Modelling the development of the retinogeniculate pathway

Stephen Eglen CSRP 467 July, 1997 ISSN 1350Ű3162

Cognitive Science Research Papers

Acknowledgements

Thanks to all who have helped me to get this far. First, I would like to thank both of my supervisors, Harry Barrow and David Young, for their support throughout the thesis. Inspiration for this work has also come from Alistair Bray, Julian Budd, Geoff Goodhill, Jim Stone and David Willshaw. I would particularly like to thank Julian for his constant support in all manner of ways, without which I would have faced a much more dif^cult task. Both my examiners, Peter Fĺoldiťak and Hilary Buxton, also provided very useful feedback on the thesis.

Many fellow students have helped me on my way. First, thanks to Jo Brook for all her help with L^ATEX and postscript. Guillaume Barreau, Clive Cox, Philip Jones, Jason Noble, Sara Parsowith and Rosemary Tate have all made the many hours in the lab so much more enjoyable.

For their emotional support, I would like to thank Nosheen Choudhary, Esther Leung and Rafael Pťerez Y Pťerez. Bernie Lee, Tunde Olatunji and Nick Walker should all be thanked for pushing me in the early days. Most of all, thanks to Valťeria Judice and my family.

Financial support for this thesis was provided by the School of Cognitive and Computing Sciences, for which I am grateful.

Modelling the development of the retinogeniculate pathway

Stephen Eglen

Summary

How does the visual system develop before the onset of visually-driven activity? By the time photoreceptors can respond to visual stimulation, some pathways, including the retinogeniculate pathway, have already reached a near-adult form. This rules out visually-driven activity guiding pathway development. During this period however, spontaneous waves of activity travel across the retina, correlating the activity of neighbouring retinal cells. Activity-dependent mechanisms can exploit these correlations to guide retinogeniculate re^nement. In this thesis I investigate, by means of computer simulation, the role of spontaneous retinal activity upon the development of ocular dominance and topography in the retinogeniculate pathway.

Keesing, Stork, and Shatz (1992) produced an initial model of retinogeniculate development driven by retinal waves. In this thesis, in addition to replicating their initial results, several new results are presented. First, the importance of presynaptic normalisation is highlighted. This is in contrast to most previous work on ocular dominance requiring postsynaptic normalisation. Second, the covariance rule is adapted so that development can occur under conditions of sparse input activity. Third, the model is shown to replicate development under conditions of monocular deprivation. Fourth, model development is analysed using different spatio-temporal inputs including anticorrelations between on- and off-centre retinal units.

The layered pattern of ocular dominance in the LGN is quite different to the stripe patterns found in the cortex. The factors controlling the patterns of ocular dominance are investigated using a feature-based model of map formation (Obermayer, Ritter, & Schulten, 1991). In common with other models, variance of the ocularity feature controls the pattern of stripes. The model is extended to a three-dimensional output array to show that ocular dominance layers form in this model, and that the retinotopic maps are organised into projection columns. Future work involves extending this three-dimensional model to receive retinal-based, rather than feature-based, inputs.

Submitted for the degree of D. Phil.

University of Sussex

July, 1997

Contents

1 Introduction 1 1.1 The problem of visual system development . . . . . . . . . . . . . . . . . . . . 1 1.1.1 The approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Why consider the retinogeniculate pathway? . . . . . . . . . . . . . . . . . . . . 2 1.3 The importance of modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3.1 Testing hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.3.2 Generating hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.4 Aims of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.5 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Development of the retinogeniculate pathway 6 2.1 The mammalian visual pathway . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.2 The retina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2.1 Formation of RGC receptive ^elds . . . . . . . . . . . . . . . . . . . . . 7 2.3 The LGN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 2.3.1 LGN cell types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.3.2 Receptive ^elds of LGN relay cells . . . . . . . . . . . . . . . . . . . . 10 2.3.3 The retinotopic mapping in the LGN . . . . . . . . . . . . . . . . . . . . 10 2.3.4 Ocular segregation in the LGN . . . . . . . . . . . . . . . . . . . . . . . 11 2.3.5 Sublayering in the LGN . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.4 The functions of the LGN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.4.1 The corticogeniculate pathway . . . . . . . . . . . . . . . . . . . . . . . 13 2.4.2 Other theories of LGN function . . . . . . . . . . . . . . . . . . . . . . 15 2.5 Factors in~uencing neural development . . . . . . . . . . . . . . . . . . . . . . 15 2.5.1 Marker theories and genetic speci^cation . . . . . . . . . . . . . . . . . 15 2.5.2 The role of experience in development . . . . . . . . . . . . . . . . . . . 17 2.6 Development of the LGN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.6.1 Normal development . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.7 Neural activity in the developing retina . . . . . . . . . . . . . . . . . . . . . . . 19 2.7.1 Waves of spontaneous activity . . . . . . . . . . . . . . . . . . . . . . . 20 2.8 The central hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.8.1 Propagation of retinal waves to the LGN . . . . . . . . . . . . . . . . . . 21 2.8.2 Abnormal development of the LGN . . . . . . . . . . . . . . . . . . . . 22 2.8.3 Activity blockade experiments . . . . . . . . . . . . . . . . . . . . . . . 23 2.8.4 Retinotopic map formation . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.8.5 The need for activity-independent processes . . . . . . . . . . . . . . . . 25

2.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Mechanisms for modelling retinogeniculate development 27 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.2 Characterisation of topography and ocular dominance . . . . . . . . . . . . . . . 27 3.2.1 Topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.2.2 Ocularity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.3 An overview of common mechanisms in developmental models . . . . . . . . . . 29 3.3.1 Network architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.3.2 Unit activations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 3.3.3 Common mechanisms underlying models . . . . . . . . . . . . . . . . . 30 3.4 Correlated input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.4.1 Chemical markers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.4.2 Correlated presynaptic activity . . . . . . . . . . . . . . . . . . . . . . . 32 3.4.3 Discriminating input from different eyes . . . . . . . . . . . . . . . . . . 32 3.4.4 Representing retinal activity within a model . . . . . . . . . . . . . . . . 32 3.5 Correlated output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 3.6 Normalisation methods and resource limitations . . . . . . . . . . . . . . . . . . 35 3.6.1 Divisive and subtractive normalisation . . . . . . . . . . . . . . . . . . . 36 3.6.2 Biological evidence for normalisation at different sites . . . . . . . . . . 37 3.7 Weight modi^cation rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.7.1 Correlational rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.7.2 Competitive rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.8 Modelling the retinogeniculate pathway . . . . . . . . . . . . . . . . . . . . . . 42 3.8.1 Models of the LGN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.8.2 Related adaptive models . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.9 Models of topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.10 Models of ocular dominance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.11 Models of the joint development of topography and ocular dominance . . . . . . 51 3.12 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.12.1 Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.12.2 Outputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.12.3 Modi^cation rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.12.4 The effect of different weight modi^cation rules and normalisation schemes on topography and ocular dominance . . . . . . . . . . . . . . . . . . . 53

4 An initial model of the retinogeniculate pathway 55 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.2 The initial model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 4.2.1 Weight adaptation mechanisms . . . . . . . . . . . . . . . . . . . . . . . 56 4.3 Retinal inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 4.4.1 Visualisation of results . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.5 The role of initial weight biases in development . . . . . . . . . . . . . . . . . . 63 4.5.1 No initial weight bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 4.5.2 Earlier arrival of contralateral axons . . . . . . . . . . . . . . . . . . . . 67 4.5.3 Earlier arrival of contralateral axons and topographic bias . . . . . . . . 70 4.6 The importance of normalisation . . . . . . . . . . . . . . . . . . . . . . . . . . 76 4.6.1 The effect of normalisation upon topography . . . . . . . . . . . . . . . 76 4.6.2 The effect of normalisation upon ocular dominance . . . . . . . . . . . . 77 4.6.3 The importance of the ordering of the normalisation techniques . . . . . 84 4.6.4 Satisfying both forms of normalisation . . . . . . . . . . . . . . . . . . 84 4.6.5 Capping subtractive presynaptic normalisation . . . . . . . . . . . . . . 87 4.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5 The in�uence of the spatial and temporal wave properties upon development 91 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 5.2 Exploring the temporal properties of retinal inputs . . . . . . . . . . . . . . . . . 91 5.2.1 The relationship between the rate of wave generation and the probability of activity in both eyes . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 5.2.2 The effect of wave generation rate upon ocular dominance and topography 93 5.2.3 Introducing the active-covariance rule . . . . . . . . . . . . . . . . . . . 94 5.3 Development of the LGN under conditions of monocular deprivation . . . . . . . 99 5.3.1 A weaker form of divisive normalisation . . . . . . . . . . . . . . . . . . 100 5.3.2 The nature of the retinotopic mapping . . . . . . . . . . . . . . . . . . . 100 5.4 The effect of wave width upon development . . . . . . . . . . . . . . . . . . . . 104 5.5 The effect of polarity-speci^c wave patterns upon LGN sublamination . . . . . . 107 5.5.1 Representation of on- and off-centre retinal units . . . . . . . . . . . . . 107 5.5.2 Measuring the degree of polarity dominance . . . . . . . . . . . . . . . . 108 5.5.3 Anticorrelated polarity-speci^c waves . . . . . . . . . . . . . . . . . . . 109 5.5.4 Weakening the anticorrelations between on- and off-centre inputs . . . . 114 5.6 Comparison with biological data . . . . . . . . . . . . . . . . . . . . . . . . . . 116 5.6.1 Temporal characteristics of retinal waves . . . . . . . . . . . . . . . . . 116 5.6.2 Spatial characteristics of retinal waves . . . . . . . . . . . . . . . . . . . 116 5.6.3 The nature of correlations between on- and off-centre retinal units . . . . 117 5.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 5.7.1 New mechanisms introduced . . . . . . . . . . . . . . . . . . . . . . . . 118 5.7.2 The polarity experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6 Factors affecting ocular dominance stripe formation 122 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.2 Reasons for ocular dominance stripe formation in models . . . . . . . . . . . . . 122 6.2.1 Lateral interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.2.2 Competition between topography and ocularity . . . . . . . . . . . . . . 123 6.2.3 Primary/secondary feature argument . . . . . . . . . . . . . . . . . . . . 123 6.3 Obermayer’s model for stripe formation . . . . . . . . . . . . . . . . . . . . . . 124

6.3.1 Implementation details of Obermayer experiments . . . . . . . . . . . . 124 6.3.2 Visualisation of maps formed in Obermayer experiments . . . . . . . . . 124 6.3.3 How the variance of ocularity affects stripe width . . . . . . . . . . . . . 124 6.4 A new model of retinotopic map formation in the LGN . . . . . . . . . . . . . . 129 6.5 Correspondence with topography and ocularity in the LGN . . . . . . . . . . . . 129 6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7 Conclusions 138 7.1 Discussion of the main results . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 7.1.1 Replication of Keesing model results . . . . . . . . . . . . . . . . . . . 138 7.1.2 Normalisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 7.1.3 Spatio-temporal retinal wave properties . . . . . . . . . . . . . . . . . . 139 7.1.4 Monocular deprivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 7.1.5 Segregation of on- and off-centre inputs . . . . . . . . . . . . . . . . . . 139 7.1.6 Models of ocular dominance stripe formation . . . . . . . . . . . . . . . 139 7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2.1 Modelling of the retina . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2.2 Scaling up the network . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2.3 Polarity segregation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2.4 Temporal correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 7.3 Outstanding biological issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 7.3.1 Retinal waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 7.3.2 Development of topography . . . . . . . . . . . . . . . . . . . . . . . . 141 7.3.3 Development of on- and off-centre units . . . . . . . . . . . . . . . . . . 142 7.3.4 Propagation of waves to other areas . . . . . . . . . . . . . . . . . . . . 142

Bibliography 143

A Mathematical details 157 A.1 The derivation of^{dw}_{dt} = Cw from the covariance rule . . . . . . . . . . . . . . . 157 A.2 Why eigenvectors dominate development in correlational-based modi^cation rules 158 A.3 Implementation of subtractive normalisation . . . . . . . . . . . . . . . . . . . . 159

List of Figures

2.1 The structure of the retina. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2 The visual pathway from the retina to the geniculate. . . . . . . . . . . . . . . . 9 2.3 The topography and layering of the cat LGN Ů parasaggital and coronal views. . 11 2.4 The sublayering of on- and off-centre cells in the ferret LGN. . . . . . . . . . . . 13 2.5 Summary of the main inputs to cat LGN X relay cells and their approximate magnitudes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.6 The retinotopic mapping of the left retina onto the right optic tectum. . . . . . . . 16 2.7 The retinotectal mapping following removal of the caudal half of the tectum. . . . 16

3.1 Common forms of topographic mappings. . . . . . . . . . . . . . . . . . . . . . 28 3.2 Common patterns of ocular dominance. . . . . . . . . . . . . . . . . . . . . . . 29 3.3 The de^nition of presynaptic and postsynaptic normalisation within a two-layer network. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.4 A simple comparison of divisive and subtractive normalisation. . . . . . . . . . . 37 3.5 Covariance modi^cation rules. . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Architecture of the Keesing network. . . . . . . . . . . . . . . . . . . . . . . . . 56 4.2 Structure of the weight matrix. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 4.3 The re^nement of receptive ^eld width for a single postsynaptic unit. . . . . . . . 62 4.4 Network development with no initial weight bias Ű 1: topography and ocularity. . 65 4.5 Network development with no initial weight bias Ű 2: re^nement of receptive ^elds, monocularity and ^nal projection columns. . . . . . . . . . . . . . . . . . 66 4.6 The effect of contralateral bias in initial weights Ű 1: topography and ocularity. . 68 4.7 The effect of contralateral bias in initial weights Ű 2: re^nement of receptive ^elds, monocularity and ^nal projection columns. . . . . . . . . . . . . . . . . . . . . 69 4.8 The nature of the topographic bias in the initial weights of one row of LGN units. 71 4.9 The effect of ocular and topographic weight bias on development Ű 1: left eye innervates two rows, right eye innervates four rows (L2R4). . . . . . . . . . . . . 73 4.10 The effect of ocular and topographic weight bias on development Ű 2: left eye innervates four rows, right eye innervates eight rows (L4R8). . . . . . . . . . . . 74 4.11 Comparison of the L2R4 and L4R8 experiments with respect to the development of ocularity and receptive ^eld width, and the ^nal projection columns. . . . . . . 75 4.12 The effect of different normalisation methods Ű 1: weight matrices. . . . . . . . . 78 4.13 The effect of different normalisation methods Ű 2: ocular dominance plots. . . . . 79 4.14 The effect of different normalisation methods Ű 3: topographic plots. . . . . . . . 80 4.15 The effect of different normalisation methods Ű 4: projection columns. . . . . . . 81 viii List of Figures

4.16 Sum of weights to each postsynaptic unit in a network with divisive presynaptic normalisation and no postsynaptic normalisation. . . . . . . . . . . . . . . . . . 82 4.17 Projective ^eld for one presynaptic unit from the right eye using either divisive (solid line) or subtractive (dashed line) presynaptic normalisation. . . . . . . . . 82 4.18 The effect of the growth rule upon development in the absence of presynaptic normalisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 4.19 Effect of varying the order of presynaptic and postsynaptic normalisation. . . . . 86 4.20 Sum of weights from each presynaptic unit under relaxed normalisation conditions. 88 4.21 The effect of imposing maximum values on individual weights upon development with subtractive presynaptic normalisation (and no postsynaptic normalisation). . 89

5.1 Overall probabilities of joint retinal activity as a function of the probability of wave generation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 5.2 Correlation between presynaptic units as a function of the rate of wave generation. 95 5.3 Effect of varying p_w upon topography and ocular dominance Ű 1: development with the covariance rule. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 5.4 Effect of varying p_w upon topography and ocular dominance Ű 2: development with the active-covariance rule. . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 5.5 Network development with reduced activity levels for the left eye Ű 1: development with multiplicative and divisive presynaptic normalisation. . . . . . . . . . 101 5.6 Network development with reduced activity levels for the left eye Ű 2: development with only divisive presynaptic normalisation, ignoring multiplicative normalisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 5.7 Final projection columns for a network with no waves generated within the left eye. 103 5.8 Correlations between presynaptic units as a function of wave width. . . . . . . . 105 5.9 The effect of wave width upon topography and ocular dominance. . . . . . . . . 106 5.10 The effect of wave width upon receptive ^eld width. . . . . . . . . . . . . . . . . 107 5.11 Slices of the input correlation matrix before and after the onset of polarity-speci^c wave patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 5.12 Time course of polarity dominance using anticorrelated on- and off-centre waves. 112 5.13 Development of polarity dominance in postsynaptic units. . . . . . . . . . . . . . 113 5.14 Final projection columns for the network with polarity-speci^c waves as input. . 113 5.15 Polarity segregation for different correlations between on- and off-centre presynaptic units. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 5.16 Chemical gradients to bias the formation of on- and off-centre sublamina in the LGN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.1 Final topography and ocularity maps in a two-dimensional Kohonen network with feature vectors (x, y, ±z_{pat}) as input and z_{pat} = 0.2, 0.6, 1.0. . . . . . . . . . . . . 127 6.2 Final topography and ocularity maps in a two-dimensional Kohonen network with feature vectors (x, y, ±z_{pat}) as input and z_{pat} = 2.0. . . . . . . . . . . . . . . . . 128 6.3 Three-dimensional arrangement of postsynaptic units in the Kohonen network. . 130

6.4 Final topography and ocularity plots for three-dimensional feature vector (x, y, z) mapping into a three-dimensional postsynaptic block for z_{pat} = 0.2 and 2.0. . . . 132 6.5 Final topography plots analysed in the X-planes for a three-dimensional network with z_{pat} = 0.2 and Z_{post} = 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 6.6 Final topography plots analysed in X-planes and Y-planes for a three-dimensional network with z_{pat} = 2.0 and Z_{post} = 4. . . . . . . . . . . . . . . . . . . . . . . . 134 6.7 Final topography and ocularity maps in a three-dimensional network with z_{pat} = 1.0 and Z_{post} = 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

List of Tables

2.1 Class of retinal input to each layer of the cat LGN. . . . . . . . . . . . . . . . . 12 2.2 Timescale of cat retinogeniculate development. . . . . . . . . . . . . . . . . . . 19 2.3 Timescale of ferret retinogeniculate development. . . . . . . . . . . . . . . . . . 20

3.1 Terms used for describing model elements. . . . . . . . . . . . . . . . . . . . . 30 3.2 The four components of the covariance rule. . . . . . . . . . . . . . . . . . . . . 38 3.3 Summary of the main models of retinotopic map development. . . . . . . . . . . 47 3.4 Summary of the main models of ocular dominance development. . . . . . . . . . 50 3.5 Summary of the main models of the joint development of topography and ocular dominance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1 Parameters and typical values used in the Keesing network simulations. . . . . . 58 4.2 Normalisation error measures E_{pre} and E_{post} for different values of p_n at different epochs during development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1 Theoretical probability of eye activity as a function of p_w. . . . . . . . . . . . . . 94 5.2 Mean receptive ^eld width for different values of p_w using either the covariance or active-covariance rule. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 5.3 The frequency of use and the amount of weight change per epoch for each case of the covariance and active-covariance rule. . . . . . . . . . . . . . . . . . . . . . 96 5.4 Number of postsynaptic units responsive to the left, right or neither eye at the end of development under reduced activity conditions for the left eye. . . . . . . . . . 103 5.5 Rules for generating polarity-speci^c waves. . . . . . . . . . . . . . . . . . . . 108 5.6 Parameters for the polarity-speci^c wave experiments. . . . . . . . . . . . . . . 108 5.7 Burst and inter-burst intervals at various postnatal stages in the ferret. . . . . . . 117

6.1 Network equations and parameters used for Obermayer experiments. . . . . . . . 125 6.2 Mean values of z for the two- and three-dimensional Obermayer experiments. . . 131