

was to abolish muscle fractionation, in favour of uncontrolled co-contraction of hand and 

forearm muscles.

The iontophoretic application of G ABA antagonist to single neurons was seen to 

cause disinhibition of most cells, in particular resulting in a loss of directional selectivity. 

This result was similar to the loss of orientation tuning in cells after application of G ABA 

antagonist in the visual cortex (Sillito, 1975). Based on staining for glutamic acid 

decarboxylase, (GAD) Matsumura and colleagues (1992) identified populations of cells in 

the motor cortex responsible for the inhibitory network: these were basket cells and

chandelier cells, both of which had synapses specifically onto the initial segments of
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pyramidal cell axons in layers II, III and V. They suggested that these terminals onto initial 

segments would be a powerful means of ‘on-off control over pyramidal cell output.

Perhaps more significantly, Matsumura et al. (1992) showed that iontophoresis of a 

GABA agonist produced an increase in task-related cell activity, but not in the baseline 

activity, while excitatory agonists such as glutamate and acetylcholine had the opposite 

effect. This hints at the function of the inhibitory network, in refining the PTN outputs to the 

motoneurons, but only during the phases of task at which the PTN discharge is active. The 

existence of inhibitory networks in primary visual cortex is well-documented (Lund, 1990) 

and it is proposed that they represent a ubiquitous feature of cortical processing.

In summary, different neocortical areas share several features, including their laminar 

structure, radial connectivity, and cell types, making it all the more likely that this arises due 

to duplication and subsequent specialisation during evolution. Therefore insights into 

general cortical function and connectivity may be gained from the study of motor control by 

the motor cortex.

1.5 Inputs to the motor cortex

Afferent projections that terminate in motor cortex have been identified both 

electrophysiologically and morphologically by neuronal labelling techniques. The afferents 

derive mainly from thalamus and other cortical areas, predominantly SMA, premotor cortex, 

and areas 1,2 and 5. There are also callosal afferents from the contralateral motor cortex in 

common with other cortical areas. All thalamocortical afferents appear to be excitatory, 

terminating on pyramidal cell dendritic spines throughout the layers of motor cortex, but 

most densely in layers III and IV (Porter and Lemon, 1993). Cortico-cortical afferents, by 

contrast, arise from laminae II and III, projecting to all layers and terminating on both

pyramidal and non-pyramidal cells (Porter and Lemon, 1993).
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Jones (1986) has summarised the afferent connections via the thalamus to somatic 

sensory cortex, motor cortex and supplementary motor area. Dorsal columnar, lemniscal 

and cerebellar afferents are segregated in their pathways to the cortex, via nuclei VPL and 

VL of the thalamus. VPL projects to somatic sensory cortex, which then supplies cortico- 

cortical afferents to M l. VPLo supplies some thalamocortical input directly to M l. VL is 

divided into VLc, projecting mainly to M l, and VLo, projecting mainly to SMA and 

premotor areas, but also to Ml. More recently, however. Percheron et al. (1996) have 

argued for a new nomenclature for the thalamic motor nuclei, based on three-dimensional 

analysis of PET images of macaque thalamus. The authors documented a posteroanterior 

sequence across dorsal thalamus of the four topographically distinct areas receiving 

lemniscal, cerebellar, pallidal and nigral inputs.

Thalamocortical afferents deriving from cerebellum and basal ganglia were mapped 

by Hoover and Strick (1999), using retrograde transneuronal transport of herpes simplex 

virus. This unique method effectively labels a chain of up to three synaptically linked 

neurons from one injection site. The authors demonstrated somatotopically organised 

outputs from the dentate nucleus of cerebellum, and the internal segment of the globus 

pallidus (GPi) via ventrolateral thalamus to M l. The thalamic nuclei which were labelled in 

this way were VLo, VLc and VPLo.
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1.6 Descending motor pathways.

There are six recognised descending systems that exert synaptic effects on 

motoneurons: corticospinal, rubrospinal, reticulospinal, vestibulospinal, tectospinal and 

interstitiospinal systems (Felix and Wiesendanger, 1971; Nathan et al., 1996). Excepting the 

reticulospinal system they are all somatotopically organised, and are highly modulated in 

relation to the kinematic features of movement (Cheney et al., 1987). The different 

descending systems offer different contributions to movement control, revealed by lesions 

within each system. The systems that allow distal muscle command, including relatively 

independent finger movement are referred to as the dorso-lateral system, which comprises 

corticospinal and rubrospinal. The other projections are referred to as the ventro-medial 

system, and are involved in proximal and axial muscle control, for posture and locomotion 

systems (Lawrence and Kuypers, 1968a, b). The current study focuses on the corticospinal 

system as it is the main means of transmission for descending motor commands in humans 

and non-human primates. It is, however, but one of many descending influences arising from 

the supraspinal neuraxis, and integration of descending information from the other systems 

probably occurs at both the motoneuronal and pre-motoneuronal levels (Kuypers, 1981; 

Baldissera et al., 1981; Pierrot-Deseilligny 1996).

1.7 Outputs from the motor cortex: the corticospinal tract.

The motor cortex can be seen as a complex processing unit, which makes use of 

several re-entrant circuits between the cortex and subcortical structures, (such as cerebellum 

and basal ganglia) and generates one major output to the spinal cord, via the pyramidal tract. 

All of the output fibres from the motor cortex to its subcortical targets travel in the internal 

capsule and descend in the cerebral peduncle.
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The corticospinal component of the peduncle is actually quite small, (18% by area in 

man, Lankamp, 1967, cited in Porter and Lemon, 1993) but nevertheless represents the 

means by which the cortical commands specifying voluntary movement can gain access to 

motor apparatus of the spinal cord. In the monkey, according to Humphrey and Corrie 

(1978), about 75% of fibres in the ipsilateral pyramidal tract descend into the spinal cord, 

the remainder terminating in the medulla. Below the medulla approximately 10-15% of 

axons remain uncrossed (Porter and Lemon, 1993), descending into the ipsilateral spinal 

cord within small lateral and medial tracts. The remainder descend in the dorsolateral 

funiculus. Although 10-15% of axons descend in the ipsilateral spinal cord, only about 7% 

of axons actually terminate ipsilaterally (Galea and Darian-Smith, 1994) because the 

remainder re-cross in the spinal cord, to terminate contralaterally.

The distribution of corticospinal termination within the spinal cord varies between 

mammalian species, such that Kuypers (1981) was able to classify species into four groups 

based on their pattern of corticospinal termination. The progression upwards in phytogeny 

corresponds to termination in dorsal horn, then intermediate zone and in higher primates, 

(such as chimpanzee and man), fibres which extend throughout the spinal cord terminating 

in dorsal horn, intermediate zone, and innervating motoneurons supplying both distal and 

proximal muscles. In these primates the specificity of connections indicates that some CM 

cells may exert localised actions on a limited population of functionally related motoneurons 

at a single target site (Porter and Lemon, 1993).

In examining the cortical contribution to movement control, it is necessary to 

understand the way in which cortical outflow is modulated by its downstream targets in 

order to ultimately activate muscles.
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Somatic motoneurons are all located in the anterior horn (lamina IX of Rexed). The 

population of motor neurons that innervate a particular muscle are arranged with their 

somata within a longitudinal column, often spanning several segments of the spinal cord. 

These columns are arranged topographically within a segment, (fig. 1.7.1). The ventromedial 

part of the lamina IX contains motoneurons supplying axial and proximal limb muscles, 

while the dorsolateral part of lamina IX contains motoneurons supplying distal musculature, 

with flexors being found more dorsally than extensors. Proximal muscle control is provided 

by motoneurons in the central region of lamina IX (Porter and Lemon, 1993).
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Fig. 1.7.1 Topographical distribution of motor columns at rostral C7 and caudal CS 

segments. Schematic arrangement of HRP-labelled motoneurons of the anterior horn, taken 

from Jenny and Inukai, 1983.
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The processing components of the spinal cord are organised into complex segmental 

circuits, as represented in figure 1.7.2, the function o f which has been investigated in detail, 

mainly in cat, but also in other animals and in man. In addition to these connections, many 

other spinal interneurons probably exist, as do propriospinal connections between segments 

which are not illustrated.
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Fig 1.7.2. A simplified diagram of the basic segmental organisation influencing 
motoneuron function. Based on Fig. 1.13 Porter and Lemon (1993).
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This circuit represents the general segmental organisation influencing the 

motoneuron. However, Illert et al., (1996) demonstrated that motoneurons projecting to 

distal muscles are not influenced by the recurrent inhibitory system. It was suggested that 

this arrangement allowed reciprocal muscle activation for control of posture, but more 

flexible control, involving co-contraction and fractionation of groups muscles, for control of 

manipulative movements.

A useful technique in determining the targets of a CM cell is the spike-triggered 

average (STA) of EMG (fig 1.7.3; Fetz and Cheney, 1980). The multi-unit EMG recorded 

from a limb muscle is rectified and averaged with respect to discharges of a single neuron 

recorded in the contralateral motor cortex. The duration of the average is chosen to give a 

reasonable pre-spike period from which to calculate the background EMG level, and a post

spike period of at least 20ms to detect all post-spike effects. The discharge of a CM cell 

should result in an increased probability of motoneuronal firing exactly time-locked to the 

firing times of the cell. This method is discussed further in Chapter 3.
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Fig. 1.7.3 The use of spike-triggered averaging (STA) to detect post-spike facilitation 

(PSP) of EMG recorded from monkey hand muscles.

Divergence of single CM cells to more than one muscle has been shown by the STA

method (Fetz and Cheney, 1980; Cheney and Fetz, 1985). The mean number of muscles to

which a CM projected was 2.4, the maximum number of target muscles being as many as 5

or 6. This has implications for the selection of an appropriate functional grouping of muscles

required for a certain task (Lemon, 1988).

Cheney and Fetz, 1985 also demonstrated that neighbouring CM cells have very

similar target muscle fields, although their patterns of spike discharge may be dissimilar.

The organisation of corticospinal inputs to pools of agonist and antagonist motoneurons can

facilitate the precise co-activation of muscles. Figure 1.7.4 shows the model postulated

Cheney and Fetz in 1985 to explain motor output organisation, as investigated by STA.
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They proposed that the basic output module of the motor cortex is a cluster of pyramidal 

cells, which may project to one or more than one motoneuron pool. The most common 

pattern of CM connection they measured was one of pure facilitation, in which single 

pyramidal cells from a cluster facilitate only agonist muscles (clusters A and C), another 

common pattern being reciprocal connection in which the cells of a cluster simultaneously 

facilitate agonist and suppress antagonist muscles, probably through inhibitory intemeurons 

(B and E).

For movements requiring co-contraction of, for example, wrist extensors and flexors 

as in the power grip task a different arrangement of agonist and antagonist muscles must be 

activated, using a more complicated system of supraspinal activation of muscles.

50 4 5EDCECU

FCAFCU FOSP I

Fig. 1.7.4. A model of motor cortex output 

organisation based on findings from 

spike-triggered averaging.

CM cells occur as clusters in which each 

cell has a similar pattern of terminations 

with motoneurons. From Cheney and 

Fetz, (1985).

Having established the connection pattern from the cortex to the motoneurons, it is 

important to understand the way in which the motor command is interpreted at this synapse, 

to achieve the movement goals.
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1.7.1 Filtering of cortical outflow at the motoneuronal synapse

The above discussion has addressed the arrangements of spinal motoneuronal pools

and the cortical projections to them. The next aspect of corticospinal function to be

considered is filtering of the corticospinal input at its target synapses.

Study of this synaptic transfer has led the motoneuron to be considered as a low-pass

filter of descending command signals. For example, the typical rate of a CM input to a

motoneuron is in the range 30-100 Hz, whereas the motoneuron’s output rate is invariably

lower, in the range 10-20 Hz (Rothwell, 1994). The explanation for the low-pass filtering

properties of the motoneuron lies in the intrinsic after-hyperpolarising (AHP) properties of

its membrane (Kemell, 1986). Thus, the motoneuron firing rate is limited by the time it

takes for the membrane potential to return to resting potential after the preceding spike. The

duration of AHP is variable across the motoneuron pool, but is correlated with the type of

muscle innervated. Motoneurons supplying slow-twitch muscle fibres generally have AHPs

of longer duration, and slowly conducting axons, compared with those supplying fast-twitch

muscle fibres (Kemell, 1986).

The input-output fimction of the CM synapse onto motoneurons has been

investigated by two main methods: STA of intracellular recordings from target motoneurons

and cross-correlation of afferent and motoneuronal discharge. There are considerable

difficulties associated with the first method (Asanuma et al., 1979) and only two

measurements of the amplitude of a unitary excitatory post-synaptic potential (EPSP) are

published in the literature: 25 and 120 pV.

The alternative way of estimating EPSP size and shape is from the size and shape of

the cross-correlation peak between a single synaptic input and a motor unit. Many authors

have used this method to confirm the size and shape of the EPSP (Kirkwood and Sears,
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1982, Fetz and Gustafsson, 1983). Although there is still debate concerning the exact 

expression, Kirkwood (1979) showed that the shape of the cross-correlogram peak is 

approximated by the first derivative of the EPSP waveform. Although this method is 

technically easier than that of Asanuma et al., (1979) it has mainly been applied to assess 

size of EPSP at the la  synapse, rather than at a CM synapse. From the data available, it 

appears that CM EPSP size is roughly consistent with unitary EPSPs produced by other 

segmental afferent and descending systems (Porter and Lemon, 1993).

Temporal summation of successive EPSPs from a single afferent input is also 

important in the generation of muscle contraction (Lemon and Mantel, 1989). Initially, it 

was thought that temporal facilitation of transmission at the CM synapse occurs (Phillips 

and Porter, 1977) based on increasing size of the CM EPSP with repetitive CS activation. 

Lemon and Mantel (1989) demonstrated changes in PSF size caused by different CM cell 

inter-spike intervals, which were strongly suggestive of temporal summation, as well as 

facilitation at the CM synapse. They showed three phases of facilitation at the CM synapse: 

(1) temporal summation and facilitation of successive CM spikes arriving within 10 ms of 

one another, (2) a minimal amount of temporal facilitation for spikes arriving between 20 

and 40 ms apart, and (3) an increased level of facilitation for spikes which were 50-60 ms 

apart. They proposed that the temporal profile of the CM cell afferent spike train could be 

important in selecting the motoneurons which will discharge in response to it. Thus, any 

temporal patterns present in the output of a CM cell which could facilitate its target synapses 

will produce a disproportionate activation of certain motoneurons compared to an input 

lacking these temporal features.
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1.7.2 Recruitment of motor units

The role of muscle fibres and motor units is generally to produce controllable 

amounts of force, generating torques around the joints and giving rise to planned 

movements. In reflex and voluntary movements the isometric force produced by a motor 

unit depends on the rate of its repetitive activation. Much work has been done to 

characterise the properties of both motoneurons and motor units, mostly in the cat hindlimb. 

I shall summarise the main features of this system which are responsible for converting 

cortical outflow into muscular contractions.

Properties of motor units are variable within a population: specifically the speed and 

force of contraction are variable, as is the endurance of the motor unit over time. These 

properties do not, however, vary independently but fall into three main groups, as reviewed 

by Kemell (1986). At one extreme are the slow, fatigue-resistant, weak units (S) while at the 

other are the fast, fatigue-sensitive and strong units (FF) and in between units are usually 

found to be fast, producing intermediate force with varying resistance to fatigue (FR). 

Optimum use of the muscle requires that the different groups be recmited in order, to 

produce smooth contraction of the muscle. This is achieved by two different mechanisms: 

rate gradation and recruitment gradation (Kemell, 1986).

The speed of conduction of the motoneuron is matched to the speed of contraction of 

the motor unit, while the maximal rate of motoneuron firing is intrinsic to the motoneuron: 

current injection experiments have shown that the motoneuron starts firing at the lowest rate 

capable of producing some summation of consecutive twitches by the motor unit (Kemell, 

1986). This gradation in rate maximises the force-coding capability of the motoneuron, 

because the steepest relationship between tension and firing rate is obtained just above 

threshold for firing.
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Recruitment gradation implies that the apparent excitability of the motoneuron is 

matched to the contractile properties of the motor unit it innervates. Specifically the 

smallest, slowest and most fatigue-resistant motor units are recruited first, followed by units 

with gradually increasing speed, force and decreasing endurance properties. Therefore in a 

process of continuing recruitment the force steps are kept in proportion to the absolute level 

of force output to ensure smooth build-up of force. The units to be recruited initially are 

those used most often in posture, leaving all the fast-twitch units to be recruited for dynamic 

limb movements (Kemell, 1986). This is also referred to as the ‘size principle’ (Mendell and 

Henneman (1971).

There has been much interest in how this kind of specifically matched motoneuron- 

to-fibre-type innervation arises. As shown in Fig 1.7.1, the motoneurons are topographically 

organised, and innervate different regions of a muscle dependent on their rostro-caudal 

position, unlike the motor units, which show no clear topographic organisation of their 

types.

It has been proposed by Kemell and Hultbom (1990) that recmitment gradation may 

be a plastic process, which can be modulated by effects of certain synaptic input systems at 

the level of the motoneuron pool. They used a model of a motoneuron pool to show that the 

order of recmitment can be drastically altered by a differential distribution in the background 

(non-corticospinal-derived) synaptic activity. In fact, such a biased electrical excitability 

does exist within a motoneuron population, for example the EPSPs of la afferents are larger 

for slow motoneurons than for fast, less excitable ones (Kemell and Hultbom, 1990). By 

contrast, there is no such bias in the size of group II afferent EPSPs across the population. 

Thus it has been hypothesised that different motor acts could be associated with different
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recruitment gains, as produced by the differential distribution of synaptic effects within a 

motoneuron pool.

The specialisation of this system has implications for the way in which a neural code 

from the cortex is used by the spinal apparatus. Kemell and Hultbom (1990) suggest that the 

motoneuron code should employ as much as possible of the working range of firing rate, 

while scaling of the output force is carried out at the level of the motoneuron pool by 

adjustment of recmitment gain.

To summarise, the cortex generates a command, which travels in the corticospinal 

tract to motoneuronal pools. Here, the activation of precisely specified groups of agonist and 

antagonist motor units results in a smooth contraction of target muscle groups. The CM 

discharge is filtered at the motoneuronal synapse to achieve a functional activation pattem 

for the motor units.
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1.8 The study of cortical function

Two main approaches have been used with the aim of investigating cortical function: 

the first is a top-down approach in which a theory of how the cortex computes is then tested 

experimentally by recording; the second is a bottom-up approach, where an hypothesis of 

cortical function is built from experimental data. The ideas reviewed here are a product of 

both approaches.

1.8.1 Insights at the single-cell level: Neural codes.

The classic method by which cortical function has been investigated is by single unit 

recording, both extracellularly and intracellularly in various areas of the brain. The 

interpretation of this data relies on the assumption that if enough units are sampled, one 

gains a representation of all there is to measure in a given functional unit of brain.

It is also assumed that the activity of one neuron is tuned to some information- 

bearing parameter. Coding in the visual system has been investigated in great detail using 

this method. Hubei and Wiesel, (1968) were able to record accurate tuning curves for single 

cells in primary visual cortex which showed that their firing rate was tightly coupled to 

aspects of simple visual stimuli, such as the orientation of a bar.

I shall address firstly the general issue of coding in the brain, then the approaches 

which have been made to investigate the parameters of movement which might be 

represented in the motor cortex.
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Conduction by neurons and their synaptic connections is an inherently noisy process, 

therefore a code is used which maximises the amount of information-carrying capacity for a 

system with a given signal-to-noise ratio.

Since Shannon's 1949 publication 'Communication in the presence of noise', 

information theorists have been investigating codes which could be used by neurons to 

transmit information using a spike train. Analysis of the properties of spike trains recorded 

in vivo has revealed that no single coding system seems to occur. Unsurprisingly, different 

areas of central nervous system may employ independently rate codes, spike interval codes, 

spike pattem codes or perhaps more complicated codes involving phase relative to a 

synchronous population oscillation.

A rate code is used by most peripheral sensory nerves to code stimulus intensity, 

whilst interval codes may be used in transmission from retinal ganglion cells to the lateral 

geniculate nucleus (LGN), since lateral inhibition in the LGN is able to extract information 

about visual stimuli without an increase in overall firing frequency (Eggermont, 1990). 

Pattem codes consist of favoured pattems within a spike train that occur more often than 

would be predicted by chance, for example Dayhoff and Gerstein (1983b) observed in the 

crayfish claw control system pattems of 3-7 spikes in 23 out of 30 spike trains investigated. 

If these pattems are common enough to provide adequate information capacity, they would 

prove suitable for coding, particularly given their robustness to noise cormption.

Historically, there has been much interest in the information capacity of nervous

systems. Several different approaches have been used to try to quantify the rate of

information transfer for neurons in vivo. As reviewed by Rieke et al. (1997), one method is

to model statistically a spike train measured from a cell and then predict the information-

carrying capacity from the model. The goodness-of-fit of the model is limited by the
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unknowns in the system. The origins of these unknowns are found in the Bayesian 

expression of the transfer function of a neuron:

P[s(t)| {ti}] = P[{ti }|s(t)] X Pfsffll ,
P [{ ti} ]

Where P[s(t)| {tj}] is the probability of observing the stimulus given the spike train recorded, 

P[{tj }|s(t)] is the probability of observing the spike train given the stimulus applied, and 

P[s(t)] and P[{tj}] are the prior probabilities of observing the stimulus in the environment 

and the spike train from the neuron respectively. For any system it is impossible to obtain a 

value for these prior probabilities with a limited sample. So the values obtainable from this 

method are estimates of the limits on information transmission given the bounds of the 

conditional probabilities as stated above. Rieke et al (1997). state that rates of 300 bits per 

second are possible in the invertebrate models studied. However, they point out that, given 

behavioural response limits which require temporal resolution in the millisecond range (e.g 

for fly photoreceptors) this translates to only 4 or 5 bits every 15ms or 2 bits per spike, 

which means that one spike can carry the information to decide between one of two 

alternatives. Unfortunately, most of their treatment of coding applies to the spike train 

observed from a single neuron, so it is hard to extrapolate this quantitatively to an ensemble 

code.

Another important point raised by Rieke’s group is that rate and temporal codes need 

not be as different nor as mutually exclusive as was once thought. Their view is that a 

continuum must exist within the different processing areas of the brain between neurons 

which have a high firing rate, in which changes of a stimulus can be encoded by rate 

changes, and those cells which signal a change in stimulus by a small number of precisely 

timed spikes. Their argument centres on the recording of invertebrate sensory systems in
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which a stimulus can be detected in a time span during which it is only possible for a single 

cell to fire one spike. Therefore, what might appear to be a rate code, because the cell 

produces stimulus-modulated changes in firing rate, could be a sparse temporal code.

One final consideration in the field of coding strategies employed by the nervous 

system is that of design versus evolution, which has been addressed by Reeke et al. (1990). 

If a code for information transmission within the nervous system exists then that code itself 

must be specified to the individual organism without the use of a code, otherwise an infinite 

regress of codes would occur. To avoid such a situation, the only possible assumption is 

that the most fundamental level of operation of the nervous system does not use symbols or 

codes. Equally, the algorithms necessary for manipulation of information within the cortical 

processing units must be genetically determined, or learned, or some combination of the 

two. It is hard to imagine how the complexity of algorithm necessary to expand and deal 

with the vast selection of stimuli and cause/effect contingencies seen in life might be 

implemented in a genetic code.

Reeke et al. (1990) suggest that the theory of neuronal group selection conceptually 

solves this apparent paradox. In the same way that evolution operates by natural selection, 

neuronal group selection operates on a diversity of developing networks with variable 

connectivity, due to regulatory influences acting early during neuronal arborisation. Reeke 

argues that post-natally the connectivity becomes more fixed, and is thereafter experience- 

dependent. Independent neuronal groups emerge which each contribute through output 

connections in some way to the behaviour of the organism. In the same way as fit 

individuals survive to contribute to the gene pool, the functional units change their responses 

according to the relative success of the behaviour they have effected. Thus the codes which

50



we come to study could have evolved without the design process needed to make algorithms 

to interpret them today.

The problem of coding within the motor system has long been an issue for 

discussion; specifically, what aspects of movement are coded for, and how much of this is 

done by the motor cortex? The two main rival features of movement which could be 

specified by the cortex are dynamics (force, rate of change of force, and torque) versus the 

kinematics (direction, velocity).

1.8.2 Coding of force bv single cortical cells.

Early experiments to address force coding were performed by Evarts in 1968, who 

concluded that PTN discharge rate was directly related to external load against which the 

limb worked. Since Evarts’ initial work in 1968, several studies have addressed the relation 

of cortical discharge and force exerted during movement (Evarts, 1969; Humphrey et al., 

1970; Schmidt et al., 1975; Hepp-Reymond et al., 1978). The general conclusions firom this 

work are that single neurons in hand area may be divided into several populations, based on 

their force relationship. Hepp-Reymond et al., (1978) found two groups of Ml neurons, one 

with increasing, the other decreasing monotonie relationships to static force. Smith et al., 

(1975) also successfully demonstrated a group of neurons related to rate of change of force.

The neurons recorded by Hepp-Reymond et al. (1978) were unidentified; one might 

predict that, for CM cells, a positive relationship between cell firing and the level of static 

force exerted would exist.

Cheney and Fetz, (1980) demonstrated relationships between CM firing and wrist

muscle activation during a ramp-and-hold task under different load conditions. They found
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that all CM cells were active during the hold period with one of four patterns: phasic-tonic, 

tonic, phasic-ramp or ramp discharge. CM cells responded with the same pattern to isotonic 

as to auxotonic movements, and firing during the hold period showed a positive correlation 

with load. The steepest increase in firing rate with load was for extension-related cells.

Evarts et al., (1983), added to the evidence for force coding by PTNs using a larger 

sample of cells during a task involving wrist pronation and supination. They observed two 

distinct groups of PTNs: firstly, small slow PTNs which signalled torque over a wide range, 

and which were recruited during the smallest load conditions when relatively few 

motoneurons were active. Secondly, they found that fast PTNs exhibited graded frequency 

changes over a restricted range of forces, resulting in sets of sigmoidal force relationships. 

They suggested that a similar ordering of PTN recruitment with increased force may 

function as for motoneuron recruitment, allowing sensitive control of small forces, and a 

smooth increase in contraction to generate larger forces. The authors also noted that 75% of 

neurons sampled were related to both direction and force. This, they ascribed to a 

relationship between cortical discharge and the activity of prime mover muscles, which held 

true for both isotonic and isometric movements. There is clearly an interdependence between 

force and direction which means that it is difficult to discriminate coding of one from the 

other.

In contrast to the evidence for purely positive correlations between CM cell

discharge and force, Maier et al., (1993) showed that only 11/33 CM cells showed such

significant positive correlations with static grip force in a precision grip task, 7 of which had

small muscle fields (1 to 3 muscles). Other CM cells showed a negative correlation. The role

of this group of cells in the control of grip force is hard to explain, although Maier et al.,

(1993) suggested that it might act to disfacilitate the reciprocal la  inhibitory pathway,
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allowing co-contraction of agonists and antagonists to occur. Alternatively, these cells could 

play a role in the controlled release of force, by increasing their activity while the majority 

of cells (with a positive force relationship) decreased theirs.

Fu et al., (1993) showed that alternative variables which might be encoded are 

movement distance and direction. However, the authors acknowledge that the distance 

parameter may covary with force, so that the observed correlation between cell discharge 

and distance might actually be explained by a force relationship. These authors distinguished 

between coding in the pre-movement period, during which direction of motion seemed to 

predominate, and the actual movement period, in which cells covaried either with direction 

or distance. They found cells that were broadly tuned to a preferred direction, which 

remained constant with changes in distance.

In summary, there is evidence that some groups of cells in primary motor cortex, 

including CM cells, code for static force in their discharge, while others may code its 

derivative over time. Still others may be related to direction of movement, particularly 

during the premovement period.

1.8.3 Insights at the population level: Ensemble coding.

A recent advance in the study of cortical function has been the use of multiple 

electrode systems (McNaughton et al., 1983). I shall describe certain advantages conferred 

by multiple single cell recording, and then discuss current views surrounding the issue of 

ensemble coding.

There are certain biases with single cell approaches that may only be ironed out by

using a population-based method. Moreover, recording one cell from an assembly, and using

its activity pattern to infer the parameter being processed by the network is something akin
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to asking a production line worker how fast the finished car will go. Using a recording 

method which is able to simultaneously sample many cells from a population may give a 

more unambiguous view of how the population as a whole codes behavioural parameters.

Thus, many workers have moved towards an understanding of the computational 

function of the brain in neural network terms. Instead of investigating tuning of single units, 

the spatiotemporal patterns of firing activity can be used to investigate the network status: a 

population code. This approach, according to Eggermont (1990) redefines the assumptions 

inherent in the method as follows: Tt is ... assumed that there is collective decision-making 

without the need for commmand neurons, which were previously regarded as single-cell 

correlates of perceptual processes’.

Co-operative effects can be investigated by studying correlations in the firing 

behaviour of populations of cells. If a population code such as that proposed by 

Georgopoulos (see section 1.8.4) is being employed, one would expect to see a functional 

independence between neurons, that is a broad tuning of single cells which is 

spatiotemporally averaged to obtain the fine tuning from the population.

If, on the other hand, groups of neurons were seen with strong temporal coordination

then coding may be via distributed networks, which have been termed assemblies (Hebb,

1949) synfire chains (Abeles, 1991) or repertoires (Edelman, 1978). The strength of

coupling of these networks may determine whether (i) the individual receptive field

properties of the cells remain dominant (when cells are weakly coupled) or (ii) instead long-

range interactions become significant because the cells are strongly coupled, such that cause

and effect for the network become obscure. In this case the network is said to have emergent

properties, that is, the sum of its parts do not simply predict the output. It follows that single

unit recording within such a system will reveal little about the function of the assembly. A
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single unit which forms part of an assembly such as this will be affected in its response to a 

given stimulus by the history of the network (Eggermont, 1990).

As a general principle, coding by groups of neurons offers a solution to the problem 

of information transmission within a noisy medium. An increase in the number of 

independent noisy channels that all carry the same stimulus message but with uncorrelated 

neural noise will increase information carrying capacity for a given signal-to-noise ratio. 

This can be called ensemble coding, a well-known example of which exists in the auditory 

system. The afferent connections to inner hair cells have greatly varying spontaneous firing 

rates, such that an average of the 10-20 afferents to one irmer hair cell could give a reliable 

signal (Eggermont, 1991).

Shadlen and Newsome (1998) proposed a model of rate coding using ensembles of 

neurons. Their model rejected the Rieke et al. (1997) hypothesis of a continuum between 

rate and timing codes. Shadlen and Newsome state instead that the ‘irregular intervals [in 

spike trains] do not convey meaningful information beyond their expression of spike rate.’ 

Unlike Rieke et al., (1997), their hypothesis takes the information processing module to be a 

population of neurons rather than a single cell.

Their argument rests on two assumptions: (1) That the statistical description of the 

input and output neurons in most processing areas should be identical, i.e. both input and 

output spike trains have highly irregular inter-spike intervals. (2) That neurons receive a 

large number of inputs, primarily from nearby cells, many of which are likely to be active 

for a certain stimulus.
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Using a model of a population of integrate-and-fire cells, under a ‘high-input’ 

regime, i.e. with neurons receiving hundreds of synaptic inputs in each inter-spike interval, 

they showed that the constraints of producing an irregular, but graded response could be met 

using balanced excitation and inhibition. In this scenario, the irregularities in the output 

spike rate are merely noise, and the network can produce a reliable estimate of averaged 

input rate in just one inter-spike interval.

However, the drawback with attaining this speed of information transfer in such a 

network is that several copies of the signal must be sent, implying redundancy of neural 

connections. This redundancy means that common inputs are present between pairs of cells, 

revealed by cross-correlations. Shadlen and Newsome showed that, although their 

population model could tolerate high levels of correlation between inputs, this effectively 

limited the fidelity of the signal, whilst allowing for high rates of information transfer.

Overall, the authors proposed that a cortical processing unit of 50-100 neurons would 

be capable of generating an estimate of average rate in a short time period (10-50 ms). They 

suggested that more complicated calculations could be achieved on a similar basis using 

specific arrangements of inputs, as have been proposed in the organisation of synaptic inputs 

to an iso-orientation column in primary visual cortex (Somers et al., 1995).

Another form of ensemble which is theoretically capable of information transfer is 

the ‘Synfire chain model’ proposed by Abeles in the late 1980s (reviewed in Abeles, 1991). 

This theory arises from two basic assumptions of cortical neurophysiology and anatomy:

1. An action potential from one cortical cell will cause an EPSP at its synapse with another 

cortical cell which is too small to cause that cell to fire. Therefore EPSPs must be

summed from several sources in order for firing to occur.
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2. Cortical cells are arranged with a high degree of convergence and divergence.

Abeles has proposed that cortical cells are arranged in nodes, each consisting of 

many cells, and having converging inputs from cells at the previous node, and diverging 

connections to the cells in the next node of the chain. Transmission requires synchronised 

firing of a number of cells within each node, which propagates activity from node to node. 

Although it is unpredictable whether a given cell in a node will fire, the signal can be 

propagated across nodes faithfully.

Dayhoff and Gerstein (1983a, b) showed that activity typical of that expected from a 

synfire chain can be detected by algorithms that find precise patterns of inter-spike intervals 

which occur more often than expected by chance. They observed significant occurrence of 

such patterns in half the spike trains analysed, which were recorded either in the crayfish 

claw control system or in cat visual cortex. However, this study found no evidence that the 

repeating patterns were related to any behavioural parameter. Prut et al., (1998) recorded 

precise firing patterns in prefrontal cortex of monkeys, showing them to be correlated to 

phases of a delayed-response task. They demonstrated that precise firing sequences occurred 

independently of firing rate changes, and concluded that the temporal structure of spike 

trains provides another dimension of information carrying capacity in addition to the rate 

code.

A final type of ensemble behaviour which has been the subject of much current

interest is oscillatory synchrony between spatially separate areas. Synchronous cortical and

subcortical oscillations in various frequency ranges have been proposed as a method of

relating spatially separate areas involved in processing related information (Singer, 1993).

Many workers have demonstrated the existence of oscillatory activity in various areas of the

brain (Singer and Gray, 1995), and have proposed that coherence between these patterns of
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cellular activity could be a reliable way of communication between spatially remote areas, 

between which information transfer via long-distance connections may be unreliable. 

However, the function of the oscillations in each case has yet to be proven. Explanations for 

the role of oscillations have been wide-ranging, from forming the basis of consciousness, 

(Crick and Koch, 1998) to providing a time reference for rhythmic actions (Welsh et al., 

1995). There follows a brief summary of the different roles implicated for oscillations in 

selected areas.

In the visual cortex, it has been proposed that oscillations have a function in 

perceptual binding of the different attributes pertaining to a visual stimulus. Thus, since the 

first stage of visual processing involves breaking the image down into its basic components 

and extracting the modality-specific information relevant to each feature, the whole image, 

or gestalt, cannot be re-formed without some method of bringing the different attributes back 

into register. Singer and Gray (1995), amongst others, have proposed that coherent 40 Hz 

oscillations between spatially separate areas which process different modalities may 

facilitate gestalt formation.

Indeed, the concept of oscillations assisting the formation of a percept has pervaded 

the psychological literature for some time. Treisman et al., (1990) suggested that oscillations 

may act as the temporal reference underlying time perception. Llinas and Ribary (1993) 

observed that 40 Hz oscillations are organised in a rostrocaudal wave that appears to scan 

large portions of the brain, and proposed that this mechanism may be the basis for global 

binding of systems.

Rodriguez et al., (1999) demonstrated transient periods of synchronisation of 

oscillating cells in the gamma range (30-80 Hz) which they proposed might subserve
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perception. The synchrony occurred most frequently between parietal and occipitotemporal 

regions during the perception of face-like shapes.

Miltner et al., (1999) showed similar synchronisation between gamma-ffequency 

oscillations between somatosensory areas, somatosensory association areas and visual cortex 

during an associative learning task. They proposed that this oscillatory activity was evidence 

for the association of cells from these separate areas into a Hebbian assembly during the 

learning of a pairing between two stimuli.

Several examples exist of oscillatory activity within subcortical systems, and 

between thalamus and cortex. Work by the Steriade group (Contreras et al., 1997) has 

demonstrated 7-14 Hz ‘spindle’ oscillations in the thalamus and motor cortex in humans and 

cats during the early stages of sleep. They showed that these oscillations are generated by a 

combination of intrinsic cell properties and the connectivity of the thalamocortical pathway; 

their function, however, is unknown. Amzica et al., (1997) showed higher frequency (20-50 

Hz) thalamocortical oscillations which were present during waking and sleep in cats. They 

showed that increased thalamocortical synchrony could be conditioned in the awake animal, 

and proposed a link between this activity and behavioural states of vigilance, e.g. non-REM 

and REM sleep.

This vigilance-dependent synchrony may share a similar function with the high 

frequency oscillations (200 Hz) seen in the hippocampus (Kudrimoti et al., 1999), whose 

role has been suggested to be in reactivation of a cell assembly previously involved in a 

learning experience. Kudrimoti et al. showed that cell correlations during slow-wave sleep in 

rat hippocampus were related to a previous familiar experience, and proposed that this 

network activity could be involved in the strengthening of memory traces during slow-wave 

sleep.
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Another oscillation prevalent in hippocampal EEG is the 7-12 Hz theta rhythm. 

O’Keefe and Dostrovsky (1971) showed that pyramidal cells in rat hippocampus (place 

cells) fire selectively in response to the animal’s location within its environment. Further 

investigation by O’Keefe and Recce, (1993), revealed that the phase of theta rhythm at 

which a place cell fires varies systematically as the animal moves through the cell’s spatial 

response field. This form of coding allows more accurate representation of space, by using 

firing rate as well as the phase relationship to the underlying oscillation. Additionally, the 

network may be involved in learning since, as seen for the fast oscillations above, the cell 

correlations seen during learning of a spatial task are re-expressed during sleep (Wilson and 

McNaughton, 1994).

In cerebellar control of movement, a timing function has been proposed for 8-10 Hz 

oscillations seen in the olivary nucleus (Welsh et al., 1995) such that the 8-1 GHz oscillations 

arising from a gap junction network within the olive may provide a frame of reference in 

time for rhythmic actions, such as the licking movements in rats.

However, Abeles et ah, (1994) suggested that synchronous oscillations may 

constitute an epiphenomenon derived from processing using synfire chains. They used 

neural network simulations to demonstrate coherent oscillations between two assemblies that 

arose due to cross-assembly connections. The authors argued that the recording of these 

oscillations might not give any information about the processing in the assemblies 

themselves. Rather, they state that oscillations ‘may serve as an indication for the 

experimenter on activation and binding, but the internal signals of these processes for the 

brain itself are the accurate spatio-temporal firing patterns of the involved neurons.’

Whilst the mechanisms by which local oscillations are generated are not well

understood, they are most likely an emergent feature of the individual cell membrane

60



properties combined with the network dynamics. Jefferys et al., (1996) proposed three 

mechanisms which may contribute to oscillations. Firstly, a feedback loop between 

excitatory and inhibitory neurons might generate oscillations, as modelled by Eeckman and 

Freeman (1990) to describe oscillatory activity in pyriform cortex and olfactory bulb.

Secondly, intrinsic oscillations of individual neurons could pace the population 

oscillation. Gray and McCormick (1996) recorded from a population of pyramidal cells in 

visual cortex which they termed ‘chattering cells’. These cells had intrinsic membrane 

properties which led to periodic bursting behaviour, with an inter-burst frequency of 20-70 

Hz. They have been proposed as the excitatory pacemaker for gamma band oscillations in 

visual cortex. Other cells in thalamic intralaminar and reticular nuclei are also known to be 

intrinsic oscillators, and may contribute to thalamocortical oscillations (Steriade et al., 

1993).

A third proposal is that networks of inhibitory neurons could be responsible for 

generation of oscillations (Traub et al., 1998). These authors implicated an inhibitory 

network in the generation of gamma oscillations in hippocampal slices, and modelled this 

behaviour. They suggested that although pyramidal cells may participate in the oscillations, 

tonic excitation of the inhibitory network was sufficient to produce the gamma oscillation.

The most important factor in determining the frequency of oscillations generated by 

model networks seems to be the time-course of inhibition (Pauluis et al., 1998). Traub et al., 

(1998) also demonstrated that the frequency of oscillations was dependent on the time 

constant of G ABA conductance, both experimentally and in their network model.

In summary, there are many lines of evidence to suggest that oscillatory synchrony 

between populations of cells in both cortical and subcortical areas may be involved in
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forming functional associations between them. These transient oscillatory networks are 

dependent on the intrinsic properties of the cells as well as the network dynamics.

Having reviewed several current theories of ensemble coding, I shall now describe 

three types of ensemble code that have been reported in the motor system: a population 

vector coding of direction, synfire chain activity and coherent oscillations.

1.8.4 Ensemble codes in the motor svstem.

Population vector coding of direction

An idea expounded by Georgopoulos since the 1980s has been the use of a 

population code to specify the direction (or other parameter) of a voluntary movement. 

Based on the lack of evidence for finely-tuned coding of movement parameters by single 

cells, he postulated that the brain might use an average of activity from a population of cells, 

all of which code broadly, to obtain an accurate representation of a certain movement 

parameter.

Georgopoulos et al., (1982) applied this idea to the study of direction coding during a 

trained reaching movement. The contribution of single cells to movement in a particular 

direction was plotted as a vector, whose length was the increase in firing rate for that 

movement direction, and whose direction was the cell’s preferred movement direction. The 

vectorial sum of a whole population of cells was seen to relate closely to the actual direction 

of movement.

In addition, Georgopoulos et al., (1989) were able to demonstrate the use of the

population vector in an ongoing cognitive process, that of mental rotation. They used a task

in which subjects were required to rotate a handle to a given stimulus orientation. In

humans, the reaction time for this task increased with the angle through which the handle
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was moved. In monkeys performing a simplified version of the same task, the direction of 

the neuronal population vector was also rotated in concordance with the transformation 

required from the starting orientation to the required response orientation.

However, there are two issues that throw doubt on the population vector hypothesis 

of direction coding. Firstly, the lack of identification of the cells recorded means that there 

has not been a proven causal link between the cortical cells and motoneurons and hence 

muscle activation. Secondly, Mussa-Ivaldi (1988) showed that the direction-tuned behaviour 

observed by Georgopoulos and colleagues could equally be interpreted by assuming that 

cortical cells encode the desired rate of muscle shortening.

Nevertheless, population coding of direction, or another parameter such as torque, 

appears to be a viable coding strategy that could be used by the cortex. Kalaska et al., 

(1989) applied vectorial analysis to both torque and direction coding during a wrist 

movement task in various directions against variable loads. Again, the cells sampled were 

movement-related but their outputs were not identified. They showed that each cell makes a 

contribution to the net torque required to compensate for a given load at a particular angle 

relative to a joint. Spatial segregation was seen between cells related to kinematics and 

dynamics: cells in superficial layers seemed to be associated with direction, while deeper 

layers coded for torque. This could explain how previous studies found both torque and 

direction relationships in the discharge of CM cells.

Synfire chain activity in the motor system

The above-chance occurrence of complex repeating patterns across spike trains

recorded in motor cortex is suggestive of synfire chain activity (Abeles, 1991). Abeles et al.,

(1993) showed that excessively repeating patterns were present in spike trains firom up to 10

units in frontal cortex, allowing a jitter if 1-3 ms in each ISI. However, they did not identify
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the cells, merely concluding that these patterns provide evidence in favour of a reverberating 

synfire chain arrangement.

However, it is essential to test the statistical significance of the occurrence of these 

patterns more rigorously. Analysis performed by Baker et al., (1998) has shown that 

complex repeating patterns of the type reported by Abeles et al., (1993) appear to occur with 

a similar frequency to that predicted by the variations in firing rate of the cells with the task. 

Baker et al. analysed multiple single unit spike trains recorded in Ml and used their time- 

varying firing rates to produce simulated spike trains with the same rate modulations but 

statistically random firing. Spike trains were generated with both Poisson and gamma 

distributions, of increasing order, until one was found with a significant fit to the inter-spike 

interval histogram. Algorithms were used to detect repeating patterns with a 1-3 ms jitter in 

these statistically random spike trains. The authors found that the simulated data contained 

the same number of patterns or more purely by chance. Moreover, they demonstrated that an 

apparent association between the precisely repeating patterns and the task is generated as a 

result of the firing rate modulations during the task. This analysis suggests that stronger 

evidence is needed to support the synfire chain theory than the above chance detection of 

precisely repeating patterns.

Riehle et al., (1997) have investigated spike synchronisation within monkey primary

motor cortex during performance of a delayed pointing task. Incidences of near-coincident

(5 ms) firing of two or more cells were detected on a trial-by-trials basis, using a running

average of the firing rate of each cell. They interpreted the greater than chance level of

coincident spike events as evidence of the cells’ participation in an assembly. They showed

that these events occurred in clusters, which were associated with both the movement phase

of the task (associated with firing rate changes), and the expectation of the stimulus (during
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which firing rates were constant). They invoked a combination of rate-independent 

processing by synfire chains and rate coding of movement-related parameters, each playing 

a role in different contexts.

Fetz (1997) commented that although the precise temporal structure synonymous 

with synfire chains has been shown by Riehle et al., this does not establish the function of 

the code in the motor system. Conclusive evidence for coincident firing locked to a 

particular behavioural event is still lacking.

Synchronous oscillations in the motor system.

Oscillations in the 20-30 Hz range in the motor cortex have been observed in 

electroencephalographic (EEG) and magnetoencephalographic (MEG) recordings in man by 

many groups (Conway et al., 1995; Pfurtscheller et al., 1997; Salenius et al., 1997, Halliday 

et al., 1998; Kilner et al., 1999). They have also been seen in local field potentials (LFP) 

recorded in monkey motor cortex (Murthy and Fetz, 1992, 1996a,b; Sanes and Donoghue, 

1993; Baker et al., 1997; Donoghue et al., 1998). Whilst it is tempting to propose a role for 

oscillations in the motor system similar to perceptual ‘binding’ in the visual system, the 

nature of the information to be coded is very different. It would appear that the role of the 

motor cortex, instead of binding disparate streams, is to create a distributed code to all the 

muscles required for a single goal-directed movement. However, Farmer (1998) notes that 

the binding problem may be redefined for the motor system as: ‘the formation of 

associations between the distributed motor systems necessary for the spatiotemporal co

ordination of the activity of different muscles involved in the same motor task.’

Perhaps most importantly, coherence has been seen between cortical oscillations and

oscillations recorded in EMG activity (Conway et al., 1995; Baker et al., 1997,1999;

Salenius et al., 1997; Donoghue et al. 1998; Halliday et al., 1998). This suggests that the
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population of cells involved in the oscillating network encompasses both cortical cells and 

motoneurons. However, there is no consensus as to the arrangement of the network 

subserving such a synchronous relationship.

Conway et al., (1995) presented two alternative explanations for the generation of 

synchrony between cortex and muscle. Firstly, they suggested that a closed loop between 

cortex and motoneurons could result in the observed coherence, incorporating both afferent 

and descending connections. Secondly, they noted that synchrony could arise instead from a 

common input to both sites, potentially from a subcortical area such as the basal ganglia, 

brainstem or thalamus.

Baker et al., (1999) suggested that the evidence is in favour of an involvement of the 

corticospinal pathway, based on the phase locking of PTNs to the oscillation. Salenius et al., 

(1997) however, used a motor-unit triggered average of the MEG signal and found a 

variation in delays of between 12 and 53 ms from cortex to muscle, which is hard to account 

for if the conduction were by fast cortico-motoneuronal cells. Halliday et al., (1998) on the 

other hand, demonstrated that the phase relationship between the EEG and EMG in humans 

during maintained contraction of wrist flexor or extensors was either 0° (for 1 out of 5 

subjects) or 180°. This phase relationship was constant with increasing frequency, implying 

a delay between cortex and muscle that varies with frequency. They conclude that this 

finding makes a simple conduction from cortex to muscle seem unlikely.

Thus, there is much uncertainty over the way in which the synchrony between cortex 

and muscle is generated. Likewise, the possible role of oscillations in the motor system is a 

contentious issue, about which there is currently much debate.

Murthy and Fetz (1992,1996a) observed oscillations during free reaching, and

particularly during fine exploratory hand movements. They did not find any consistent
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modulation in an over-trained wrist flexion-extension task, but reported strong oscillations 

during novel tasks, including the retrieval of a small food reward using fine finger 

movements out of the monkey’s sight. They suggested a role for oscillations in attention or 

arousal. Murthy and Fetz (1996b) demonstrated synchronisation of single and multiple 

units to the local field potential oscillation, but again, they saw no preferential 

synchronisation for task-related neurons, and drew the conclusion that oscillations played no 

obvious role in sensorimotor association or binding, but could be part of an attentional 

process.

Several groups have documented coherence between cortical oscillations and EMG 

associated with steady isometric contraction, (Conway et al., 1995; Salenius et al., 1997; 

Brown et al., 1998; Halliday et al., 1998; Kilner et al., 1999).

Baker et al., (1999) proposed that synchronous oscillations could be an efficient 

means of recruiting motoneurons during sustained contraction. This notion is supported by 

simulations showing that synchronous oscillations are more effective in motoneuron 

recruitment than an asynchronous input with the same overall firing rate (Murthy and Fetz, 

1994; Baker, 1997). In order to test this hypothesis, it is necessary to identify oscillations in 

the cortical output to motoneurons by examining the phase locking of output cells to the 

local field potential oscillation. This will be addressed in Chapters 5 and 6 of the current 

study.

An alternative proposal by Salenius et al., (1997) is that the oscillations may form an 

additional stream of temporal information which is transferred to the motor units, to enable 

precise co-ordination of muscle groups.

Sanes and Donoghue (1993) and Donoghue et al., (1998) observed oscillations both

during the pre-movement period of trained tasks and during the movement phase of natural
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exploratory movements. They suggested that oscillations may be related to a preparatory or 

attentional function, which takes place during the pre-movement period in the trained task, 

but is ongoing in the exploratory movements. They also noted a high variability in the onset 

of oscillations with respect to behavioural events.

Interestingly, oscillations in the 15-30 Hz range are not the only rhythmic component 

in the motor system. Conway et al., (1997) demonstrated that coherence between EMGs of 

different muscles during slow movements occurs at 10 Hz. Conversely, during maintained 

contraction of the same muscle pair, the frequency of coherence is raised to the beta range. 

Brown et al., (1998) demonstrated 35-60 Hz coherence between EMG and MEG during 

maximal contraction. These findings provide an insight into the complexity of the system, in 

that potentially three different sources of oscillation may be active during different tasks.

In conclusion, further work is needed to establish the role, if any, for synchrony in 

the motor system. It seems unlikely that cortical oscillations code for a particular movement 

parameter, as their coding capacity is limited (Baker et al., 1999). The consensus view on the 

occurrence of synchronous oscillations is that they occur most often during maintained 

contraction, but not with any reliable relationship to behaviour. It is likely that 20-30 Hz 

oscillations in motor cortex play a somewhat different processing role to that of 40Hz 

oscillations in visual cortex. In contrast to their spatial binding function in the latter area, it 

has been postulated that oscillations may be used as a computationally cost-effective method 

of maintaining descending outflow during maintenance of sustained contraction. 

Alternatively, their function may be in a specific form of binding that takes place between 

motor areas, or perhaps in preparatory or attentional processes.

Farmer (1998) suggested that the complex dynamics of the synchronisation within

the motor system might be a compounding factor making the functional analysis of
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coherence very difficult. Nevertheless, it should be possible to gain further insight into what 

appears to be a common processing feature of the motor cortex using coherence analysis of 

EMG and LFP in monkeys, and EMG and MEG or EEG in humans.

Coherence analysis has also been employed to study the mechanisms generating 

physiological tremor, (Halliday et al., 1995; Deuschl et al., 1996). In certain pathological 

conditions in man, such as dystonia, (Farmer et al., 1998) myoclonus and Parkinson’s 

disease coherence analysis has revealed abnormal synchronisation between motoneurons, 

and between EMG and cortical activity (Farmer, 1998).

To summarise current ideas on coding within the motor cortex, there is as yet no 

consensus on whether cortical cell discharge represents a neural code for a simple parameter 

of movement, or indeed which parameter. There is a large body of evidence in support of the 

representation of force in the discharge of CM cells, although a separate direction-coding 

function has been proposed, perhaps performed by a parallel population.

It is clear that if the output cells of motor cortex are members of one or more 

complex assemblies, the task of deciphering the coded parameter becomes all the more 

daunting. There is evidence for the use of a population code of movement direction, and 

possibly a temporal code, as evidenced by the nearly coincident firing in output populations.

The observation of synchronous oscillations within the motor system between cortex 

and EMG has opened new channels of research into a possible role for this synchrony. It 

remains to be seen whether these 15-30 Hz oscillations play a role in spatial ‘binding’ as has 

been proposed for the 40 Hz oscillations in the visual system
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1.9 Aims of the project

1.9.1 Assessment of cell sampling bv multiple electrode systems

This work will address the impact of the multiple electrode recording system on the 

numbers and types of cells it is possible to sample. As far as possible, the database obtained 

using the current methods will be compared to studies in which single electrode methods 

were used.

The populations recorded in three different motor cortical areas (Ml, SMA,ventral 

premotor area, or PMv) will be characterised by cell type (PTN, CM or unidentified), 

antidromic latency, STA effects, and task modulation. The relationship between spike shape 

and antidromic latency will be briefly explored, together with the changes in task modulation 

of cell firing with cortical separation.

1.9.2 The investigation of connectivity amongst the cortical population

Cross-correlations between pairs of cells will be used to address the nature of 

synaptic effects in each cortical area. Strength and width of correlation peaks will be 

analysed. Additionally, the dependence of cross-correlation on cell type, (CM, PTN or 

unidentified), similarity of task modulation and on distance between two cells will be 

investigated.

The effects of synchrony between CM cells on PSF of EMG will be considered, 

together with a qualitative comparison of the connectivity revealed by single-pulse intra- 

cortical microstimulation.

1.9.3 The contribution of synchrony within the motor svstem

The issue of time domain versus frequency domain analysis in the study of 

oscillations will be addressed. The oscillations in LFP and in EMG will be investigated
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using coherence analysis. The phase locking of single cortical cells to the LFP oscillation 

will be demonstrated, together with coherence between LFPs recorded over the extent of the 

electrode array. The existence of synchrony between single cells will also be investigated. I 

will finally address the dependence of cell-LFP coherence upon cell firing rate, and upon the 

phases of the task.

I will describe and discuss coherence seen between EMG and LFP, and also between 

LFP and pyramidal tract recordings. Finally, the results will be discussed in the light of a 

computer simulation of a phase-locked loop between cortex and EMG.

The results reported in chapters 3 to 6 will be discussed in chapter 7 with reference to 

our current understanding of motor control in the primate.
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Chapter 2 

Experimental Methods

2.1 Animals

The monkey data presented here were obtained from three purpose-bred female 

macaques, monkeys 29, 30 and 33. Monkey 29 was a Macaca nemestrina, the other two 

Macaca mulatta. At the time of arrival at the lab, the monkeys weighed 6.1, 5.7 and 6.0 

kgs, respectively. Recordings in monkey 29 were made with a simple two-electrode 

system, the details of which are omitted, because the author was not involved in the 

experiments. The multiple electrode methods described below applied to the monkeys 

30 and 33. The majority of data was obtained from monkey 33, mainly due to increased 

efficiency in the use of the recording system and improved experimental protocols.

The three monkeys used were housed in the laboratory so that they were familiar 

with the experimental environment.

2.2 Behavioural task

Each monkey was trained to perform the precision grip task (Lemon et al., 1986) 

for fruit reward. The task required that two independently pivoted levers were squeezed 

between the index finger and thumb, and each lever held in an electronically defined 

position window for around Is (Fig 2.2.1). Auditory feedback on trial performance was 

given in the form of tones to represent each phase of the task. The end of a trial, when 

the levers had been held correctly, (termed ‘End hold’) was the time point used to align 

the data for analysis.

The training process was necessarily one of prolonged but slow learning for the

monkey, in which it became used to human contact, body restraint and the schedule for

the experimental protocols. Training sessions began by transferring the monkey from its

home cage to a smaller training cage. As training progressed it was necessary for the
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Fig. 2.2.1. The precision grip task.
The manipulandum is represented at the top, below which are shown typical finger 
and thumb position traces during the task, and the timing of the auditory tones.
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monkey to accept increasing amounts of restraint, to prevent unsuitable movements in 

the recording sessions, e.g. turning around in the cage, or reaching to grab the equipment 

or experimenter. This restraint consisted of a metal neck collar and loose fitting sleeve 

around the arm, which together prevented the turning movements of the animal.

The initial phases of training consisted of the simplified task in which the 

monkey reached for a fixed piece of food on a board, receiving a reward for doing so 

timed with an identical auditory cue to the final task. Subsequently the animal learned to 

squeeze two switches together on a practice manipulandum, before transferring to the 

experimental manipulandum with the levers. The introduction of limits for the levers to 

be positioned between and the imposition of the minimum 1 s hold period completed the 

final phase of training. The whole process lasted approximately 6 months.

2.3 Surgical techniques

Each animal underwent several major operations under general anaesthesia, for 

which the drug regimens used were as follows. Any surgery involving craniotomy 

required glucocorticoid pre-medication (25 mg/kg i.m. Solu-Medrone, Upjohn Ltd) 

administered 12 hours pre-operatively to prevent cerebral oedema.

Anaesthesia was induced by ketamine hydrochloride, (10 mg/kg i.m. Willows 

Francis) administered concurrently with atropine sulphate (20 pg/kg i.m. C-Vet) to 

prevent excess salivation. Endotracheal intubation was performed, using local 

anaesthetic spray (Xylocaine, Astra Pharmaceuticals Ltd) to prevent the gag reflex and 

valium (0.1 mg/kg i.m.) as a muscle relaxant. Stable anaesthesia was maintained with 

2.0-2.5 % isoflurane in 50:50 OiiNiO through an open T-piece inhalation circuit.

During the surgery 0.9 % sodium chloride was given intravenously at a rate of 8- 

12 drops per minute (0.45 -0.65 ml/min). Observations of body temperature, respiration 

rate, heart rate and end-tidal pCOi in exhaled air were taken every 15 minutes
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throughout the operation. Body temperature was maintained with heating blankets. The 

head was fixed in a stereotaxic frame.

Post-operative medication included a single dose of long- acting antibiotic 

(Terramycin/LA 20 mg/kg i.m., Pfizer Ltd) and an analgesic (Vetergesic 10 pg/kg i.m, 

Reckitt and Colman Products Ltd.) which was administered for the first 2-3 days post- 

operatively as necessary.

2.4 Surgical procedures prior to recording

After each animal reached a high level of task performance (600 trials in one 

hour), both underwent a dual procedure of taking a magnetic resonance image (MRI) of 

the skull followed by an impression of the cranial surface using dental impression 

compound (Provil, Bayer Dental Co.). The positive made from this impression was used 

to shape the headpiece, which consisted of a stainless steel ring with three bolts 

protruding from it for head fixation (Lemon, 1984). This was implanted (also under 

general anaesthesia and aseptic conditions) and secured to the skull with four bolts.

During the headpiece implant surgery, two fine epoxy-insulated tungsten wire 

electrodes were implanted in the ipsilateral medullary pyramid. The electrodes had 

diameter 200 pm and tip impedance 10-20 kO at 1 kHz. These were positioned at 

stereotaxic co-ordinates A2.5, L2 in monkey 30 and A2, L3 in monkey 33. Their location 

was confirmed during the surgery by the presence of an optimal antidromic field 

potential recorded from the surface of the motor cortex following stimulation through the 

electrodes, and also by recording orthodromic corticospinal volleys in a terminal 

experiment, and by post-mortem histology.

A further surgery was carried out on monkey 33 only, 5 weeks after the 

impression surgery. This animal was implanted with 5 wrist and forearm EMGs under 

general anaesthesia and full aseptic conditions. The EMG implant technique was
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developed by Miller et al., (1993) and allows long-term recording of EMG though 

electrodes routed subcutaneously to a multipin connector on the monkey’s back. Monkey 

33 was then allowed to recover and continue learning the task before the headpiece 

implant was performed, 3 weeks later. No EMG implant was performed on Monkey 30.

Following the skull impression, headpiece and PT electrode implant, (and EMGs 

in monkey 33) the first chamber for recording was surgically implanted. The stainless 

steel chamber was cylindrical, inner diameter 12 mm and height 2.5 mm, with a lid 

height 4.5 mm. This was positioned over a craniotomy made initially over left 

hemisphere: Ml in monkey 30 and SMA in monkey 33. For the period whilst the 

chamber was in position, it was cleaned out a minimum of three times a week by 

flushing with sterile saline, then topical antibiotic was added before sealing the chamber 

(Genticin 0.3 %, Roche products limited). Skin edges were cleaned to prevent infection 

using 3 % hydrogen peroxide and coated in Neomycin antibiotic powder (Cicatrin, 

Wellcome Ltd).

In order to maintain the dura mater in a state which could be penetrated for 

recordings, it was treated daily during recording periods with an antimitotic (2 mg ml'  ̂

5-fïuoro-uracil, Sigma chemicals) to depress growth of fibroblasts and other connective 

tissue (Cordeiro et al., 1997) and frequently the new layers which had formed were 

removed surgically under local anaesthetic (2.5 % lignocaine/ 2.5 % prilocaine, 

(EMLA), Astra pharmaceuticals Ltd.) or under ketamine sedation. All procedures were 

carried out under appropriate licences from the UK Home Office.

Recordings were made from several cortical areas in each monkey. Each time 

the cortical area under the chamber had been fully explored, the chamber was surgically 

removed and reattached at the new location in an operation similar to the original 

chamber implant. The summary of areas explored in each monkey is given in table 2.4.1, 

below.
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Motor area Monkey 30 Monkey 33

Left SMA A15L1.5 A22 L5

Left PMv A21 L19.5 A22 L20.5

Left Ml A11.5 L18 A13L17then A12L19

Right SMA - A18L6

Right M l - A12.5 L18.5

Table 2.4.1. Co-ordinates of each chamber centre

From table 2.4.1 it can be seen that recordings were only made in the left 

hemisphere of monkey 30. In monkey 33, however, at the conclusion of recordings in 

the left hemisphere, the animal was retrained to perform the task with the left hand, and 

further surgery carried out in which a chamber and pyramidal tract electrodes were 

implanted on the right side.

As mentioned in the declaration, the nature of this work is such that a dedicated 

team is necessary for the animal care, training, surgery and recording sessions. The 

author acknowledges the help of the Lemon lab in the surgery training and recording 

from monkeys 30 and 33. The author herself contributed to all the surgery, and was 

responsible for the majority of the training of monkey 33, as well as being part of the 

team for every recording session.

Following the end of the experimental period, each animal was killed by an 

overdose of pentobarbitone (50 mg kg'* Sagatal; Rhone Merieux, Harlow, UK) and 

perfused through the heart. The brain and spinal cord were removed for histological 

analysis.
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2.5 Recording techniques

EMG was recorded from up to nine hand and forearm muscles using various 

electrodes, as summarised in table 2.5.1.

Muscle Abbreviation Monkeys 29, 30 Monkey 33

Abductor poUicis longus AbPL Surface Implanted

Flexor digitorum profundis FDP Surface, needle Implanted

Extensor digitorum 

communis

EDC Surface Implanted

Flexor digitorum 

superficialis

EDS Surface Implanted

Flexor carpi ulnaris FCU - Implanted

Abductor pollicis brevis AbPB Needle Needle

Adductor pollicis AdP Needle Needle

First dorsal interosseous IDI Surface Surface

Abductor digiti minimi AbDM Surface Surface

Extensor carpi radialis ECR - Implanted

Table 2.5.1 Types of electrodes used to record EMG in each monkey.

The thumb muscle EMGs were recorded from intramuscular electrodes inserted 

percutaneously into the muscle using hypodermic needles. AbDM and IDI were 

recorded using adhesive surface electrodes. EMG was amplified with gain from x200 to 

x5K, high pass filtered at 30Hz (NL820/824, Digitimer Ltd) and passed to the tape 

recorder.

Cortical local field potential (LFP) and single unit recordings were obtained from 

all three monkeys, but recordings from monkey 29 utilised a simple system of two 

independently-driven glass-insulated platinum-iridium electrodes, with similar 

amplification and filtering of the data to that of the Eckhom system used in all other 

experiments.
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Fig. 2.5.1 The Eckhom microdrive.
A. 4x4 arrangement o f electrodes. Interelectrode distance 0.3mm.
B. Whole view of drive mechanism, allowing independent control of all 16 electrodes.



The Eckhom recording system has been implemented and refined over the period of the 

recordings from monkeys 30 and 33. Its advantages are clear when comparing the data 

generated to the data sampled using more conventional methods-it was impossible to 

investigate interactions between 10 cells recorded simultaneously, or their relationships 

to the EMG and cortical LFP prior to the advent of multiple electrode systems.

The Eckhom microdrive (Fig 2.5.1; Eckhom and Thomas, 1993) permits up to 16 

glass-insulated platinum electrodes (shaft diameter 80 |im, tip diameter 1-2 pm) to be 

inserted into the cortex in a 4x4 grid with interelectrode spacing of 300 pm. In these 

experiments up to 12 electrodes were used simultaneously, enabling a region of cortex of 

up to 0.81 mm^ to be sampled.

Each electrode was positioned independently, and its signal pre-amplified, then 

filtered. The LFPs were obtained by filtering from 10-250 Hz, and the single units from 

1-10 kHz. All data were recorded onto digital tape using a 32-channel tape recorder 

(RX832, TE AC). Since on-line discrimination of units is likely to be unreliable, it was 

important to record analogue data from all channels at a high sampling rate (24kHz) in 

order that the units could be discriminated off-line.

The aim of these experiments was to record from as many identified PTNs as 

possible, for a duration that was sufficient to produce statistically significant correlation 

effects. The effect of recording length on significance of cross-correlation effects is 

discussed further in Chapter 4. The experimental protocol was designed to maximise the 

efficiency of finding and identifying these cells with the resources available.

Penetration across the dura was achieved with one electrode at a time, and then 

the electrodes were left for 10 minutes to allow recovery after any depressive effects 

resulting from mechanical factors, after which time the pulsations of the durai surface 

were usually seen to have resumed. Thereafter, several experimenters drove a number of 

electrodes (usually 2 each) at once to increase the number of cells which could be
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enabled antidromic activation of cells in the cortical recordings to be easily detected. In 

general, once the first PTN had been found on an electrode, the depth of this electrode 

was used as a target depth for the other electrodes. After a number of PTNs had been 

detected, fine movements of the electrodes were made to optimise the recordings of these 

PTNs. When a suitable position had been reached, the discriminable PTN was identified 

antidromically (Evarts, 1968; Lemon, 1984). The use of the collision test (Lemon, 1984) 

was invaluable in demonstrating that the tonic activity comprised only the single unit 

responding antidromically to the PT stimulus. This test was repeated if the identity of the 

cell had become suspect during recording, for example if its waveform became smaller, 

or the monkey suddenly moved. Fig 2.5.2 illustrates the use of the collision test.

A small amount of on-line analysis was built into the system to improve the 

quality of the data: double amplitude time window discriminators were used on all 

channels on-line, providing instant feedback as to how successful the off-line 

discrimination was likely to be. The pulses generated by these discriminators were used 

for the collision test and to produce on-line interval histograms and spike-triggered 

averages of each EMG. This likewise gave an impression of the quality of the data, in 

that if CM cells were present, the spike-triggered average would indicate whether the 

number of spikes recorded was likely to be enough to identify them. This careful 

monitoring of the data on-line was essential to the success of the experiment, since it 

both highlighted any potential CM cells, and also minimised the number of channels on 

which the cells were not discriminable. With so many cells for the experimenter to attend 

to, it was critical that the quality of data was verified on-line.

81



orthodromie
spike

Stimulus
artefact

antidromic
spike

1.5 ms

Fig. 2.5.2. The Collision Test.
Six traces are shown, aligned to the PT stimulus. The orthodromic (spontaneous) 
spike is on the left, with any antidromic spike evoked by stimulation on the right.
The red and green traces show a lack of collision, because the PT stimulus was delivered 
too long after the spike to collide the two action potentials. In all four of the other traces, 

the PT stimulus occurs at a latency after the spontaneous spike which is equal to, or 
less than, the antidromic latency for the PTN. These traces all show collision of the 
orthodromic and antidromic action potentials, resulting in no antidromic spike being 
recorded.
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2.6 Analytical Methods

The data were transferred off-line to a PC, where single units were discriminated 

by principal component analysis and cluster cutting (Eggermont, 1990) using software 

written by Dr. S. N. Baker. This technique is a standard way of separating the spikes 

generated by different cells on the basis of their principal components (PC) and height 

and width (Nicolelis et al., 1997). A principal component is a weighted linear 

combination of the variance associated with each variable -  PCI accounts for the largest 

total variation in the data while PC2 accounts for the maximum amount of variation 

remaining and is uncorrelated with PCI. The selection of clusters is illustrated in fig 

2.6.1. In this example, a cell has been chosen by placing an ellipse around the spikes 

whose values of PCI and PC2 are similar. This combination of parameters was generally 

found to be the clearest way of separating cells, but other components and spike height 

and width were used instead where they enabled better discrimination. It is important to 

note that the optimum discrimination was chosen by removing enough spikes so that 

those remaining were all apparently from the same cell when the record was examined 

by eye, but without removing so many spikes that the spike train was no longer 

representative of the cell's discharge. This method provided better discrimination than 

would have been possible on-line, since the whole time series can be examined, and the 

spike waveform at any point compared back to the original waveform stored from the 

collision test of that cell. It therefore guarantees a greater level of confidence that the 

spike trains are indeed from single units than would the samphng of discriminator pulses 

on-line.

Following discrimination of the individual spike trains, spike-triggered averages 

were compiled of every EMG from spikes of every PTN, to check for the presence of 

CM cells (Fetz and Cheney, 1980). Cells were identified as such only when the cell 

spike-triggered average of an EMG showed a post-spike facilitation (PSF) with a latency
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15.0 ms for forearm muscles. They concluded that the minimum possible latency for a 

hand muscle PSF, judged from ICMS and PT stimulation, was about 8.1 ms, allowing 

5.8 ms for peripheral conduction, 2.0 ms for central conduction and a 0.3 ms for action 

potentials beginning on the upper rising edge of the EPSP. Fetz and Cheney (1980) 

found shorter latencies for PSFs in forearm muscle EMGs during the wrist flexion- 

extension task and suggested a minimum latency of 3.8 ms. PSF latency for the CM cells 

sampled will be addressed in Chapter 3.

Another criterion for establishing the presence of a CM connection was the 

persistence of the peak in all epochs containing more than 2,000 trigger spikes. This
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A

B

C
3000

Fig.2.6.1. Spike discrimination by principal component analysis and cluster cutting.

A. Two sets o f 20 overlain spike waveforms from the same cell, the first from the start 
o f a session, the second from the end, 33 mins later.

B. A 2-D plot o f PCI vs PC2 for each spike, showing the clusters o f spikes from two 
different cells recorded on the same electrode. The spike waveform in A was isolated 
using the top right cluster of spike times shown.

C. The interval histogram of the cell discriminated, showing empty bins in the first 2 ms, 
a sign o f good discrimination. Binwidth 1 ms.
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guarded against apparent PSFs caused by chance fluctuations in EMG (Lemon et al., 

1986). PSFs were quantified in the ST A by their per cent modulation of the baseline 

(%mod) and latency. For every peak, the peak-width at half peak height (PWHM) and 

total peak width were also recorded (Baker and Lemon, 1998). An example of these 

measurements is shown in Fig 2.6.2. In the few cases where a post-spike suppression 

(PSS) of EMG was seen, this trough was quantified using the same criteria and 

measurements.

Event cross-correlations were compiled between every pair of simultaneously 

recorded cells. These used a range -50 to 50 ms relative to the trigger spike with a 

binwidth of 0.5 ms. The cross-correlations showing features were further analysed to 

quantify the synchrony present (Perkel et al., 1967). For peaks, the extent of the peak 

was determined from the points of inflexion in the cumulative sum plot (CUSUM). The 

width of the peak was recorded, together with its latency from the trigger time and a 

measure of the strength of each correlation peak was expressed as A, where

^  _  2 X peak area above baseline 

N t + N r

N j = number o f trigger spikes
N r = number o f response spikes

Since many of the cells exhibited a firing pattern which was strongly correlated 

with the task, we developed a normalisation for A to remove the effect of periods where 

one cell fired while the other did not. The number of spikes used for each cell in the 

calculation of A only included those spikes which occurred within 50ms of a spike from 

the other cell (Fig. 2.6.3).

For every cell, the task relationship was plotted as a peri-event time histogram 

(PETH) or response average triggered by the End-hold time. These histograms revealed 

a wide variety of task relationships for the sampled cells, even though they were
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latency =8.4 ms

%mod=3.9% PWHM =3

-20 60 ms

Fig. 2.6.2. Measurement of PSF characteristics.

Three epochs (16000 spikes each) are shown of an STA of AdP EMG, 
triggered by a CM cell recorded in M l of monkey 33. The black dotted line 
indicates the time of CM cell discharge.
The blue line indicates background EMG level 4-lS.D.
Measurements of latency, %mod and PWHM are shown.
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recorded in close proximity. A method was therefore developed to measure the 

similarity of response averages of correlated cells. This value, r, was the correlation 

coefficient between the points on the two task relationship histograms. It was calculated 

for all pairs of cells with peaks in their cross-correlogram. Typical task correlations are 

shown for two pairs of cells in Fig 2.6.4.

More complex analytical methods that were applied to certain datasets, both real 

and simulated, are fully covered in later chapters. These include formation of spike- 

selected ST As, phase histograms of cell discharge, and frequency domain analysis of 

cortical oscillations.
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Trigger cell

Response cell

k -
-50ms

I mill
50ms

Fig. 2.6.3. Normalisation of A.
This schematic demonstrates the removal of spikes from the trigger cell which were 
not associated with response cell spikes, to normalise the A value for non-noncurrent 
firing of the two cells. Red trigger spikes are not included in the calculation of A.

A B
64 -I

Cell

Cell 2

6.4 -
2 End hold s

Task coefficient, r=-0.872
N

X

2

(D
U  6 .4

6 .4 64
Cell 2 Firing rate (Hz)

75 1

Cell

Cell 2

End Hold1•2 s

Task coefficient, r=0.939
7 5 -

♦>

Cell 2 Firing rate (Hz)

Fig. 2.6.4. Typical correlation coefficients between the PETHs of two pairs of cells. 
Top row shows PETHs of each cell in the pair, bottom row is the scattergraph of the 
rate in each bin for cell 1 against cell 2. In A the two cells have almost reciprocal 
task modulation, compared to B where the pair share a similar pattern of modulation.



Chapter 3 

Physiological characteristics of cell populations in M l and SMA

3.1 Total number of cells sampled

In total, 130 penetrations were made with the Eckhom multiple electrode drive in 

two monkeys. An example chamber is shown in Fig.3.1.1, with the positions of 20 Ml 

penetrations marked. It can be seen that a wide area of the chamber was sampled, with 

minimal re-penetration into the same tissue. The number of sessions in each area and the 

total number of cells recorded are shown in table 3.1.1. The total number of cells 

recorded and discriminated off-line was 1003. Of these, 451 (45%) were identified as 

PTNs. From the table, it can be seen that penetrations were only made in the left 

hemisphere of monkey 30. This was due to difficulties with the pyramidal tract 

electrode implant on the right side. A higher yield of cells was obtained from 

penetrations in Monkey 33: the average number of cells per penetration was greater than 

9, as compared to 3.9 in monkey 30. This was primarily due to increased experience in 

the use of the recording system.

Monkey 30 Monkey 33 All cells

cortical area sessions total cells sessions total cells

LMl 14 45 28 264 309

RMl 0 0 31 236 236

LSMA 11 75 18 229 304

RSMA 0 0 11 83 83

LPMv 10 15 7 56 71

totals 35 135 95 868 1003

Table 3.1.1 Number of sessions and total cells sampled in all areas for each monkey.
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33 LMl 33 RMl 30LM1

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

3 3  LSM A 33 RSMA 3 0  LSMA

0 10 20 30 0 5 10 15 20

33LPMV 3 0  LPMv

0 5 10 15 20 0 5 10 15 20

Fig 3.1.2 Distribution histograms of number of cells recorded in each session for each monkey. 
Each histogram plots number o f cells sampled in a session on the abscissa, and 
frequency o f occurrence on the ordinate. 130 sessions are represented, in 8 chambers in 
monkeys 30 and 33.
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Fig. 3.1.2 shows distribution histograms of number of cells recorded in each session. The 

abscissa should read 0-5, 5-10 etc., indicating bins of sessions where the number of cells 

recorded was between 0 and 5 etc. There were a small number of sessions in which no 

cells were recorded. This was for one or more of the following reasons: (1) the durai 

tissue was too tough to allow electrode penetration; (2) the monkey refused to perform 

the task; (3) no cells were found in the area of penetration; (4) technical difficulties with 

recording equipment. The mean number of cells recorded over all sessions was 7.7. The 

area which yielded the highest mean number of cells per session was SMA, with 9.4 

cells per session on the average.

The number of cells recorded compared to the number of electrodes used is 

shown in Fig 3.1.3. This was plotted for a representative area, (M l) in monkey 33 only, 

so that the differences in number of cells recorded in each monkey did not affect the 

results. Sessions with no cells were removed unless the reason was (3), above. There was 

a strong linear correlation (r=0.51) between number of electrodes used and number of 

cells sampled. The maximum number of electrodes used was 12.

0.2647

Number o f  electrodes used

Figure 3.1.3. Number of cells sampled number of electrodes used per penetration in 

Ml (both hemispheres) for monkey 33.
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An upper limit (12) was placed on the number of electrodes that could be used in 

a session by the number of experimenters available to drive the electrodes. Therefore, for 

our system, we probably reached the maximum yield of cells per session, given the 

labour-intensive nature of the recordings, and the limitation on recording time imposed 

by the patience of the animals.

H  400

° U ID s

PTNs

Figure 3.1.4. Number of each cell type recorded in each area for both monkeys.

The number of PTNs versus the number of unidentified cells (UIDs) in each area 

is plotted in Fig. 3.1.4. The greatest proportion of PTNs was sampled in Ml for both 

monkeys. There were far fewer PTNs in PMv, 7% as compared to 17% in SMA and 

56% in M l.

The percentage of occurrences of more than one cell recorded on the same 

electrode in each area is shown in Fig. 3.1.5. The likelihood of recording more than one 

discriminable cell on an electrode was almost equal for Ml and SMA (21 % and 20 % 

respectively) but slightly lower for penetrations made in PMv (15 %).
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Fig. 3.1.5. Percentage occurrence o f more than one cell on an electrode for eaeh monkey.

3.2 Antidromic latency (A DD  and thresholds.

Cells were identified as PTNs if their spontaneous spikes could be collided with an 

antidromic stimulus from the implanted pyramidal tract electrodes. The cell was 

subsequently given a code (e.g. PTN9 2) and was classified according to its threshold 

(i.e. the intensity of PT stimulation required to produce an antidromic spike) and its 

antidromic latency (ADL; from PT stimulation to onset o f response spike).

Aeross all 384 PTNs sampled, the mean ADL was 1.37 ms (range 0.6 to 7.5 ms). 

Fig. 3.2.1 A, B and C show the distribution of ADLs for all areas, for Ml only and for 

SMA only, respectively. The fastest PTNs were recorded from M l, the slowest mainly 

from SMA. A t-test between the populations sampled in Ml and SMA revealed 

significantly faster cells in Ml (mean ADL 1.2 ± 0.7 ms) compared with those recorded 

from SMA (mean ADL 2.2 ± 1.4 ms).

The threshold stimulus to evoke an antidromic spike ranged from 10 to 400 |iA. 

The mean threshold was 158 pA. Fig 3.2.2 shows the distribution o f antidromic 

thresholds for all the PTNs sampled.
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Fig. 3.2.1 A. Distribution of ADLs of all PTNs sampled.
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Fig. 3.2.1 B Distribution of ADLs in M l.
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Fig. 3.2.1C. Distribution of ADLs in SMA.
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Threshold (^A)

Fig. 3.2.2. Distribution of antidromic thresholds amongst the population of PTNs 

sampled.

3.3 Relationship of spike shape to ADL.

The shapes of the action potentials of PTNs were compared for 20 cells with the shortest 

latency (0.6-0.7 ms) and for 20 cells with longer latencies (>3.4 ms). Figure 3.3.1 

illustrates 10 representative spike shapes from each sample.

The 20 fastest cells were all recorded in M l, compared with 12 of the ten slowest 

PTNs, the rest being from SMA. The spike shapes in Figure 3.3.1 show that both fast and 

slow PTNs have varying waveforms, some of which have a faster rise time than others. 

An estimate of action potential duration was obtained from the start of the peak to the 

end of its second phase. This measurement was inaccurate due to the filtering of 

frequencies lower than 1 kHz. It would, in most cases, underestimate spike duration due 

to the lack of slow components in the waveform.

Even with this underestimation, a significant increase (p<0.0001; paired t-test) in 

spike duration was seen between fast PTNs (0.56± 0.095 ms; mean ±s.d.) and slow PTNs 

(0.71 ±0.01 ms; mean±s.d.). Although the absolute values o f spike duration are not 

reliable, this analysis has demonstrated an inverse relationship between action potential 

duration and speed of conduction for a sample of the PTNs recorded.
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Figure 3.3.1 Spike shapes of (A) the 10 fastest PTNs and (B) the 10 slowest PTNs.



Summary of Population sample

From the results given in sections 3.1 to 3.3, it can be concluded that the multiple 

electrode recording system produced a high yield of cells across all three areas of cortex 

sampled.

Amongst these areas, the density of PTNs appeared to be highest in Ml and 

SMA, compared to PMv. The percentages of PTNs sampled in each area were similar to 

the percentage composition of corticospinal tract labelled at C4-T2 using HRP by Dum 

and Strick (1991). In the current study, 56% of cells in M l, 17% in SMA and 7% in PMv 

were PTNs, as compared to the CS fibres of Dum and Strick, of which 48.5% were from 

M l, 18.5% from SMA and 7% from PMv. It is misleading, however, to make a direct 

comparison between these values, because the cell packing may not be the same between 

areas, and not all the PTNs will necessarily project as far as C4. Nevertheless, the 

proportions of PTNs sampled in each area were strongly similar (p=0.002; chi-squared 

test) to the anatomically defined contribution of that area to the corticospinal tract.

Recordings made in PMv generally yielded fewer cells, and as shown in Fig 

3.1.5, there were fewer occasions on which more than one cell could be sampled on an 

electrode. The main reason for this was probably experimental bias, in that we 

preferentially sampled clean units with no other cells present. An alternative explanation 

could be that the cell packing in PMv is less dense than in MI and SMA, or that 

individual cell sizes were smaller.

A wide range of PTNs were sampled, with conduction velocities ranging from

6.4 to 80 ms'^ (based on an estimated distance to pyramid of 48mm obtained post 

mortem). This was a similar range to that obtained by Lemon et al. (1986) in a study 

with a strong experimental bias towards recording CM cells facilitating hand muscles. 

The fast PTNs (ADL <1.2 ms) were more common than slow PTNs, in agreement with 

work by Evarts (1965).
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In agreement with Takahashi (1965) and Calvin and Spyert (1976), a tendency 

was observed for fast PTNs to have shorter spike duration than slow PTNs. Although the 

measurements of spike duration made here only provide estimates, the mean duration of 

0.56 ms found for fast PTNs is consistent with the value of 0.44 ms measured for layer V 

pyramidal neurons in cat motor cortex (Chen et al., 1996).

These data will be discussed further in Chapter 7, in relation to possible sampling 

biases with the multielectrode recording system.

140  T

120

100

c  8 0  -

4 0  --

5 10 15 2 0  2 5  30  35  4 0

Threshold (^A)

Fig. 3.4.1 Distribution histogram of 1C MS effects at each stimulation threshold.

3.4 Distribution of ICMS effects in muscles.

During recording sessions in both monkeys it was common for the experimental 

protocol to include intra-cortical micro-stimulation (ICMS) through one site in the 

multielectrode grid. Stimulation with trains of 13 biphasic pulses, each 0.2 ms in 

duration, frequency 300 Hz, of between 5-40 pA would often elicit muscle twitches in 

hand or forearm muscles. The number of sessions in which ICMS effects were seen was
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113 out of 130. The number of electrodes from which ICMS effects were evoked varied 

from none to 12. For each muscle effect seen, the threshold intensity of stimulation at 

which it was just visible was recorded. This threshold varied from 3 juA to 40 |xA. 

Stimulation at higher intensity was not used, in order to avoid discomfort to the monkey 

and damage to the electrode. Fig.3.4.1 shows the occurrence of effects at each 

stimulation threshold.

The mean threshold to elicit an effect was 13 |iA. Fig. 3.4.2 shows the type of 

muscle effects which were seen and the number of times each was observed over all 

sessions.

3 0 0  

2 5 0  - 

200  -

o

g - 1 5 0  i
a?LL

100

5 0

0
thumb fingers wrist shoulder/arm non-arm e.g

face

Area of muscle effects evoked by ICMS

Fig. 3.4.2 Occurrence of ICMS-evoked muscle effects across all sessions.

The most common effects were wrist flexion and extension. Thus, in several 

sessions our electrodes were in or near the Ml representation for forearm muscles 

controlling movement around the wrist joint. These muscles include ECR; we found four 

CM cells in 2 sessions which facilitated ECR (section 3.5), which is consistent with a 

high proportion of our penetrations being in the M 1 representation for wrist movements.
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3.5 Spike-triggered averaging of EMG

The observation of low-threshold ICMS effects in muscles was used as an 

experimental indicator to point to cortical areas likely to contain CM cells (Lemon et al., 

1986). All PTNs recorded in both monkeys were analysed off-line by spike-triggered 

averaging (STA) of all recorded EMGs (rectified) to look for CM effects.

CM effects were classified as post-spike facilitation (PSF), post-spike 

suppression (PSS) or a synchrony effect (SYN). Both PSS and synchrony facilitation are 

presumed oligosynaptic effects (Cheney et al., 1985), possibly mediated by the networks 

shown in fig. 3.5.1, below.

CM PTN UID

MN

MUSCLE

Ô

c

INT

STA of 
EMG

PSF PSS SYN

Fig. 3.5.1. Schematic classification of post-spike effects.

Arrows indicate time of cell discharge. INT ^inhibitory intemeuron; MN ^motoneuron.

The latency of an STA effect includes peripheral conduction time from 

motoneuron pool to muscle. To calculate the acceptable minimum latency for STA 

effects, the minimum latency for PT-evoked effects was found (Fig.3.5.2).
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Hand muscle: AdP. Latency 7.39 ms Forearm muscle: FDS. Latency 5.02 ms

200 l̂A

FT stimulus
10 ms

Fig. 3.5.2. PT-evoked responses in hand and forearm muscles.

For a forearm muscle, this value was 5.02 ms, and for an intrinsic hand muscle 

the minimum PT latency was 7.39 ms. Allowing at least 0.7 ms for conduction from 

cortex to pyramid (see Fig.3.2.1), this gives minimum latencies for PSF as shown below 

(Table 3.5.1).

criterion PSF PSS SYN

Latency for hand 

muscle STA effect

>8.09 ms >9 ms <8.09 ms

Latency for wrist or 

forearm STA effect

>5.72 ms >7 ms < 5.72 ms

PWHM <7 mst No cutoff >7 ms

Table 3.5.1. Criteria used to classify post-spike effects in ST As of the hand and forearm 
muscles.

t  Baker and Lemon (1998).

Minimum latency for PSS was used as 1 ms longer than for PSF, allowing for an 

extra synapse at the inhibitory intemeuron. It should be noted that different criteria to 

these have been used by other authors: Fetz and Cheney (1980) found the minimum 

latency for forearm muscle PSF to be 3.8 ms.
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However, these authors recorded from more proximal forearm muscles, during a 

wrist flexion-extension task, which probably required higher forces of contraction in the 

than are usual in the precision grip task. This could explain the latencies shorter than 5 

ms, if the motor units being activated were faster and stronger than were those in our 

experiments. Alternatively, the animal size may have differed from our experiments: a 

smaller monkey would have produced shorter latencies. No information pertaining to 

monkey size was given in Fetz and Cheney (1980).

Each effect was quantified by the per cent modulation of the baseline EMG, 

which was calculated using a line fitted to the background before and after the effect, to 

take account of non-stationarities in the STA (Bennett and Lemon, 1994). The effect had 

to be present in all epochs of data containing more than 2000 spikes for it to meet the 

criteria.

A common finding was that PSFs contained two components: a brief, principal 

component and a broader ‘skirt’ to either side of the principal peak. The skirt probably 

also reflects synchrony as in SYN above, (Porter and Lemon, 1993 and Smith and Fetz, 

1989) and these effects are classified as PSF+SYN.

Examples of some of the effects observed are shown in Fig 3.5.3 (Legend is 

below). We found no evidence for CM cells in SMA or PMv (67 and 5 PTNs, 

respectively, were tested in each area). A summary of all the effects measured from 

PTNs in Ml of each monkey is given in table 3.5.2, below. Where a PSF contained a 

synchrony component, the values measured for latency and PWHM were for the PSF 

peak, not the synchrony peak.

Fig.3.5.3 Legend.
A. Examples of 5 PSFs seen in different sessions. Percentages give the per cent 

modulation (% mod) above the baseline (red line).
B. Examples of 5 PSFs with a synchronous component (PSF+SYN). % mod is given for 

the PSF component only.
C. Examples of 5 synchrony effects, all of which were obtained in the same session. % 

mod is for the peak above the baseline, as for PSFs.
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A PSF only AbPB 7.3% AbDM 10.2% AbPL 14.1% IDI 4.5%

20 ms
n=24730

B PSF + SYN AbPB 19.3% IDI 11.7% EDC 10.2% ECR 7.8% ECR 6.9%

g

n=83474 n=62740

C S Y N  AbPB (139& y\bDM 5J^b  zL4f& I3DC 8.3%

n=57776 n=27076 n=27490

Figure 3.5.3 Examples of post-spike effects seen in STAs of rectified EMG.



monkey session cell name
ADL
(ms)

no of 
muscles

effects seen 
in musle %mod effect

Latency 
of effect 

(ms) n of spikes PWHM

30 3007 4_1 0.8 1 AbPB 7.3 PSF 8.4 21590 2.8
33 3332a 3_1 1 2 AdP and 25.0 PSF 9.4 50142 4.4

AbPB 4.4 PSF 8.6 3.8
33 3335a 3_2 1.2 1 AbPB 1.0 PSF+SYN 9 44142 3.4
33 3336e 3_1 0.8 1 AbPB 7.5 PSF+SYN 9.6 16230 4.6
33 3337a 1_1 0.8 1 AbPB 6.4 PSF+SYN 9.2 27090 4
33 3339a 9_1 1.1 1 AbPB 8.3 PSF 9.6 7879 2.4
33 3339d 5_1 1 2 AdP 3.9 PSF 8.6 76744 4.4

AbPB 1.4 PSF+SYN 10.2 5
33 3339d 9_2 0.7 2 AbPB 0.3 SYN 10.6 57776 6.4

AdP 1.3 PSF+SYN 8.4 3.4
33 3339d 9_3 1.2 1 AdP 1.1 PSF 9.2 66644 2.6
33 3340b 3_1 0.8 1 AbPB 4.2 SYN PSS 3 27076 10
33 3344a 1_1 1 3 AbPB 11.0 PSF 8.4 24730 5

AbPL 9.2 PSF 8.4 3
AbDM 10.2 PSF 9 2.8

33 3344a 2_1 1 1 AbPB 80.0 PSF 9 34710 2.8
33 3346def 2_1 0.9 1 AbPB 19.7 PSF+SYN 8.2 47596 4
33 3311 lab 1_1 0.8 1 AbPL 14.1 PSF 9.4 9967 5.8
33 33115ab 1_1 1.1 1 EDC 8.3 SYN 5 79944 10.8
33 33115ab 2_1 * 1 ECR 9.1 PSF 8.6 50549 5.6
33 33115ab 2_2 0.8 2 FDP 10.1 PSF 9.2 28382 4.6

FDS 12.9 PSF 7.4 4.2
33 33115ab 5_1 0.9 1 FDP 10.6 PSF 9.8 83881 3.2
33 33115ab 9_1 0.8 2 FDP 10.1 PSF 9.6 60767 2.8

AbPB 4.7 SYN -4 5.4

33 33115ab 8_1 0.8 1 AbDM 5.2 SYN -6.8 27490 10.8
33 33115ab 7_1 0.8 2 ECR 6.8 PSF+SYN 8 59339 6

FDP 6.4 PSF 10.2 4.6
33 33118a 2_2 0.9 1 IDI 3.1 PSF 8.6 87738 5.4
33 33122a 3_1 0.9 2 AbPL 4.6 PSF 10 74411 4

FDS 5.1 PSF 7 5.2
33 33125abc 2_1 0.8 3 AdP 2.4 PSF 9 59636 2

AbPL 4.4 PSF 7 5.2
IDI 4.5 PSFt 8.8 3.6

33 33125abc 8_2 0.8 1 IDI 11.7 PSF 8.6 82326 5.2
33 33126abc 7_1 0.9 1 EDC 11.5 PSF+SYN 7.8 26733 4.2
33 33128abc 1_2 0.8 1 EDC 10.2 PSF+SYN 8.6 62068 5.2
33 33130ac 4_1 1.1 1 IDI 10.3 PSF 11.4 41631 6.4
33 33130ac 7_1 0.8 1 AbPB 15.1 PSF 9.8 41518 5.6
33 33131ab 2_1 0.7 2 AbPL 3.5 PSF 9.2 36513 5.2

FDS 6.9 PSF 8.6 4.6
33 33131ab 2_2 0.9 1 ECR 6.9 PSF+SYN 9.4 62740 4.2
33 33131ab 7_1 0.8 1 EDC 4.6 PSF+SYN 5.8 55401 3.6
33 33131ab 9_1 0.8 2 AbPL 3.4 PSF 9.4 60341 5.2
33 33131ab AbDM 5.6 PSF+SYN 8 5.4
33 33131ab 12_1 0.8 1 ECR 7.8 PSF+SYN 9.6 83474 5

t  borderline PSF-not present in all epochs 
*data unavailable

Table 3.5.2. Summary o f all the post-spike effects measured from PTNs in M l o f  each monkey
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In monkey 33, 31 cells exhibited PSFs with one or more muscles. These cells 

were recorded in 17 sessions, and represent 11% (31/291) of the total number of PTNs 

sampled in Ml in that monkey, in both hemispheres. Monkey 30 only yielded one CM 

cell, from M l, out of a total of 12 PTNs. This represented 8.3% of the PTNs. The total 

number of CM cells sampled represented 6% (32/545) of Ml cells or 11% (32/303) of 

Ml PTNs.

The reason for the lower number of cells recorded in monkey 30 is mainly due to 

problems with experimental protocol. We only sampled one hemisphere, and the 

recordings were often far from optimal, due to noise in the recording system, or too short 

a recording period for sufficient trigger spikes to see effects in a STA.

In total, 47 post-spike effects were measured, of which 60% (28) were pure PSF, 

30% (14) were PSF with a synchrony component (PSF+SYN) and the remaining 10% 

(5) were synchrony effects. The majority of effects (56%) were seen in intrinsic hand 

muscle EMG and of these, 75% were PSF effects. The remaining 44% of effects were 

seen in forearm muscles, of which 19 (86%) were PSF effects.

Of 32 CM cells, 9 (28%) produced PSF in more than one muscle. The mean 

number of muscles facilitated was 1.3. For PSF effects, the PWHM was always under 7 

ms, the average value being 4.4 ms. The average latency for a PSF effect was 8.7 ms. 

The mean ADL for a PTN with post-spike effects was 0.89+0.13, compared to a mean 

for all PTNs of 1.36+0.92. A two-tailed, unpaired t-test showed the cells with post-spike 

effects to be significantly faster than the whole population (p<0.0001).

The mean per cent modulation (%mod) of the baseline EMG for all effects seen 

was 8.9%. The mean %mod for pure PSFs (9.60) was significantly higher (unpaired t- 

test; p=0.03) than for SYN effects (mean 4.64).
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Summary of ICMS and STA effects

The results presented in sections 3.4 and 3.5 demonstrate the existence of direct 

monosynaptic connections from PTNs in motor cortex to motoneurons in cervical spinal 

cord. The occurrence of ICMS-evoked movements during recording sessions was 

widespread, and the finding of ‘hot-spots’ where effects were elicited with a threshold of 

<10 \iA  was used to indicate the likely location of CM cells (Lemon et al., 1986). The 

majority of effects had thresholds around 10 pA, and were most commonly seen in 

forearm muscles. This is consistent with work by Kwan et al., (1978), who showed that 

wrist effects could be elicited from a larger cortical area than hand effects, and that the 

two zones were arranged in a nested fashion, with the finger zone surrounded by the 

wrist zone.

The STA analysis demonstrated that, of all cells recorded in M l, 5.9 % were CM 

cells (32/545). This proportion of CM cells found during our multi-electrode recordings 

from monkeys 30 and 33 was significantly lower than that observed by Fetz and Cheney 

(1980) using single electrodes in Ml (27 %). We considered the possibility that the 

implanted PT electrodes in monkey 33 had damaged a significant number of axons from 

CM cells. Against this we found no difficulty in recording PTNs with normal patterns of 

activity during the task. In a terminal experiment under chloralose anaesthesia we also 

checked that PTNs identified from the implanted electrodes also responded to 

stimulation of the lateral corticospinal tract (LCST) at Cl. Over 65% of PTNs responded 

antidromically to LCST stimulation, which excludes the possibility that identified PTNs 

did not project further into the cord.

The lower proportion of CM cells observed in this study is probably a product of 

differences in sampling bias introduced by the multielectrode recording method, which 

will be addressed further in Chapter 7.
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The finding of a shorter ADL in CM cells compared with other PTNs agrees with 

work by Lemon et al., (1993), who demonstrated that more fast PTNs produce PSFs than 

slow PTNs.

The proportion of CM cells producing PSF in more than one muscle was lower in 

this study than has been reported previously. The mean number of muscles facilitated by 

a CM cell was 1.3 in this study, compared with 2.5 for CM cells facilitating wrist 

extensors and 2.1 for cells facilitating wrist flexors (Fetz and Cheney, 1980). Buys et al., 

(1986) found the mean proportion of hand muscles facilitated, as a percentage of the 

number of muscles sampled to be 27%, which is again higher than the 14% (1.3/9) found 

in this study. However, in both of these studies, more muscles were sampled than in our 

study, which may partly explain the observed lack of divergence of CM projections 

within the motoneuron pool.
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3.6 Firing rates and interval histograms of sampled cells.

Amongst the cells sampled in M l, there was a great variation in firing rate. Since 

most cells in M 1 modulate their firing during movements, I decided to address the issue 

of changes in firing rate with the task across the population. The schematic below 

illustrates the lever positions during the 2 s before and 1 s after the End Hold. This was 

used to divide the task duration into 2 sections: firstly, the hold period (shaded grey) and 

secondly the movement phase (unshaded).

The cells were analysed so as to test the null hypothesis that firing rate remains the same 

during each of these two phases o f the task. For each M 1 cell tested, the firing rate was 

calculated for the whole recording session (rate 1), then for the hold period of each trial, 

averaged over all trials (rate 2) and finally for the movement phase (rate 3). Only trials 

where the cell fired at least once were used. The results for 168 cells recorded in 17 

sessions are tabulated below (Table 3.6.1) and illustrated in Fig. 3.6.1. O f these cells, 

116 were PTNs, the remaining 52 being UIDs.
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Mean rate in Hz (SEM) rate 1 (all spikes) rate 2 (hold) rate 3 (move)

All cells 14.9 (0.7) 16.2 (0.7) 20.7 (0.9)

PTNs only 17.1 (0.8) 18.3 (0.8) 21.6(1.0)

UIDs only 10.0(1.2) 11.4(1.1) 16.3 (1.7)

Table 3.6.1. Firing rates across the population dluring the task.

24 -
22  -

All Cells
PTNs
UIDs

12 -

10 -

all spikes hold move

Fig. 3.6.1. Firing rates of cells during the task.

It can be seen from Fig. 3.6.1 that mean firing rate across the population 

increases during the movement phase (move = rate 3) relative to both the hold (hold = 

rate 2), and the mean rate over the session (all spikes = rate 1). The absolute rates appear 

quite low relative to the firing rates seen in PTNs (individual cell values ranged from 0.3 

to 50 Hz). This is probably because trials were not selected so as to have a minimum 

number o f spikes in either phase, therefore a cell which did not fire during the hold 

period would have lowered the mean value of rate 2. Interestingly, PTNs had higher 

firing rates for all rates tested than UIDs (P<0.05) and had higher rates than the 

population mean for rates 1 and 2 (P<0.05). Conversely, UIDs had lower rates than both 

the population and the PTNs for all periods tested. Cell firing relative to the task is 

discussed further in the following sections, 3.7 and 3.8.
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An investigation was made into relationship between firing rate and ADL for the 

PTNs above. There was no significant correlation between ADL and firing rate for any 

of the three rates. The firing rates of the 10 fastest and 10 slowest PTNs were compared 

for each phase of the task, and no significant difference was seen between the two groups 

(paired t-test; p>0.05).

Interval histograms (INTHs) were compiled for all cells off-line, mainly to check 

that the cells were clean single units, with no counts in the first 1 ms bin of the INTH. 

Selected examples of INTHs compiled from cells in each area are shown in Fig. 3.6.2. 

No systematic analysis was made of INTH shapes, but qualitatively, the majority of cells 

appeared to have gamma-shaped histograms.

3.7 Characterisation of firing patterns during the task.

For every cell discriminated off-line, a peri-event time histogram (PETH) was 

compiled relative to the End-Hold time (EH), at which the monkey received an auditory 

signal to indicate that a successful trial had been performed. The duration of the PETH 

was from 2 s before EH to I s  after it, therefore including both movement phases and the 

Is hold period. The modulation of firing rate during the task was classified as ‘phasic’, 

‘phasic-tonic’, or ‘tonic’ (P, P-T or T; Evarts, 1965; Maier et al., 1993). Phasic cells are 

classically seen to fire with a burst restricted to the initial or final movement phases or 

both, with no obvious background discharge. Phasic-tonic cells, on the other hand, are 

typified by a burst in addition to steady firing at other periods during the task, while 

tonic cells show steady discharge during the hold period with no bursting behaviour. A 

further type of cell, with no task modulation, was classified as ‘unmodulated,’ (U). In 

previous studies (Cheney and Fetz, 1980; Maier et al., 1993) a cell has been considered 

to be task-modulated (phasic-tonic or phasic) on the basis of significant (mean± 2 s.d.) 

changes from the mean firing rate. A cell with a significant increase in mean firing rate
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CM Ml PTN M l

PTN SMA

- tTt JT.

UID SMA

UID PMv PTN PMv

0 60 ms

Fig. 3.6.2 Examples o f INTHs observed in each area
Each histogram has binwidth 1 ms and duration 60 ms. All histograms
have zero counts in the first 1 ms, indicating clean discrimination.
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during the hold period, but no bursting behaviour would be considered ‘tonic’. A 

modulated cell may be considered to be phasic only if its mean firing rate during the 

periods without phasic discharge is significantly lower than during the peaks and is 

effectively unmodulated during these periods. Owing to the large number of cells 

sampled, no statistical analysis was used to classify the cells as phasic, phasic-tonic or 

tonic, but instead the distinction was made by eye from the PETH. Some cells did not 

fire enough times during the trials recorded to be categorised. These cells were removed 

from the analysis.

Of the 130 sessions analysed, 837 cells had sufficient counts in their PETHs to be 

included in the analysis. The distributions of each type: P-T, P, T and U in M l, SMA and 

PMv are shown in table 3.7.1. Examples of PETHs compiled from cells that were placed 

in each of the three modulated groups are shown in figure 3.7.1. In general, the cells 

recorded from M l and SMA had various patterns of modulation during the task, while 

those sampled from PMv showed more stereotypical patterns, usually similar to the 

examples shown in Fig 3.7.1 K and L, with increased activity after the end of the hold 

period.

Ml SMA PMv total

no of cells 529 252 56 837

no of P-T 261 (49%) 83 (33%) 8 (14%) 352 (42%)

no of P 166 (31%) 31 (12%) 3(5%) 200 (24%)

no of T 95 (18%) 117(46%) 16 (29%) 228 (27%)

no of U 7 (1%) 21 (8%) 29 (52%) 57 (7%)

Table 3.7.1 Distribution of task modulation patterns in each area.
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1750

Thumb

Finger

I4 mm

B CM Ml P n=568 C UID Ml P-T n=541 D PTN M l P n=222
1800 . 650

-2 0 1s

E PTN M 1 T n=291 F PTN M 1 P-T n=291 G PTN M 1 P-T n=256 H UID SMA P-T n=273
275 800 400 250

I UID SMA P n=43 3 J PTN SMA T n=242 K UID PMv P n= 291 L UID PMv P-T n=291

275 350 700 650

Fig. 3.7.1 Examples o f PETHs observed in each area.
A Averaged lever positions to show task phase during the 3 s period o f the PETH. B-G: cells recorded in M l. PETH has binwidth 50 ms. 
Ordinate in each case is counts scaled from zero to max (given). H-J: cells recorded in SMA. K ,L‘ cells recorded in PMv.



As shown in Table 3.7.1, the most common task relationship pattern (42% of cells) was 

P-T modulation. Another 24% and 27% of all cells showed phasic bursting and tonic 

firing, respectively, during the task, while the remaining 16% were unmodulated 

throughout the 3 s period used in the PETH.

The proportion of cells showing each type of task modulation showed marked 

differences between areas, which were tested using a chi-squared test. SMA differed 

from Ml in that it contained fewer P cells and more T cells than Ml (p<0.0001). Only 

three cells recorded in PMv were phasically modulated with the task (Fig 3.7.1 K), the 

remainder being predominantly T and U types. This data broadly supports the functional 

specialisation of the different cortical motor areas. Thus, cells in Ml seem to be mainly 

active during the movement phases of the task, while those in SMA may have a greater 

role in tonic contraction during the hold period. In contrast, half the cells sampled in 

PMv showed no obvious modulation with the task, suggesting that they might be 

involved in some other aspect of movement control, such as planning, rather than 

execution. The functional role of each area will be discussed further in chapter 7.

The task modulation of each cell type (CM, non-CM PTN, and UID) was also 

compared for cells recorded in Ml. Fig. 3.7.2 shows the distribution of task modulation 

across each cell type. It is clear that no CM cell was tonically active during the task, 

which supports the idea that output cells from Ml are involved in the movement phase, 

rather than the steady hold. CM cells were 55% P, 45% P-T, while the other cell types 

showed a higher occurrence of P-T modulation than P modulation during the task.
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Fig. 3.7.2 Distribution of task modulation patterns for each cell type in M l.

Therefore, the most common patterns of task modulation in Ml and SMA, and 

amongst all cell types, were phasic-tonic and phasic bursting patterns. This suggests that 

this firing pattern may reflect features of the ongoing control o f the movement.

Subsequently, 1 investigated whether the pattern o f modulation varied with the 

speed of axonal conduction for PTNs in Ml and SMA. The PETHs for 5 of the 10 fastest 

and 5 of the 10 slowest PTNs are shown in Fig 3.7.3. The fastest cells were all sampled 

in M l, while the slowest cells were from SMA and M l. O f the 10 fastest PTNs, 30% 

showed phasic task modulation. Similarly, 20% of the slowest cells showed phasic task 

modulation. The proportions of P-T cells were 30% and 20%, for fast and slow cells, 

respectively. The remaining 40% of fast cells were tonically active, compared to 50% of 

slow cells, the final 10% of slow cells being unmodulated. Since this was such a small 

sample, there were no statistically significant differences between these two groups of 

PTNs and the population as a whole. However, there appeared to be a trend towards less 

phasic activity amongst the slow PTNs.

Finally, an investigation of the depth o f task modulation for cells in Ml and SMA 

was made. The depth of modulation was quantified as peak/mean counts per bin. This 

analysis was carried out on 50 P and P-T cells from each area, taken from 16 sessions in 

total.
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A
M l T ADL=0.7 

counts
M l T A D L -0 .7 M l P A D L -0 .6 M l T A D L -0 .7 M l P-T A D L=0.7

M l P-T ADL=4.0 SM A T A DL=4.7 SMA T A D L -4 .2 M l T ADL=4.4 M l P ADL=4.0

Figure 3.7.3 PETHs for 5 fast and 5 slow PTNs recorded in Ml and SMA.

Binwidth =50 ms. Duration 3 ms, from 2 ms before End hold (EH). 
Scaling on the ordinate differs between cells to show modulation pattern 
clearly. P-T =phasic-tonic; P =phasic.
A. 5 fast PTNs recorded in M l, with short ADL <0.8 ms.
B. 5 slow PTNs, 2 from SMA, 3 from M l, with ADL>4 ms.



The mean value of modulation for Ml was found to be 2.8 (range 1.3- 6.7) for 

Ml and 1.7 (range 1.1- 3.8) for SMA. An unpaired t-test of the two distributions 

indicated they were significantly different (p<0.0001). Therefore these results provide 

evidence that cells in Ml show a deeper modulation during the task than do cells in 

SMA.

3.8 Changes in task relationship with cortical separation.

For selected sessions with several cells recorded that were clearly task- 

modulated, an investigation was made of the similarities between their PETHs. To 

analyse this quantitatively, a regression was performed between the values in 

corresponding time bins for each cell (see Chapter 2). The correlation coefficient (r) was 

used to indicate the significance of the regression. Values of r for each pair of cells, and 

the distance, d, between them were plotted as a scattergraph. The distance was estimated 

in two dimensions only (the distance between the two electrodes), because of the number 

of cells involved. Since the depth of the electrodes was not necessarily an indicator of the 

layers in which the cells were located, due to the high probability of the electrodes being 

in the anterior bank of the central sulcus, it was not included in this analysis. A more 

accurate comparison of distance between cells and strength of correlation between them 

can be found in section 4.3.

Figure 3.8.1 shows examples of the task relationships observed for each cell 

during a session. The PETHs are displayed in the spatial dimension to represent the 

electrodes the cells were recorded on. The first Ml session shown (Fig. 3.8.1 A), 

comprised only PTNs, which mainly fired with a burst during the initial movement 

phase. 2 PTNs however, at positions 5 and 9 showed a different pattern of task 

modulation, with raised activity during the hold period. The second session (Fig. 3.8.IB) 

included both PTNs and UIDs, although the task modulation for each was similar, again
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Fig. 3.8.1 Exam ples o f task modulation across the recording array.
A R M l session in monkey 33, PTNs on electrodes 1,5-9,11, and 12 
B LM l session in monkey 33, PTNs on electrodes 1,2,4,8-11,and 12. 
A dditionally, a CM cell on electrode 1 and UIDs on electrodes 1 and 12.
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A PTN 12 and UID 12 r=-0.73
200̂

B PTN 12 and UID 12 r=-0.75
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Fig. 3.8.2 Four examples of pairs o f cells with reciprocal task modulation.
A-D. Pairs o f cells from four different sessions, all in M l of monkey 33.
In each case, the upper histogram is PTN firing, with the UID below it.
Ordinate is scaled form zero to maximum counts per bin, binwidth 50 ms. 
r value is given for each pair, indicating the correlation between the upper and lower PETH.
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involving a burst during the initial movement phase, followed by decreased activity 

during the hold period. An exception to this pattern was shown by the PTN recorded on 

electrode 12, which showed the opposite pattern o f increased activity during the hold, 

with depression during the movement periods.

The difference in modulation pattern between the PTN and the UID recorded on 

electrode 12 highlights a phenomenon that was observed on several occasions - namely 

that two cells recorded on the same electrode often seemed to have reciprocal task 

relationships. Other examples of pairs of cells where this was the case, are shown in Fig 

3.8.2. We recorded 23 pairs of cells on the same electrode that were both clearly task- 

modulated. O f these, 16 showed reciprocal relationships, and 7 showed very similar 

relationships. 15 pairs were PTN-UID, 6 were pairs of PTNs, and the remaining 2 were 

UID-UID pairs. This suggests that pairs of neighbouring cells with reciprocal firing 

patterns might be a feature o f motor cortex.

The results of the quantitative analysis are presented in Fig. 3.8.3, below.

0 .5

0.2 0 .8 #

-0 .5

separation , d (m m )

1.2

Fig. 3.8.3 Scattergraph of values of task coiTelation, r, against d (separation between 

pairs o f cells).

In total, 501 pairs o f cells were analysed from 18 sessions in M l. The separation 

between cells falls into discrete bins as it was calculated for the plane of the electrode
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array only, without taking the depths of the electrodes into account. For each inter

electrode distance between 0 and 1.08 mm, there was a full range of different r values. 

An ANOVA revealed no significant difference between the values of correlation at 

different values of d. The mean value of r overall was 0.12, and the mean separation was 

0.52 mm. The most common separation between cells was 0.3 mm, i.e. cells on adjacent 

electrodes.

Summary of firing rate and task relationship data

Cells recorded in Ml had a wide range of firing rates, and the majority were 

modulated during the task. PTNs generally had higher firing rates than UID cells, and 

these rates were highest during the movement phase of the precision grip task. No 

difference was seen between firing rate or task modulation of fast and slow PTNs, in 

contrast to findings observed by Evarts, (1965). Evarts showed that fast PTNs had more 

phasic modulation, and higher firing rates during the movement phase, compared to slow 

PTNs.

PETHs of cell firing relative to the end hold of the precision grip revealed a

broad range of patterns. These were classified as phasic, phasic-tonic, or tonic, the

former two being the most common in Ml and SMA, while PMv contained mainly

tonically firing cells. This is consistent with a different functional role for PMv,

compared with the other areas. The sample of CM cells comprised only phasic and

phasic-tonic cells, confirming their positive relation to the execution of the movement

phases. Meanwhile other PTNs and UIDs showed all three patterns of modulation. For

the small sample analysed, there appeared to be a weak tendency for slow PTNs to be

tonically modulated, unlike the fastest PTNs, which were often more phasic in their

activity pattern. In addition, cells in Ml were found to be more deeply modulated than

cells in SMA. This supports findings by Chen et al., (1991), who demonstrated similar
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task modulation between Ml and certain SMA cells, while another population were less 

task-modulated than M l, and were more inclined to fire during a pre-movement waiting 

period.

In any one session, cells that were recorded on the same or adjacent electrodes 

were often seen to have very different patterns of task modulation. Conversely, across 

the 1 mm^ grid, there were usually striking similarities between task relationships of cells 

as far apart as 1.08 mm. This broadly agrees with work by Lemon (1981b) who found 

that, while close groups of cells showed similar patterns of activity, some adjacent cells 

often had contrasting or reciprocal task relationships, and concluded that in fact no two 

neurons showed identical patterns. In general, no systematic relation could be found 

between patterns of task modulation and cortical separation, although an interesting 

anecdotal observation was the occurrence of PTNs and UIDs on the same electrode with 

reciprocal firing patterns, relative to the task. This suggests a reciprocal arrangement of 

connectivity, whereby one cell (the UID) might cause inhibition of the other (the PTN). 

The following chapter will examine the local connectivity within populations of cells, 

using cross-correlation analysis.
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Chapter 4 

Functional Connectivity in the Motor Cortex

In this chapter I shall describe analysis performed to investigate the spatiotemporal firing 

patterns of single neurons recorded from motor cortex of awake behaving monkeys. 

Correlation analysis between spike trains in the time domain was used to make 

inferences about synaptic connectivity within the motor cortex.

Recordings were made in three different motor areas of monkeys 30 and 33 as 

described in Chapter 2. Peaks were seen in cross-correlations between pairs of cells 

recorded in M l, SMA and PMv. The following analysis was carried out on the entire 

record from each session, thus the cross-correlations have been compiled over all phases 

of the task, and so reflect an average of any task-related changes in firing pattern and 

synchrony. It should be noted that the data has not been broken up to investigate the 

effects of phases of the task on cross-correlation effects. While this was of potential 

interest, the object of this chapter was to identify the presence of synaptic connections 

between cortical cells. However, the timescale over which non-stationarities due to task 

performance would affect the cross-correlation is of the order of seconds, and would be 

unlikely to seriously affect the detection of peaks in cross-correlations which are in the 

millisecond range.

4.1 Cross-correlation effects between pairs of cells

Cross-correlation histograms were compiled off-line between every pair of cells 

from each recording session. In general, histograms had a binwidth 0.5 ms, and 

duration -50 ms to 50 ms relative to the trigger spike. For each pair of cells, the cell 

with the most spikes was used as the response cell, to enable the maximum counts to fall 

in the histogram. Any histograms which had a single large central bin were presumed to
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be contaminated by an artefact (e.g. noise common to both channels) so were removed 

from the analysis. This accounted for a very small proportion of pairs analysed.

Histograms were classified (see Chapter 2) as having a peak or trough (or no 

effect), using the points of inflection in the cumulative sum (CUSUM) plot to mark the 

onset and offset bins of such effects. Effects were quantified by A, given in Chapter 2, 

which was normalised to remove any spikes from either cell which did not fall within the 

histogram duration, i.e. 50 ms before to 50 ms after the trigger spike. For cross-
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correlation effects between cells recorded on the same electrode, the artefactual ‘dead 

time,’ or the 2-4 empty central bins, were removed from the histogram for the calculation 

of A value. This method will obviously underestimate the size of the peak, but since 

there is no means of predicting the size of such an effect, this underestimation would 

introduce less error than one that attempts to correct for the empty bins.

Peaks were further classified according to their width and latency. Symmetrical 

peaks with a negative onset latency and a width >4 ms were taken to be evidence for the 

presence of common input to the pair of cells. Narrow peaks (width <2.5 ms) which did 

not overlap zero (trigger time) were taken as evidence of a serial, possibly monosynaptic 

connection from one cell to the other (Perkel et al., 1967; Fetz et al., 1990).

The results for the whole population of cells in each area studied are summarised 

in Table 4.1.1, below.

Area Ml SMA PMv Total

No of pairs tested 2604 684 246 3534

No of cross-correlation peaks 422

(16%)

68

(9.9%)

12

(4.9%)

502

(14%)

Mean A value 

(±S.D.)

0.026

(±0.022)

0.034

(±0.036)

0.075

(±0.077)

0.028

(±0.028)

Mean width of peak (ms) 

(±S.D.)

10.9

(±5.4)

9.5

(±5.2)

17.6

(±13.5)

10.9

(±5.8)

No of cross-correlation troughs 4

(0.15%)

5

(0.7%)

0 9

(0.02%)

No of serial effects { 6

(0.23%)

0 0 6

(0.017%)

No of common input effects f 329

(12.6%)

56

(8.1%)

11

(4.5%)

396

(1P%)

J Width < 2.5 ms, not straddling zero, 
t  Width >4 ms, symmetric around zero.

Table 4.1.1 Summary of cross-correlation effects across all areas.
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Fig. 4.1.1. Examples of cross-correlation effects in each area.
A and B. Wide peaks between pairs in Ml. Number (n) of trigger spikes is given. 
Dotted Lines represent start and end of peak.Binwidth =0.5 ms.
C. Serial peak between PTNs in Ml.
Inset: expanded peak region, -10 to 10 ms, binwidth 0.5 ms.
D. Trough between PTNs in SMA.
E. Wide peak between UIDs in SMA.
F. Wide peak between UIDs in PMv.
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Data were analysed from 119 sessions, yielding 3534 pairs of cells in total. The average 

length of recording was around 30-40 mins, and the number of spikes in each cell ranged 

from 595 to 113,719 (mean 25,239). For all cell pairs showing significant cross

correlation effects, the mean number of trigger spikes was 26,455, while the mean 

number of response spikes was 39,219.

Examples of cross-correlation effects of various types in each area are shown in 

Fig. 4.1.1. It can be seen that the shape of wide peaks, indicative of common input (A, B, 

E and F) is qualitatively different to the serial narrow peak (C). Many wide peaks seen 

had a narrow central peak of <2.5 ms width (A, B and F) with a wider ‘skirt’. This might 

indicate a small number of strong common inputs to the 2 cells, reliably causing both to 

fire, in addition to a more general synchronous activation from a larger number of inputs, 

causing both cells to fire with some jitter in the timing of the two spikes (Perkel et al., 

1967; Fetz et al., 1990).

In general, many more pairs of cells were tested in Ml for both monkeys than 

were tested in SMA and PMv. This was because the number of sessions with several 

cells recorded simultaneously was far greater. In total, 2604 pairs of cells from Ml were 

used in the cross-correlation analysis, compared to 684 in SMA and only 286 in PMv.

Of the pairs tested, 14% (502) showed peaks in their cross-correlation. The 

highest incidence of cross-correlation peaks was in M l, where 16% of cell pairs showed 

significant peaks. In SMA and PMv, the proportion was 9.9% and 4.9% of pairs, 

respectively.

The mean A value for all the peaks measured in each area was lowest in Ml 

(0.026) compared with 0.034 in SMA and 0.075 in PMv. It should be noted that the 

standard deviations (s.d.s) for each of these values were large, in fact only in Ml was the 

s.d. smaller than the mean. Therefore the size of cross-correlation peak was highly
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variable across all areas. The distributions o f A in each area are shown in Fig. 4.1.2 

below.

Ml

150 T

ë 100 -

u-

SM\

PM v

A value

Fig. 4.1.2 Distribution of A values in each area.
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In the interpretation of the observed A values, there are two important points to 

note. Firstly, from the distribution histograms above it can be seen that the frequency of 

pairs with A>0.1 is higher relative to the rest of the sample for SMA and PMv. These 

outlying values have caused the mean A to be skewed towards higher values for SMA 

and PMv. However, even without these points, the mean A value still increases from Ml 

to SMA and PMv.

The second point to consider here is that there are many peaks observed between 

pairs in Ml for which the A value is small: A<0.02 for 76% of peaks. There are two 

possible explanations for the large number of these peaks in M l, compared to other 

areas. Firstly, that there is a real difference in connectivity between the areas, with a 

higher degree of local connectivity, particularly of the convergent common input type in 

M l. Alternatively, the results could be explained as a bias introduced by sampling 

differences between each area. That is to say that recording sessions in Ml were more 

likely to produce cell pairs with cross-correlation effects, because it was easier to record 

more cells and for a longer time. For example, the mean number of spikes for a cell in 

Ml which was significantly cross-correlated to another cell was 36,077, compared with 

16,485 in SMA and 13,148 in PMv. Student’s t-tests between Ml and each of these areas 

showed that Ml had significantly more spikes per cell (p<0.001). It is possible that the 

surplus of small peaks seen in Ml represents weak effects which can only be seen with 

the large number of spikes which we have recorded in Ml sessions, but not in SMA and 

PMv. This explanation will be tested further in section 4.2.

The widths of cross-correlation peaks were also highly variable (range 0.7 to 50 

ms), the mean for all areas being 10.9 ms (±5.8). There was no statistical difference 

between the mean peak width obtained in each cortical area. The majority (78%, 

396/502) of peaks were in the >4 ms range, indicative of a synchronous common input 

from a large number of cells. The number of serial peaks, (with width <2.5 ms and
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which did not overlap zero) was very low (6, or 1.2 % o f all peaks). This could be 

because many of these monosynaptic effects were hidden in the wider peaks caused by 

synchronous input to the pair of cells. This is supported by the shapes of some of these 

wide peaks (Fig.4.1.2 A and B) which had narrow peaks close to (but not overlapping) 

zero superimposed on the broader symmetrical peak.

Finally, the number of troughs observed in cross-correlation histograms was also 

very low (n=9; 0.02% of pairs tested). A trough indicates the suppression of discharge in 

one cell associated with a spike in the other cell. However, a causal effect of one cell on 

the other requires that the trough does not overlap the trigger time. Aertsen and Gerstein 

(1985) showed, using simulated data, that the cross-correlation is more sensitive for the 

detection of excitatory connections. This is partly because a higher firing rate is needed 

in the response cell to detect a transient suppression in firing than would be needed to 

detect a facilitation (Perkel et al., 1967). The main reason that inhibition is rarely 

detectable, however, is that an inhibitory connection between two excitatory cells must 

be disynaptic, involving the activation of an inhibitory intemeuron. This is particularly 

likely in our recordings, as the majority of cell pairs have at least one excitatory cell (a 

PTN). Therefore, the trough seen in this situation would be small, (due to the decrease in 

efficacy with each synapse), and offset from zero, but with a jitter appropriate for the 

synapse. Troughs such as this are unlikely to be seen, given the size of excitatory 

common input effects in many of the cross-correlations. Of the 9 troughs observed, all 

were wider than 6 ms and did overlap zero, making it more likely that they were due to a 

synchronous effect of many cells causing suppression in the response cell.

4.2 Significance of cross-correlation peaks.

It has been noted by Farmer (1991) that the A value measurement of cross

correlation peak size is not dependent on length of recording. It does, however, depend 

crucially on the number of trigger (Nt) and response (Nr) spikes in the cross-correlation.
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In this section, I shall discuss the combined effect of recording length and variations in 

Nt and Nr on the chances of detecting a peak above significance. This is particularly 

relevant to any sampling bias introduced between longer sessions recorded in Ml and 

relatively shorter sessions in other areas.

Initially, to investigate the effect of length of recording time, a typical cell pair 

from Ml was chosen with n=45,157 spikes for the trigger cell, and n=50,399 for the 

response cell. Of these spikes, 44,428 and 49,558 spikes contributed to the cross

correlation histogram from the trigger and response cell respectively. These cells were 

recorded for 2846 s, during which time 324 trials were performed. The two cells chosen 

had a very similar task relationship (r=0.8) in order that differences in number of spikes 

due to the task performance should not affect the cross-correlation peak. The A value 

and z-score were recorded for decreasing time sections of the whole record, together 

with the number of spikes from each cell until the peak became insignificant.

Fig. 4.2.1 A shows the variation of each measure with length of recording. It can 

be seen that Nt and Nr increase linearly with the length of record. The peak size. A, was 

constant for time sections >200 s, but for shorter sections, it showed an increase. The 

significance of the peak, indicated by the z-score, increased with the length of the record, 

but was never below p=0.05. Therefore the cross-correlation peak between this pair of 

PTNs was always detectable, even for short periods of <200 s where Nt and Nr were 

each below 2000. When this was repeated for other pairs, with varying strengths of 

cross-correlation peak, the result was usually the same, i.e. very few peaks became non

significant for short recording periods. Therefore, we can conclude that the strongest 

effects are detectable, however small the number of spikes.

In short recording periods, the value of A was influenced by the small numbers of 

spikes. For the pair shown in Fig. 4.2.1 A, the value of A increased sharply with
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F ig  4.2 .1  A  variation in A  with length o f  sessio n  for on e pair.
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Fig. 4 .2 .IB Variation in A with length of session for several pairs
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Fig. 4.2.1 Variation in A with length of recording
A. For one PTN pair in M l, Nt, Nr, A value and z-score are plotted for increasing time 

periods starting at the beginning of the record. A is constant for periods of >200s.
Dotted line indicates p=0.05 significance level for z-score. The peak is always significant.

B. Variation in A for 6 cell pairs, over increasing time sections. Dotted lines mark the time 
after which there were >2000 spikes for trigger and response. The leftmost dotted line 
marks the 2000-spike point for the four M 1 pairs.
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decreasing numbers of spikes for sections less than 200 s. Whilst A is not affected by 

length of recording, it is clear from Fig. 4.2. IB that its value only becomes stable with 

the large numbers of spikes (>2000) which can be sampled over time lengths of more 

than C.200 s (given two cells with average firing rates of 10 Hz).

Fig 4.2. IB shows the dependence of A on the recording length for 6 neuron pairs, 

one from SMA, one from PMv and the remainder from M l. On each plot is marked the 

point in time after which both cells had fired at least 2000 spikes. This point is the same 

for all the pairs in M l, at 200 s from the start of the record, but is longer for pairs 

recorded in SMA and PMv. It is particularly noticeable that the cell pair recorded from 

PMv was only just sampled long enough to record 2000 spikes from each cell. This pair 

also shows the most variation in A value with recording length. By contrast, there was 

very little variation in A for any pair of cells in M l, after the 2000-spike threshold.

Therefore, the measurement of A appears to give a reliable estimate of peak size 

with sufficient spike numbers (in the range >2000 for each cell), which roughly 

translates to a required recording time of around 200 s. Since all of our recordings were 

made for longer than 200 s, it is unlikely that the estimates for peak size are affected by 

this limitation. However, the main difference between the sample of cells in Ml and 

SMA and PMv was in the number of spikes recorded for each cell. The mean number of 

spikes recorded per cell in Ml was 22,579, as compared with 10,271 and 8,606 in SMA 

and PMv respectively. These values are significantly different (t-test; p<0.0001).

This sampling bias is partly due to the size of the cells recorded, and therefore the 

ease with which they could be discriminated from the background noise. In SMA and 

PMv the PTNs were much rarer, and the action potentials from the cells sampled were 

smaller. This may have contributed to a lower number of discriminable spikes per 

session.
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Using the criterion of >2000 spikes per cell, there were 14/422 (3%) of cross

correlation effects in Ml which fell below this criterion, compared with 12/98 (12%) in 

SMA and 2/12 (17%) in PMv. Both of the cross-correlation peaks in PMv for which the 

number of spikes was below the criterion had A values which were below the mean, 

suggesting that this sampling bias did not contribute to the high mean value of A seen in 

PMv relative to Ml. Since the number of peaks for which the A value is unreliable is 

generally small, we can conclude that this sampling bias makes little difference to the 

mean value of A for each area.

In conclusion, I have shown that the value of A is unaffected by the length of 

recording, except when this is very short, and only low numbers of spikes were recorded. 

For pairs of cells where neither cell has more than 2000 spikes, the value of A is less 

reliable than if these cells had been sampled for a longer time. However, most of the cell 

pairs with significant cross-correlation effects had more than 2000 spikes per cell, so it 

can be concluded that this sampling bias in fact made very little difference to the mean 

values of A in each area.

The observed trend in mean A values across cortical areas must therefore be a 

result of differences in local connectivity between the areas, and not of sampling bias. 

This trend is towards many weak effects in M l, as compared to the small number of 

stronger effects in both SMA and PMv. These data suggest a greater involvement of 

weak local connections of the convergent common input type in Ml than in other areas. 

Conversely, SMA and PMv would appear to be characterised by sparse connectivity, 

with greater synaptic efficacy.
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4.3 Variation of strength of peak with distance between pairs of cells.

For every pair of cells with a cross-correlation peak, the approximate distance 

between them was calculated from the relative positions of the electrodes in the array, 

and the depths to which they had been moved. The distance of separation, d was 

calculated from:

d  - ^ ( x ^  - X 2 Ÿ  + (T i  - y i Ÿ  +(^1 >

where x„ and yn are the distances in the mediolateral and anteroposterior dimensions of 

electrode n relative to electrode 1, and z„ is the absolute depth of electrode n. For those 

cells recorded on the same electrode, the distance was assumed to be <0.3 mm (the 

minimum distance between two adjacent electrodes).

Fig. 4.3.1 shows a scattergraph of the A value from the cross-correlation against 

distance of separation (d) between the two cells tested. In this graph, all values of d for 

cells on the same electrode (d<0.3 mm) are plotted at 0 mm, i.e. on the y-axis. The mean 

value of d between pairs of cells was 0.65 mm. The maximum distance of separation 

between two cells showing a cross-correlation peak was found to be 4.12 mm, between a 

UID at a depth of 6.1 mm and a PTN at 1.9 mm below the cortical surface, in left Ml of 

monkey 33. For this cell pair, the peak size was very small (A =0.002).

A linear regression of A on d was significant (p=0.004), with a correlation 

coefficient of r = -0.14. As shown by the regression line on Fig 4.3.1, there was a 

negative correlation between strength of cross-correlation peak and distance of 

separation between two cells.

The mean A value for pairs recorded on the same electrode was 0.057, compared 

with 0.035 for pairs on distant electrodes. An unpaired t-test revealed that the strength of 

synaptic interaction between pairs recorded on the same electrode was greater than 

distant pairs (p<0.0001).
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Fig. 4.3.1 Scattergraph o f A value distance between two cells.

Within a session, there were often wide synchronous peaks between several pairs 

of cells across the aiTay. This can be seen in Figure 4.3.2, in which all the cross

correlations with peaks for one session are plotted. Nine cells were recorded from Ml in 

monkey 33. The central panel shows the spatial arrangement o f pairs that displayed 

cross-correlation peaks, with the peak size represented by the colour o f the connections. 

The cross-correlations themselves are displayed around the outside, numbered according 

to the central panel. This method of displaying the spatial arrangement o f common input 

peaks is used to display the results for four more Ml recording sessions in Fig.4.3.3. It is 

clear that common input between pairs of cells varies from being widespread between all 

types of cells in some sessions, to being present only between selected pairs in others. 

Thus, although synchronous common input is a common feature o f cortical connectivity, 

it is not universally present between every pair o f cells that are close.
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Pair 1
The central panel shows the 
arrangement of 9 cells recorded 
in Ml. Each pair of cells with 
a significant peak is joined 

by a line, the colour of the line 
representing its A value 

according to the scale bar.
The numbered histograms 
represent each cross-correlation, 
as numbered on the central 
panel. Binwidth 0.5 ms.
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-25 0 25 ms
Fig. 4.3.2. Spatial arrangement of cross-correlation peaks across cell pairs in one session.
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Fig.4.3.3. Spatial arragement of cross-correlation peaks between pairs of cells recorded in 4 M l sessions.



4.4 Variation of strength of peak with cell type.

Cell pairs were divided into three types: PTN-PTN, PTN-UID, and UID-UID. The 

number of pairs of each type with cross-correlation peaks is shown in Table 4.4.1. The 

majority of cross-correlation peaks (54%) were between pairs of PTNs. This is probably 

because we recorded many sessions in Ml with large numbers of PTNs and few UIDs.

Cell pair type Number of peaks 

(% of total peaks)

Mean A value 

(±S.D.)

PTN-PTN 271 (54%) 0.038 (±0.032)

PTN-UID 176 (35%) 0.035 (±0.026)

UID-UID 55 (10%) 0.041 (±0.043)

Total 502 0.028 (±0.028)

Table 4.4.1 Size of cross-correlation peak for each type of cell pair.

A comparison was made between A values for each of the three types of cell pair. 

A single-factor ANOVA indicated that there was no significant difference in cross

correlation strength between these three types of cell pairs (p=0.37).

A further ANOVA test was performed between the above groups and CM-CM 

pairs. The mean A value for the 22 CM-CM pairs was 0.06 (±0.032), and this was found 

to be significantly higher than the other groups (p=0.004). Therefore, although no 

difference was discernible between the strength of common input to pairs of PTNs and 

UIDs, there was evidence for a significantly stronger effect of common inputs to pairs of 

CM cells. Finally, the mean A value for 13 CM-CM pairs sharing a target muscle was 

tested against that for the 9 pairs without a common muscle. A t-test revealed no 

significant difference between the two samples.
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4.5  Variation o f  strength o f  peak w ith task m odulation.

Under the hypothesis that each aspect of the movement is controlled by a 

functional computational unit of cortex, we might predict that cells which show the 

strongest cross-correlation peaks should be modulated in the same manner with the task. 

Therefore, the variation in peak strength with task modulation was investigated.

For all cell pairs tested, the correlation coefficient between their PETHs, r, was 

calculated as described in Chapters 2 and 3. The mean value of r for all pairs with cross

correlation peaks was 0.196, as compared to a mean value for 485 pairs selected at 

random of 0.11. An unpaired t-test between these two samples of r-values revealed that 

r-values were significantly higher (p<0.0001) for the pairs with cross-correlation peaks. 

Within the sample of pairs with cross-correlation peaks, A was plotted against r, as 

shown in tig. 4.5.1, below.
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Fig.4.5.1 Scattergraph of A value v.s task correlation coefficient.

As shown in Fig. 4.5.1, a linear regression of A against r reveals a significant 

(p<0.0001) positive correlation (r=0.03). Therefore, amongst cell pairs with cross

correlation peaks, the largest peaks correspond broadly to cells that show similar 

modulation during the task.
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A further investigation was made into those pairs of cells identified in chapter 3 

whose task modulation pattern was reciprocal. Of 16 pairs of cells with reciprocal task 

modulation, 10 pairs (56%) had significant cross-correlation peaks, the mean of which 

was 0.042 (±0.018), which, although higher than the population mean, was not 

significantly different to it. The high incidence of peaks in this population of pairs is 

likely a result of the spatial proximity of the cells (<0.3 mm). In demonstrating 

functional connectivity between pairs of cells with opposing task relationships, these 

data support the postulate that this arrangement of local reciprocal connectivity 

represents a typical feature of motor cortex.

Summary of cross-correlation results

Of 3,534 cell pairs tested, the most common effect seen in cross-correlations was 

a wide symmetrical peak, indicative of a synchronous input to both cells. The variation 

in peak size and occurrence provided evidence for a difference in the nature of local 

connectivity between cortical areas. In M l, an abundance of weak local interactions of 

the common input type was observed, whereas in SMA and PMv local connectivity 

seemed sparse, but in many cases more effective than in M l. These differences could not 

be explained by differences in the number of spikes recorded, which were generally 

higher for the Ml sessions.

The number of pure serial effects (indicating monosynaptic excitation of one 

neuron upon the other) observed was very low, as were the number of troughs, indicating 

inhibitory interactions. These data suggest that an important component of connectivity, 

at least in M l, is a type of network capable of exciting neurons with a synchronous input 

from many other cells via converging connections.

As shown by Matsumura et al., (1996), there was a negative correlation between 

the size of peak between a pair of cells, and the distance between them. The authors 

combined intracellular and extracellular recordings in vivo in monkey motor cortex, and
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found local excitatory and inhibitory connections over distances up to 2.5 mm. Other 

work which has shown connections over similar distances both in vivo and in vitro 

includes that of Asanuma and Rosen (1973), Kwan et al., (1987), Martin (1988), 

Thomson and Deuchars (1994) and Vaadia et al., (1995). My investigation has shown 

widespread occurrence of common input to pairs of cells across the recording array (up 

to 4 mm apart), although not necessarily to each pair of neighbouring cells. Although a 

few unusual examples of longer range interactions were seen, the majority of effects in 

cross-correlations were seen over distances of less than 1 mm, in agreement with 

previous findings.

It might have been expected that pairs of PTNs would share stronger common 

input than would pairs of UIDs, since both members of the PTN-PTN pair project to 

targets in the spinal cord, but there was no evidence for this. There was, however, a 

significant increase in strength of common input, as measured by A, to pairs of CM cells, 

compared with the other cell pairs tested. Perhaps surprisingly, there was no difference 

in strength of synaptic input between pairs of CM cells with a common target muscle and 

pairs without, although the sample of each was very small.

I have also demonstrated a positive correlation between strength of cross

correlation peak and the similarity of task modulation pattern. This supports previous 

work by Georgopoulos et al., (1993), who studied the direction tuning of pairs of motor 

cortical cells during movements of the hand to a target. These authors found that mean 

synaptic strength was indirectly proportional to the angle between the preferred 

directions of the two cells. Allum et al., (1982) also provided evidence for excitatory 

connections between cells with similar force relationships. These findings provide 

evidence that the cortex is organised into functional units, capable of processing task- 

specific information, such as direction of movement, or perhaps a complex sequence of 

fractionated muscle activations.
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4.6 Effects of synchrony on the form of ST A of EMG bv CM cells.

In Chapter 3, it was demonstrated that many CM cells produced ST As with both 

a peak and a broad ‘skirt’ (PSF+SYN). This broad component was taken to represent 

synchronous effects between the triggering CM cell and other CM cells, with which 

common inputs were shared. It has been argued (Smith and Fetz, 1989; Porter and 

Lemon, 1993; Baker and Lemon, 1998) that this synchrony between cortical cells is not 

strong enough to throw doubt on the existence of a CM connection shown by the ST A 

method, as the contribution of the synchronous spikes in a single pair of neurons to the 

PSF is scarcely significant. Smith and Fetz (1989) reported on the effect of common 

inputs on the size of PSF, using pairs of CM cells showing wide cross-correlation peaks. 

They compiled STAs using only spikes from the trigger cell which were outside the 

cross-correlation peak, and found a reduction in size of PSF of between 4 and 11%. 1 

attempted firstly to reproduce this result, using pairs of CM cells, and then to extend the 

analysis to remove all the spikes that were synchronous between CM cells in the 

population.

For this analysis, 1 explored two different methods to remove from the spike train 

used to trigger the ST A, the synchronous spikes from within the cross-correlogram peak. 

Firstly, the peak was defined from the points of inflection in the CUSUM, as being from 

ti to t], which were typically around -7 ms to +7 ms. Next, spikes were chosen from the 

trigger spike train, and removed if they were associated with response spikes in the time 

range ti to ti, relative to the trigger. Smith and Fetz (1989) used a method where the 

cross-correlation histogram was continuously compiled from successive sweeps, 

removing any trigger spike which caused the area in the peak range to be greater than a 

background area, away from the peak. The probabilistic nature of the synchrony between 

the spike trains of two neurons does not allow discrimination between pairs of spikes 

which fall “below baseline” from those which are “above baseline” in the cross-
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correlation peak. For this reason, the first method I used was to remove all trigger spikes 

from the peak, to give a cross-correlation histogram with empty bins over the range ti to 

t2. This would overestimate the effect of removing synchronous spikes, but would 

provide a baseline with which to compare the second method.

The second method was that used by Smith and Fetz (1989), i.e. producing a flat 

cross-correlogram peak by the removal of trigger spikes which caused above-baseline 

counts in the peak range. This method is likely to produce an underestimate of the effect 

of removing synchronous spikes, since some of those spikes remaining will contribute to 

synchrony between EPSPs arriving at the motoneuron, despite the fact that the cross

correlation does not show synchrony.

Fig. 4.6.1 A and B show the resulting cross-correlogram, and the control and 

spike-selected STAs produced by the first method. The pair of cells shown were CM 

cells recorded in left Ml of monkey 33, which both facilitated the AdP muscle. The 

number of spikes of the trigger cell prior to spike selection was 76,744, and the 

percentage of spikes removed was 16%. In each case a section of the whole trigger spike 

train was used from the start of the record as the control (red), with an equal number 

(n=64,428) of trigger spikes to those in the spike-selected STAs (black). It can be seen 

(Fig. 4.6.1 A) that the cross-correlation after spike-selection has an empty region where 

the central peak was, implying that none of the remaining trigger spikes could be 

synchronous with the response CM cell. The ST A of the AdP EMG produced using this 

spike-selected train as the trigger (Fig. 4.6.IB) has a PSF which is qualitatively similar to 

the control PSF. Its amplitude has been reduced by 4% of the control size (from 4.49 to 

4.31%mod). Most noticeably, however, the background EMG level differs between the 

control and spike-selected STAs. The spike-selected ST A, although it is compiled from 

the same number of sweeps, has an average EMG level which is lower, upon which is 

superimposed a PSF of a similar size to the control.
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Cross-correlogram
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Fig. 4.6.1. Three methods of spike selection to produce STAs with synchronous 
spikes removed.
Spikes in A,B were selected using method 1, removing all spikes from the 
cross-correlogram peak.
Spikes in C,D were selected using method 2, removing all spikes which were above 
baseline in the cross-correlogram peak.
Spikes in E,F were selected from the cross-correlations between the trigger, and three 
response CM cells, all projecting to the same muscle, using method 2. Only one of these 
réponse cells is represented in E.
A,C,E.overlayed cross-correlation histograms. Binwidth 0.5 ms. Red traces are 
control plots, black traces are spike-selected plots. B, D, F. STAs of FDP triggered 
by control (red) and spike selected (black) spike trains. The same number of spikes were 
used to compile the cross-correlations and STAs for control and selected conditions (see text). 
Calibration bars on STAs indicate size of PSF (%mod).
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This is because the spikes that were removed fell most often during the 

movement period, thus the spike-selected STA is an average of proportionately more 

non-movement periods, with lower EMG. Likewise the reduction in PSF amplitude 

could also be partly attributed to this inactivity of the muscle.

This analysis was performed on 26 pairs of cells, yielding an average reduction in 

PSF size of 41% (±29%). This value is much larger than that obtained by Smith and 

Fetz (1989). However, in all cases, the background EMG level was lower in the spike - 

selected STA, which may have the effect of reducing the relative PSF size, as measured 

by its %mod.

Bennett and Lemon (1994) investigated the relationship between PSF size and 

amount of background EMG, using a precision grip task with three different force levels. 

They found that, although the absolute PSF size increased with increasing EMG, the 

%mod value only increased in 43% of cases, indicating that the relationship between 

relative size of PSF and background level of EMG varies between cells. Yet another 

compounding factor in the study of relative PSF size was demonstrated by Bennett and 

Lemon (1996), who showed that the size of PSF produced by a given cell in an EMG can 

vary with the period of the task itself, depending on the amount of muscle fractionation 

which is required. Thus, a CM cell which facilitates two muscles can produce a larger 

PSF in a muscle which is active alone, than it does in the same muscle during co

contraction of both. These two findings mean that it is difficult to compare the relative 

sizes ofPSFs at different background levels of EMG directly.

Given this complex relationship between size of PSF and background EMG, I 

tested the correlation between the % reduction in PSF size produced by this method of 

spike-selection, and the % reduction in EMG baseline at the peak of the PSF. The 

correlation was significant (p<0.01), indicating that a significant part of the reduction in 

PSF size by spike-selection was attributable to reductions in background EMG.
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It is clear then, that this method of spike-selection has a major disadvantage in 

that the number of spikes remaining after complete removal of the cross-correlogram 

peak is so low as to reduce the background EMG to a level at which the relative PSF size 

cannot be compared. We are therefore unable to deduce what proportion of the 41% 

mean PSF reduction is due to spike selection, and what is due to the lower background 

EMG level.

The second method of spike selection involves the removal of fewer spikes from 

the trigger spike train, since only the cross-correlation peak area was removed, rather 

than peak plus baseline. This method is illustrated in Fig. 4.6.1 C and D. The cross- 

correlation shown in Fig. 4.6.1 C is between the same pair of CM cells as in Fig. 4.6.1 A, 

but with more trigger spikes, (n=74418) as only 3% of spikes were removed, compared 

to 16% with method 1. Using the second method the spike-selected cross-correlation 

(black) is completely flat. The spike-selected STA (fig. 4.6.ID) has a very similar shape, 

and baseline to the control STA. For this trigger cell the PSF size was increased by 1.8% 

in the spike-selected condition, compared to control.

For the 26 cell pairs analysed, the mean reduction in PSF size was 10±14% 

(range -4.7% to 50.4%), which is not significantly different to zero. 30% of cells showed 

an increase in PSF size. Therefore, although this method was the same as that used by 

Smith and Fetz (1989), the amount of PSF reduction seen was variable, but on average 

smaller.

The mean reduction in background EMG using this method was 5%, compared to 

16% with the previous method of spike-selection. The correlation between per cent 

reduction in %mod and background EMG was not significant, indicating that the 

reduction in EMG level produced by this method was unlikely to be a significant factor 

affecting relative PSF size.
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The final part of the analysis was to investigate the effect of synchrony across 

many CM cells on the PSF produced by one of these cells. In two Ml sessions recorded 

in monkey 33, groups of 3 and 4 CM cells were sampled, each of which facilitated the 

same muscle, and showed central peaks in their cross-correlograms with the other 

members of the group. One of these cells was used to trigger cross-correlations with all 

the others, and the peak regions were found. Next, trigger spikes were removed if they 

caused above baseline counts in the peaks of any of the cross-correlations. The second 

method was used to remove the spikes in preference to the first in order to minimise the 

reduction in baseline EMG, by removing the smallest number of spikes possible.

Fig.4.6.1E and F show the results for one group of four CM cells recorded in 

right Ml of monkey 33. All four CM cells facilitated the FDP muscle. The number of 

trigger spikes was reduced by 24% to 21,553. Only one cross-correlation is illustrated 

between the trigger and one of the 3 response cells (Fig. 4.6.IE). Again, this cross

correlation is flat, as were the other 3.

The spike-selected STA (fig 4.6.IF) shows a much reduced level of background 

EMG than the control. The PSF in Fig 4.6.IF was reduced by 41% from 6.66 to 3.94% 

modulation.

Six trigger cells were analysed using this method, as part of groups of either 3 or 

4 simultaneously recorded CM cells projecting to the same muscle. The average 

reduction in spikes was 18.5%, while the average reduction in background EMG was 

9%. The average effect of spike-selection on relative PSF size was a reduction of 24% 

(±14%). Relative PSF size was reduced in all 6 cases, by an amount ranging from 5% to 

41% (illustrated in Fig. 4.6.1). The reduction in %mod was not significantly correlated 

with the reduction in background EMG, although the sample was small for testing such a 

relationship.
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In summary, three different methods have been employed to demonstrate the 

effects of synchrony between CM cells on PSF size. The first and third methods revealed 

significant reductions in PSF size, while the second did not. However, the reductions in 

PSF shown by these two methods are partly a result of decreases in background EMG 

levels in the STA. Therefore these reductions in PSF size do not in fact question the 

existence of the monosynaptic connection to the motoneuron, but rather they point to a 

shared activity pattern amongst the local cluster of CM cells projecting to the same 

muscle. This is home out by the fact that the EMG level is lower when synchronous 

spikes from a group of CM cells are removed, suggesting that their activity facilitates the 

muscle in a closely time-locked way.

There is an inherent problem with this approach to the study of the effect of 

synchrony between CM cells on the PSF. I have shown that a trade-off exists between 

the two methods used here to remove effects of CM-cell synchrony.

The first method completely removed all effects of synchrony (by removing the 

entire cross-correlation peak), but had the disadvantage of also removing so many 

movement-associated spikes that the quantitative comparison of PSF size was made 

impossible by changes in the background EMG.

The second method, which resulted in a smaller number of movement-associated 

spikes being removed, and therefore a smaller reduction in background EMG level, gave 

rise to no overall change in PSF size. But this method underestimates the effects of 

removing synchrony between cells, as described earlier, because many synchronous pairs 

of trigger-response spikes remain in the spike train.

On balance, neither method has provided evidence for a reduction in PSF size 

that is purely a result of the synchrony between CM cells.

My conclusion is that, in agreement with the evidence presented by Smith and 

Fetz (1989), the spike-selected STA method does not reveal any difference in PSF
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attributable to the synchrony between pairs of CM cells. The reduction in PSF amplitude 

seen in certain cases is associated with a reduction in baseline level of EMG, indicating 

that synchronous spikes occur more often during the movement periods.

4.7 Effects of sICMS on groups of cortical cells.

Single-pulse intra-cortical micro-stimulation can be used as an alternative method 

to probe the intracortical connectivity within a population of cells (Baker et al., 1998). 

Aroniadou and Keller (1993) have shown that the evoked field potential following a 

pulse of ICMS decreases sharply with distance from the stimulation site, with a space 

constant of around 600 |im. Therefore it is assumed that cells whose somata or axonal 

branches are at the stimulation site may be directly excited, while any activity recorded 

on more distant electrodes must be a result of intracortical connections (Aroniadou and 

Keller, 1993). In this way, changes to the firing rate of cells on distant sites can be 

attributed to synaptic influences from the cell recorded from the stimulation site.

During recording sessions in monkey 33, single-pulse intracortical 

microstimulation (s-ICMS) was used to investigate synaptic linkages between cells 

recorded simultaneously. Briefly, a single stimulus of between 5 and 20 |XA, pulse width

0.2 ms, was repeatedly delivered through one recording electrode at a frequency of 10 

Hz. Recordings were made of activity from cells on all the other electrodes. Spikes from 

the responding cells were carefully discriminated off-line so as to establish the spike 

shape that was often superimposed on the stimulus artefact. Peri-stimulus time 

histograms (PSTHs) were compiled of response spikes after the stimulus, using a bin 

width of 0.1 ms and a duration from 10 ms before to 20 ms after the trigger spike. The 

effects seen in response to sICMS were qualitatively compared to the effects seen in 

cross-correlations of the response cell discharge relative to the trigger cell. The peak area 

in the PSTH was quantified by A, as described in Chapter 2, which is the same measure 

used to quantify the cross-correlation peaks. Since suppression in the PSTH was harder
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to quantify, A was not used. Instead, the mean level of response cell firing over the 

period where suppression occurred was tested to see if it was less than the mean baseline 

firing rate- Is.d.

Fig. 4.7.1. illustrates the results for sICMS on one electrode during a session in 

right Ml of monkey 33. In this session, 11 cells were recorded on 8 electrodes. sICMS 

was delivered through electrode 9 at 20 )lA and 10 Hz for a period of 5 minutes. Six cells 

could accurately be discriminated in response to this stimulation, three of which were 

CM cells, the other three PTNs. The three CM cells all projected to forearm muscles, 

either FDS, FDP or ECR (details are given below, table 4.7.1). The number of spikes 

from each cell ranged from 2,569 to 6,612 during this recording period.

Fig. 4.7.1 A to F show the PSTHs for each response cell, triggered by a pulse of 

ICMS on electrode 9. Each cell produced a brief peak of activity between 1 and 3 ms 

after the stimulus. Owing to the removal of the stimulus artefact, the spike discrimination 

has an effective ‘dead time’ after the stimulus of between 0.6 and 0.9 ms. After this 

time, all 6 cells reliably fired one spike, while CM5-1 (fig4.7.1D) often fired twice, 

separated by a mean interval of 2.9 ms. After the first spike, a ‘silent period’ of varying 

duration was seen in all 6 PSTHs. In Fig. 4.7.1C the period of suppression of response 

cell activity was the shortest (around 10 ms), while in Fig. 4.7.1 F there was no 

significant suppression period.

Fig. 4.7.1 G to L show the cross-correlation effects between the CM cell recorded 

on electrode 9 and the 6 cells which responded to sICMS on that electrode. These data 

were sampled over a period of 47 minutes prior to the delivery of sICMS. The total 

number of trigger spikes was 60,767, while the number of response spikes varied from 

17,967 to 79,944. The cross-correlograms were compiled as detailed in Chapter 2, with

0.5 ms binwidth, and duration -25 to +25 ms. There are significant peaks in the cross-
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correlations between CM 9-1 and each of the three other CM cells: 2-2, 7-1 and 9-1, but 

not between CM9-1 and the three PTNs.

The sizes of the initial PSTH peaks were quantified by the A value, as were the

peaks in cross-correlations between CM9-1 and the 3 response cells with which peaks 

were seen. This data is presented in Table 4.7.1, below.

It is of interest that although no common synaptic input was revealed by cross- 

come lati on between CM9-1 and the three PTNs, the sICMS data shows that 

monosynaptic connections likely exist from CM9-1 to these PTNs, causing facilitation in 

the PSTH after the trigger pulse. Additionally, the order of strength of PSTH peak is not 

the same as the order of strength of cross-correlation peaks across the three CM cell 

pairs. Thus, the weakest common input is to CM 9-1 and CM 2-2, while this pair shows 

the strongest monosynaptic facilitation effect. Note also the possibility of a disynaptic 

linkage between CM9-1 and CM 5-1, as evidenced by the double peak after the trigger in 

Fig. 4 .7 .ID.

Cell muscle
facilitated

sICMS PSTH 
peak A value

suppression
period

cross
correlation 

peak A value
(Trigger) CM9-1 FDP

PTN 1-2 0.152 yes none present

CM 2-2 FDP, FDS 0.502 yes 0.043

PTN 4-2 0.081 yes none present

CM 5-1 FDP 0.427 yes 0.09

CM 7-1 FDP, ECR 0.0325 yes 0.077

PTN 8-1 FDP 0.167 no none present

Table 4.7.1. Comparison of sICMS effects and cross-correlation effects.

Although this analysis has only been performed on the small sample presented in 

Fig.4.7.1 and Table 4.7.1, the slCMS technique has provided an interesting and 

complementary approach to the study of population connectivity within the motor cortex.
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In general, I have shown that more synaptic connections can be demonstrated between 

members of a population using sICMS than by cross-correlation analysis, but all of those 

shown with cross-correlation analysis are also seen with sICMS. The most likely 

explanation for this discrepancy between the results of the two methods is that many 

other neurons may be excited by sICMS in addition to the one closest to the stimulation 

site, causing an increased chance of firing in the response cells. In contrast, the most 

common functional linkage between two cells revealed by cross-correlation analysis is 

that of common input to both cells (Perkel et al., 1967). Thus, sICMS may reveal the 

combined strength of common inputs from several cells around the stimulation site to a 

response cell, while cross-correlation reveals instead the combined strength of common 

inputs to the trigger and response cells.

Summary of functional connectivity between cortical cells

In this chapter, I have presented cross-correlation data that indicate that 

synchronous activity amongst groups of cortical cells is a major feature of local 

connectivity in the motor cortex. The results suggest that local connectivity in PMv and 

SMA may be stronger than that in M l. However, many more pairs of cells have been 

recorded in Ml with weak but significant common input, suggesting that the general 

structure of the intracortical circuitry between these areas is arranged differently.

I have presented evidence for shared common input between pairs of cells, which 

is generally weaker with increasing distance between the cells, but is stronger for cells 

with a similar task relationship. This is indicative of a functional network of cells 

specialised for a particular computational task (Bressler, 1995).

The synchrony between pairs of cells is often stronger between CM cells than 

between non-CM cells. It is unlikely that this synchrony between groups of CM cells 

contributes to the PSF of the EMG. However, because of the tightly task-dependent

154



firing pattern of these cells, it is difficult to quantify the contribution of synchronous 

pairs or groups of spikes to the PSF effect.

Single-pulse ICMS is another powerful technique that can be used to demonstrate 

synaptic effects between cells in the array. The linkages investigated by this method 

generally consist of a monosynaptic facilitation, followed by a longer suppression. In the 

small sample studied, monosynaptic excitation was more commonly seen than were 

shared inputs, as evidenced by cross-correlation. This may be due to a greater number of 

input cells being excited by sICMS than just the single cell closest to the electrode. A 

transient suppression was often seen after sICMS, which may be caused by the same 

inhibitory mechanism that is responsible for the silent period in cortical activity after 

transcranial magnetic stimulation (Rothwell et al., 1991; Davey et a l, 1994).
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Chapter 5 

Population synchrony in the Motor Cortex

Two types of synchrony play a part in connectivity within the motor cortex: 

stochastic synchrony, and oscillatory synchrony. Stochastic synchrony is the tightly 

coupled effect of one cell on its post-synaptic target that can be detected as a narrow, 

possibly asymmetric peak in the cross-correlation between the two cells. These effects 

are uncorrelated across the population and as such, cannot be seen in the local field 

potential (LFP), unlike oscillatory synchrony, which occurs across a local population of 

cells, all firing in a time-locked way, to produce oscillations in the LFP. Oscillatory 

synchrony can also be detected in the cross-correlation as a wide (>4ms) central peak 

(Perkel et al., 1967). Both forms of synchrony are probably important in influencing the 

output of a pyramidal cell from the cortex, but their relative effects are as yet 

unconfirmed.

My aim was to investigate the extent of oscillatory synchrony which exists within 

populations of motor cortical PTNs recorded in the awake, behaving macaque monkey. 

This investigation was based on the observation that 20-30 Hz oscillations occur mainly 

in the LFP during the hold period of the precision grip task, and that they are coherent 

with similar oscillations in the rectified EMG recorded in hand or forearm muscles 

(Baker et al., 1997). This can be seen clearly by eye in Fig 5.0.1, which illustrates LFP 

and EMG activity during performance of the precision grip task by monkey 29. Five 

sessions, yielding 11 cells, all of which were PTNs, were included in the database for 

this analysis in order to observe the effects for n=3 monkeys.

The function of synchrony within the motor system is not understood (see 

Chapter 7). However, one hypothesis is that cortical oscillations could form part of the 

corticospinal drive to motoneurons, allowing EPSPs arriving at the spinal motoneurons

to summate and produce a more effective excitation (Baker et al., 1999).
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Computer simulations by Baker (1998) have shown that a synchronous input to 

motoneurons would be more effective at generating muscle contraction than an 

asynchronous input with the same mean firing level.

It is proposed that PTNs could phase-lock their firing to the local 

population activity, thereby producing an oscillation in the motor output. This would 

account for the coherence seen between LFP and EMG. I therefore performed analysis in 

the time and frequency domain with the following aims:

1. To detect phase locking of single PTN firing to the LFP oscillation.

2. To quantify the extent of this phase locking.

3. To investigate the extent of coherence in the LFP across different recording sites.

4. To investigate the phase relationship between the PTN firing and the LFP oscillation.

5. To investigate the coherence and phase relationship between pairs of cortical cells.

Parts of this work have previously been presented (Pinches et al., 1997, 1998 and

1999).
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5.1 Time domain versus frequency domain analysis.

Time domain approach

This approach aimed to show whether PTN activity was synchronised to the 

oscillation in LFP by using simple analytical methods in the time domain. Two basic 

insights were gained from the approach. Firstly, that oscillation in LFP significantly 

modulated PTN discharge, often by as much as half the mean rate. Secondly, that the 

cells appeared to be locked to different phases of the LFP oscillation, ranging from 

-130° to 90°.

This analysis was performed on spike trains recorded from 11 PTNs in one 

monkey (29), using a simple double electrode system. The LFPs were extracted from the 

recordings with a filter setting of 10-120 Hz. Negative peaks of LFP oscillations were 

marked by hand using spike 2 software (CED Ltd., Cambridge). The firing times of a 

single PTN spike train were then binned according to their time of occurrence between 

the two closest peaks. The “phase histograms” so formed therefore expressed the spike 

firing at each phase of the LFP oscillation. Examples of the phase histograms for two 

PTNs are shovm in Fig. 5.LIA. These two cells discharged throughout the cycle of the 

LFP oscillation, but with a clear sinusoidal modulation.

The phase locking of individual PTNs was quantified as follows. Histograms of 

unit discharge relative to oscillation phase were fitted accurately by a sinusoid,

y  = B cos('â - a )  + A.

The two cells shown in Fig. 5.1.1 A were phase-locked to the LFP with phase lag, 

(a) of 0° and -80°. All 11 PTNs were found to be significantly phase-locked (p<0.05) to 

the LFP oscillation. The oscillatory modulation of the phase locking was quantified by 

calculating B/A. This is illustrated in Fig 5.LID.
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B/A had a mean value of 0.32, range 0.07 to 0.76 (Fig 5.1.1C).

Although the discharge of single cells was found to be significantly locked to the 

oscillations, in all but two PTNs firing was not modulated with the same phase as the 

oscillation itself. The value of a  varied from -130° to 90° (Fig 5.1. IB).

It was also seen that the extent of phase locking varied linearly with the 

amplitude of the local field potential oscillation (Fig. 5.1.2). This is unsurprising, since 

the amplitude of the oscillations probably reflects the amount of synaptic input over the 

population which is phase-locked. A cell is highly likely to show more modulation for a 

more strongly synchronised input.

However, trial-by-trial variation in the amount of oscillatory synchrony present 

would indicate that a mechanism is available for varying the size of the network of cells 

time-locked to this rhythm, or alternatively for varying the amplitude of the oscillation in 

the output of a fixed number of cells. This would have implications for the motoneuron 

activation, were it receiving an oscillatory input from the cortical PTNs.

Further to this analysis, I attempted to assess the contribution of the phase 

locking of a single cell relative to the other synaptic influences (stochastic synchrony) 

which modulate its firing. To illustrate the need for this approach, consider a cross

correlation between two cells which reveals a peak around zero, attributable to common 

synaptic input. If these cells both showed phase locking to coherent oscillations in 

population synaptic input, then it must be possible to account for the cross-correlation 

peak, at least in part, by their phase locking characteristics.

The data from the 11 PTNs and the LFP peak times used in the above analysis 

was further analysed by two methods, to predict cross-correlation histograms from the 

phase locking of the individual cells to the LFP.
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(1) The first method was as follows: convolution of pairs of phase histograms was used 

to obtain the predicted cross-correlation that would arise if the phase locking of each cell 

was the only factor influencing its firing. The predicted histogram was normalised by 

the total number of counts in the reference phase histogram, then subtracted from the 

actual cross-correlation between the cells, the remainder being effects which could not 

be explained by the synchrony with the LFP. The significance of non-zero bins was 

determined by the z-score. Fig. 5.1.3A and B show 2 pairs of cells so analysed. In A, 

both cells were strongly phase-locked to the LFP (B/A=0.3 and 0.21) with a phase close 

to zero (0° and 20°). The predicted cross-correlation has a broad, weak peak, which is 

small in comparison to the actual cross-correlation peak. Although this pair of cells was 

recorded on the same electrode, and therefore artefactual ‘dead time’ is present in the 

central bins of the histogram, a narrow peak remains just after 0 ms. This peak is much 

higher than the peak predicted by convolution of the two phase histograms. The ratio of 

actual peak height to predicted peak height was recorded for each cell pair. For the pair 

in Fig. 5.1.3.A, this value was 2.3.

The main problem with this analysis lies in the normalisation of the predicted 

cross-correlation. As in this example, it was common for the amount of modulation in 

the predicted histogram to be small compared to the actual size of cross-correlation peak. 

One interpretation of this is that the two cells’ firing is much more tightly coupled than 

would be predicted from their relationship to the LFP. Alternatively, the result may be 

due to incorrect normalisation of the predicted histogram. One reason for this could be 

that the variation in firing rates between the two cells meant that the number of counts in 

the reference phase histogram was not a suitable factor by which to normalise the 

prediction. It is not clear what the normalisation factor should be. The possibilities for 

quantitative analysis using this method are thus limited, implying that only qualitative 

conclusions may be drawn from the shape of the predicted histogram.
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Fig. 5.1.3. Comparison of two time domain methods for prediction of cross-correlation 
from phase locking of the individual cells to the LFP.
A. Method 1. Convolution of the two phase histograms (left two panels). Celll and cell2 
are phase-locked to the LFP at 0° and 20°. Right panek.Their cross-correlation is predicted 
by a shallow central peak (red line), but the actual cross-correlation (histogram) has a 
narrow peak, consistent with stochastic synchrony between the cells, in addition to the 
wide peak. The two cells were recorded on the same electrode, hence the empty central 
bins in the actual cross-correlation.

B. Method 1. Two cells with non-zero phase lags relative to the LFP. The predicted 
cross-correlation peak (red) is off-centre, as is the actual histogram peak . These cells 
have a weaker correlation than predicted by the convolution method.
C. Method 2. Convolution of the cell-LFP peak cross-correlations (left two panels). The 
same cells are shown as in A. Again the predicted cross-correlation has a shallow, 
central peak, which is lower than the actual narrow peak between the two cells.
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The cell pair in fig. 5.1.3 was also analysed by this method. These two cells had non-zero 

phase relationships to the LFP, producing a predicted histogram shape which was off- 

centre, with a large amount of modulation. In contrast to fig. 5.1.3 A this pair of cells had 

a weak cross-correlation peak, which was in fact off-centre as predicted. However, the 

peak was much weaker than the modulation predicted by the convolution method, which 

again suggests that the normalisation factor is inappropriate.

(2) The second method was similar, in that it involved performing convolution of 

two histograms, but this time the cross-correlations between the cell discharge and the 

marked peaks of the LFP were used. This method has the advantage that it does not 

assume a mean frequency for the oscillation (phase histograms are expressed between 0 

and 360°, regardless of the actual time between the peaks). However, it was necessary to 

select a time section of the phase histogram to be used for the convolution, so the mean 

interval between peaks was calculated. Both methods therefore suffer the problem of 

averaging over a band of frequencies around the mean (20 Hz for the 4 sessions 

analysed). In the second method the histogram was normalised by the number of spikes 

in the cell-LFP cross-correlation of the reference cell. Fig 5.1.3C shows a pair of cells 

analysed by this second method- the same pair as in Fig. 5.1.3A. Again, the predicted 

cross-correlation has a shallow peak, although with more modulation than in Fig. 5.1.3A, 

Again, the narrow peak in the actual cross-correlation is significantly higher than the 

predicted value (p<0.05, z-score). Using the second method it is still unclear whether the 

normalisation used correctly predicts the size of the peak.

The conclusions from this work are that the time domain predictions of cross

correlations cannot be accurate, given their lack of information about the frequency of 

the LFP oscillation, and the problems with normalisation of the convolution. It is, 

however, clear that certain pairs of cells can be shown by this analysis to have narrow 

cross-correlation histogram peaks superimposed on the broad phase locking effects.
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These bins correspond to more specific, synaptic connections between the cells, effecting 

stochastic synchrony which is visibly separate in the time domain to the population 

synchrony. It is at this point that we must proceed to frequency domain analysis to 

elucidate the quantitative contribution of these two effects.

Advantages of a frequency domain approach

The methods discussed above require time-consuming selection of oscillation 

bursts by eye, in order to mark the negative peaks. This makes the technique impractical 

for use on a larger dataset than the 11 PTNs described. Instead, the subsequent 

investigations into coherence between cells and LFP were performed in the frequency 

domain. The advantages associated with working in the frequency domain include the 

ability to test the correlation between waveforms across a range of frequencies and to 

generate the phase relationships between waveforms without the histogram process 

(Rosenberg et al., 1989). The technique requires the use of the Fast Fourier Transform 

(FFT) to convert each analogue signal into its frequency components. A detailed review 

of the mathematical methods is given in Rosenberg et al., (1989).

The aim of this work was to look at the coherence and phase relationship over a 

range of frequencies including the 20-30 Hz band for the following pairs of signals:

1. Cortical cell discharge and LFP,

2. the LFP signals recorded at different sites, and

3. pairs of cortical cells.

The correlations between LFP and EMG will be addressed in Chapter 6.

Analysis in the time domain demonstrated the phase locking of PTNs to 

the LFP oscillation for the small sample of 11 PTNs above. Baker et al., (1999) 

suggested that this phase locking could result in temporal synchrony between EPSPs
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arriving at the motoneuron, enabling recruitment of the motoneuron pool with a lower 

amount of input than would be required for an asynchronous corticospinal input. In order 

for such a mechanism to be effective, it is necessary that corticospinal neurons show 

some degree of consistent phase locking to the cortical oscillations, and that all neurons 

have a similar phase relationship to this common pacemaker. If the phase was widely 

distributed across the colony of cells projecting to a single motoneuron pool, cancellation 

would occur and their summed discharge would not show net oscillations. Since the time 

domain analysis indicated that a wide range of phase differences was present between 

cortical LFP and PTNs, it is important to investigate whether cancellation would occur 

across a larger population. The frequency domain analysis presented in the following 

sections will address this question.
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5.2 Frequency domain analysis: analytical methods.

Data were analysed from 33 recording sessions in Ml of three monkeys, each 

trained to perform the precision grip task (see Ch2. Methods). The total number of cells 

analysed was 231, details of which are shown in Table 5.2.1. Of these cells, 15 were 

recorded in monkey 29, using the double electrode recording system, with LFP filtered 

from 10-120 Hz and sampled at 250 Hz. The remainder were recorded with the Eckhom 

multiple electrode system (see Ch2 Methods). Using this apparatus, the LFPs were 

obtained by filtering from 10-250Hz, and the single units from 1-lOkHz. Sampling rates 

for each were 500Hz and 24kHz, respectively. Cells were discriminated from both 

datasets as described in Chapter 2.

Monkey 29 30 33 Total

Number of sessions 5 6 22 33

Number of cells 15 10 206 231

Number of PTNs 15 2 154 171

Number of CM cells 0 0 26 26

Table 5.2.1. Database of cells used in the cell/LFP phase locking analysis

LFP was recorded with the electrode connected to the non-inverting input 

of the amplifier, so that negativity was recorded downwards in the raw data. This signal 

was therefore inverted before performing the FFT, in order that a phase of zero between 

cell and LFP should indicate increased firing associated with increased excitation in the 

population activity (Murthy and Fetz, 1996a). Spike trains recorded from single cells 

were converted to waveforms by counting the number of spikes occurring in successive 

2 ms bins, thereby yielding a waveform sampled at 500Hz. This method has the 

computational advantage of permitting the use of the Fast Fourier Transform, but 

generates the same result as taking the Fourier transform of the spike train directly
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(Rosenberg et al., 1989). For monkeys 30 and 33, coherence was calculated between cell 

and LFP signals both sampled at 500 Hz. For monkey 29, the LFP was sampled at 250 

Hz, so the cell waveforms were also binned at 250 Hz, and coherence was calculated 

using this sampling rate, rather than 500 Hz. All frequency domain analysis was 

performed using software written by the author.

Coherence is a mathematical measure of the correlation between the two signals 

in the frequency domain, and is bounded by 0 and 1. It is calculated from the FFT as 

follows.

If the FFT derived from signal i (i= 1,2) over the lih 512-point section (1=1.. ..L) 

is F,,/(/), then the cross-spectrum is:

ZTlLi 1-1

(1)

where * denotes the complex conjugate. The autospectrum of one of the signals is given 

by:

The power spectrum of the signal is simply

iA (/> r.

and the coherence is given by:

(2)

(3)

(4)
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The coherence was computed between waveforms by using non-overlapping 

sections of 512 data points (or 1.024s) before the End Hold time (256 data points of the 

250 Hz-sampled data). This yielded a frequency resolution of 0.97 Hz for the coherence 

and phase spectra. Each block of data was first passed through a raised cosine window to 

remove the 0.97 Hz noise introduced by the use of discrete blocks. Following this the 

FFT was performed, and then the coherence calculation. For monkeys 30 and 33, the 

coherence at each frequency was calculated for 0-250 Hz, (the maximum discernible 

frequency; Nyquist Theorem). The range for monkey 29 was limited to 0-125 Hz by the 

lower sampling rate. The coherence at each frequency was plotted as the coherence 

spectrum, from 0-58.6 Hz (60 bins).

Additionally, to check for aliasing, the coherence analysis was carried out on data 

which had been filtered above the Nyquist Frequency (250 Hz for 500 Hz-sampled data) 

to check that the data did not contain any contaminating frequencies above 250Hz. The 

resulting coherence and phase spectra were unchanged, indicating that the data was 

unlikely to be contaminated with high frequencies which could cause aliasing.

A threshold level of coherence for significance at p<0.05 was calculated for each 

session, based on the number of disjoint 1.024s sections which had been averaged. 

(Rosenberg et al., 1989):

(5)

where L is the number of disjoint sections in the estimation of coherence in 

equation (4). For this analysis, L was always equal to the number of trials performed 

between 1.024s and the end of the recording session. Therefore the sessions with the 

greatest number of trials had the lowest threshold for significant coherence. This method 

of estimating the significance in coherence values introduces an error, as equation (5) is 

only valid for a rectangular window method. Since a raised cosine window was used, the 

significance level is inaccurate, most likely underestimating the variance and 95% 

confidence limits. Given this potential for error, only those values of coherence which 

are considerably greater than the given confidence limit are truly reliable.

For a particular frequency range N  bins wide, the number m bins 

exceeding the p<0.05 coherence level was counted. The signal pair was then assumed to 

show significant coherence in this band if

y  ""C (0.05)"'(0.95)'"-"' <0.05
a  " (6)
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Equation 6 calculates the probability that m or more bins would have tested as 

significant purely by chance; this binomial test therefore provides a correction for the 

effect of multiple comparisons. For the frequency bands tested in most of the analysis in 

this chapter, N=7, so that 2 or more bins exceeding the threshold level were required 

before a significant effect was accepted.

The phase relationship between two signals was calculated from the argument of 

the cross-spectral density of the two waveforms at each bin:

0i2(/) = arg

(7)

This argument is represented as the arctan of imaginary/real parts of the cross

spectrum. In calculating this, care was taken to ensure that the correct quadrant was 

chosen for the phase, based on the signs of the real and imaginary parts.

The approximate 95% confidence interval for phase estimated at frequency X 

(Rosenberg et al., 1989) is given by:

2 (A) ±1.96
/C,j(A)

(8)

For each coherence spectrum, a phase spectrum (phase against frequency) 

was plotted for significant bins in the range 1- 58.5 Hz (up to 60 bins). Where a range of 

frequencies showed significant coherence, the regression of phase versus frequency was 

performed. Care was taken to 'unwrap' phase values which lay close to ±180°. A linear 

regression line was fitted, using the 95% phase confidence limits to weight the 

regression. The significance of the regression coefficient was tested using the Student’s 

t-test for regression with n<10, or Fisher’s z-transformation and z-score when 10 or more
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points were fitted. If the regression was not significant (p>0.05), it was assumed that the 

relationship was best characterised by a constant phase; this phase was estimated by 

forming the circular mean (Fisher, 1993) of the phases over the band of interest:

a  =tan ^

i=N

^ s in a ,.
1=1

i=N

COS a,
«•=1

(9)

where a i ,  . . . t t N  are individual phase measurements.

The 95% confidence limits <7, on the individual phase measurements were 

determined from formulae given in Rosenberg et al., (1989). The confidence limit for the 

composite phase estimate cc was calculated as cT ± cr with

(10)

If, by contrast, the line had a significant, non-zero slope, the relationship was 

characterised as a constant phase plus a delay (Rosenberg et al., 1989). The phase was 

determined as the value of the regression line at the mid-point of the frequency band; the 

delay was determined directly from the line’s slope, in accordance with standard linear 

systems theory.

In summary, for every pair of signals, the power spectra, coherence and 

phase spectra were obtained over the range 0-58.9 Hz. Bands of frequency were tested 

for significant coherence. Frequency bands at which coherence was significant were 

tested to determine whether the phase relationship between the signals was one of 

constant phase or phase plus delay.
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5.3 Coherence between LFP recorded at different sites.

Initially, the coherence analysis was carried out between all pairs of LFPs 

recorded in a session to investigate to what extent the LFP recorded at different 

electrodes was synchronous. Coherence was always used with negativity upwards, so a 

phase of zero would indicate that two signals are exactly in phase with one another. 

Across the 28 multiple electrode sessions recorded in monkeys 30 and 33, the mean 

number of LFPs was 9. In monkey 29, there were only two LFP signals, one from each 

electrode.

Fig. 5.3.1 shows the raw data recorded from two trials of the precision grip task 

in monkey 33. The LFPs recorded at three sites are shown: electrodes 2, 3 and 4. During 

this session, electrode 4 was recording from a PTN, while 2 and 3 had no cells, although 

2 had recorded a PTN at a similar depth just prior to recording. Therefore these three 

electrodes were probably in lamina V, owing to their similar depth, and the fact that a 

PTN was present on electrode 4. The expanded section of data shows that the three 

signals are clearly in phase, despite being separated by as much as 600 |im between 

electrodes laterally.

For the majority of electrode pairs within a session coherence analysis confirmed 

zero phase lag between LFP signals (to within 95% confidence limits, calculated as in 

equation 8 above). In a few sessions, one or two electrodes were located at much deeper 

sites (> 3 mm below those recording identified PTNs), and their signals showed a 180° 

phase shift relative to other channels. In other sessions an electrode was left close to the 

cortical surface; LFP from these also showed a 180° phase reversal compared to the 

electrodes in lamina V. Fig 5.3.2 represents an array of electrodes from which LFP was 

recorded in one session in monkey 33. PTNs were recorded on all electrodes except 4, 6 

and 9. The phase relationship between each LFP and the LFP from electrode 1 is shown, 

together with the relative depths of the electrodes. The electrode at site 6 was positioned
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A Raw data from one session in 
monkey 33 during perfomance 
of two trials of precision grip.
LFP recorded from electrodes 
2, 3 and 4 is shown, together 
with a single unit from electrode 
9, thumb and index finger position 
traces, and unrectified AdP EMG. 
Arrows represent the End Hold 
marker.

A

thumb
B. Expanded section of LFP recordings 

and spike train during the 1.024s 
before the End Hold marker from 
the second trial shown in A. finger

C. Schematic representation of 
the 16-electrode array.

AdP

B
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Fig. 5.3.1 Raw data from one session showing coherence between LFP at different recording sites
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i^ m m  depth relative 
to electrode 1
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1mm
deeper
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/

Fig. 5.3.2. Representation of phases across an array of LFP recordings.
Each electrode is represented by a circle. The phase of the LFP recorded 
on that electrode, relative to that from electrode 1 is shown as a 'clock hand'. 
Electrode 1 therefore shows zero phase (12 o'clock) with increasing phase 
clockwise. Depths of electrodes relative to electrode 1 are represented by grey 
rectangles: above the clock for sites deeper than electrode land below the clock 
for shallower sites. LFP is in phase with electrode 1 (p<0.05) on all sites except 
electrode 6, which was 4 mm deeper than electrode 1.



4mm below the others in the grid, and its LFP has a 180° phase reversal compared to the 

field potential recorded at these sites.

This finding broadly agrees with work by Murthy and Fetz (1996a) who found 

phase reversal between LFP recorded in the deep layers and at <lmm below the cortical 

surface. In our recordings the phase reversal is observed between sites typically 

separated by 3-4 mm, where one is either deeper or shallower relative to the pyramidal 

cell layer. Our knowledge of the exact cortical layer in which the recordings were made 

is complicated by the possibility that most of our electrodes were located in the rostral 

bank of the central sulcus, where the layers are perpendicular to the brain surface. We 

can, however, assume that sites with a difference in depth of 3-4 mm relative to the 

pyramidal cell layer are unlikely to be in layer V. I therefore conclude that there was a 

phase reversal between fields from pyramidal cell layer V and both deeper and shallower 

layers.

5.4 Coherence between cortical cell discharge and LFP.

The main aim of this analysis was to investigate the nature and extent of the 

synchrony between cortical cells, especially PTNs, and the LFP. The coherence analysis 

was performed as described in section 5.2, using blocks of cell and LFP data 1.024s long 

from the hold period. For each cell, the coherence was tested in two frequency bands 

(see below) and the phase relationship was then quantified for each band. The number of 

LFPs recorded in each session resulted in the following alteration to the method.

Since, for sessions recorded in monkeys 30 and 33, there were up to 12 LFP 

signals to perform coherence with, this allowed a reduction in the uncertainty of the 

phase estimate. For electrodes amongst which the LFP was coherent with zero phase lag 

(see section 5.3) the phase relationship of cell to LFP was found to be the same (to 

within the 95% confidence limits on each phase estimate).
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Therefore the phase relationship of cell to LFP was averaged over all the 

coherent LFP sites, using the circular mean (equation (9), above) and combined 

confidence limit (equation 10, above). LFP recorded at sites that were phase-reversed 

compared to the layer V sites, and LFP from the same electrode as the cell tested, were 

not used to form the average phase for each cell. The averaging of phases to produce a 

mean phase estimate with smaller confidence limits is illustrated in Fig. 5.4.1. The phase 

of one cell with the LFP at 9 different sites is shown. The mean phase between all sites 

was 139±2°. For cells which showed the phase plus delay relationship, the regression of 

phase on frequency was performed on data from one cell-LFP pair only.

The database used was that represented in Table 5.2.1. The majority of cells 

analysed (206/231) were sampled in 22 sessions in monkey 33. Fewer cells were 

analysed from monkeys 29 and 30 (15 and 10 respectively). Of the total of 231 neurons 

sampled, 171 (74%) were PTNs; 26 of these PTNs were further identified as CM cells. 

The total number of spikes recorded per neuron ranged from 1,672 to 121,440 and 

neuronal activity was recorded for between 133 and 1022 successful trials. All but three 

neurons modulated their discharge rate in association with the task and all were active 

during the hold period.

For the majority of sessions analysed (96%) at least one cell showed significant 

coherence with the LFP. A typical example of a cell which is coherent with the LFP is 

shown in Fig. 5.4.2. This is a CM cell (9-2) from the left Ml of monkey 33, and is the 

same cell as that presented in Fig. 5.3.1. Discharge of the neuron was recorded for 62 

minutes, during which the monkey successfully performed 470 trials of the precision 

grip task. Fig. 5.4.2A shows the PSF that this cell produced in the EMG recorded from 

the AdP muscle, identifying it as a CM cell. The autocorrelogram for the CM cell is 

shown in Fig. 5.4.2B. A peak is present around 30 ms, indicating a tendency for periodic 

discharge. Fig. 5.4.2C shows the power spectrum of the spike train; a peak in the range
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A. Phase relationship between one ceil 
and LFP recorded at 9 sites is shown. 
Each electrode position is represented 
by a circle, within which the 'clock 
display' shows the phase of cell-LFP 
coherence at that site. The red lines 
to either side indicate 95% 
confidence limits on phase.
The cell was recorded on electrode 6, 
and is coherent with LFP at all sites, 
with the same phase at each (p<0.05).

B. Phase averaged over all 9 sites, using 
the circular mean, with combined 95% 
confidence limits in red.

B Mean phase for all sites
O'
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180°

Rostral

90' M L

c
Fig. 5.4.1 Phase relationship o f cell to local field potential at each recording site
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A. Spike-triggered average of 
AdP EMG showing PSF 
produced by CM9-2.
n= 57,776 spikes. Cell 
discharge at arrow.

B. Autocorrelation histogram 
for CM9-2. n= 57,776.

C and D. Power spectra of 
CM9-2 and LFP4. Ordinate 
is normalised by total power.

E. Coherence spectrum for 
CM9-2 vs LFP4. Two clear 
peaks are visible at 18-25 Hz 
and 32-40 Hz. Dotted line 
represents p=0.05 
significance level for coherence.

F. Phase spectrum for CM9-2 
vs LFP4. Phase is constant 
with frequency for the lower 
frequency peak at 10°.
Phase decreases linearly 
with frequency for the range 
30-37 Hz. Error bars are 95% 
confidence limits on phase.

A. STA

2% modulation

4 20 ms

C. Power spectrum of CM 9-2

0.005

0 10 20 30

E. Coherence spectrum

40 50
Hz

0.03 ■

Ia
I
U p<0.05

30 40 5010 200

B. Autocorrelogram of CM 9-2
spikes

1500

0 f T t T f r f f f f l

0 10 20 30 40 50 ms

D. Power spectrum of LFP 4

0.04 -

I
. ËcS
od

iltlThin
0 10 20 30 40 50

F. Phase spectrum 

180° 1 phase=10°
p>0.05

Hz

£ o°-

-180°

phase -70° + delay=23ms
p<0.0001

10 20 30 40 50
Hz Hz

Fig. 5.4.2 Typical data deomonstrating coherence between a CM cell and the LFP.



20-35 Hz is clearly apparent. Fig. 5.4.2D shows the power spectrum of the LFP 

recorded on another electrode (4) about 1.0 mm away. This showed a narrow peak 

centred on 20 Hz. Fig. 5.4.2E shows the coherence spectrum between the two signals. 

There were two distinct significant peaks (p<0.05), one from 18-25 Hz, the other from 

32-40 Hz. Fig. 5.4.2F indicates the phase of the coherence; points have only been plotted 

for frequency bins where the coherence rose above significance (Rosenberg et al., 1989); 

error bars mark the 95% confidence limits. For the lower frequency (18-25 Hz) 

coherence peak in Fig. 5.4.2E, the phase had a circular mean of 10°; the linear regression 

of phase on frequency for this range was not significant. By contrast, for the peak at 30- 

40 Hz, the phase decreased linearly with frequency (P<0.05, t-test on correlation 

coefficient). Such a relationship indicates a delay between the cell and the LFP, in 

addition to the constant phase offset. The value of the slope represented a delay of 23 ms 

fi-om LFP to cell, and the constant phase lag (calculated at the middle of the frequency 

range spanned by the peak) was -70°.

The analysis illustrated in Fig. 5.4.2. was carried out for all cells and LFP signals; 

cells were taken to be phase-locked if they showed significant coherence with more than 

half the LFP channels sampled. Coherence appeared reproducibly in one or both of the 

frequency bands 18-25 Hz and 30-37 Hz, and quantitative analysis was therefore 

concentrated on these ranges. Despite this analytical restriction, it may be noted that 

coherence was often present in between the two ranges or outside of both, but this 

occurred less generally, and consequently was not quantified.

In total, 104 (45%) of all cells showed significant coherence with LFP in at least 

one of these bands; for PTNs and CM cells the proportion was higher at 47% and 58% 

respectively, compared to 38% for UIDs. In the 18-25 Hz range the proportions were 

35% of all neurons (58% of CM cells, 37% of PTNs and only 28% of UIDs) while in the
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30-37 Hz range the values were 25% of all neurons (54% of CM cells, 27% of PTNs and 

only 18% of UIDs).

Peak coherence measured between cell and LFP varied from 0.006 to 0.289, with 

median 0.025.

There were no obvious activity differences between neurons showing coherence 

with the LFP and those that did not. ANOVA tests showed that there was no significant 

difference on the basis of either discharge pattern (phasic, phasic-tonic or tonic, see 

Chapter 3; p=0.78) or firing rate during the hold period (p=0.27).

Table 5.4.1 shows the number of cells coherent in each frequency band, of each 

type, and with constant phase or phase plus delay.

Cell type CM cells PTNs UIDs All cells

Coherent at either frequency 17 (65%) 81 (47%) 23 (38%) 104 (45%)

Coherent in the 18-25 Hz range 15 (58%) 63 (37%) 17 (28%) 80 (35%)

Coherent in the 30-37 Hz range 14 (54%) 47 (27%) 11 (18%) 58 (25%)

Constant phase in 18-25 Hz range 15 (58%) 59 (35%) 11 (18%) 70 (30%)

Constant phase in 30-37 Hz range 12 (44%) 43 (25%) 10(17%) 53 (23%)

Phase + delay in 18-25 Hz range 0 4(2%) 6 (10%) 10 (4%)

Phase + delay in 30-37 Hz range 2(7%) 4(2%) 1(2%) 5(2%)

Total cells tested 26 171 60 231

Table 5.4.1 Number of cells coherent in each frequency band.

Several statistical tests were performed on this data. (1) Initially, a chi-squared 

test was used to test the contingency of coherence at 18-25 Hz on coherence at 30-37 Hz. 

The probability of coherence at each band occurring independently was 0.00005. This 

indicates that the number of cells which were coherent in both frequency ranges was 

much higher than would be expected under the null hypothesis of independence (32, as 

compared to an expected value of 19). Therefore we can conclude that cells which are 

synchronous with the LFP in one frequency range are quite often synchronous with it 

over both ranges.
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(2) Chi-squared tests were also used to test whether there were differences in 

number of coherent cells between the cell types (CM, PTN, UID, or all cells) at 18-25 

Hz, 30-37 Hz or either frequency. The results are shown in table 5.4.2, below.

Significant result of Chi-squared test “number of coherent cells of type A is 

different to number of coherent cells o f type B over range X,” where X is 

coded:

*=18-25 Hz. t=  30-37 Hz $= either frequency.

Cell type A

CÛ
<uCu

All cells PTNs UIDs

PTNs

<u
UIDs

U CM cells * t t » t î

Table 5.4.2. Significance of differences in number of coherent cells across frequency and 

cell type.

Table 5.4.2 shows that the only Chi-squared tests which were significant 

demonstrated the following: there were higher numbers of CM cells coherent with the 

LFP at 18-25 Hz and at 30-37 Hz than were found across all cells grouped together. 

Also, more CM cells were phase-locked to the 30-37 Hz band than were PTNs. Finally, 

there were more CM cells phase-locked than there were UID cells in both frequency 

bands.

In summary, there were no significant differences in the number of cells phase- 

locked to the LFP between PTNs, UIDs and the population as a whole. CM cells on the 

other hand, were more likely to be phase-locked than were UIDs, or the population as a 

whole.

Regarding the two types of phase relationship that were quantified, the constant 

phase relationship was much more common -  88% of phase relationships at either 

frequency range were of the constant phase type. 88% o f cells coherent at 18-25 Hz

showed a constant phase relationship, while 91% of cells were coherent at 30 -37  Hz.
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observed

D predicted n=47

ms

E

80

t  4(U 
T 3

-60

n=10

I  I

F

80

1(U
T 3

-60

n=5

I I

Fig 5.4.3. Phase relationship between cortical cells and the LFP.

A and B. Circular histograms of phase relationship between LFP and all cells which were 
coherent in the range 18-25 Hz (A, 80 cells) and 30-37 Hz (B, 58 cells).
The scaling is indicated by the numbers printed on the circumference of the plots.

C and D. Quantification of the consequences of phase locking between PTNs and the LFP, 
for PTNs whose activity was coherent with the LGP in the range 18-25 Hz 
(C, 63 PTNs) and 30-37 Hz (D, 47 PTNs). The observed sine wave was formed 
from an average of all PTN phases sampled, while the expected sine wave was 
calculated assuming zero phase lag between PTNs and LFP.
0  represents phase of the combined oscillation, and k represents the cancellation 
index for each wave, (see text.)

E and F. Delays calculated by linear regression of the phase spectra for those cells which 
showed both a phase and delay component in their relationship to the LFP in the 
18-25 Hz range (E, 10 cells) and 30-37 Hz range (F, 5 cells).
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The range of delays observed was -50 to 64 ms for the 10 cells coherent at 18-25 Hz, 

and -55 to -7  ms for the 5 cells coherent at 30-37 Hz. It is difficult to propose an 

explanation for delays of this order within a local cortical network, where monosynaptic 

conduction times are thought to be on the order of a few ms (Abeles, 1991).

A wide range of phase relationships between cell and LFP was observed across 

the population at each frequency (Fig. 5.4.3). The mean phase for the population at 18-25 

Hz was 14° (n=80 neurons), while that for 30-37 Hz was -93° (n=58). The distributions 

of phase for PTNs and UIDs were not significantly different in either band (p>0.05; 

circular rank test of Fisher, 1993). Figure 5.4.3A shows that for cells with activity 

coherent in the 18-25 Hz band there was a relatively tight clustering around zero phase 

lag. The distribution is wider for the 30-37 Hz data in Fig. 5.4.3B, but it is clear that 

many cells showed phases between 180 and 360°, indicating that the cell usually lagged 

the LFP oscillations.

Clearly, the distributed nature of the phase relationships between individual 

PTNs and the LFP will result in some cancellation of the oscillatory signal generated as 

the cortical output to the motoneurons. The extent to which this would result from the 

phase distribution observed was quantified as follows, based on the assumption that all 

phase-locked PTNs were coherent with a single LFP ‘clock’, which remained consistent 

from session to session. For each PTN, a single cycle of a sine wave was constructed, 

having a phase equal to the phase measured for that cell, and an amplitude equal to the 

magnitude of the coherence C between the spike train and the LFP. These waves were 

then summed over all PTNs which had shown coherence in that frequency band to form 

a representation of the population firing F  relative to the LFP phase:

F{t) = ^  C, sin(2;p7 -I- ct. )
(11)

= A sm{27Tft + 0 )
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The phase, 0 , of this summed wave therefore provided an estimate of the relative 

phase between the summed population activity and the LFP. A cancellation index, k , 

measured the extent of cancellation, defined as:

A
K =

E C , (12)
1=1

with K=1 indicating no cancellation, and K=0 meaning perfect cancellation of the 

oscillatory signal in the population average. This analysis was done for the discharge of 

the 80 PTNs which were phase-locked. Figure 5.4.3C shows the ‘observed’ sine wave at 

22.5 Hz, with cancellation caused by the distributed phases of the PTNs coherent at 18- 

25 Hz, and the ‘expected’ sine wave, if all the PTNs had been firing at zero phase (n=61 

PTNs). Fig. 5.4.3D shows the result for the PTNs whose discharge was coherent with the 

LFP at 30-37 Hz. It is clear that while PTNs which were coherent at 18-25 Hz would 

produce oscillatory activity which is only 10° different to the LFP, those PTNs which 

were coherent at 30-37 Hz would, by contrast, produce combined activity which is at a 

quite different phase, -77° relative to the LFP. Similarly, the combined effect of PTN 

activity which is synchronous with the LFP at 18-25 Hz results in a cancellation of this 

oscillation of only 0.61, i.e. 61% of the oscillation amplitude remains in the output to the 

pyramidal tract. The equivalent cancellation at 35 Hz is 0.36, meaning that the amplitude 

is reduced to 36% of its predicted size.

According to the hypothesis discussed above, the oscillatory activity in the 

population output of the PTNs could be effective in recruitment of motoneurons. 

Presumably, if this population oscillation has the same cancellation on its arrival at the 

target upper limb motoneuron pool, there must be a threshold oscillation amplitude, 

below which there will be no summation effect at the target synapses. Whilst we have no 

means of determining such a threshold, the evidence points to an increased chance of the
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18-25 Hz oscillation being effective for motoneuron recruitment, as compared to the 

synchrony at 30-37 Hz. The most compelling evidence in favour of the 18-25 Hz 

oscillation being propagated to the motoneuron synapses, and causing recruitment, is the 

coherence between LFP and EMG at this frequency, which will be discussed further in 

Chapter 6.

In considering the transfer of an oscillatory signal via phase-locked PTN firing to 

the motoneuron pool, another factor which must be taken into account is the axonal 

conduction velocity of the PTNs themselves. The above analysis has provided an 

estimate of the oscillatory behaviour of the PTN population discharge at the cortical 

level. However, conduction by corticospinal axons will delay each spike before it 

reaches the motoneuron pool. These delays will be different for each PTN, depending on 

their individual axonal conduction velocities. Figure 5.4.4 shows a schematic 

representation of one possible hypothesis, which is testable. Under this hypothesis, the 

differences in conduction time from cortex to motoneuron between slow and fast PTNs 

could be compensated by a phase advance in the firing of the slow PTNs, relative to the 

LFP. If this is true, then there should be a linear correlation between conduction velocity 

and phase relationship of discharge to the LFP.

Alternatively, if this hypothesis is refuted, it is still possible that the PTN phase 

distribution could be more (or less) dispersed at the spinal level compared with the 

cortical level due to the differences in conduction time between slow and fast PTNs.

In order to investigate this, the phase determined for each cell was plotted versus 

the known antidromic latency (ADL) with which the cell fired following PT stimulation; 

this is shown for both 18-25 Hz and 30-37 Hz frequency bands in Fig. 5.4.5. Although 

the PTN sample was clearly biased towards the fast conducting cells (mean ADL =1.1; 

Humphrey & Corrie, 1978; Towe & Harding, 1970), the available points with longer 

conduction delays provide no evidence for a correlation of phase with ADL (p>0.05 for
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each frequency band, ANOVA of phase at each sampled antidromic latency). This result 

therefore refutes the initial hypothesis that slow PTNs could be phase advanced relative 

to fast PTNs. Furthermore, there is no evidence that the cancellation of oscillatory 

activity will be any different at the level of the motoneurons compared with the figures 

generated above for activity recorded at the cortex.

A further test of whether pairs of cells projecting to the same spinal target 

motoneuron pool shared the same phase relationship to the LFP was possible by 

examining the phase relations of groups of CM cells with the same target muscle. Thus 

in these cases, one might predict that if the discharges of the different CM cells 

facilitating that muscle were to arrive at its motoneuron pool in a synchronous fashion, 

they would show a similar phase relationship to the LFP. However, Table 5.4.3 shows 

that, even when cells shared the same muscle target, and a similar conduction velocity, 

the phase of LFP oscillations to which their firing was locked was highly variable.

session cell ADL muscle
facilitated

Phase in range 
18-25 Hz n

Phase in range 
30-37 Hz n

39d 5-1 1.0 AdP, AbPB 57 -166

39d 9-2 0.7 AdP, AbPB 11 t-7 0

39d 9-3 1.2 AdP -141

115ab 2-2 0.8 FDP,FDS -25 -23

115ab 5-1 0.9 FDP 11

115ab 9-1 0.8 FDP 31 160

131ab 2-1 0.7 AbPL, FDS 3 -80

131ab 9-1 0.8 AbPL,
AbDM

33 -166

t  Phase plus delay relationship.

Table 5.4.3 Phase relationships to LFP for CM cells with the same target muscle.
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These data all indicate that there is no significant correlation between the phase 

of the LFP oscillation to which a PTN is phase-locked and its axonal conduction 

velocity. Therefore, it is concluded that the population oscillation measured in cortex 

could be transferred via the corticospinal tract to the spinal motoneurons, arriving with 

the same amplitude as predicted from the PTN-LFP coherence data.

To summarise the results of the cell-LFP coherence analysis, I have shown that a 

large percentage of cells are phase-locked to the LFP oscillation, as indicated from the 

time domain work. The cells appeared to be phase-locked predominantly in two 

frequency bands: 18-25 Hz and 30-37 Hz, a result which could not have been 

demonstrated in the time domain. In agreement with the time domain work, the phase 

relationships were found to be predominantly non-zero. However, the effect of summing 

the discharge of many cells together is to produce an oscillation at the same phase as the 

LFP. This was only true for the cells coherent in the 18-25 Hz range.

This suggests that the cells coherent in the 18-25 Hz range are contributing to the 

LFP oscillation (by producing in-phase EPSPs at their local targets). By contrast, since 

the summed activity of the cells coherent at 30-37 Hz was out of phase with this 

component of the LFP oscillation, we must conclude that the discharge of the cells 

sampled is not the main factor contributing to the oscillation.

Finally, the combined effect of many PTNs in the motor cortex being roughly 

time-locked by the population activity at 18-25 Hz serves to generate an oscillatory 

output, which may be a factor in the recruitment of motoneurons.
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5.5 Coherence between pairs of cortical cells.

Coherence analysis between spike trains was carried out on 1061 pairs of cells 

recorded in 28 sessions from the 3 monkeys. Coherence was calculated over 1.024s 

blocks before the End Hold time, as described in section 5.2.

Figure 5.5.1 illustrates the results for one cell pair. The two cells shown are both 

CM cells recorded in the right motor cortex of monkey 33. In total, 45,157 spikes were 

recorded from CM2-2 and 50,399 from CM7-1. Fig. 5.5.lA  shows the interval 

histogram for each cell; both cells were cleanly discriminated, identified antidromically 

as PTNs, and shown by STA analysis to be CM cells. Both cells modulated their 

discharge during the task performance, showing a phasic-tonic pattern (Fig. 5.5.IB). A 

cross-correlation histogram (Fig. 5.5.1C) between the two spike trains, calculated only 

during the period 1.024 s before the 'End Hold' marker, showed a broad central peak 

(20 ms wide), presumably indicative of synchronised common input to these two cells 

(Perkel et al., 1967).

The power spectrum of the two cells (Fig. 5.5.ID) shows a peak at around 3Hz, 

probably reflecting the task-related modulation of the firing rate over the analysis period 

(as shown in Fig. 5.5.IB). The wide range of frequencies present in the power spectra 

suggests that the cells have no preferred frequency of firing. The coherence spectrum of 

Fig. 5.5. IE indicates small but significant coherence over a wide range of frequencies (3- 

56 Hz). However, only three of these significant frequency bins occurred in the 18-25 Hz 

range. The phase for these frequencies is plotted in Fig. 5.5.IF; they can be seen to be 

clustered around zero phase.

Each cell pair in the population was tested for coherence in the two frequency 

bands used hitherto. For those which exhibited significant coherence, the mean phase in 

that band was recorded. Linear relationships of phase with frequency were not observed, 

unlike in the cell-LFP analysis. 39% of cell pairs were found to have significant
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Fig. 5.5.1. Typical data demonstrating coherence between a pair of PTNs



coherence in both frequency bands; 23% were coherent in the 18-25 Hz band and 26% in 

the 30-37 Hz band. In many cases only one or two frequency bins showed significant 

coherence in either o f these bands. The number o f pairs coherent in each band was not 

significantly different (Chi-squared test). The median coherence value was rather similar 

for each band (0.0030 0.0032); these values indicate very weak coherence. The

distribution histogram of phases in each band is shown in Fig. 5.5.2; the phases seem 

centred around zero in each case. The mean phase lag between pairs of cells coherent in 

the 18-25 Hz band was 1.6°, compared with -4.2° for coherence in the higher frequency 

band.

In summary, 1 have demonstrated significant coherence between pairs of cells in 

the cortex in the ranges 18-25 Hz and 30-37 Hz. The level o f coherence was substantially 

lower than that seen for cell-LFP coherence, and the coherence spectra rarely showed 

distinct peaks, as in the cell-LFP data. The phase relationships of cells to one another 

were always of the constant phase type, and the phases were clustered around zero.

A 18-25 Hz n=183

90<

180°

-90°

0° 180 
24

B 30-37 Hz n=199

Fig.5.5.2 Phase relationship for coherent cell pairs in ML

Circular distribution histograms of phase relationship between pairs of cells 
which were coherent in the ranges 18-25 Hz (A, n=165)) and 30-37 Hz (B, n=192). 
Scaling is indicated by the numbers on the circumference of the plot.
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5.6 Contribution of population synchrony to coherence between pairs of cells.

It is of interest to examine the contribution of cell-LFP phase locking to the 

coherence between pairs of cells. This is an analogous problem to that attempted in the 

time domain, (section 5.1). In the frequency domain, however, a quantitative solution 

can be reached, which was impossible in the time domain.

For this analysis, the same 1,061 cell pairs as in section 5.5 were used. For each 

pair of cells in a session, the coherence and phase spectra were obtained for each cell 

with an LFP from the one of the electrodes during the session. The LFP chosen was the 

one which seemed to be coherent with the most cells. Then, the cell-LFP coherence and 

cross-spectra were used to derive predictions mathematically of the celll-cell2 coherence 

and phase.

If the coherence between cell n and the LFP is represented as CnLpp(f) then the 

prediction for cell 1-cell 2 coherence, 60) is:

p ( C  12(f)) = C„LFp(f) X CnLFp(f), (13)

and the prediction for the phase relationship between cell 1 and cell 2, <)>j2(f) is:

0i2(/) = arg
4-^LFP i f )

(14)

where XnLFp(f) represents the cross-spectrum of cell n and the chosen LFP, and A lfpO) 

represents the autospectrum of the LFP signal. Again, this phase prediction needs to be 

adjusted by 180°, according to the quadrant given by the signs of its numerator and 

denominator.

For all 1061 pairs of cells recorded, the actual cell-cell coherence and the 

predicted cell-cell coherence were compared over the ranges 18-25 Hz and 30-37 Hz, 

and also over the larger range 15-40 Hz, so that more frequency bins could be tested (27 

bins as compared to 7 in each of the two smaller ranges). There is no appropriate
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Fig. 5.6.1. Prediction of coherence and phase between a cell pair, using 
cell-LFP coherence.

A. Coherence spectra of PTN4-1 (red) and CM 5-1 (black) vs LFP 
from electrode 7.Dotted line indicates p=0.05 level.

B. Coherence spectra of actual PTN4-1 vs CM5-1 coherence (black) and coherence 
predicted (red) using the cell-LFP coherence (see text for methods).

C. Phase spectrum for actual (black) and predicted (red) cell-cell coherence. 
Predicted phase values are plotted for each significant actual phase value.
See text for calculation of predicted phase
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significance test for values of predicted coherence, so the values of coherence at each 

frequency were only compared if actual coherence in that bin was significant (p<0.05, 

see equation 5, above). To compare the values of actual and predicted coherence, paired 

t-tests were used to test actual versus predicted coherence for each frequency range.

To compare the actual versus predicted phases, the predicted phase at each 

frequency in the range 15-40 Hz was tested to see if it fell within the 95% confidence 

limits on the actual phase for that frequency.

Figure 5.6.1 shows typical data for one pair of cells which showed significant 

actual cell-cell coherence. The cells shown were a PTN and a CM cell recorded in the 

left hemisphere of monkey 33 on electrodes 4 and 5 respectively. Fig. 5.6.1 A shows the 

cell-LFP coherence spectra for the two cells. It is clear that both cells are significantly 

phase-locked to the LFP from electrode 7.

Fig. 5.6.IB shows the predicted and actual coherence spectra for this pair of cells. 

The actual coherence spectrum has 4 significant bins below 18 Hz, 2 in the range 18-25 

Hz, but none in the range 30-37 Hz. The predicted coherence by contrast has no 

significant bins in any frequency range. In fact, it is still 10 times smaller than the p=0.05 

significance level even at its peak value. Interestingly, the peak predicted coherence 

occurs at 37 Hz, whereas the peak in actual coherence occurs at a much lower frequency, 

of 15 Hz. We can deduce from this that not only does the cell-LFP synchrony account 

for less than 10% of the cell-cell synchrony in this example, but that the contribution it 

makes is at a higher frequency. That is, if the cell-LFP synchrony was the only factor 

producing the cell-cell coherence, the actual coherence would be much lower, and its 

peak would be at 37Hz, at which frequency the cells are most strongly coherent with the 

LFP.

Fig. 5.6.1C shows the actual and predicted phase spectra for this pair of cells. It 

can be seen that there are only 2 frequency bins (out of 8 bins with significant coherence)
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for which the predicted phase was not significantly different to the actual phase. It can be 

concluded that the phase relationship between these two cells predicted from the cell- 

LFP coherence bears little relation to the actual phase relationship.

Out of 1,061 pairs tested, the predicted cell-cell coherence was always less than 

the actual coherence, for significant values of actual coherence. There were no 

frequencies for any pair of cells for which the predicted coherence >actual coherence, 

and the actual coherence was significant. The number of pairs where the t-test of 

predicted versus actual was significant was, however, lower than 100%, since only 37% 

of cell pairs showed significant actual coherence (section 5.5). The proportions of cell 

pairs in each range showing a significant t-test, indicating actual coherence >predicted 

coherence was 9% in the range 18-25 Hz, 13% in the range 30-37 Hz, but 33% for the 

larger range 15-40 Hz. There were no pairs where the t-test indicated predicted 

coherence >actual coherence.

The predicted cell-cell phase was the same as the actual phase (to within the 95% 

confidence bands) for 19% of frequencies tested.

To summarise these results, the coherence between cells and the LFP contributes 

a very minor role in the coherence between pairs of cells. If this were transformed back 

to the time domain, the data would indicate that the cross-correlations between pairs of 

cells, based on the cell-LFP phase locking alone, would not show significant effects. 

Conversely, I have previously demonstrated that peaks in the cross-correlations between 

the pairs of cells sampled are a common phenomenon (Chapter 4). This is reflected in the 

cell-cell coherence spectra, which show that cells are often correlated in the frequency 

domain (section 5.5.1). It can be concluded that the contribution of the synaptic 

connections between pairs of cortical cells and their common inputs plays a greater role 

in the synchrony between cells than does their individual synchrony with the LFP 

oscillation.
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5.7 Simulation of cell phase locking.

It is of interest to compare the values of celL/LFP coherence achieved by the 

methods above to the amount of phase locking found using time domain methods. In 

order to do this, 1 simulated spike trains which were modulated by a pure sine wave at 25 

Hz, but which had differing amounts of modulation, quantified by B/A as in section 5.1, 

above. The results are shown in Fig. 5.7.1.

The spike train was simulated as a gamma process, with a shape parameter of 4, 

in order that its interval histogram should be realistic. It was converted to a waveform at 

500 Hz and the coherence between it and the sine wave (plus Gaussian noise) was 

calculated. Each spike train was 300s long. A 512-point FFT was used to form the 

coherence, and for each spike train 150 blocks were used. A Monte Carlo simulation was 

performed, so that 20 different spike trains were simulated from each set of B and A 

values. These 20 repeats were averaged to obtain smaller confidence limits on the phase 

at 25 Hz. The coherence was taken as the peak value of the 25 Hz bin across all 20 

repeats. Values of A between 0.2 and 0.8 were used, and values of B between 0.02 and 

0.2. Variation in A effectively modulated mean firing rate between 25 and 100 Hz, while 

B modulated the mean rate sinusoidally by between ±2.5 Hz and ±25 Hz.

Fig. 5.7.1 A plots the obtained phase at 25 Hz between the spike trains and sine 

wave for values of B/A in the range 0 to 1. It can be seen that the estimate of phase 

becomes more accurate as the cell becomes more strongly phase-locked. This is because 

the error in the phase estimate is determined by the amount of coherence measured 

between the two signals. From this data we can conclude that phase is accurately 

estimated (error bars include the true phase) for cells locked with a B/A value of 0.1 and 

above. The range of B/A values measured using the time domain methods (section 5.1) 

were 0.07 to 0.76.
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Fig. 5.7.1 Results o f simulations of cell-LFP coherence.

A. Average phase estimate for increasing values o f B/A in a simulated spike train.
20 spike trains were simulated for each value (see text for details).

B. Coherence plotted for increasing value o f B/A. Each point is the peak coherence at 
25 Hz for 20 simulated spike trains. 15 different values of mean firing rate (A) were 
used, with 6 different values o f modulation (B). Coherence is mainly affected by B 
rather than A.
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Fig 5.7.IB plots the coherence at 25 Hz for values of B/A between 0 and 1. It becomes 

apparent that the coherence is affected mainly by the value of B. For a constant B, the 

increase in A changes the amount of coherence (i.e. the degree of phase locking) very 

little. As would be expected, increasing values of B (i.e. the amount of frequency 

modulation of the signal) result in an increase in the amount of coherence measured 

between the cell and the sine wave.

These data can be used to make a rough comparison of the amount of phase 

locking which was detectable in the time domain analysis relative to the values of 

coherence measured in the frequency domain analysis. The maximum amount of cell- 

LFP coherence measured (section 5.4) was 0.27. From 5.1.7B, the actual coherence 

commonly detected between cells (0.27 or less) is likely equivalent to values of B/A less 

than 0.3. This suggests that the amount of phase locking demonstrated using the time 

domain methods (mean B/A = 0.32) was greater than that measured by coherence 

analysis. However, there are several reasons why the two methods appear to generate 

different estimates.

Firstly, the simulation may have overestimated the coherence relative to real data, 

because in the monkey, hold period data bursts of 15-30 Hz oscillations are not usually 

continuous throughout each 1.024 s FFT block. The continuous 25 Hz sine wave used in 

the simulation would therefore produce an overestimate of coherence, compared with 

that seen in the recorded data.

Secondly, the calculation of coherence for real data uses a variable number of 

blocks, dependent on the number of trials analysed, but this number is usually >150, so 

the coherence is averaged over more blocks, and therefore has a smaller value. This 

means that the coherence calculated from simulated data is not directly comparable to 

the actual coherence, as the significance level of each will be slightly different.
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Finally, the time domain method may actually lead to greater estimates of phase 

locking, because it effectively uses a much lower frequency resolution, by using intervals 

between oscillation peaks of between 35 and 70 ms, corresponding to 14-28.6 Hz in one 

bin. If such a large frequency bin could be used in the coherence analysis, the coherence 

would no doubt be higher. The reason this cannot be done is that to obtain frequency 

resolution > 1 Hz per bin requires that the block size is more than 1.024 s, therefore 

incorporating data outside of the hold period, which is less likely to show LFP 

oscillations (Baker et al., 1997).

In summary, simulations of cell-LFP phase locking suggest that the time domain 

analysis described in section 5.1 leads to greater estimates of phase locking than does the 

frequency domain analysis. This is likely to be partly a genuine result of a discrepancy 

between the frequency resolution of the two methods and partly due to an overestimate 

in coherence in the simulations due to the use of a smaller number of blocks of purely 

oscillatory data, compared with the recorded data.
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5.8 Dependence of coherence on cell firing rate.

I investigated the effect of changes in cell firing rate on the cell-LFP coherence, 

to test the null hypothesis that firing rate does not affect cell-LFP coherence. For each 

cell, the trials in the session were divided into two groups: those where the cell fired 

faster than average, and those with a lower than average firing rate. Firstly, the firing rate 

in the 1.024 s before the End Hold of each trial was calculated. Trials with no discharge 

during this period were removed. Firing rates were often distributed in a non-normal 

fashion, with a long tail to one side of the modal rate. Fig.S.S.lA shows the distribution 

histogram of firing rate during the task for one PTN recorded in right Ml of monkey 33. 

Because of the nature of this distribution, the trials were divided into two groups: one 

with high firing rates (HFR) above the median and the other (low firing rates or LFR) 

below it. The median was used since the mean would have been skewed towards the high 

firing rates. The coherence between the cell and the LFP recorded on one electrode was 

calculated for an equal number of trials in each of these groups. In this analysis a 

smaller number of sessions were used, as only sessions with >300 trials were considered, 

so that sufficient FFT blocks could be averaged for each of the HFR and LFR groups.

For each cell, coherence for the HFR and LFR trials was compared over the 

range 15-40 Hz, so that more frequency bins could be tested than for the narrower ranges 

used previously. The peak coherence and the number of significant bins were compared 

between LFR and HFR trials over this range.

Fig. 5.8. IB shows the power spectra of a PTN for each of the two groups of trials 

(n=178 in each group). This cell had a median rate of 23 Hz; the means for the HFR and 

LFR groups were 25 and 16 Hz respectively. The shapes of the two power spectra are 

similar, although there is relatively more power in the 20-28 Hz range for LFR trials 

compared to HFR trials.
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Fig. 5.8.1. Effect of cell firing rate on coherence between cell and LFP

A Distribution o f firing rate in the hold period for each trial through a session 
(411 trials, number of spikes in hold period =8643). Median firing rate in hold 
period =23 Hz (arrow).

B. Power spectra o f cell for 178 HFR trials (heavy line, mean rate 25 Hz) and
178 LFR trials (thin line, mean rate 16 Hz). Ordinate is normalised by total power.

C. Power spectra o f LFP for the same two groups o f trials as in B. Heavy line =
HFR trials.

D. Coherence between cell and LFP for HFR trials (heavy line) and LFR trials 
(thin line). Dotted line represents p=0.05 significance level.
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Fig. 5.8.1C shows the power spectra of the LFP for the LFR and HFR groups of trials. 

Again, there is very little difference between the two plots. The coherence spectra (fig. 

5.8.ID) by contrast, show a large difference between the HFR and LFR trials, namely 

that the amount of coherence is greater for HFR trials over the peak range 10-22 Hz. 

Cell-LFP coherence is seen for a similar range of frequencies in both the HFR and LFR 

conditions, suggesting that the phenomenon is physiological, and not an artefactual result 

of the trial selection.

This analysis was performed on a population of 44 cells recorded in 12 sessions 

in all three monkeys. The mean rate in the hold period was found to be 16.8 ±8.54 Hz, 

while the mean difference in rates between the HFR and LFR groups was 9.8 ±4.1 Hz. 

The number of cells with more significant bins between 15-40 Hz in the HFR than the 

LFR trials was 26 (59%), while the number of cells that showed greater peak coherence 

for HFR trials than LFR trials was 30 (68%). Neither of these values was significant 

enough to reject the null hypothesis. However, a paired t-test of peak coherence for HFR 

versus LFR trials was highly significant (p=0.001).

This result indicates that an increase of firing rate in a phase-locked cell is 

associated with a modest increase in the extent of its phase locking, over the same 

frequency range. This is consistent with the finding in the time domain that the 

modulation of cell discharge with the LFP oscillation increases as the amplitude of the 

oscillation increases (section 5.1). Consider a network of cells phase-locked to the LFP 

oscillation. If a small proportion of cells increase their firing rate, and in doing so 

become more coherent with the LFP, then their combined oscillatory output (taking 

cancellation of non-zero phases into account) will affect the LFP, increasing its 

amplitude. Consequently, from the result seen in section 5.1, all the cells will become 

more strongly phase-locked to this higher amplitude of oscillation. This effect, if it were
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to exist, would presumably operate against a background of local inhibition, which might 

act to balance the increasing excitation in the network.

5.9 Modulation of cell-LFP coherence during the task.

Having demonstrated that cortical cells are coherent with the LFP during the 

1.024 s prior to the End Hold time (the hold period), I performed a further investigation 

into the stability of this synchrony over this period of the precision grip task. In order to 

obtain a finer resolution over time, blocks of fewer than 512 data points were used, 

namely 5 consecutive blocks of 128 points through the task. The first block was from 

-1.024 s to -0.768 s relative to the End Hold marker, the second from -0.768 s to -0.512 

s, the third from -0.512 s to -0.256 s, the fourth from -0.256 s to Os, and the final block 

was from 0 to +0.256 s.

Using a 128-point FFT, the frequency resolution was 3.9 Hz per bin. For each of 

the consecutive sections through the hold period, the coherence was averaged (using 

number of disjoint sections = number of trials, as before) and the phase calculated for 

each bin from 0-58.6 Hz (15 bins).

Fig. 5.9.1 shows the resulting coherence and phase for an unidentified cell on 

electrode 7 and the LFP recorded on electrode 4. The cell was recorded in left Ml of 

monkey 33. This pair was chosen because coherence was significant in every section for 

both frequency ranges, thereby giving a good comparison between phases for each 

section. Fig. 5.9.1 A and B show the modulation of the cell discharge during the task (A; 

n=327 trials) together with an average of the finger and thumb positions during the task 

(B). It can be seen that the 5 time sections analysed, represented on the bar above the 

plots, included both the hold period (section 1: -1.024 to 0 s) and the second movement 

period (section 5 :0  to 0.256s). Fig. 5.9.1C shows the coherence over each section, with 

the ranges 18-25 Hz and 30-37 Hz marked by dotted lines. For this cell, the greatest
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coherence in the 18-25 Hz range occurred in the fifth time section, 0 to 0.256 s after the 

End Hold time, while for the 30-37 Hz range, peak coherence was seen in the fourth 

section -0.256 to 0 s relative to the End Hold. Significant coherence was seen in all 

sections for both the 18-25 Hz range the 30-37 Hz range.

It is clear that the peaks of coherence shift between different frequency bands 

during the hold period, from a wide peak (15-37 Hz) in section 1 through 3 narrower 

peaks (15, 27 and 36 Hz) in section 3 to a single peak in section 5 (15-30 Hz). Fig.

5.9. IE shows that there was no clear trend in amount of coherence in either the 18-25 Hz 

band or the 30-37 Hz band over the 5 sections.

Fig. 5.9.ID shows the phase spectra for this cell over the 5 time sections. There 

is little variation in the phase at each frequency bin between sections. Fig. 5.9.IF shows 

the variation in phase over time for each of the two frequency ranges 18-25 Hz and 30- 

37 Hz. The phase in the 18-25 Hz range decreased with time through the hold period. A 

weighted linear regression was used to show that this decrease was significant, with a 

slope equal to -88°s'\

This analysis was performed on a population of 104 cells from 28 sessions in the 

three monkeys (Table 5.2). These cells had previously been shown (section 5.4) to be 

coherent with the LFP. Coherence and phase were calculated for each cell through all 5 

sections of the hold period, and for each frequency band.

The mean number of time sections showing significant cell-LFP coherence was 

2.6 for the range 18-25 Hz and 2.1 for the range 30-37 Hz. Thus the majority of cells 

found to be coherent with the LFP during the hold period showed significant coherence 

for at least 0.512s of the 1.256 s period analysed here. The time section in which the 

peak coherence occurred was investigated (Fig. 5.9.2). The peak coherence at 18-25 Hz 

occurred most often in the second bin, i.e. just after the beginning of the hold period.

207



Peak coherence in the range 30-37 Hz occurred most frequently in the third bin (-0.768 

to -0.512 s).

35 
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I »
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30-37 Hz

18-25 Hz

Fig. 5.9.2. Time section containing peak coherence for each frequency range.

The number of cells with peak coherence in each section was distributed evenly 

for the 30-37 Hz range (chi-squared test to reject a null hypothesis of deviation from an 

equal distribution, p=0.8). For the 18-25 Hz range, however, there was a significant 

tendency for the peak coherence to occur close to the beginning of the hold period

(p=0.02).

To further investigate trends o f increasing or decreasing coherence over the time

period analysed, the correlation between coherence and section number was tested for

each frequency band and each cell, using all values of coherence in all 5 sections,

regardless o f whether they were above significance. For n=5 observations the r-value for

significance at p=0.05 is 0.87. The numbers o f cells which showed a significant positive

correlation (coherence increase during the hold period) with r>0.87 were 2/104 and

1/104 for the 18-25 Hz and 30-37 Hz ranges, respectively. The numbers of cells

showing a significant negative correlation with r<-0.87 were slightly higher, at 5/104 and

3/104, respectively. Neither of these values is greater than would be expected by chance,
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(p=0.05 level for 104 observations =5.2) therefore we can deduce that there was no 

significant increase or decrease in coherence during the hold period across the population 

at either frequency, although the peak in 18-25 Hz coherence occurred most frequently in 

the first half of the hold period.

Finally, paired t-tests were carried out between the coherence in section 5 (the 

second movement period) and the coherence in the other sections (hold period), to detect 

significant decreases in coherence during movement, as has been previously reported in 

monkey (Baker et al., 1997) and in man (Pfurtscheller et al., 1994; Kilner et al., 1999). 

Coherence in the range 18-25 Hz was significantly higher (p<0.05) during all four hold 

period sections than it was in the movement period (section 5). However, there was no 

significant difference between coherence at 30-37 Hz in sections 1-4 and section 5.

Having investigated trends in coherence over the hold and second movement 

period, the cell-LFP phase relationship was considered over the same time sections. 

However, there were very few cells with significant coherence in all 5 time sections, 

therefore comparisons of phase change over the hold period were difficult. To allow for 

this, only the 7 cells which had significant coherence in all sections for both frequency 

ranges were tested for trends in the phase relationship over time. As for the data in Fig.

5.9. IF, a linear regression of phase against time relative to the End Hold was performed. 

2/7 cells showed a significant regression of phase at 18-25 Hz on time, while only 1/7 

cells showed significant regression at 30-37 Hz. The first two slopes were -88 and 6 °s '\ 

while the third was 22 °s '\ These data suggest that linear changes in phase relationship 

between cell and LFP are very rare, and do not follow a consistent pattern, i.e. two cells 

showed an increase in phase over the 5 time sections, while the third showed a decrease. 

The other cells showed no change in phase over time section.

To extend this analysis over more of the population, the number of cells for 

which the phase in all the sections with significant coherence had overlapping
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confidence limits was calculated. This was done for cells with significant coherence in 2 

or more time sections. The number of cells showing a constant phase relationship over 

time by this method was found to be 26/71 (36%) in the 18-25 Hz frequency range and 

17/60 (28%) in the 30-37 Hz frequency range.

To summarise, I have shown that the cell-LFP relationship measured over the 

hold period and the second movement period shows variations in the amount of 

coherence, the frequencies at which it occurs, and also in its phase. The frequencies at 

which coherence occurs have not been systematically investigated, rather the convention 

of the 18-25 Hz and 30-37 Hz ranges adopted previously has been followed, for 

comparison. There was a tendency for the peak coherence between a cell and the LFP to 

occur in the first half of the hold period, at least for the lower frequency range. In this 

range, the movement period also showed significantly lower coherence than any part of 

the hold period.

Many of the cells showed largely unchanged phase across the time period 

analysed, where significant coherence occurred. Three, however, exhibited significant 

increases or decreases in phase over the period analysed.

In conclusion, the data presented here suggest that where phase locking occurs 

between a cell and the LFP during the hold period, although the extent of phase locking 

may increase or decrease, and the frequency range over which it occurs may change, the 

phase relationship over the ranges 18-25 Hz and 30-37 Hz stays constant for many cells.

Summary of population synchrony in the motor cortex.

Using frequency domain methods, I have demonstrated that 45% of the 

cells sampled in Ml of three monkeys showed activity which was phase-locked to the 

LFP. Therefore oscillatory synchrony would appear to be a significant feature of motor 

cortical circuits. Moreover, it is possible to demonstrate that, although the discharge of
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these cells shows varying phase relationships to the LFP oscillation, the population 

output, via the PTNs to the spinal cord, would also show an oscillation, which may have 

an impact on the motoneurons receiving this output.

I have also demonstrated correlation between cell spike trains in the frequency 

domain. Interestingly, the amount of coherence between cells and the LFP is a factor of 

10 lower than would be needed to account for all the cell-cell coherence. This is 

evidence in favour of a minor role for oscillatory synchrony, relative to stochastic 

synchrony, in the function of motor cortical circuits.

The data in section 5.8 show that increasing firing rate is associated with an 

increase in coherence between cells and the LFP. This may have implications for local 

recruitment of cells to the oscillatory network. This result is in contrast to work by 

Ellaway and Murphy (1985), who showed that synchrony between gamma motoneurons 

was greatest at low firing rates. A direct comparison of firing rate and cell-cell coherence 

has not been made here, on account of the low values of cell-cell coherence. However, 

the cell-LFP result suggests that the network becomes more tightly synchronised at 

higher firing rates. The most likely reason for this difference is that the cortical cells act 

as part of a dynamic network, the state of which is altered by an increase in firing rate. 

Motoneurons may in turn be influenced by this network, but are not themselves part of 

such a convergent and divergent network, and so may not be entrained by a common 

‘clock’ in the same manner.

Finally, I have shown that, in addition to the coherence and phase relationships 

portrayed with a 1-s time resolution in sections 5.3 to 5.8, there are also variations in 

certain aspects of the cell-LFP phase-locking on a smaller time scale, within the hold 

period itself. This suggests that the oscillatory network operates in a complex way over 

shorter time periods than we are able to study with these methods.
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Chapter 6 

Synchrony between cortex and muscle

6.1 Coherence between EMG and LFP.

A number of recent studies have investigated the coherence and phase between 

oscillatory activity present in cortical recordings and contralateral EMG (Baker et al., 

1997; Salenius et al., 1997; Halliday et al., 1998; Brown et al., 1998). I have extended 

this work by investigating the coherence between LFP and EMG from recordings made 

in three monkeys (Chapter 2). I will demonstrate significant EMG-LFP coherence, with 

complex and highly variable phase relationships, which throw some light on previous 

contradictory findings.

Coherence was calculated according to the equations given in Chapter 5, using a 

512-point window, for disjoint sections selected 1.024s before each End Hold marker. 

Rectified EMG was smoothed using a 10-point moving window and decimated to 

500 Hz. EMG was high-pass filtered above 30 Hz. It is necessary to note the effect of 

this filter on the coherence seen between EMG and LFP. EMG oscillations at 15-30 Hz 

take the form of bursts of motor unit action potentials. This is a multiplicative amplitude 

modulation of a high frequency carrier wave. The rectified signal reveals that, counter

intuitively, there is little or no power in this range in the raw EMG signal. Thus it is valid 

to use a 30 Hz high pass filter to cut out low-frequency movement artefacts, which are 

often present in the dynamic phase of the task when the monkey is making rapid hand, 

finger and arm movements). Calculation of EMG/LFP coherence with unrectified EMG 

would not be a valid procedure. Rather, EMG/LFP coherence calculation using rectified 

EMG means that no power or coherence is lost by the high pass filtering.

To illustrate this, Fig 6.0.1 shows data from human EMG recordings made by 

our lab in Helsinki. In these recordings a IHz high pass filter was used. Further filtering 

could then be used to test the effects. There is some loss of lower frequency signal in the 

power spectrum of the raw, unrectified EMG when higher cut-offs are used (10,20 and 

30 Hz; bottom right panel). However, no such effect is seen in the power spectrum of the 

rectified EMG (top right panel). Likewise, there is some loss of low-frequency coherence 

with unrectified EMG, but not for rectified EMG (top left panel). Therefore, It can be 

concluded that minimal reduction in EMG-LFP coherence can be expected in the sub- 

30Hz range due to the high pass filtering used.
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Fig 6.0.1 Data illustrating the use of high pass EMG filters.

For each EMG recorded, the coherence in the range 15-40 Hz was calculated 

with the LFP activity recorded on each electrode. If 4 or more bins were above the 

theoretical 95% confidence level in half the LFPs sampled, (see Chapter 5, equation 6) 

then this EMG was said to show significant coherence with the cortical LFP. For those 

EMGs that were coherent, a linear regression analysis was performed of phase on 

frequency, as for the cell-LFP coherence. For EMGs that seemed to show a non-linear 

relationship of phase to frequency, the individual gradients for each section of the phase 

spectrum were calculated separately.

EMG from up to six muscles was found to exhibit significant coherence with the 

cortical LFP in any one session. Over 30 sessions analysed (total number of EMGs 

recorded =234), a total of 49 (21%) EMG recordings were found to be coherent with the 

LFP. Where an EMG showed coherence with the LFP recorded at one site there was
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Fig. 6.1.1 .typical data demonstrating EMG-LFP coherence.

A. Power spectrum of rectified AdP muscle EMG.Ordinate is normalised to total power.
B. Power spectrum of LFP.
C. Coherence between LFP and EMG. Dotted line represents the p<0.05 significance level.
D. Phase spectrum. Phases are only shown for frequency bins with significant coherence. 

Solid line represents fitted linear regression for range 15-40 Hz; dotted lines are 95% 
confidence limits on this regession. Error bars are 95% confidence limits on phase.
The line has a slope corresponding to a lead of cortex over muscle of 23.6 ms.

213



usually coherence with LFP recorded at all other sites. Figure 6.1.1 shows the results 

from one session, where coherence was seen between EMG from the adductor pollicis 

(AdP) muscle and LFP. Fig. 6.1.1 A and B show the power spectra for the LFP and 

rectified EMG signals; both show clear peaks in the range 15-25 Hz, and Fig. 6.1.1C 

shows that there was significant coherence in this band.

In this example, there was also some coherence at lower frequencies. That at very 

low frequencies (c. 1-2 Hz) probably reflects common components in both signals 

related to the timecourse of task performance. The coherence close to 10 Hz is of some 

interest, since this has only been observed infrequently, or not at all, in previous studies 

(Conway et al., 1995; Salenius et al., 1997; Halliday et al., 1998; Kilner et al., 1999). Of 

the 49 EMG recordings showing significant coherence with the LFP, 28 out of 49 EMG 

recordings showed coherence in at least one bin in the 8-12 Hz range.

The phase spectrum (Fig. 6.1.ID) shows a more-or-less constant phase over the 

15-20 Hz range, and then a linear increase of phase between 20 and 40 Hz. The gradient 

of the regression line fitted to all points in the range 15-40 Hz corresponds to a lead of 

cortex over EMG of 23.6 ms.

For all the sessions tested, EMG-LFP peak coherence varied from 0.0016 to 

0.401, median 0.027 (n=49). In 11 cases there was a broad peak in significant coherence 

between EMG and LFP in the range 15-40 Hz. For these examples, the phase spectrum 

over this frequency band showed a significant linear regression (p<0.05) of phase on 

frequency, similar to that shown in Fig.6.1.1D. In each case, the gradient was positive, 

showing that the cortical signal led the EMG oscillation. The calculated delays, however, 

showed great variability, ranging from 3.2-33.8 ms; this is illustrated in Fig. 6.1.2A (data 

from one session where FDP EMG was coherent with the EMG is not presented in Fig. 

6.1.2A). That this variability was genuine, and not simply due to errors in estimation of
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Fig. 6.1.2. Variability in the phase of EMG-LFP coherence.
A. Delay estimates from different recording sessions in three monkeys (different symbols), using EMG 

recorded from three intrinsic hand muscles. Error bars are 95% confidence limits on the linear 
regression slopes. Dotted line shows the mean for all 11 estimates (one not shown; 13.3 ms).

B. Phase-frequency plot for coherence between AdP and the LFP for three monkeys. Different symbols 
and lines are used for each monkey.

C. Change in slope of phase-frequency relationship during a single recording session. Each sequential section 
of the recording is numbered, and represented as in the legend, top right. Bar at bottom right shows an 
average of the size of the 95% confidence limits for the individual points. Inset: variation in regression slope 
throughout the recording session, error bars are 95% confidence limits on regression slope.
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the regression line slope, is shown by the generally small error bars on these values. The 

mean of the different delays was 13.3 ± 2.7 ms (mean ± S.E.M). This is longer than the 

conduction time of 8 ms estimated for the fastest corticospinal pathways (derived from 

the EMG response latency to stimulation through the chronically implanted PT 

electrodes, corrected for conduction from the cortex to the medulla (Baker and Lemon, 

1998), but is consistent with conduction over slower fibres (Porter and Lemon, 1993).

Across the population of 11 EMG-LFP pairs investigated fully, several showed 

evidence for non-linear relationships of phase with frequency as seen in Fig. 6.1.ID. 

Linear regression fits were made to low (< c. 22 Hz) and high (> c. 22 Hz) frequency 

points separately. In 6/11 cases, the slope of the low frequency line was significantly 

smaller than at higher frequencies; in 2/11 cases it was significantly larger.

The most striking aspect of Fig. 6.1.2A, however, is the considerable variability 

in phase, which is illustrated further in Fig. 6.1.2B. This shows the phase-frequency 

regression between LFP and EMG from the AdP muscle in a single session from three 

monkeys. Although the conduction time from cortex to muscle was very similar in these 

animals (as assessed from the EMG responses to PT stimulation), the slopes of the 

regression lines are quite different from one another.

In addition to variability across animals, and across recording sessions, it was 

even possible to observe a change in this phase-frequency relationship over the course of 

a single recording session. Figure 6.1.2C illustrates the results of dividing up a session 

into six successive sections, each of which contained 200 trials. The phase between LFP 

and the AdP EMG are shown for bins in the range 15-40 Hz with significant coherence 

for each part of the recording. The slope of the regression line clearly increases with 

time, as is shown by the inset to Fig. 6.1.2C.

The finding of high levels of variability in the EMG-LFP phase relationship is in 

direct contrast to the stable phase relationships maintained between cortical cells and the
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LFP, which varied little during the session (Chapter 5). There is clearly a source of 

variability in the propagation of the oscillation from cortex to muscle, which is not 

present in the entraining of the individual cells to the LFP.

In summary, I have demonstrated coherence between LFP and EMG in the range 

15-40 Hz for 21% of EMGs recorded. Of these, 22% showed a significant positive linear 

regression of phase on frequency, suggestive of a network with a linear conduction from 

cortex to muscle with an average latency of 13 ms. However, there are three findings 

which provide evidence against such a simple linear system. Firstly, there was enormous 

variability in the estimate of conduction latency using this method, both within and 

between sessions and animals. Secondly, 8/11 phase spectra showed two significantly 

different gradients for the low and high frequency ranges, suggesting a non-linear 

system. Thirdly, for a linear system to be in evidence, the line fitted to the phase 

spectrum should pass through the origin, which it did not for any for the 11 cases 

studied. The relationship demonstrated in these 11 cases was a constant phase shift plus a 

constant time delay. This is too complex to be explained by a simple linear system. It is 

therefore not possible to conclude from this data that a simple linear system exists to 

transfer the oscillatory signal from cortex to muscle.

I have demonstrated significant lOHz EMG-LFP coherence in several cases. 

This has also been seen at a lower level than the 15-30 Hz in other studies (Brown et al., 

1998; Kilner et al., 1999). Salmelin and Hari, (1994) also showed that the 10 Hz 

component of the MEG signal is diminished on movement. It is as yet unclear whether 

this lower frequency coherence can be explained by variability in the range of the main 

15- 30 Hz peak (Kilner et al., 1999) or if it reflects a quite separate oscillatory system.
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6.2 Coherence between LFP and pyramidal tract activity.

In order to further investigate the nature of the LFP-muscle synchrony, 

recordings from electrodes chronically implanted into the pyramidal tract (PT) were used 

to investigate coherence between LFP and pyramidal tract activity. Sine these electrodes 

should record, amongst other things, activity from the corticospinal tract, it should be 

possible to obtain a shorter conduction latency from cortex to PT, under the hypothesis 

that conduction of the oscillation is from cortex to muscle, via the PT.

For this analysis, I used consecutive, non-overlapping 1024-point blocks (~0.8s 

of data, sampled at 1250 Hz) of rectified PT recording and LFP recording, taken 

throughout the record. 8 sessions were used, all recorded in Ml of a different animal to 

the data previously described (monkey 32). This animal had been prepared for recording 

as described in Chapter 2, and was trained to perform a modified version of the precision 

grip task, for a separate set of experiments. Sections were used throughout the recording, 

in order to obtain enough blocks for significant coherence, and because the behavioural 

events did not correspond exactly with the End Hold used previously. The length of 

recording varied from 1434 s to 2558 s, thus the number of blocks was between 1792 

and 3197.

The power spectrum of each signal and the coherence and phase spectra were 

plotted for the range 0-75 Hz, with binwidth 1.2 Hz. An example of the LFP-PT 

coherence calculated for one session is given in Fig. 6.2.1. The raw traces of PT and LFP 

recording are shown in fig 6.2.1 A. It can be seen that the PT recording is lacking the 

clear oscillatory component of the LFP at 15-30 Hz. This is demonstrated fully in the 

power spectra (figs 6.2. IB and C), in that the majority of the power in the PT signal is at 

low frequencies, (partly due to rectification) whereas the LFP has a clear peak from 10 to 

40 Hz, with maximum power at 10 and 30 Hz. The PT-LFP coherence for this recording 

session is shown in Fig.6.2.1D.
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B and C. Power spectra of rectified PT (B) and LFP (C) recording.
D. Coherence between PT and LFP. White dotted line represents p=0.05 significance level.
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219



Coherence was significant over most of the range 0-70 Hz, perhaps as a result of the 

large number of blocks used. The peak coherence was seen between 10 and 15 Hz. The 

phase spectrum (fig6.2.1E) shows a clear negative gradient, which is steep over the range 

0-10 Hz, but shallower over the range 15-40 Hz. Over this range, the phase plot was 

fitted by a line with a slope corresponding to a delay of 17.6 ms (±0.27). This 

relationship indicates a linear delay from PT to cortex, the opposite direction to the 

delays expected, or indeed suggested by EMG-LFP coherence.

Of the 8 sessions used, significant coherence was seen between PT and LFP 

recordings in each, and the linear regression of phase and frequency was always 

significant and the gradient negative. The mean conduction delay from PT to cortex 

estimated by this method was 15.9 ms (±3.5 SEM).

Since we have little idea from which fibres the electrodes in the PT were actually 

recording, it is difficult to interpret this result with any certainty. It is possible that the 

recordings were contaminated by activity in non-corticospinal pathways, belonging for 

example to the medial lemniscus (ascending sensory pathways) or inferior olive. In 

either case the delays are longer than might be expected, which argues against a simple 

linear model of ascending conduction.

In summary, it was not possible to measure an intermediate latency form cortex 

to PT, in order to better explain the conduction times from cortex to EMG from section 

6.1. Rather, the PT-LFP coherence revealed a phase/frequency gradient suggestive of a 

connection in the ascending direction, from PT to motor cortex. That this is a genuine 

physiological effect has not been proven, but if it is, I propose that it could represent a 

slow afferent pathway for sensory activity via subcortical structures to Ml.

220



6.3 Large-scale simulation of the LFP/EMG phase relationship

In order to gain an insight into the generation of phase spectra of the kind seen 

between EMG and LFP signals (fig 6.1. ID), i.e. with a variable but positive slope, I 

designed computer simulations to recreate the loop of signal transfer between the cortex 

and the muscle. Modelling such a complex system can be approached on a range of 

levels. Initially, I chose to implement only the population signal characteristics, primarily 

to investigate the delays in the system, and to see whether the phase spectra would show 

similar gradients to those seen in the EMG/LFP data. By varying the delays in the loop 

between the “cortex” and the “muscle” signals it was possible to investigate the range of 

latencies that could, in theory at least, generate realistic phase spectra. This work 

assumes a linear closed-loop system of signal transfer, of the kind proposed by Conway 

et al., (1995) to explain EMG-MEG synchrony. Although in section 6.1 I described 

several reasons why this arrangement is unlikely, the simplification may be justified 

since it affords the ability to study the potential phase spectra that can be generated. 

Population level simulation

I implemented a simple closed-loop circuit with a band-limited white noise input 

signal at the cortex. The cortical signal was a linear combination of this input plus the 

afferent input with a variable gain. The cortical signal was simply delayed by a time 

estime, to form the muscle signal, which was then filtered and delayed by a time ajftime 

to form the afferent input to the cortex. The filter for the afferent signal was based on the 

transfer function of the bag-2 static fusimotor fibres to primary afferents, generated by 

cross-correlation of random la afferent stimuli with gamma efferent fibres in the cat 

(Taylor et al., 1995). In this simulation, however, the linear filter also represented the 

complex transformation from motoneuron firing through muscle activation to gamma 

activation. This portion of the circuit was effectively missing, and was approximated by 

the direct filtering of the cortical signal to produce the ‘afferent’ signal.
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Fig. 6.3.1 illustrates the circuit used for the sim ulation.

0 -2 0 0 H Z  

bandpass 
white noise 
input

+ afftime

Gain xO.

cortical signal

+ estime

muscle signal

Convolve signal 
with 10-point filter 
array

Fig. 6.3.1. Simple population level model of a linear closed-loop system.

The effect of convolution of the delayed cortical output with a 10-point filter was 

to make the afferent input to the cortex dependent on the history of its output. The 

simulation was performed several times with identical filter coefficients but different 

values of estime and afftime between 2 and 60 ms.

For each run, the simulation performed 50,000 iterations of 1ms to produce two 

time series of length 500ms, the first of which was the cortical signal, the second the
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muscle signal. The coherence and phase were calculated between these two signals for 

the range 0-60 Hz.

The results for a typical run, with estime- 15 ms and afftime = 40 ms, are shown 

in fig. 6.3.2A-D. The power spectra for the two signals (A and B) show a clear resonant 

frequency, which is at 22 Hz. The coherence spectrum, (C) shows high coherence, with a 

peak at 35 Hz. The phase spectrum shows a clear positive gradient, corresponding to a 

delay between cortex and muscle of 20 ms, slightly longer than the estime of 15 ms.

For each run, with different values of estime and afftime, the values of the 

resonant frequency in the power spectra of each signal and the gradient (or delay 

estimate) of the phase-frequency regression were recorded. Fig 6.3.2E shows a 3-D plot 

of the effect of each time constant on the resonant frequency of the system, and Fig 

6.3.2F shows an analogous 3-D plot for the effects on the gradient of the phase- 

frequency regression.

It can be seen that the resonant frequency of the system is mainly affected by the 

afftime, or feedback delay. Conversely, although unsurprisingly, the gradient of phase- 

frequency regression was only affected by the estime, or time delay between the two 

output signals.

In general, the phase spectra produced by such a simple linear system show a 

monotonie increase in phase with frequency. This result can be proven with an analytical 

solution, providing there is no additional noise added to the network. Thus the phase 

relationship between two signals generated by a linear closed loop will always be 

constant and determined by the corticospinal conduction time. This is clearly too 

simplistic a model to account for the non-linear phase spectra seen with real data.

This could be partly because the effect of the feedback is too weak, suggesting 

that the gain of the feedback at the cortex is too low. However, in a simple linear system 

such as this there is no protection against positive feedback and the system is unstable
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Fig 6.3.2 Results of the population level model of a closed-loop system.
A-D: Results for one run of the simulation, with cstime=\5 ms, afftime=40 ms. A, B. Power 
spectra of cortical (A) and muscle (B) signals. Resonant frequency of each signal is 22 Hz.
C. Coherence between simulated cortical and muscle signals.
D. Phase spectrum: de lay measured from phase-frequency regression =20ms.

E. Effect of varying estime and afftime on the resonant frequency of the system.
F. Effect of varying estime and afftime on the delay measured from phase-frequency regression.

224



when gain increases are made. It is necessary to represent the network dynamics at a 

higher level of complexity in order to investigate non-linear effects caused by synaptic 

interactions at each point in the loop.

Cellular Level Simulation

1 attempted to implement a network of cortical cells and spinal motor units to 

produce more physiologically realistic LFP and EMG signals. The complexity of the 

simulation, which was performed on a Pentium PC, meant that the time to perform a 

single run was considerably longer, on the order of 4 hours. This constrained the extent 

to which the simulation parameters were systematically tested. Using a minimal range of 

values for each parameter, 1 aimed to find a set of parameters that would reproduce the 

LFP-EMG coherence and phase spectra observed in real data (section 6.1) as closely as 

possible.

The network was implemented as follows: The cortical network consisted of 

1,000 cells, each of which had a membrane potential Vm where

K„(„„=(F„,„+5)exp-'"‘” ,

(1)

t -  time step size (1ms) ;

S = amount of synaptic input from the input population to the target cell + random noise, 

generated at each time step; 

tau -  membrane constant for the cell, taken initially to be 10ms.

The cell membrane potential was chosen arbitrarily to vary from 0 to 1, at which 

point the cell fired a spike. The value of Vm therefore followed an integrate-and-fire 

pattern such that the population input could increase the firing rate of the cell from its 

resting level. The noise was added to each cell’s input to prevent complete

225



synchronisation of all cells. The number of spikes produced by all the cells in the cortical 

population was summed and used to generate the synaptic input to the motor unit pool, 

after a delay. The mean Vm of all the cortical cells was the value of the LFP signal at any 

particular time step.

The motoneuron pool consisted of 100 identical motor units. The membrane 

potentials of the motor units were calculated using eqn. (1) above with S  being generated 

from the number of spikes fired at the cortex at time step t-cstime. Cstime was used to 

represent the corticospinal conduction time. Its initial value was 10ms.

The number of motor units which fired each time step was summed, and used to 

generate the EMG, by convolving its history with a 25-point filter array to represent the 

motor unit action potential. The values for this array were obtained from the fitted action 

potential transforms measured from human intramuscular recordings (Baker and Lemon, 

1998).

The mean membrane potential of the motor units was convolved with the 10- 

point afferent transform from the previous simple simulation to represent gamma 

activation. This signal was delayed by afftime to represent the conduction time of 

afferents to the motor cortex. The initial value of afftime was also 10ms.

At the cortex, the afferent feedback was added to the amount of population firing 

in the cortex from the previous time step, to generate S  for each cell.

Each run of the simulation generated a time series of up to 500s. The coherence 

between EMG and LFP (each sampled at IkHz) was then generated using 488 blocks of 

1024-point FFTs to make the average. The average firing rates of the cells in each 

population were recorded, together with the power spectra of each signal, and the EMG- 

LFP coherence and phase spectra.

Results of the simulation are shown in Fig 6.3.3. The power spectra for 

one run, with cstime =10 ms and afftime = 40 ms, are shown in Fig. 6.3.3A and B. The
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Fig. 6.3.3. Results of the cellular level model of a closed -loop system.
A-D. Power, coherence and phase spectra for simulated LFP and EMG using cstime=10 
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E. 3-D plot of variation in phase-frequency regression gradient with cstime and afftime.
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mean firing rate in the cortical population was 60 Hz, which can be seen in the power 

spectrum of the LFP (B). Motor units showed an average firing rate of 16 Hz; both the 

cortical 60 Hz rhythm and a lower frequency component are visible in the EMG power 

spectrum (A). The coherence spectrum (C) shows periodicity at close to 15Hz, the peak 

coherence being at 64 Hz. The phase spectrum (D) shows a monotonie increase of phase 

with frequency, with a gradient indicative of a 36 ms delay from cortex to muscle. This 

is noticeably longer than the cstime of 10ms.

In general, the parameters used in this simulation produced more realistic power, 

phase and coherence spectra than in the population level simulation. However, the 

phase/frequency delay was not comparable to that seen on average in the monkey data. 

The mean delay in section 6.1 was 13.3 ms, compared to 36 ms in the model. The gain 

coefficients for input to each point in the loop were varied very little, as substantial 

changes made the network unstable. The parameters defining cell firing rate were also 

varied little, since this would cause the simulation to depart from realistic firing rates. A 

small range of combinations of cstime and afftime were tested, and the resulting delays 

are presented as a 3-D graph, fig. 6.3.3E.

It can be seen that the delay estimated by the phase-frequency regression is 

influenced by the value of cstime, but not by afftime^ a similar result to the simple 

population level prediction. Of critical interest is the fact that all the phase-frequency 

gradients are longer than the cstime by a roughly constant amount, 25 ms. This 

discrepancy between the actual delay from ‘cortex’ to ‘muscle’ is probably equivalent to 

the sum of the delays introduced by the two filters representing the action potential 

generation by the motor unit, and the afferent transform respectively. The coefficients of 

these filters were not varied, since they were chosen to represent physiologically realistic 

transfer functions of motor units and bag-2 efferent fibres.
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The long delays predicted by this model provide qualitative support for the long 

delays measured in section 6.1, which were also longer than the actual corticospinal 

conduction time. A general conclusion which can be drawn from this work is that the 

gradient of phase-frequency regression is sensitive to minor changes in network 

behaviour, which were not systematically tested here, and which are likely in a noisy 

system over time, i.e. between or even within sessions.

The simulation described here had no oscillatory input, and therefore the 

particular condition of 15-30 Hz oscillation within the closed loop model has not been 

investigated. However, as broad-band coherence is present, it was still possible to 

establish the range of delays in the network capable of producing realistic phase spectra, 

albeit with rather steep gradients. However, the model did generate a ‘constant phase 

shift plus delay relationship’ as mentioned in section 6.1. The phase in figure 6.3.3 

passes though 180° at zero Hz, a result that was common to all runs of the simulation.

In summary, although the cellular level simulation cannot prove or disprove the 

existence of a closed loop as the basis for coherence measured between cortex and EMG, 

it has served to demonstrate the complexity of such a system. This work suggests that the 

measure of delay in the system obtained from the phase-frequency regression is sensitive 

to network dynamics, and as such is not a good indicator of the network arrangement. 

Moreover, if a reverberating network (Abeles, 1991) operates at any level of the loop, we 

can expect that this will make the network unpredictable from trial to trial, due to the 

probabilistic nature of firing at each node in the network. I therefore propose that the 

range of delays measured from the phase spectra both in section 6.1 and in the literature 

(Conway et al., 1995; Halliday et al. 1998; Mima et al., 1998) is a genuine result of the 

complexity of the oscillatory network.
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Chapter 7 

Discussion

In the preceding chapters I have introduced the study of motor control, and detailed the 

results of several different approaches aimed at forwarding our understanding of the role 

of the cortex in this control. 1 shall now attempt to discuss the pertinent issues arising 

from my work, within the framework of the current literature in the field.

Impact of multiple electrode recording on the data sampled.

In Chapter 3, 1 described the database which was sampled over 130 sessions in 

two monkeys using the Eckhom multiple electrode system. The average number of cells 

recorded per session was 7.7. This is equivalent to the expected yield over 5 sessions 

with the previous single electrode system (K. Nakajima, personal communication). It is 

clear that one impact of multiple electrode recording is in the increased yield of cleanly 

discriminated cells. The total number of cells sampled per monkey was also greatly 

increased (785 cells in monkey 33, as compared to 110 in monkey 28, previously used 

for similar experiments with a double electrode system by our group; R. N. Lemon, 

personal communication). For every penetration made in a cortical area, the fine-grade 

sampling obtained by 16 fine electrodes with small interelectrode distances (300pm), 

enabled a greater yield of cells than was possible using previous methods.

1 suggested in Chapter 3 that the cell sampling using this system would be less 

biased than with conventional single electrode recording techniques. The finding of a 

similar proportion of PTNs in each motor area to the relative contribution of that area to 

the CS tract leads me to conclude that the sampling in this study was relatively unbiased 

towards any type of cell.
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The intentional experimental bias in this work was to record as many PTNs as 

possible. However, the nature of the recording system was such that, for each electrode 

on which a PTN was recorded, it was highly likely that another electrode was available 

on which a UID could easily be found. Thus, while we aimed at recording only PTNs, 

we in fact recorded many UIDs that would not have been sampled without the luxury of 

many electrodes. There will, however, still be a sampling bias with multiple electrode 

recording towards the larger cells (Towe and Harding, 1970), as with any extracellular 

recording method.

A further finding that might be explained by the relatively unbiased sampling 

proposed above is the paucity of CM cells sampled, compared with previously published 

data. For comparison. Lemon (1993) described a study in which 270 PTNs were 

recorded (in three monkeys), of which 49% were CM cells. Lemon et al., (1986) used 

very restrictive criteria to select the PTNs sampled (in order to obtain the highest yield 

possible of CM cells, and in doing so, found 62% of 105 PTNs to produce post-spike 

effects. Fetz and Cheney, (1980) did not antidromically identify sampled cells, but noted 

that 27% of 370 task-related cells produced PSF in at least one muscle. In the current 

study, only 11% of Ml PTNs produced PSF in STAs. Given that in all four studies the 

bias was towards recording motor output cells, particularly CM cells, these proportions 

are directly comparable.

There could be several explanations for the lower proportion of CM cells 

sampled amongst the PTNs recorded in the current study. Firstly, I think it reasonable to 

exclude damage to the corticospinal tract by the implanted PT electrodes; a terminal 

experiment in monkey 33 provided no evidence for such damage (Chapter 3). Secondly, 

this study may not have sampled EMG from sufficient muscles in order to identify the 

CM cells. Fetz and Cheney (1980) recorded EMG from 12 muscles, while the Lemon 

group sampled up to 10 EMGs. This is supported by the finding that the muscle fields of
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the CM cells recorded were smaller than those reported by either of the Fetz or Lemon 

groups. Finally, it is possible that the number of CM cells in our monkeys 30 and 33 may 

have been smaller than in the monkeys used in the previous work

The most likely explanation, however, is that the sampling of PTNs was less 

biased towards CM cells in our study. Although we aimed to record PTNs with similar 

criteria to those used by Lemon et al., 1986, (i.e. fast PTNs at loci with low-threshold 

ICMS effects, and with task-related activity) we actually sampled many others which did 

not fit these criteria, because there was insufficient time to search for PTNs satisfying all 

criteria on all of the electrodes available. Therefore, I conclude that the proportion of CM 

cells sampled here mainly reflects the extra numbers of PTNs sampled, compared with 

previous work where the criteria for recording PTNs were more rigidly applied.

Relationship of antidromic latency to firing characteristics of PTNs.

In agreement with previous work (Evarts,1965 and Lemon et al., 1993), I 

demonstrated that the majority of PTNs in each area were fast PTNs (<1.2 ms ADL), and 

that CM cells had shorter ADLs than other PTNs. It has been proposed that fast and slow 

PTNs may have different functional roles in the control of movement. Relationships 

between ADL and characteristics such as firing rate, spike shape and task relationship 

have been considered both here and in previous work.

Evarts (1965) showed that fast and slow PTNs displayed different firing 

characteristics during movement. He noticed that fast PTNs (ADL <lms) showed phasic 

activity during movement, but were inactive in absence of movement, whereas slow 

PTNs showed tonic discharge in absence of movement, with increasing or decreasing 

firing rate during movement. He also found the increase in firing rate with movement to 

be greatest for fast PTNs. Although in this study I found a higher firing rate in PTNs 

compared with non-PTNs, there were no significant differences in either firing rate or
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task modulation between the fastest and slowest PTNs. There was, however a trend 

towards less phasic activity amongst the slow PTNs, in agreement with Evart’s findings.

This tendency for the slowest PTNs to produce tonic discharge during the task 

may be a confound of the fact that many of these slow PTNs were sampled in SMA, 

unlike the fast PTNs which were all recorded in Ml. My findings do not therefore 

present strong evidence in favour of a different role for fast and slow PTNs. Rather, 

increased tonic firing in SMA, together with the longer latency of its PTNs may indicate 

a different role for its output in the control of movement, compared to Ml. This has been 

proposed by Wiesendanger et al. (1996) on the basis of electrophysiological, anatomical 

and lesion evidence. They noted that SMA has strong projections to trunk and proximal 

limb muscles, and yet is very active during tasks involving bimanual co-ordination; such 

tasks are performed poorly by monkeys with bilateral SMA lesions. Also, patients with 

medial frontal lesions are unable to make anticipatory postural adjustments for arm 

movements, leading the authors to propose a role for SMA in control of the postural 

adjustments essential for accurate movement. My demonstration of tonic firing by 

characteristically slow PTNs in SMA broadly lends support to such a functional 

dichotomy between Ml and SMA.

The hypothesis that speed of axonal conduction might be related to action 

potential shape has been addressed by several workers. Takahashi (1965) showed a clear 

linear relationship between action potential duration and conduction velocity for PTNs in 

cat somatosensory areas. ADLs were divided into two clear groups of fast and slow 

PTNs. Calvin and Spyert (1976) found a similar grouping of fast and slow PTNS in the 

cat, and again observed a good correlation between spike width and conduction velocity. 

They found the base width of spikes to vary from 0.38 to 1.0 ms. In chapter 3, I 

presented data suggestive of a similar relationship between ADL and spike width for 

PTNs recorded in monkey motor cortex. The fastest PTNs had a mean spike width which
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was significantly briefer than the slowest PTNs, the range being from 0.25 to 0.83 ms. 

However, as mentioned in Chapter 3, these values of spike width are probably an 

underestimate as the slower components of the action potential would have been filtered 

out. This is the first demonstration of a link between conduction velocity and spike 

duration in pyramidal tract neurons of the monkey motor cortex. In order to fully 

describe the duration of an action potential, intracellular recordings should ideally be 

made, which present great difficulties in any preparation other than a slice (Asanuma et 

al., 1979).

Insights into function of different motor areas from firing patterns and 

connectivity.

In chapter 4 ,1 demonstrated that 14% of all cell pairs (16% of Ml pairs) showed 

wide, central cross-correlogram peaks, indicative of synchronous common inputs (Perkel 

et al., 1967). Previously, Murphy et al., (1985) Smith and Fetz, (1989) and Fetz et al., 

(1990) demonstrated similar proportions of cross-correlations with central peaks in Ml 

(24%, 35% and 17% respectively). The current study represents a systematic evaluation 

of cross-correlation effects across a larger number of cells than has previously been 

published, the results of which confirm the abundance of synchronous common synaptic 

inputs to pairs of cells in Ml.

Matsumura et al., (1996) added to this body of evidence by showing that 82% of 

cell pairs show synchronous arrival of synaptic inputs, using ST A of intracellular 

recordings. This may be a better approximation of the true degree of synchronous 

connectivity as the method requires an average of an order of magnitude fewer sweeps, 

making it more sensitive to the weak effects which may be “washed out” by cross

correlations of noisy spike trains. This is particularly likely, given that many cross

correlation effects are strongly task-dependent (Baker et al., 1999). The cross-correlation
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compiled over the whole recording session, as in Chapter 4 may actually reduce these 

effects to undetectable levels.

The differences demonstrated between cross-correlation effects in M l, SMA and 

PMv are suggestive of a different pattern of connectivity in each area. The evidence 

presented in chapter 4 points to a high degree of local connectivity in M l, compared to 

sparser and more effective interactions in SMA and PMv. This again emphasises 

functional differences between the areas: Ml may have the capacity for a high level of 

processing of its inputs, given the apparent complexity of its intrinsic networks. SMA, by 

contrast is characterised by stronger connections between its populations of, in many 

cases, slower and more tonically firing PTNs. The results for the small sample of PMv 

cells suggest a similar arrangement, with fewer outputs to the pyramidal tract, but strong 

interactions between the cells.

A negative correlation was observed between strength of synaptic interaction and 

distance of separation. This supports many previous findings (Murphy et al., 1985; Kwan 

et al., 1987; Cochin et al., 1991; Vaadia et al., 1995; Matsumura et al., 1996), the 

consensus of which is that local cortical connections tend to be effective over distances 

of under 2.5 mm, but are most commonly seen between cells separated by <1 mm.

Cochin et al., (1991) performed cross-correlation between pairs of cells in 

inferotemporal cortex, and noticed that common inputs were generally seen between 

cells on neighbouring electrodes, but that serial connections (16% of all effects) were 

equally common over larger distances. These data suggest a different type of 

connectivity from that seen in the current study. The authors inferred that input 

connections to inferotemporal cortex are restricted to ~500|im columns, but that long 

distance serial connections allow information transfer between columns.

In primary motor cortex, the opposite seems to be true (Matsumura et al., 1996). 

Since serial effects are not easily detectable in cross-correlations with wide symmetrical
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peaks, the STA of intracellular membrane potential method provides a clearer picture of 

the contribution of serial and synchronous effects. Matsumura et al., (1996), found that 

synchronous excitation affected more widely separated cell pairs (up to 4mm apart) than 

did serial excitation or inhibition. Murphy et al., (1985) also demonstrated a similarly 

increased extent of synchronous effects, compared with monosynaptic effects. The 

existence of intracortical connections over such distances is supported by anatomical 

data (Huntley and Jones, 1991), demonstrating labelled axonal projections to cells in Ml 

from clusters of pyramidal cells up to 8 mm away. Taken together with the evidence for 

distributed inputs and outputs of the motor cortex, (Kwan et al., 1978; Lemon, 

198lb, 1988; Huntley and Jones, 1991; Schieber and Hibbard, 1993) the arrangement in 

motor cortex may be that of a highly distributed network, across which cells may be 

functionally coupled over large distances by their common inputs. Clearly, this 

arrangement may confound attempts to understand the representation of movements by 

such a network using conventional averaging methods. Within a highly convergent and 

divergent network, separate functional assemblies may form from subsets of cells, some 

of which participate in more than one assembly (Abeles et al., 1994). These authors 

suggested, based on a balanced excitation-inhibition model, that the inhibitory cells in 

such a network would show synchronous oscillations.

Another finding presented in Chapter 4 was that strength of synaptic interaction 

was positively correlated with similarity in task relationship. A similar result was 

obtained by Georgopoulos et al. (1993) by relating connection strength to similarity in 

direction tuning of unidentified Ml neurons. Interestingly, these authors found a linear 

scale of interaction from excitation to inhibition, which was inversely correlated with the 

angle between the preferred directions of a pair of cells. In the current study, very few 

examples of inhibitory interactions between pairs of cells were seen, using cross

correlation methods. Allum et al. (1982) also demonstrated presumed excitatory
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monosynaptic effects between cells with similar force relationships, and inhibitory 

interactions between those with different force relationships. All three studies provide 

evidence for a network arrangement which subserves motor control. Against a 

completely distributed representation of movements, the current work implicates local 

cortical assemblies, or possibly columns, which show similar task modulation.

To summarise, the predominant feature of cortical connectivity, particularly in 

Ml seems to be the existence of synchronous inputs to pairs of cells, which have their 

strongest effects on cells separated by <lmm. From this, it is possible to infer a complex 

arrangement of convergent and divergent connections, amongst which there are groups 

of cells, or modules, which relate to particular aspects of the movement. This proposal 

bears a superficial resemblance to the tightly coupled input-output modules of Asanuma 

(1975) and Mountcastle (1978). However, the possibility for dynamic rearrangement of 

assemblies by virtue of the distributed network arrangement revealed here and by 

Matsumura et al., (1996) allows synchronous coupling between sites separated by up to 4 

mm. If a distributed representation of muscle synergies, as proposed by Lemon, (1988) 

were present, the long-range synchrony between each of these representations could 

allow co-ordinated activation of clusters of CM cells across the motor cortex. This 

distributed network of converging and diverging connections would be suited to the 

propagation of oscillations (Abeles, 1991; Bressler, 1995).

One other interesting finding amongst pairs of neighbouring cells is the existence 

of reciprocal firing patterns (section 3.8). This finding mirrors similar results reported by 

Wilson et al., (1994), who showed pairs of cells with reciprocal activity recorded in 

monkey preffontal cortex during an oculomotor task. The firing characteristics of these 

cell pairs led Wilson and collaborators to suggest that many were composed of a 

pyramidal cell and a GABA-ergic intemeuron. They concluded that the firing rate and 

waveform characteristics of the two types of cells could be used in vivo to distinguish
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them. However, in the current study, it was not possible to demonstrate such clear 

groupings of cells into fast-spiking and regular spiking, therefore there is no evidence on 

which to base such a categorisation of the cells involved. It was possible, however, to 

demonstrate, using cross-correlation analysis, that more than half of these pairs with 

reciprocal firing also had common inputs. It is perhaps of interest that in both of these 

studies, the activity was not completely reciprocal, in that firing was not completely 

abolished in one cell during activity of the other. This suggests that whatever the 

mechanism for mutual inhibition, it does not prevent all activity in the response cell. 

Perhaps the most informative approach would be to further investigate these linkages 

using sICMS at the site of each cell, to reveal both the excitatory and inhibitory synaptic 

effects.

Temporal coding in the cortex.

The abundance of cross-correlation peaks at zero time-lag provides evidence in 

favour of a temporal code within the cortex, which requires coincidence of spikes to 

facilitate transmission. My results agree with work by Riehle et al., (1997), who showed 

above-chance occurrence of near-coincident firing independent of cell firing rate, but 

related to aspects of a delayed-response task. The authors argued that the precise timing 

of spikes can code for behavioural and cognitive events. However, the weakest part of 

their argument centres on the variable relationship of coincident patterns to the task. 

There have been several other investigations of dynamic changes in functional 

interactions between cells, specifically associated with behaviour.

Vaadia et al., (1995) investigated task-related changes in synchrony between 

frontal cortex cells during a spatial delayed-response task, with the use of the Joint-Peri- 

stimulus time histogram (JPSTH). These authors demonstrated dynamic cross

correlations between pairs of cells during the task. Baker and Lemon, (1999) presented
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evidence for dynamic associations between cells using a time-resolved cross-correlation. 

The strength of synaptic interaction between two cells was deeply task-modulated, 

although there was much variability amongst the population in the time of peak 

synchrony. The authors discriminated the dynamic synchrony between cells further into 

oscillatory and non-oscillatory synchrony. These findings demonstrate that many 

dynamic changes in the effective connectivity in motor cortex take place, which are 

unresolvable in the simple cross-correlation. Thus network connectivity inferred from 

cross-correlations may actually represent the simplest possible arrangement, as other, 

briefly occurring synaptic effects will be averaged out by the gross cross-correlation. It 

remains to be proven whether the zero phase-lag synchronous firing is tightly coupled 

enough to any behavioural parameter for a coding function to be invoked. It may be that, 

rather than coding, the coincident firing is necessary for propagation of the signal though 

the reverberating network (Abeles, 1991).

Time domain vs frequency domain methods of assessing cortical function.

In Chapter 4 ,1 presented cross-correlation data to demonstrate the importance of 

synchronous inputs to pairs of cells. As mentioned above, this work does not address the 

changes in effective connectivity over time, during movements. It does, however, hint at 

the existence of oscillatory and stochastic synchrony, via the presence or absence of side

bands in the correlogram. The complementary approach to investigate this oscillatory 

synchrony (chapters 5 and 6) is by correlation analysis in the frequency domain 

(Rosenberg et al., 1989; Pinches et al., 1999).

A large part of this analysis focussed on the phase locking of cells to the cortical 

LFP. While our understanding of the generation of the LFP is limited, we can assume 

that it reflects any processes involving the synchronous activity of cells within the local 

population. Thus oscillations in the LFP are assumed to result from a widespread
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oscillatory synchronisation of local neurons. It has been implicitly assumed that these 

oscillations reflect a similar type of activity in each session that they were recorded.

This work has demonstrated that the cell-cell synchrony occurs in the range 18-37 

Hz, and has confirmed the zero phase relationship between the cells (section 5.5). In 

addition to this, the relative contribution of cell-LFP phase locking to the synchrony 

between cells has been demonstrated (section 5.6). The global synchrony plays a small 

part in the synchrony between cells, but conversely, it is the oscillatory synchrony 

between cells which contributes to the LFP oscillation.

One prediction arising from this is that, since the coherence between cells is 

greater than the coherence predicted from the global phase locking, the effect of local 

connections mediating the cell-cell coherence must be much greater than the combined 

effect of the synchronous inputs mediating the cell-LFP coherence. This could be due to 

strong synaptic influences from near neighbours, relative to sparse, possibly more distal 

inputs from cells further away.

Thus, frequency domain analysis has revealed the nature of the oscillatory 

synchrony in the network, both over the population, via the LFP, and between individual 

cells. Cross-correlation analysis in the time domain is a useful technique for detecting 

synaptic interactions between cells, and when combined with the time-resolved methods 

of Baker and Lemon, (1999) can deliver insights into the dynamics of the network 

interactions. Together, the two approaches generate a detailed picture of the ongoing 

interactions amongst a network of cells. This is the most detailed account to date of the 

results gained from the use of time and frequency domain methods in concert.
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Population synchrony in motor cortex: phase locking to a global oscillation?

In Chapter 5 ,1 demonstrated that single cells in motor cortex were phase-locked 

to the local field potential oscillation. This finding supports previous work by Murthy 

and Fetz (1996b) and Baker et al., (1997). In common with work by (Roelfsema et al., 

1997) in the visual cortex, the phase relationship between individual cells and the 

cortical oscillation was variable. It is possible that many cells in this cortical network 

become locked to a global oscillation during steady holding, enabling coincident firing.

There are two main interpretations of the cell-LFP phase relationships observed. 1 

found that the majority of cell-LFP phase spectra showed a constant phase-frequency 

relationship, whilst the remainder showed linear phase-frequency regressions suggestive 

of delays on the order of 20 ms. Firstly, it is possible that the constant phase-frequency 

relationships are actually shallow slopes, whose significance is undetectable, due to the 

size of the 95% confidence limits. Thus the phase relationships of cells to the LFP may 

reflect delays between cortical cells and an oscillatory source, which are generally under 

20 ms, but occasionally up to 60 ms.

Alternatively, the longer delays may be anomalies, partly due to small values of 

coherence only just above significance. The vast majority of cells that are phase-locked 

appear to fire at a constant phase to the LFP. This is similar to the constant phase 

relationship between hippocampal pyramidal cells and the theta oscillation found by 

Csicsvari et al., (1999). This relationship implies that no appreciable conduction delay 

takes place from the oscillation source to the cells; instead, they must fire as an intrinsic 

part of the synchronised network. Both of these two interpretations assume that the LFP 

reflects a simple global oscillation.

An alternative explanation is that cells are phase-locked to more than one 

independent oscillatory source. Kocsis et al., (1999) have demonstrated that phase 

locking of hippocampal pyramidal cells to the theta rhythm may involve multiple
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independent oscillators. These authors demonstrated, using partial coherence analysis of 

hippocampal local field potentials, two separate sources of oscillation, which partly 

cancel. They suggested that phase locking of individual place cells was influenced by 

both oscillators.

A similar system of independent oscillators could account for several of the 

experimental observations presented in Chapter 5 (S. N. Baker, personal

communication). In particular, the near-zero phases measured between pairs of cells 

could be due to their synchronisation to a single oscillator, while the wide range of 

phases observed between cells and LFP may be explained by complex phase 

relationships to the summed activity of several oscillators in the LFP. Additionally, the 

variable delays measured between certain cells and the LFP oscillation may be 

interpreted as a result of various conduction pathways between each of these cells and a 

particular oscillatory source, most of which are short, and not detectable as a significant 

linear regression, due to the uncertainty in the phase estimate. The final observation that 

may be best explained by multiple oscillators is the division of coherence into two 

distinct frequency peaks (18-25 Hz and 30-37 Hz), which was seen for many cells. This 

could occur if the cells were phase-locked to two oscillators with differing delays, 

causing cancellation of coherence over part of the frequency range (S. N. Baker, personal 

communication).

In Chapter 5, I concluded that some cancellation would occur in the oscillatory 

signal in the motor output to the spinal cord. This conclusion was based on the 

assumption that each cell was entrained to a single global oscillator. Under the 

alternative hypothesis that multiple oscillators exist, synchrony in the output to the 

motomeurons would still be present, but could in fact be greater than that predicted from 

the combined phase locking to the LFP. Since cell pairs are synchronised with phases 

that are strongly clustered around zero (Fig. 5.5.2), the extent of cancellation expected in
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the corticospinal output from the motor cortex will be minimal. These synchronised 

descending inputs to motoneurons are likely to have a considerable effect on recruitment 

and subsequent muscle activation (Baker, 1998).

If multiple oscillators were to exist, we must assume that they are tightly coupled, 

since the coherence between LFP signals recorded at each electrode (over distances up to 

3 mm) is high (section 5.3). Murthy and Fetz, (1992) showed that LFP recordings were 

synchronised over inter-electrode distances of up to 14 mm. The existence of population 

synchrony over such large distances makes multiple distributed oscillators, to which cells 

are entrained with differing delays, seem unlikely. Likewise, the oscillatory activity from 

multiple oscillators would only appear in the surface EEG or MEG above the motor 

areas if they were tightly coupled.

The best method of addressing the possibility of multiple oscillators in the motor 

cortex is the use of partial coherence to reveal the sources of oscillatory activity in the 

LFP. This seems the most promising approach to distinguish between the presence of 

single or multiple oscillators.

Frequency of EMG-LFF coherence.

In 11 cases, 1 demonstrated EMG-LFP coherence in the range 1 5^0  Hz (Chapter 

6). The peak of this coherence was around 20 Hz, as reported previously 

(Conway et al. 1995; Baker et al. 1997; Salenius et al. 1997; Kilner et al. 1999). 

However, Brown et al., (1998) demonstrated two bands of MEG-EMG coherence in 

human subjects. One, around 20-30 Hz, was most pronounced during weak contractions 

whilst the other, from 30-60 Hz was greatest during strong contractions and may be the 

central correlate of the Piper rhythm. Since the occurrence of the Piper rhythm is not 

solely restricted to strong contractions (Brown et al., 1998), it is possible that the higher 

frequency LGP-EMG coherence in the data presented in Chapter 5 is analogous to that of
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Brown et al. (1998). In the current study, the peak was always in the 20-30 Hz range, 

presumably as the task mainly involved weak contraction, and any coherence in the 

higher frequency range was small. However, as shown in Chapter 5, two distinct bands 

of coherence were observed between cells and LFP, which may also be related to the two 

separate peaks seen by Brown et al., (1998).

What insights can be gained from LFP-EMG phase?

Several studies have tried to interpret the phase relationship between EMG and 

LFP as indicative of the delay between cortex and muscle (Halliday et al., 1998; Brown 

et a l, 1998; Mima et a l, 1998; Brown et a l, 1999). Other work has used motor-unit

triggered LFP, (Salenius et a l, 1997), cumulant density (Conway et a l, 1995; Halliday et

al, 1998) or cross-correlations (Baker et a l, 1997) to show that the delay between cortex 

and muscle is consistent with conduction via the corticospinal pathway. A linear 

relationship between phase and frequency was shown by Brown et a l, (1998) and Mima 

et al. (1998) in normal subjects and by Brown et a l, (1999) in cortical myoclonic 

patients. In these studies the range of delays was also wide, as reported here, but 

generally consistent with fast corticospinal conduction time. In the current study, the 

mean delay was found to be 13 ms, which is longer than the expected conduction time 

for fast PTNs, but consistent with conduction by slow PTNs, which comprise a large 

proportion of the CS tract (Porter and Lemon, 1993).

In Chapter 6, I demonstrated a high variability in delay shown by this method 

across monkeys, muscles, and even within a session. However, the phase always showed 

a positive increase with frequency, although it was not always linear. Halliday et a l,

(1998) demonstrated a different relationship between EMG and EEG, that of constant 

phase, either at 0 or 180°, depending on the subject. The results reported here support 

neither a constant phase relationship, nor a consistent linear relationship, but rather, they
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invoke a complex dynamic situation, in which the cortex always leads the muscle, but 

with a non-linear transfer (as the phase-ffequency regression does not pass through the 

origin). The results of the simulations in Chapter 6.3 proved inconclusive as to how the 

variability might be explained, as did the PT-LFP coherence analysis. McAuley et al., 

(1999) showed a similar variability in the phase relationship in the 10 Hz range between 

slow eye and finger movements. These authors concluded that the changing latency in 

transmission from a common source to eyes and finger caused the variability in both 

coherence and phase spectra.

Since variability is high in the synchronous transfer from cortex to muscle, it 

appears that the phase-frequency regression is not a good estimator of the delay in the 

system. It is therefore impossible to conclude whether the delays are consistent with 

corticospinal conduction or not.

Further work may seek to increase the resolution of the method, either in 

frequency or in time. Frequency resolution can be increased by resampling the data at a 

lower rate and obtaining more points on the phase-frequency spectrum for the regression 

to be more significant. Time resolution can be improved (at the expense of frequency 

resolution) by using short FFT blocks on data with a higher sampling rate. However, 

given the observed noise level, both methods still involve averaging of many blocks for 

significant coherence, and may thus average out any dynamic changes in the phase 

spectra.

Function of oscillations in the motor system.

As reviewed in Chapter 1, several groups have proposed a role for oscillations in 

the motor system in the maintenance of sustained contraction (Conway et al., 1995; 

Brown et al., 1998; Halliday et al., 1998; Kilner et al., 1999; Baker et al., 1999). 

However, work by Pfurtscheller et al., (1997) and Kilner et al., (1999) suggests that
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rather than being related to steady contraction per se, oscillations are greater after 

movement to a new steady hold position. Indeed, Kilner (personal communication) has 

shown that 15-30 Hz coherence between cortex and muscle in single subjects tailed off 

with a steady precision grip held for 3 minutes, compared to coherence averaged over 60 

such trials held for 3 s each.

The data presented in Chapters 5 and 6 is from the hold period of the precision grip. 

However, in section 5.9 I showed that peak coherence occurs most often near the start of 

the hold period, in agreement with the rebound in coherence shown by Kilner et al.,

(1999) and also with the rebound in EEG power shown by Pfurtscheller et al., (1997).

1 have demonstrated that 45% of cortical cells are phase-locked to cortical 

oscillations in the range 18-37 Hz. Since most of these cells were PTNs, and their 

combined firing was roughly synchronised, this finding suggests that synchrony in the 

motor cortex is present in its output pathways to the motoneurons, and may thus 

influence their recruitment. This work supports the hypothesis of Baker et al., (1999) 

that, during steady contraction, synchronous activity in the cortex may recruit 

motoneurons more efficiently than an asynchronous input would, thus producing 

maximal force for a given amount of corticospinal discharge.

Salenius et al., (1997) proposed that synchrony might function at the cortical 

level to temporarily couple those cells involved in specifying the movement, and would 

thus synchronise the firing of motoneurons as a result. The current study has not 

systematically addressed whether the cells that are phase-locked are preferentially related 

to the movement. However, more CM cells than other cells were phase-locked to the 

oscillation. In addition, the functional connections revealed by cross-correlation (Chapter 

4) were strongly influenced by the task-modulation of the cells. Taken together, these 

observations support the view that cortical oscillations may reflect the association of 

distributed groups of cells, each related to some aspect of the movement (Salenius et al..
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1997; Farmer, 1998). If this is the case, then their role is not dissimilar to that proposed 

for 40 Hz oscillations in the visual system, (Singer and Gray, 1995) which is to associate 

distant assemblies of cells concerned with processing of similar features of the visual 

stimulus.

From this, it can be conjectured that oscillations may have a similar role across 

many systems, such as pyriform cortex, hippocampus, visual and motor cortices. Rather 

than coding for a particular parameter, they may act to associate disparate groups of 

cells, by temporal synchronisation of their discharges (Singer, 1993; Von der Malsberg, 

1995).
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General conclusions

1. Multiple electrode recording methods provide an efficient means of sampling a large 

number of cells in an unbiased way.

2. Time domain analysis provides insights into features of network connectivity and 

spatiotemporal firing patterns, to which frequency domain analysis can add 

information about the oscillatory synchrony within the network. Both approaches are 

needed to gain an idea of the relative contribution of stochastic and oscillatory 

synchrony within a system.

3. Networks in Ml have a greater degree of synchronous input between cells than do 

those in SMA or PMv. This may relate to differences in the function between the 

different areas.

4. The connectivity in Ml is suggestive of a distributed network with common inputs to 

pairs of cells separated by as much as 4 mm, while the strongest connections are 

local (<1 mm). These local connections are more likely to be between cells with 

similar relationships to movement, implying a modular arrangement across the 

distributed network. An hypothesised explanation for motor cortical function is that 

clusters of CM cells specify motor synergies about a particular joint, and are co

ordinated by weak long-range synchrony between the clusters.

5. Cortical control of skilled hand function may involve oscillations that are 

synchronous between cortex and motoneurons. One proposed role for these 

oscillations is in the maintenance of steady contraction by efficient recruitment of 

motoneurons by their cortical inputs. Synchrony between CM cells that are phase- 

locked to a global oscillation would allow summation of their EPSPs at the 

motoneuron, causing increased force for a small amount of corticospinal discharge.

248



References

Abeles, M. (1991) Corticonics: Neural circuits of the cerebral cortex, Cambridge 

University Press, Cambridge.

Abeles, M., Bergman, H., Margalit, E. and Vaadia, E. (1993). Spatiotemporal firing 

patterns in the frontal cortex of behaving monkeys. J. Neurophysiol. 70: 1629-1638.

Abeles, M., Prut, Y., Bergman, H. and Vaadia, E. (1994) Synchronization in neuronal 

transmission and its importance for information processing. Prog. Br. Res. 102.395-404.

Aertsen, A. M. H. J. and Gerstein, G. L. (1985). Evaluation of neuronal connectivity: 

sensitivity of cross-correlation. Br. Res. 340: 341-354.

Allum, J. H. J., Hepp-Reymond, M-C., and Gysin, R. (1982). Cross-correlation analysis 

of intemeuronal connectivity in the motor cortex of the monkey. Br. Res. 231: 325-334.

Amzica, F., Neckelmann, D. and Steriade, M. (1997). Instrumental conditioning of fast 

(20- to 50- Hz) oscillations in corticothalamic networks. Proc. Natl. Acad. Sci. USA. 94: 

1985-1989.

Aroniadou, V. A. and Keller, A. (1993). The patterns and synaptic properties of 

horizontal intracortical connections in the rat motor cortex. J. Neurophysiol. 70: 1553- 

1569.

Asanuma, H. and Rosen, 1.(1972). Topographical organisation of cortical efferent zones 

projecting to distal forehmb muscles in the monkey. Exp. Br. Res. 14: 243-256.

Asanuma, H. and Rosen, 1.(1973). Spread of mono- and polysynaptic connections within 

cat’s motor cortex. Exp. Br. Res. 16: 507-520.

Asanuma, H. (1975). Recent developments in the study of the colunmar arrangement of 

neurons within the motor cortex. Physiol Rev. 55,143-156.

249



Asanuma, H., Zarzecki, P., Jankowska, E., Hongo, T. and Marcus, S. (1979). Projection 

of individual pyramidal tract neurons to lumbar motor nuclei of the monkey. Exp. Br. 

Res. 34: 73-89.

Baker, S. N. (1997) Quantification of the relative efficacies of asynchronous and 

oscillating inputs to a motoneurone pool using a computer model. J Physiol. 504. PI 16.

Baker, S. N. and Lemon, R. N. (1998). A computer simulation study of the production of 

post-spike facilitation in spike triggered averages of rectified EMG. J. Neurophys. 80: 

1391-1406.

Baker, S. N. and Lemon, R. N. (1999). Synchronization in monkey motor cortex during a 

precision grip task. I. Task dependent modulation in single unit synchrony. J. 

Neurophysiol, (in press).

Baker, S. N., Olivier, E. and Lemon, R. N. (1997). Coherent oscillations in monkey 

motor cortex and hand muscle EMG show task-dependent modulation. J. Physiol. 

501:225-241.

Baker, S. N., Olivier, E. and Lemon, R. N. (1998). An investigation of the intrinsic 

circuitry of the motor cortex of the monkey using intra-cortical microstimulation. Exp.

Br. Res. 123: 397-411.

Baker, S.N., Pinches, E. M. and Lemon, R.N. (1998). Task related changes in the pattern 

and coincidence of discharge in a population of macaque motor cortex output neurons. 

Eur. J. Neurosci. 10, SIO: p3117.

Baker, S.N., Kilner, J.M., Pinches, E.M. and Lemon, R.N. (1999). The role of synchrony 

and oscillations in the motor output. Exp. Brain Res. Submitted.

Baldissera, P., Hultbom, H., and Illert, M. (1981). Integration in spinal neuronal systems. 

In Handbook of Physiology -the Nervous System II. Brookhart, J. B. and Mountcastle,

V. B. pp509-595. American Physiological Society, Bethesda, MD.

250



Bennett, K. M. B. and Lemon, R. N. (1994). The influence of single monkey 

corticomotoneuronal cells at different levels of activity in target muscles. J Physiol. 477: 

291-307.

Bennett, K. M. B. and Lemon, R. N. (1996). Corticomotoneuronal contribution to the 

fractionation of muscle activity during precision grip in the monkey. J. Neurophysiol. 75: 

1826-1842.

Bressler, S. L., Large-scale cortical networks and cognition. (1995). Br. Res. Rev. 20: 

288-304.

Brinkman, C. (1974) Split-brain monkeys: cerebral control of contralateral and ipsilateral 

arm, hand and finger movements. Thesis, Erasmus University, Rotterdam.

Brinkman, C. (1984) Supplementary motor area of the monkey’s cerebral cortex: short- 

and long-term deficits after unilateral ablation and the effects of subsequent callosal 

section. J Neurosci. 4: 918-929.

Brown, P., Salenius, S., Rothwell, J.C. and Hari, R. (1998). Cortical correlate of the 

Piper rhythm in humans. J. Neurophys. 80: 2911-2917.

Brown, P., Farmer, S. P., Halliday, D. M., Marsden, J. and Rosenberg, J. R. (1999). 

Coherent cortical and muscle discharge in cortical myoclonus. Brain 122: 461-472.

Buys, E. J., Lemon, R. N., Mantel, G. W. H. and Muir, R. B. (1986). Selective 

facilitation of different hand muscles by single corticospinal neurones in the conscious 

monkey. J. Physiol. 381: 529-549.

Calvin, W. H. and Spyert, S. (1976). Fast and slow pyramidal tract neurons: an 

intracellular analysis of their contrasting repetitive firing properties in the cat. J. 

Neurophysiol. 39: 420-431.

Carpenter, A.F., Georgopoulos, A. P. and Pellizer, G. (1999). Motor cortical encoding of 

serial order in a context-recall task. Science 283: 1752-1757.

251



Chen, D. F., Hyland, B., Maier, V., Palmeri, A. and Wiesendanger, M. (1991). 

Comparison of neural activity in the supplementary motor area and in the primary motor 

cortex of monkeys. Somatosensory and motor research 8: 27-44.

Chen, L. and Wise, S. P. (1996). Evolution of directional preferences in the 

supplementary eye field during acquisition of conditional oculomotor associations. J. 

Neurosci. 16: 3067-3081.

Chen, W., Zhang, J-J., Hu, G-Y. and Wu, C-P. (1996). Different mechanisms underlying 

the repolarization of narrow and wide actin potentials in pyramidal cells and intemeurons 

of cat motor cortex. Neurosci. 73: 57-68.

Cheney, P.D.and Fetz, B.E. (1980). Functional classes of primate cortico-motoneuronal 

cells and their relation to active force. J. Neurophysiol. 44: 773-791.

Cheney, P. D. and Fetz, E. E. (1985). Comparable patterns of muscle facilitation evoked 

by individual corticomotoneuronal (CM) cells and by single intracortical microstimuli in 

primates: evidence for functional groups of CM cells. J Neurophysiol. 53. 786-804.

Cheney, P.O., Fetz, E.E., and Mewes, K. (1987). Neural mechanisms underlying 

corticospinal and rubrospinal control of hmb movements. Pr. Br. Res. 87: 213-252.

Cheney, P. D., Fetz, E. E. and Palmer, S. S. (1985) Patterns of facihation and 

suppression of antagonist forelimb muscles from motor cortex sites in the awake 

monkey. J Neurophysiol 53. 805-820.

Colebatch, J. G., Deiber, M-B., Passingham, R. E., Friston, K.J. and Frackowiak, R.S.J. 

(1991). Regional cerebral bloo flow during voluntary arm and hand movements in 

human subjects. J. Neurophysiol. 65: 1392-1401.

Conway, B. A., Halliday, D. M., Farmer, S. F., Shahani, U., Maas, P., Weir, A. I., and 

Rosenberg, J. R. (1995). Synchronization between motor cortex and spinal motoneuronal 

pool during the performance of a maintained motor task in man. J. Physiol 489: 917- 

924.

252



Conway, B. A., Biswas, P., Halliday, D. M., Farmer, S. F. and Rosenberg, J. R. (1997). 

Task-dependent changes in rhythmic motor output during voluntary elbow movement in 

man. J. Physiol. 501P: 48-49P.

Contreras, D., Destexhe, A., Sejnowski, T. J. and Steriade, M. (1997). Spatiotemporal 

patterns of spindle oscillations in cortex and thalamus. J. Neurosci. 17: 1179-1196. 

Cordeiro, M. F., Occlestone, N. L., Khaw, P. T. (1997). New concepts: Manipulation of 

the wound-healing response. Dev. Opthalmology. 28: 242-260.

Crick, F. and Koch, C. (1998). Consciousness and neuroscience. Cerebral cortex 8: 97- 

107.

Csicsvari, J., Hirase, H., Czurko, A., Mamiya, A and Buzsaki, G. (1999). Oscillatory 

coupling of hippocampal pyramidal cells and interneurons in the behaving rat. J. 

Neurosci. 19: 274-287.

Davey, N. J., Romaiguere, P., Maskill, D. W. and Ellaway, P. H. (1994). Suppression of 

voluntary motor activity revealed using transcranial magnetic stimulation of the motor 

cortex in man. J. Physiol. 477: 223-235.

Dayhoff, J. E. and Gerstein, G. L. (1983a) Favored patterns in spike trains I.Detection. J. 

Neurophysiol. 6:1334-1348.

Dayhoff, J. E. and Gerstein, G. L. (1983b) Favored patterns in spike trains II. 

Application. J. Neurophysiol. 6: 1349-1363.

Decety, J. and Grezes, J. (1999). Neural mechanisms subserving the perception of human 

actions. TICS 3:172-178.

Deiber, M-P., Passingham, R. E., Colebatch, J. G., Friston, K. J., Nixon, P.D. and 

Frackowiak, R. S. J. (1991). Cortical areas and the selection of movement: a study with 

positron emission tomography. Exp. Br. Res. 84: 393-402.

Deuschl, G., Krack, P. and Timmer, J. (1996). Clinical Neurophysiology of tremor. J 

Chn. Neurolphysiol. 13: 110-121.

253



Donoghue, J. P., Sanes, J. N., Hatsopoulos, N. G. and Gaal, G. (1998). Neural discharge 

and local field potential oscillations in primate motor cortex during voluntary 

movements. J. Neurophysiol. 79: 159-173.

Dum, R. P. and Strick, P. L. (1991).The origin of corticospinal projections from the 

premotor areas in the frontal lobe. J. Neurosci. 11: 667-689.

Eckhom, R. and Thomas, U. (1993). A new method for the insertion of multiple 

microprobes into neural and muscular tissue, including fiber electrodes, fine wires, 

needles and microsensors. J. Neurosci. Methods 49. 175-179.

Edelman, G. M. (1978). Cortical organization and the group-selective theory of higher 

brain function. In: The mindful brain: Eds. Edelman, G. M. and Mountcastle, V. B. MIT 

Press.

Eeckman, F. H. and Freeman, W. J. (1990). Correlations between unit firing and EEG in 

the rat olfactory system. Brain Res. 528: 238-244.

Eggermont, J. J. (1990). The correlative brain. Theory and experiment in neural 

interaction. Springer-Verlag, Berlin.

Eggermont, J. J. (1991). Rate and synchronization measures of periodicity coding in cat 

primary auditory cortex. Hearing Res. 56: 153-167.

Ellaway, P. H. and Murphy, K. S. K. (1985). The source and distribution of short-term 

synchrony between gamma-motoneurones in the cat. Q. J. Exp. Physiol. Cogn. Med. Sci. 

70: 233-247.

Evarts, E. V. (1965) Relation of discharge frequency to conduction velocity in PTNs.

J.Neurophysiol. 28: 216-228.

Evarts, E. V. (1968). Relation of pyramidal tract activity to force exerted during 

voluntary movement. J. Neurophysiol. 31.14-27.

254



Evarts, B. V. (1969). Activity of pyramidal tract neurons during postural fixation. J. 

Neurophysiology. 32: 375-385.

Evarts, E. V., Fromm, C., Kroller, J., and Jennings, V.A. (1983). Motor cortex control of 

finely graded forces. J. Neurophysiol. 49: 1199-1215.

Farmer, S.F. (1991). The central and reflex control of movements studied during health 

and disease in man. PhD. Thesis. University of London.

Farmer, S. F., Sheehan, G. L., Mayston, M., Rothwell, J. C., Marsden, C. D., Conway, B.

A., Halliday, D. M., Rosenberg, J. R., and Stephens, J. A. (1998). Abnormal motor unit 

synchronisation between antagonist muscles underlies pathological co-contraction in 

upper limb dystonia. Brain 121: 799-812.

Farmer, S. F. (1998). Rhythmicity, synchronization and binding in human and primate 

motor systems. J. Physiol. 509: 3-14.

Feldman, M. L. (1984). Morphology of the neocortical pyramidal neuron. Cerebral 

Cortex pp123-200. Eds Peters A Jones EG. Plenum Press (New York).

Felix, D., and Wiesendanger, M. (1971). Pyramidal and non-pyramidal motor cortical 

effects on distal forelimb muscles of monkeys. Exp. Br. Res. 12: 81-91.

Fetz, E. E. (1997). Temporal coding in neural populations? Science 278: 1901-1902.

Fetz, E. E., and Gustafsson, B. (1983) Relation between shapes of post-synaptic 

potentials and changes in firing probability if cat motoneurones. J. Physiol. 341. 387- 

410.

Fetz, E. E., Toyama, K., and Smith, W. (1990). Synaptic interactions between cortical 

neurons. Cerebral Cortex 9: 1-47. Eds: Jones, E. G. and Peters, A.

Fetz, E. E. and Cheney, P. D. (1980). Postspike facilitation of forehmb muscle activity 

by primate corticomotoneuronal cells. J. Neurophysiol. 44: 751-772.

255



Fisher, N. I. (1993). Statistical analysis of circular data. Cambridge University Press, 

Cambridge.

Fu, Q. G., Suarez, I. and Ebner, T. J. (1993). Neuronal specification of direction and 

distance during reaching movements in the superior precentral premotor area and 

primary motor cortex of monkeys. J. Neurophysiol. 70: 2097-2116.

Galea, M. and Darian-Smith, I. (1994). Multiple corticospinal neuron populations in the 

macaque monkey are specified by their unique cortical origins, spinal terminations and 

connections. Cereb. Cortex. 4: 166-194.

Georgopoulos, A. P., Kalaska, J. F., Caminiti, R. and Massey, J. T. (1982) On the 

relation between the direction of two-dimensional arm movements and cell discharge in 

primate motor cortex. J. Neurosci 2:1527-1537.

Georgopoulos, A. P., Lurito, J. T., Petrides, M., Scwartz, A. B. and Massey, J. T. (1989). 

Mental rotation of the neuronal population vector. Science 243: 234-236.

Georgopoulos, A. P., Taira, M., and Lukashin, A. (1993) Cognitive neurophysiology of 

the motor cortex. Science 260: 47-52.

Gochin, P. M., Miller, E. K., and Gross, C. G. (1991). Functional interactions among 

neurones in inferior temporal cortex of the awake macaque. Exp Br. Res. 84: 505-516.

Gray, C. M. and McCormick, D. A. (1996). Chattering cells: superficial pyramidal 

neurons contributing to the generation of synchronous oscillations in the visual cortex. 

Science 274: 109-113.

Halliday, D. M., Rosenberg, J. R., Amjad, A. M., Breeze, P., Conway, B. A. and Farmer,

S. F. (1995). A framework for the analysis of mixed time series/point process data-theory 

and application to the study of physiological tremor, single motor unit discharges and 

electromyograms. Prog. Biophys. Molec. Biol. 64: 237-278.

256



Halliday, D. M., Conway, B. A., Farmer, S. F. and Rosenberg, J. R. (1998). Using 

electroencephalography to study functional couphng between cortical activity and 

electromyograms during voluntary contractions in humans. Neurosci. Lett 241: 5-8.

Harris C. M. and Wolpert D. M. (1998) Signal-dependent noise determines motor 

planning Nature 394: 780-784.

Hebb, D. O. (1949). The Organization of behaviour: a neurophysiological theory. Wiley, 

New York.

Hepp-Reymond, M-C., Wyss, U. R. and Anner, R. (1978). Neuronal coding of static 

force in the primate motor cortex. J. Physiol. Paris. 74: 287-291.

Hepp-Reymond, M-C. (1998). Functional organisation of motor cortex and its 

participation in voluntary movements. In: Comparative primate biology. Neurosciences, 

Eds: H.D. Sekhs and J. Erwin. 4: 501-564. Liss, New York.

Hoover, J. E. and Strick, P. L. (1999). The organization of cerebellar and basal ganglia 

outputs to primary motor cortex as revealed by retrograde transneuronal transport of 

herpes simplex virus type 1. J. Neurosci. 19: 1446-1463.

Hubei, D. H. and Wiesel, T. N. (1968). Receptive fields and functional architecture of 

monkey striate cortex. J. Physiol. 195: 215-243.

Humphrey, D. R., Schmidt, E. M. and Thompson, W. D. (1970). Predicting measures of 

motor performance from multiple cortical spike trains. Science 179: 758-762.

Humphrey, D. R. and Corrie, W. S. (1978). Properties of pyramidal tract neuron system 

within a functionally defined subregion of primate motor cortex. J. Neurophysiol. 41: 

216-243.

Huntley, G. W. and Jones E. G. (1991) Relationship of intrinsic connections to forelimb 

movement representations in monkey motor cortex: A correlative anatomical and 

physiological study. J. Neurophysiol. 66: 390-413.

257



Illert, M., Kummel, H. and Scott, J. J. A. (1996). Beta innervation and recurrent 

inhibition: a hypothesis for manipulatory and postural control. Pflugers Arch.-Eur. J. 

Physiol. 432: R61-R67.

Jefferys, J., Traub, R. D. and Whittington, M. A. (1996). Neuronal networks for induced 

‘40 Hz’ rhythms. TINS 19: 202-207.

Jenny, A. B. and Inukai J. (1983). Principles of motor organisation of the monkey 

cervical spinal cord. J Neuroscience. 3. 567-575.

Jones, B. G. (1986) Connectivity of the primate sensory-motor cortex. In Cerebral 

Cortex. Eds. E. G. Jones and A. Peters. Vol. 5, ppl 13-183. Plemun, New York.

Jones, E. G. (1990) Determinants of the cytoarchitecture of the cerebral cortex. In Signal 

and Sense, Eds Edelman G M, Gall W E, Cowan W M. Wiley-Liss, New York.

Kalaska, J. P., Cohen, D. A. D., Hyde, M. L. and Prud’homme, M. (1989). A comparison 

of movement direction-related activity in primate motor cortex, using a two-dimensional 

reaching task. J. Neurosci. 9:2080-2102.

Kazennikov, O., Hyland, B., Wicki, U., Perrig, S., Rouiller, E. M. and Wiesendanger,

M. (1998). Effects of lesions in the mesial frontal cortex on bimanual co-ordination in 

monkeys. Neurosci. 85:703-716.

Kemell D. (1986) Organisation and properties of spinal motoneurones and motor units. 

Prog Brain Res 64:21-30.

Kemell, D. and Hultbom, H (1990) Synaptic effects on recruitment gain: a mechanism of 

importance for the input-output relations of motoneuron pools. Brain Res. 507. 176-179.

Kilner, J. M., Baker, S. N., Salenius, S., Jousmaki, V., Hari, R. and Lemon, R. N. (1999). 

Task-dependent modulation of 15-30 Hz coherence between rectified EMGs from human 

hand and forearm muscles. J. Physiol. 516:559-570.

258



Kirkwood, P. A. and Sears, T. A. (1982) The effects of single afferent impulses on the 

probability of firing of external intercostal motoneurones in the cat. J. Physiol. 322. 315- 

336.

Kirkwood, P. A. (1979). On the use and interpretation of cross-correlation 

measurements in the mammalian central nervous system.!. Neurosci Methods. 1.107- 

132.

Kocsis, B., Bragin, A. and Buzsaki, G. (1999). Interdependence of multiple theta 

generators in the hippocampus: a partial coherence analysis. J. Neurosci. 19: 6200-6212.

Kudrimotoi, H. S., Barnes, C. A. and McNaughton, B. L. (1999). Reactivation of 

hippocampal cell assemblies: effects of behavioural state, experience, and EEG 

dynamics. J. Neurosci. 19:4090-4101.

Kuypers, H. G. J. M. (1981). Anatomy of the descending pathways. In Handbook of 

physiology- the nervous system II. (eds J. M. Brookhart and V. B. Mountcastle), pp597- 

666. American physiological society, Bethesda, Maryland.

Kwan, H. C., Mackay, W. A., Murphy, J. T. and Wong, Y. C. (1978). Spatial 

organization of precentral cortex in awake primates. II. Motor Outputs. J. Neurophysiol. 

41:1120-1131.

Kwan, H. C., Murphy, J. T. and Wong, Y. C. (1987). Interaction between neurons in 

precentral cortical zones controlling different joints. Br. Res. 400: 259-269.

Lankamp, D. J. (1967) The fibre composition of the pedunculus cerebri (crus cerebri) in 

man, p p l-40. Thesis, Leiden University.

Lawrence, D. G. and Kuypers, H. G. J. M. (1968a) The functional organisation of the 

motor system in the monkey. I. The effects of bilateral pyramidal lesions. Brain 91: 1-14.

Lawrence, D. G. and Kuypers, H. G. J. M. (1968b) The functional organisation of the 

motor system in the monkey. II. The effects of lesions of the descending brain-stem 

pathways. Brain. 91: 15-36.

259



Lemon, R. N. (1981a). Functional properties of monkey motor cortex neurones receiving 

afferent input from hand and fingers. J. Physiol. 311: 497-519.

Lemon, R. N. (1981b). Variety of functional organization within the monkey motor 

cortex. J Physiol. 311: 521-540.

Lemon, R. N. (1984). Methods for neuronal recording in conscious animals. In IBRO 

handbook series: Methods in Neurosciences (ed. A. D. Smith) Vol. 4., pp 1-162. Wiley, 

London.

Lemon, R. N. (1988). The output maps of the primate motor cortex. TINS 11: 501-506.

Lemon, R. N. (1990) Mapping the output functions of the motor cortex. In Signal and 

Sense: local and global order in perceptual maps. Eds Edelman, G., Gall, E., and 

Cowan, W. M., pp315-356. Wiley, Chichester.

Lemon, R. N. (1993). Cortical control of the primate hand. Exp Physiol. 78: 263-301.

Lemon, R. N. and Mantel, G, W. H. (1989). The influence of changes in discharge 

frequency of corticospinal neurones on hand muscle in the monkey. J. Physiol. 413: 351- 

378.

Lemon, R. N., Muir, R. B. and Mantel, G. W. H. (1986). Corticospinal facihtation of 

hand muscles during voluntary movement in the conscious monkey. J. Physiol. 381: 497- 

527.

Lemon, R. N., Muir, R. B. and Mantel, G. W. H. (1987). The effects upon the activity of 

hand and forearm muscles of intracortical stimulation in the vicinity of corticomotor 

neurones in the conscious monkey. Exp. Br. Res. 66: 621-637.

Lemon, R. N., Werner, W., Bennett, K. M. B. and Flament, D. A. (1993). The proportion 

of slow and fast pyramidal tract neurones producing post-spike facihtation of hand 

muscles in the conscious monkey. J. Physiol. 459: 166P.

260



Livingstone, M. S. and Hubei, D. H. (1984). Anatomy and physiology of a color system 

in the primate visual cortex. J. Neurosci. 4:309-356.

Llinas, R. and Ribary, U. (1993) Coherent 40-Hz oscillation charaterizes dream state in 

humans. Proc. Natl. Acad. Sci. USA 90:2078-2081.

Lund, J. S. (1990) Excitatory and inhibitory circuitry and laminar mapping strategies in 

the primary visual cortex of the monkey. In Signal and Sense: local and global order in 

perceptual maps. Eds Edelman, G., Gall, E., and Cowan, W. M., pp315-356. Wiley, 

Chichester.

Maier, M. A., Bennett, K. M. B., Hepp-Reymond, M-C. and Lemon, R. N. (1993). 

Contribution of the monkey corticomotoneuronal system to the control of force in 

precision grip. J. Neurophysiol. 69: 772-785.

Maier, M. A., Davis, J. N., Armand , J., Kirkwood, P.A., Philbin, N., Ognjenovic, N. and 

Lemon, R. N. (1997) Comparison of cortico-motoneuronal (CM) connections from 

macaque motor cortex and supplementary motor area. Soc. Neurosci. Abstr. 23: 502.13.

Martin, K.A. (1988). From single cells to simple circuits in the cerebral cortex. Q. J.

Exp. Physiol. 73: 637-702.

Matsumura, M., Chen, R., Sawaguchi, T., Kubota, K., Fetz, E. E. (1996). Synaptic 

interactions between primate precentral cortex neurons revealed by spike-triggered 

averaging of intracellular membrane potentials in vivo. J. Neurosci. 16: 7757-7767.

Matsumura, M., Sawaguchi, T., Oishi, T., Ueki, K., and Kubota, K. (1991) Behavioural 

deficits induced by local injection of Bicuculline and Muscimol into the primate motor 

and premotor cortex. J. Neurophysiol. 65: 1542-1553.

Matsumura, M., Sawaguchi, T., Kubota, K. (1992). Gabaergic inhibition of neuronal 

activity in the primate motor cortex during voluntary movement. J. Neurophysiol. 68: 

692-702.

261



McAuley, J. H., Farmer, S. P., Rothwell, J. C. and Marsden, C. D. (1999). Common 3 

and 10 Hz oscillations modulate human eye and finger movements while they 

simultaneously track a visual target. J. Physiol. 515: 905-917.

McNaughton, B. L., O’Keefe, J. and Barnes, C. A.(1983). The stereotrode- a new 

technique for simultaneous isolation of several single units in the central nervous system 

from multiple unit records. J. Neurosci Meth. 8: 391-397.

Mendell, L. M. and Henneman, E. (1971). Terminals of single la  fibers: location, density 

and distribution within a pool of 300 homonymous motoneurons. J. Neurophysiol, 

34:171-187.

Miller, L.E., van Kan, P. L. E., Sinkjhaer, T., Andersen, T., Harris, G. D., 

and Houk, J. C. (1993). Correlation of primate red nucleus discharge with 

muscle activity during free-form arm movements. J Physiol. 469: 213-243.

Miltner, W. H. R., Braun, C., Arnold, M., Witte, H., and Taub, E. (1999) Coherence of 

gamma-band EEG activity as a basisi for associative learning. Nature 397: 434-436.

Mima, T., Gerloff, C., Steger, J. and Hallett, M. (1998). Frequency-coding of motor 

control system -coherence and phase estimation between cortical rhythm and 

motoneuronal firing in humans. Soc. for Neurosci Abstracts 24: 1768.

Mountcastle V. B. (1978). An organizing principle for cerebral function: the unit module 

and the distributed system. In: The mindful brain. pp7-50. Eds. Edelman, G. M. and 

Mountcastle V. B. MIT Press.

Mountcastle V.B.(1997). The columnar organisation of the neocortex. Brain 120,707- 

772.

Muir, R. B. and Lemon, R. N. (1983). Corticospinal neurons with a special role in 

precision grip. Brain Res. 261. 312-316.

262



Murphy, J. T., Kwan, H. C., Mackay, W. A. and Wong, Y. C. (1978). Spatial 

organization of precentral cortex in awake primates in. Input-output coupling. J. 

Neurophysiol. 41:1132-1139.

Murphy, J. T., Kwan, H. C. and Wong, Y. C. (1985). Cross correlation studies in primate 

motor cortex:synaptic interaction and shared input. Can J. Neurol. Sci. 12:11-23.

Murthy, V. N. and Fetz, E. E. (1992). Coherent 25-hz to 35-hz oscillations in the 

sensorimotor cortex of awake behaving monkeys. Proc. Natl. Acad. Sci. U.S.A. 89: 

5670-5674.

Murthy, V. N. and Fetz, E. E. (1994). Effects of input synchrony on the firing rate of a 3- 

conductance cortical neuron model. Neural Computation. 6:1111-1126.

Murthy, V. N., and Fetz E. E. (1996a). Oscillatory activity in sensorimotor cortex of 

awake monkeys: synchronization of local field potentials and relation to behaviour. J. 

Neurophysiol. 76: 3349-3967.

Murthy, V. N., and Fetz E. E. (1996b). Synchronization of neurons during local field 

potential oscillations in sensorimotor cortex of awake monkeys. J. NeurophysioL 76: 

3968-3982.

Mussa-Ivaldi, A. F. (1988). So neurons in the motor cortex encode movement direction? 

An alternative hypothesis. Neurosci Letts. 91: 106-111.

Napier, J. R. (1961). Prehensibility and opposability in the hands of primates. Symp. 

Zool. Soc. Lond. 5.115-132.

Nathan, P. W., Smith, M, and Deacon, P. (1996). Vestibulospinal, reticulospinal, and 

descending propriospinal nerve fibres in man. Brain 119: 1809-1833.

Nicolelis, M. A. L., Ghanzanfar, A. A., Faggin, B. M., Votaw, S. and Oliveira, L. M. O. 

(1997). Reconstructing the engram: simultaneous, multisite, many single neuron 

recordings. Neuron 18: 529-537.

263



O’Keefe, J. and Dostrovsky, J. (1971). The hippocampus as a spatial map. Prehminary 

evidence from unit activity in the freely moving rat. Brain Res. 34: 171-175.

O’Keefe, J. and Recce, M. (1993). Phase relationship between hippocampal place units 

and the EEG theta rhythm. Hippocampus 3: 317-330.

Passingham, R. E. (1993) The frontal lobes and voluntary action. Oxford Science 

Publications (Oxford).

Pauluis, Q., Baker, S. N., Olivier, E. (1999). Emergent oscillations in a realistic network: 

the role of inhibition and the effect of the spatiotemporal distribution of the input. J. 

Computat. Neurosci 6: 27-48.

Percheron, G., Francois, C., Talbi, B., Yelnik, J. and Fenelon, G. (1996) The primate 

motor thalamus. Brain Res. Rev. 22: 93-181.

Perkel, D. H., Gerstein, G. L. and Moore, G. P. (1967). Neuronal spike trains and 

stochastic point processes. II. Simultaneous spike trains. Biophys. J. 7: 419-440.

Pfurtscheller, G., Pregenzer, M and Neuper, C. (1994). Visualization of sensorimotor 

areas involved in preparation for hand movement based on classification of p and central 

p rhythms in single EEG trials in man. Neurosci Letts 181: 43-46.

Pfurtscheller, G., Stancak, A. and Edlinger, G. (1997). On the Existence of different 

types of central beta rhythms below 30 Hz. Electroenceph. and Chn. Neurophys. 102: 

316-325.

Philhps, C. G. (1969). Motor apparatus of the baboon’s hand. Proc. Roy. Soc. Lond. Ser.

B. 173.141-174.

Philhps, C. G. and Porter, R. (1977). Corticospinal neurons: their role in movement. 

Academic press, London.

264



Pierrot-Deseilligny, E. (1996). Transmission of the cortical command for human 

voluntary movement through cervical propriospinal premotoneurons. Prog. Neurobiol. 

48: 489-517.

Pinches E. M., Baker, S. N., and Lemon R. N. (1997). Quantitative assessment of phase 

locking in discharge of identified pyramidal tract neurones during 25 Hz oscillations in 

monkey motor cortex. J. Physiol. 501: 36P.

Pinches, E. M., Baker, S. N. and Lemon, R. N. (1998). Frequency domain analysis of the 

synchrony between local field potentials and output neurons recorded in macaque motor 

cortex during precision grip. J. Physiol. 515: 156P.

Pinches, E. M., Baker, S. N. and Lemon, R. N. (1999) Synchronization in monkey motor 

cortex during a precision grip task II. Frequency domain analysis of identified neurons 

local field potential and EMG. J. Neurophysiol. Submitted.

Porter, R and Lemon, R. N. (1993) Corticospinal Function & Voluntary Movement. 

Oxford University Press.

Prut, Y., Vaadia, E., Bergman, H., Haalman, I., Slovin, H. and Abeles, M. (1998). 

Spatiotemporal structure of cortical activity: properties and behavioural relevance. J. 

Neurophysiol. 79: 2857-2874.

Rao, S. M., Binder J. R., Hammeke, T. A., Bandettini, P. A., Bobholz, J. A., Frost, J. A., 

Myklebust, B. M., Jacobson, R. D. and Hyde, J. S. (1995). Somatotopic mapping of the 

human primary motor cortex with functional magnetic resonance imaging. Neurology 

45: 919-924.

Reeke, G. N., Finkel, L. H., Spoms, O., Edelman, G. M. (1990). Synthetic Neural 

Modelling: A multilevel approach to the analysis of Brain complexity. In: Signal and 

Sense Ch. 24. Eds. Edelman G M, Gall W E, Cowan W M. Wiley-Liss (New York).

Riehle, A., Grun, S., Diesmann, M. and Aertsen, A. (1997). Spike synchronization and 

rate modulation differentially involved in motor cortical function. Science 278: 1950- 

1953.

265



Rieke, F., Warland D., De Ruyter van Steveninck, R. and Bialek, W. “Spikes- exploring 

the neural code” 1997, MIT Press.

Rodriguez, E., George, N., Lachaux, J-P., Martinerie, J., Renault, J. and Varela,

F.(1999). Perception’s shadow: long-distance synchronization of human brain activity. 

Nature 397:430-433.

Rockel, A. J., Hioms, R. W. and Powell, T. P. S. (1980) The basic uniformity in 

structure in the neocortex. Brain. 103. 221-244.

Roelfsema, P. R., Engel, A. K., Konig, P. and Singer, W. (1997). Visuomotor integration 

is associated with zero time-lag synchronization among cortical areas. Nature 385: 157- 

161.

Roland, P. E., Larsen, B., Lassen, N. A. and Skinhoj, E. (1980). Supplementary area and 

other cortical areas in organisation of voluntary movements in man. J. Neurophys. 

43.118-136.

Rosenberg, J. R., Amjad, A. M., Breeze, P., Brillinger, D. R. and Halliday, D. M. (1989). 

The Fourier approach to the identification of functional couphng between neuronal spike 

trains. Prog. Biophys. Molec. Biol. 53:1-31.

Rothwell, J. (1994). Control of human voluntary movement. 2"̂  Ed. Chapman and Hall, 

London.

Rothwell, J. C., Thompson, P. D., Day, B. L., Boyd, S. and Marsden, C. D. (1991). 

Stimulation of the human motor cortex through the scalp. Exp. Physiol. 76: 159-200.

Rouiller, E. M. (1996) Multiple cortical hand representations. In: Hand and Brain. Eds. 

Wing, A. M., Haggard, P., Flanaghan, J. R. Ch. 6. Academic Press.

Sabes P. N., Jordan M. 1. & Wolpert D. M. (1998) The role of inertial sensitivity in 

motor planning. J. Neurosci. 18(15): 5948-5957.

266



Sanes, J. N. and Donogue, J. P. (1993). Oscillations in local field potentials of the 

primate motor cortex during voluntary movement. Proc. Natl. Acad. USA. 90: 4470- 

4474.

Salenius, S., Portin, K., Kajola, M., Salmelin, R., Hari, R. (1997). Cortical control of 

human motoneuron firing during isometric contraction. J. Neurophysiol. 77: 3401-3405.

Salmelin, R and Hari, R. (1994). Spatiotemporal characteristics of sensorimotor 

neuromagnetic rhythms related to thumb movement. Neuroscience 60: 537-550.

Sato, K. C. and Tanji, J. (1989) Digit-muscle responses evoked from multiple 

intracortical foci in monkey precentral motor cortex. J Neurophys 62: 959-970.

Schell, G. R. and Strick, P. L. (1984). The origin of thalamic inputs to the arcuate 

premotor and supplementary motor areas. J. Neurosci. 4: 539-560.

Schieber, M. H. and Hibbard L. S. (1993). How somatotopic is the motor cortex hand 

area? Science 261: 489-492.

Schlagger, B. L. and O’Leary, D. D. M. (1991). Potential of visual cortex to develop 

arrays of functional units unique to somatosensory cortex. Science 252: 1556-1560.

Schmidt, E. M., lost, R.G. and Davis, K. K. (1975). Reexamination of the force 

relationship of cortical cell discharge patterns with conditioned wrist movements. Brain 

Res. 83: 213-223.

Shadlen, M. N. and Newsome, W. T. (1998). The variable discharge of cortical neurons: 

implications for connectivity, computation and information coding. J. Neurosci. 18: 

3870-3896.

Shannon, C. E. (1949). Communication in the presence of noise. Proc. IRE. 37: 10-21.

Shima, K., Aya, K., Mushiake, H., Inase, M., Aizawa, H. and Tanji, J. (1991). Two 

movement-related foci in the primate cingulate cortex observed in signal-triggered and 

self-paced movements. J Neurophys. 65: 188-202.

267



Shima, K. and Tanji, J. (1998). A Role for cingulate motor area cells in voluntary 

movement selection based on reward. Science 282: 1335-1338.

Sillito, A. M. (1975). The contribution of inhibitory mechanisms to the receptive field 

properties of neurones in the striate cortex of the cat. J. Physiol. 250: 305-329.

Singer, W. (1993). Synchronization of cortical activity and its putative role in 

information processing and learning. Ann Rev. Physiol. 55: 349-374.

Singer, W., Gray, C. M. (1995). Visual feature integration and the temporal correlation 

hypothesis. Ann. Rev. Neurosci. 18: 555-586.

Sloper, J. J., Hioms, R. W., and Powell, T. P. S. (1979). A quahtative and quantitative 

electron microscope study of the neurons in the primate motor and somatic sensory 

cortices. Phil. Trans. R. Soc. Lond. 285: 199-226.

Smith, A. M., Hepp-Reymond, M-C. and Wyss, U. R. (1975). Relation of activity in 

precentral cortical neurons to force and rate of force change during isometric 

contractions of finger muscles. Exp. Br. Res. 23: 315-332.

Smith, W. S. and Fetz, E. E. (1989). Effects of synchrony between cortico-motoneuronal 

cells on postspike facihtation of primate muscles and motor units. Neurosci Letts. 96: 

76-81.

Somers, D. C., Nelson, S. B., Sur, M (1995). An emergent model of orientation 

selectivity in cat visual cortical simple cells. J Neurosci. 15: 5448-5465.

Steriade, M., Dossi, R. C., Contreras, D. (1993). Electrophysiological properties of 

intralaminar thalamocortical cells discharging rhythmic (-40 Hz) spike-bursts at -KXX) 

Hz during waking and rapid eye-movement sleep. Neuroscience 56:1-9.

Takahashi, K. (1965). Slow and fast groups of pyramidal tract neurones and their 

respective membrane properties. J. Neurophysiol. 28: 908-924.

268



Tanji, J., Okano, K. and Sato, K. C. (1988). Neuronal activity in cortical motor areas 

relatied to ipsilateral, contralateral and bilateral digit movements of the monkey. J. 

Neurophysiol. 60: 325-343.

Taylor, A., Durbaba, R. and Rodgers, J. F. (1995). Correlation methods in identifying 

intrafusal muscle fibre activity. P280-283 in: Alpha and gamma motor systems; Eds. 

Taylor, A, Gladden, M. H. and Durbaba, R. Plenum Press, New York.

Thomson, A. M. and Deuchars, J., (1994). Temporal and spatial properties of local 

circuits in neocortex. TINS 17: 117-127.

Towe, A. L. and Harding G. W. (1970). Extracellular microelectrode sampling bias. exp. 

Neurol. 29: 366-381.

Treisman, M., Faulkner, A. and Naish, P. L. N. (1990). The internal clock: evidence for 

a temporal oscillator underlying time perception with some estimates of its characteristic 

frequency. Perception 19: 705-743.

Traub, R. D., Spruston, N., Soltesz, I., Konnerth, A., Whittington, M. A. and Jefferys, J.

G. R. (1998). Gamma-frequency oscillations: a neuronal population phenomenon, 

regulated by synaptic and intrinsic cellular processes, and inducing synaptic plasticity. 

Prog. Neurobiol. 55: 563-575.

Vaadia, E., Hallman, I., Abeles, M., Bergman, H., Prut, Y., Slovin, H., and Aertsen, A. 

(1995). Dynamics of neuronal interactions in monkey cortex in relation to behavioural 

events. Nature 373:515-518.

Von der Malsberg, C. (1995). Binding in models of perception and brain function. Curr. 

Opin. in Neurobiology. 5: 520-526.

Welsh, J. P., Lang, E. J., Sugihara, I. and Lhnas, R. (1995). Dynamic organization of 

motor control within the olivocerebellar system. Nature 374: 453-457.

Wiesendanger, M., Rouiller, E. M., Kazennikov, O. and Perrig, S. (1996). Is the 

supplementary motor area a bilaterally organized system? Adv. Neurology 70: 85-93.

269



Wilson, F. A., O Scalaidhe, S. P. and Goldman-Rakic, P. S. (1994). Functional 

synergism between putative y-amino-butyrate-containing neurons and pyramidal neurons 

in prefrontal cortex. Proc. Natl. Acad. Sci. 91: 4(X)9-4013.

Wilson, M. A. and McNaughton, B. L. (1994). Reactivation of hippocampal ensemble 

memories during sleep. Science 265: 676-679.

Wise, S. P. and Mauritz, K-H. (1985). Set Related neuronal activity in the premotor 

cortex of rhesus monkeys: effects of change in motor set. Proc. Roy. Soc. Abst. B. 223: 

331-354.

Wolpert, D. M., Ghahramani, Z. and Jordan, M. I. (1995). An Internal model for 

sensorimotor integration. Science 269: 1880-1882.

Wolpert, D. M.(1997). Computational approaches to motor control. T.I.C.S. 1:209-216.

Wong, Y. C., Kwan H. C., Mackay, W. A. and Murphy, J. T. (1978). Spatial 

organization of precentral cortex in awake primates. I. Somatosensory inputs. J 

Neurophys. 41:1107-1118.

270


