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1 Introduction

How does the brain change over time? While researchers are beginning to understand 
more about how the set of connections between neurons and regions, the connectome, 
is organized, this book describes how such an organization arises during development 
and evolution, how it changes in health and disease, and how external interventions 
can alter its architecture. For this aim, we describe mechanistic insights, based on com-
putational models and experimental studies, that can link the changes at the local level 
of individual neurons to the observed large- scale alterations in connectivity between 
brain regions.

Over the past several years, connectome information about large cohorts of human 
subjects and patients at different stages of brain development or disease progression 
has become available. There are continuing efforts to increase data quality, to enable 
data sharing, and to analyze brain network architecture. There is increasing availability 
of longitudinal data, measuring the same subjects at multiple time points. Along with 
connectome data of the early stages, before and shortly after birth, this allows us for the 
first time to observe the development of connectomes.

Given the availability of both data on brain networks and tools to describe the 
organization and behavior of these networks, the field of network neuroscience can 
inform how we look at connectome changes. There are different approaches that one 
can take to analyze connectome changes. First, one may look at changes in the network 
organization at different time points using network science approaches. This analysis 
of network features gives a first insight into which network functions— for example, 
integration and segregation of information flows— might be altered. Second, one may 
simulate neural activity within the network to understand how changes in network 
structure influence network behavior. Finally, one may use computational models to 
evaluate the mechanisms that lead to the observed changes in network structure. Such 
approaches can help us to understand how connectome changes arise and change ___-1
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2 Chapter 1

brain function, and they could suggest hypotheses that can be tested experimentally 
in the future.

There are also more direct applications of network neuroscience in understanding 
connectome changes. As will be described, there are distinct network changes for brain 
disorders. Computer models will be essential to inform diagnosis and treatment of 
individual patients. As each case is different, it is impossible to have an experimental 
animal or clinical human study with exactly the same condition as found in an indi-
vidual. In addition, given dozens of variables that play a role, and with interactions 
between variables influencing each other, it will be impossible to provide mathematical 
equations that describe the relationships between all variables. The only solution for 
better diagnosis and treatment of individual patients is a personalized computational 
representation, based on connectome, physiome, genome, and other available data. 
With such a system, the plausibility of different disease origins and the outcomes of 
different interventions can be tested in silico to find the most suitable option for an 
individual patient.

The study of mechanisms of network changes can also be helpful for designing 
experimental studies, for understanding the link between brain network structure and 
performance, and for improving the design and development of artificial neural net-
works. The range of applications that can benefit from an understanding of connec-
tome changes includes, for example, the following:

• The design of artificial neural networks— for example, for deep learning— includes 
features of connectomes such as layers but only includes a small subset of mecha-
nisms for network growth and development. This particularly limits the ability of 
such systems to provide more complex behavior such as multimodal integration, 
adaptivity to new environments, and learning from small training data sets. Build-
ing networks that grow based on mechanisms identified in biological neural net-
works might provide new breakthroughs in this field.

• Knowing about the link between connectome structure and function will help us 
to understand why network features arise during individual brain development and 
during the evolution of neural systems. Not all network features might have a direct 
or strong link to cognitive processing.

• Knowing the developmental origin of brain diseases provides another biomarker 
that can be used to help with diagnosis, the stratification of the patient cohort, 
and treatment planning. Understanding the developmental pathways of network 
changes could, given the current brain network of a patient, help to predict which 
factors played a role in the genesis of these connectome changes.
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Introduction 3

• Understanding the mechanisms that lead to network changes can help to improve 
brain function following brain injury by facilitating the design of rehabilitation 
interventions that increase positive network changes while trying to prevent net-
work changes that have a negative effect on brain function.

• For brain stimulation, while there are some models about immediate stimulation 
effects, during and shortly after stimulation, it will be crucial to understand long- 
term effects in order to predict effects and minimize negative side effects.

In part I, before we can look at connectome changes, we first need to describe how 
brain networks can be measured and how we can analyze their features. Chapter 2 
provides an overview of network reconstruction and of the analysis of topological and 
spatial features. Furthermore, I show how activity in these networks can be modeled 
by giving a brief overview of dynamic features of brain networks. Chapter 3 shows 
how topological features arise during brain evolution, starting with simple nerve nets 
and moving on to modular and hierarchical networks. Chapter 4 gives an overview of 
the architecture of brain networks for the organisms for which we already have full or 
partial information about their connectomes: Caenorhabditis elegans, fruit fly, pigeon, 
mouse, rat, ferret, cat, rhesus monkey, marmoset monkey, and human. Part II discusses 
the maturation of network features during individual brain development. Chapter 5 
shows how regional patterns such as cortical maps can be formed and how genetic 
factors, competition, and homeostasis can induce these patterns. Chapter 6 shows 
how layers can form; it includes experimental and computational results indicating 
the roles of cell growth, cell migration, and cell death. Chapter 7 looks at axon growth 
and the formation of synaptic connections determining principles of initial connec-
tion establishment. Chapter 8 looks at network hubs, outlining different hub types 
and different mechanisms that can generate hubs during brain development. Chapter 
9 describes how modules, enabling segregated information processing, can arise due 
to developmental time windows and genetic factors. Chapter 10 describes how corti-
cal folding changes during development and what principles and mechanisms might 
cause these changes. Part III looks at how connectomes change during the life span in 
health and disease and how interventions can interfere with these processes. Chapter 
11 is about healthy brain development, outlining changes until adulthood. Chapter 
12 talks about changes due to neurodevelopmental disorders such as schizophrenia, 
autism spectrum disorders, major depression, epilepsy, and Tourette’s syndrome as well 
as about underlying mechanisms for these changes. Chapter 13 deals with age- related 
disorders such as Alzheimer’s disease, Lewy body dementia, and Parkinson’s disease 
as well as with models of disease progression. Chapter 14 describes how connectomes 
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4 Chapter 1

react to lesions, caused by stroke, traumatic brain injury, or loss of peripheral input, 
and how computational models can be used to test underlying mechanisms for these 
changes. Chapter 15 highlights the emerging role of brain stimulation, being used on 
patients but also on healthy subjects, in altering the dynamics but also the topology of 
brain networks.

How can we determine brain connectivity and how can we analyze brain networks? 
The next chapter will show how structural and functional connectivity can be deter-
mined and how topological, spatial, and dynamic characteristics of the network can 
be analyzed.
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2 Features of Complex Networks

The set of connections in neural systems, now called the connectome (Sporns et al., 
2005), has been the focus of neuroanatomy for more than a hundred years (Ramón y 
Cajal, 1892; His, 1888). However, it has attracted recent interest due to the increasing 
availability of network information at the global (Felleman and Van Essen, 1991; Scan-
nell et al., 1995; Burns and Young, 2000; Tuch et al., 2003) and local levels (White et al., 
1986; Denk and Horstmann, 2004; Lichtman et al., 2008; Seung, 2009) as well as the 
availability of network analysis tools that can elucidate the link between structure and 
function of neural systems. Within the neuroanatomical network (structural connec-
tivity), the nonlinear dynamics of neurons and neuronal populations result in patterns 
of statistical dependencies (functional connectivity) and causal interactions (effective 
connectivity), defining three major modalities of complex neural systems (Sporns et 
al., 2004). How is the network structure related to its function, and what effect does 
changing network components have (Kaiser, 2007)? Since 1992 (Achacoso and Yama-
moto, 1992; Young, 1992), tools from network analysis (Costa, Rodrigues, et al., 2007) 
have been applied to study these questions in neural systems.

What are the benefits of using network analysis in neuroimaging research? First, 
networks provide an abstraction that can reduce the complexity when dealing with 
neural networks. Human brains show a large variability in size and surface shape (Van 
Essen and Drury, 1997). Network analysis, by hiding these features, can help to identify 
similarities and differences in the organization of neural networks. Second, the overall 
organization of brain networks has been proven reliable in that features such as small 
worldness and modularity, present but varying to some degree, are found in all human 
brain networks (and those of other species, too). Third, using the same frame of refer-
ence, given by the identity of network nodes as representing brain regions, both com-
parisons between subjects as well as comparisons of different kinds of networks (e.g., 
structural vs. functional) are feasible (Rubinov and Sporns, 2010). ___-1
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3 Evolution of Neural Systems

While organisms adapt to their environment, their solutions are constrained by previ-
ous solutions that were found during evolution. For example, the extracellular con-
centration of salt in humans is the same as in the oceans, despite humans living on 
land. In addition, for the same problem, solutions may differ. The eyes of mammals 
and the octopus, while using the same laws of optics for seeing light, have a different 
anatomical organization. As for other aspects of biology, it is useful to look at brain 
networks in terms of their evolution (Striedter, 2005). Within the last three decades, 
we have started to develop pictures of the global connectivity, at varying resolution, of 
the nervous systems of a number of phylogenetically disparate species. The archetypal 
“connectome” to be elucidated was that of the hermaphrodite form of the roundworm 
Caenorhabditis elegans (White et al., 1986; Durbin, 1987; Cook et al., 2019), which has a 
relatively small nervous system allowing for elucidation of a complete wiring diagram. 
Since then, we have started to discover mesoscale connectomes of the much more com-
plex brains of the pigeon (Shanahan et al., 2013), rat (Burns and Young, 2000), mouse 
(Oh et al., 2014), cat (Scannell et al., 1995), and rhesus monkey (Felleman and Van 
Essen, 1991). These species live in different habitats, on water, on land, or airborne, 
but is this also reflected in a specialized organization of brain connectivity? Even if 
the functional requirements were similar, did evolution come up with different solu-
tions, as it did for the anatomy of the eye in cephalopods (such as the octopus) and  
vertebrates?

3.1 Nerve Nets— Cnidaria

There are controversies over which metazoans are the most basal, but according to the 
conventional view of animal phylogeny, the most ancient metazoans that show neural 
networks are Cnidaria (such as jellyfish). These animals show a diffuse two- dimensional ___-1
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12 Neurodevelopmental Disorders

12.1 Overview

During normal brain development, long- distance connections, hubs, and small- world 
and modular features are preserved to yield a balance of integrated and separated infor-
mation processing. Consequently, any changes in these crucial features might be linked 
to the cognitive deficits that we observe for developmental brain disorders. There is a 
growing literature on changes in both global features and individual connections in 
brain disorders, with pathoconnectomics (Rubinov and Bullmore, 2013) being one term 
to describe the network neuroscience of these conditions. Within this chapter, we look 
at neurodevelopmental conditions where behavioral symptoms arise within the first 
40 years of life.

Studies in both structural and functional connectivity reported aberrant connectiv-
ity possibly caused by imperfect maturation of a brain network in neurodevelopmental 
disorders such as schizophrenia, the autistic spectrum, and epilepsy. It is important to 
note that altered features could either be linked to cognitive deficits observed in these 
diseases or, in contrast, be beneficial alterations that compensate for disruptive changes 
elsewhere in the network.

Recent efforts to understand brain network changes have focused on deviations of 
global network features from healthy controls. For functional connectivity, a devia-
tion from a small- world architecture, moving either toward a more random or a more 
regular (lattice) organization, was proposed to be linked to cognitive and psychiatric 
disturbances (Reijneveld et al., 2007). Related to global information flow, it was pro-
posed that reductions in brain connectivity can lead to more information being routed 
through hubs. In turn, this could lead to an “overload” and, as a consequence, a failure 
of hub nodes leading to the observed deficits in brain function (Stam, 2014).

___-1

___0

___+1

11980_012.indd   153 2020-04-24   15:53:20



Index

Abbott, L. F., 147

Acetylcholine, 190

Achacoso, T. B., 7, 38

Achard, S, 15–16, 22, 25

Actin, 138

Addington, A. M., 33

Adhesion, 95, 97–98, 161

Adolescence, 129, 134, 145–146, 156–157

Aerts, H., 170

Aggregation, 38

Agnosia, 154

Agranular, 82, 109

Ahn, Y. Y., 18

Akil, H., 9

Albert, R., 103, 111

Alexander-Bloch, A. F., 156

Alexia, 154

Alfaro-Almagro, F., 63

Allocortex, 79–80

Alstott, J., 179

Altman, J., 120

Altun, Z. F., 44, 123

Alzheimer’s disease

in cats and dogs, 58

as a type of dementia, 165

histological changes, 166

and limbic areas, 82

modeling disease progression, 172–176

and neuronal activity, 197

Amaral, L. A. N., 18, 108

Amari, S., 77

Amniotes, 83

Amygdala, 51, 169, 176, 184

Amyloid proteins, 58, 148, 166–168, 170–172, 

174

Amyotrophic Lateral Sclerosis (ALS),  

168

Anagnostou, E., 157

Andersen, S. L., 120

Anesthesia, 147

Annelids, 38, 45

Anorexia, 135

Aparício, D., 20

Aphasia, 154, 192

Apoptosis

cortical folding, 132, 134

layer formation, 81, 86, 88

module formation, 129

overview, 67, 81

time windows, 120

Archicortex, 79, 113

Armstrong, E., 146

Arnatkeviciute, A., 118

Arthropods, 39, 44, 47

Ascoli, G. A., 51, 89

Asllani, M., 196

Asperger syndrome, 156

Astrocytes, 93

Ataxia, 83

Attention deficit hyperactivity disorder 

(ADHD), 135, 162

Autism, 80, 135, 153, 156–157, 160–162

___-1

___0

___+1

11980_555.indd   245 2020-04-24   15:53:31



246	 Index

Axons

fasciculation, 89, 98

growth, 92, 95–99, 102

pruning, 102, 144

sprouting, 180

Bacteria, 113, 178

Bakola, S, 60

Ball, G., 157

Barabasi, A. L., 103, 111

Barbas, H., 26, 133–134

Barbeito-Andres, J., 110, 162

Barone, P., 120

Baruch, L., 92

Basket cell, 89, 195

Bassett, D., 155, 163

Bathelt, J., 151

Bauer, R.

hub formation, 108, 111–114, 117

layer formation, 80–81, 86

patchy connectivity, 93, 104–105

Bayer, S. A., 120

Bayly, P. V., 133

Beaulieu, C., 143

Belfore, L. A., 167

Belmonte, M. K., 157

Bengtsson, S. L., 94

Bernardoni, F., 135

Bestmann, S., 193

Betweenness

centrality, 14

and hubs, 107

in humans, 60

and lesions, 179

in pigeons, 48

in rats, 55

Betzel, R. F., 94, 129, 145, 159

Beul, S. F., 56

Bhagwat, N., 174

Bienkowski, M. S., 50

Bilingual, 94

Binzegger, T., 25, 56, 92

Blaxter, M., 44

Boksa, P., 155

Bollobas, B., 22

Bonifazi, P., 22

Bonilha, L., 158

Borisyuk, R., 43, 91, 95

Bota, M., 51

Boutons, 93, 181, 183

Bowers, A. N., 48

Bozzi, Y., 80, 158, 161

Braak, H., 167

Bradykinesia, 165

Brain dynamics, 35, 170

Braitenberg, V., 92, 102

Brandes, U., 14

Breakspear, M., 25

Brenner, S., 148

Briscoe, S. D., 83

Broadcasters, 12, 46, 151

Brodmann, K., 68, 76, 79

Bullmore, E. T., 15–16, 50, 109, 153,  

158

Bundy, D. T., 180–181, 191

Burnod, Y., 71

Buschke, H., 165

Butz, M., 89, 181–183, 186, 191

Cabral, J., 35

Caenorhabditis elegans

cell death, 81

connectivity, 15, 19, 24, 37–38, 43–44

gene expression, 50, 92

hubs, 112

network development, 98, 115, 120–124

spatial network organization, 26–31, 98

stimulation, 196

Caffrey, J. R., 85

Cahalane, D. J., 84–85

Caleo, M., 161

Callithrix jacchus. See Marmoset monkey

Cancer, 86

Cao, M., 143

Carnivores, 55, 121

Castellanos, N. P., 181

-1___

0___

+1___

11980_555.indd   246 2020-04-24   15:53:31



Index	 247

Cat

axonal branching, 99

daisy architecture, 93

hub and rich-club organization, 56, 109, 112

motifs, 19

network robustness, 23–24, 178–180

small-world organization, 40, 55–58

spatial growth, 102–104

Catani, M., 154

Cell lineage

C. elegans, 43–44, 81

drosophila, 98

mice neocortex, 123

module formation, 119–123, 125

Centrality. See also Betweenness

and hubs, 107

and lesions, 179

betweenness, 14, 48, 55, 60, 107, 179

nodes and edge, 14

Cephalization, 38–39

Cephalopods, 37, 39

Cerebellum, 5, 70, 89, 110, 150

Cerebrospinal, 147, 171, 176

Chalmers, K., 99–100

Channelrhodopsin, 194

Characteristic path length. See also Efficiency; 

Small-world networks

brain diseases and, 156, 160, 169

and hubs, 109

network robustness, 178–179

small-world organization, 15–16, 24

wiring optimization, 28–31

Chaudhuri, D., 98

Chavez, M., 158

Chechik, G., 144

Chemoaffinity hypothesis, 76, 78

Chemoreceptors, 38

Chen, B. L., 123

Chen, H., 133

Chen, X., 197

Cherniak, C., 28, 44

Chiang, A. S., 45, 121

Childhood, 143, 145, 156–157

Chimpanzee, 58

Chklovskii, D. B., 28, 31

Choe, Y., 43, 123

Chordates, 39

Chronoarchitecture, 120

Cingulate cortex, 48–49, 109, 157, 159, 167

Clauset, A., 16, 22

Clustering coefficient. See also Efficiency; 

Small-world networks

brain diseases and, 156–157, 162, 169

during development, 145

local and global, 12–13, 15–16

small-world organization, 24, 129

spatial growth, 103–104

Clusters. See Modules

Cnidaria, 37–38

CoCoMac, 58

Coevolution, 151

Cohen Kadosh, R., 198

Colizza, V., 110

Colliculus, 77–78, 183

Collin, G., 68, 110, 156

Collins, C. E., 86

Columba livia, 48. See also Pigeon

Column

cortical, 25, 84, 119, 195

ocular dominance, 65, 70, 74–75, 121, 161

Commissures, 39

Competition

activity-dependent, 74–77

for space, 99–102, 122

maximizing fitness, 41

molecular, 72, 74, 89

Component placement optimization (CPO), 

28

Connectivity. See Axons; Effective 

connectivity; Functional connectivity; 

Structural connectivity

Connectome, 7–8, 25, 60

Connectometry, 94

Consciousness, 157

Contreras, J. A., 169

Cook, S. J., 37

___-1

___0

___+1

11980_555.indd   247 2020-04-24   15:53:31



248	 Index

Cope, T. E., 170

Cormen, T. H., 28

Corpus callosum, 147, 155, 157, 162

Cortex. See Cortical layers; Gray matter

Cortical folding, 131–136, 138, 140

Cortical layers, 82–83

Corticogenesis, 120

Costa, L. da F., 7, 32, 38, 90, 94

Coupe, P., 169

Courchesne, E., 156, 160

Cowan, W. M., 132, 144

Crawley, J. N., 80

Crepel, F., 70

Crick, F., 60

Critical period, 31, 121, 158

Csernansky, J. G., 135

Cycle, 8, 47

Cyron, D., 198

Cytoarchitecture, 55–56, 79, 82, 155

Daisy architecture, 93, 104

Damicelli, F., 129

Dancause, N., 180

Dayan, P., 147

Deafferentation, 181

Deafness, 154

Deco, G., 35

DeFelipe, J., 33

Degeneracy, 33, 177

Degree distribution, 20–24, 103–104, 107, 111, 

116, 127

Deguchi, Y., 121

de Haan, W., 174, 197

Dehaene, S., 147

Delli Pizzi, S., 169

Dementia. See Alzheimer’s disease; Lewy body 

dementia; Parkinson’s disease

Demirtas, M., 158

Dendrites, 39, 86, 89, 99–102, 122–123, 

144–145

Denk, W., 7

Depression, 135, 158, 162–163, 192

de Reus, M. A., 56

DeSalvo, M. N., 158

Deutocerebrum, 39

Developing Human Connectome Project, 60, 

67, 143

Diesmann, M., 53

Diestel, R., 8

Diffusion Spectrum Imaging (DSI), 10–11,  

18

Diffusion Tensor Imaging (DTI), 10–11, 27

Di Martino, A., 68, 163

Disconnection, 154, 161

Disconnexion, 154

Diseases. See Agnosia; Alzheimer’s disease; 

Amyotrophic lateral sclerosis (ALS); 

Anorexia; Aphasia; Ataxia; Attention 

deficit hyperactivity disorder (ADHD); 

Autism; Deafness; Depression; Dyslexia; 

Epilepsy; Lewy body dementia; Parkinson’s 

disease; Schizophrenia; Tourette syndrome; 

Williams syndrome

Dispersion, 159–160

Dopamine, 167, 197

Douglas, R. J., 82, 86, 93

Drosophila melanogaster, 44–47, 98, 121, 127, 

129. See also Fruit fly

Druckmann, S, 121

Drury, H. A., 7, 131, 136–137

Dubois, B., 165

Duffing oscillator, 197

Dumas de la Roque, A., 160

Duncan, J., 151

Durbin, R. M., 37, 43–44, 98

Dysconnection, 155

Dyslexia, 135

Dysplasia, 110, 158

Dystonia, 189

Ebbesson, S. O. E., 114

Economy. See Wiring optimization

Edelman, G. M., 33

Edge density, 5, 14–16, 21, 24, 40, 55,  

103–104

Effective connectivity, 7–8, 12, 110, 115

-1___

0___

+1___

11980_555.indd   248 2020-04-24   15:53:31



Index	 249

Efficiency. See also Characteristic path length; 

Clustering coefficient; Small-world 

networks

brain diseases and, 156–158, 169, 183

global, 15–16, 149, 183

local, 16, 149

Eglen, S. J., 65, 71–72

Eguiluz, V. M., 22

Eickhoff, S. B., 5, 10

Eipert, P., 53

Electrocorticogram (ECoG), 190

Electroencephalography (EEG), 33, 167, 169–

170, 176, 191

Emotion, 154–156

Ephrin, 76

Epigenetic, 34, 41

Epilepsy

brain stimulation, 189–191, 196

connectome changes, 157–158, 160

hyperexcitability, 161

pathological layer formation and cortical 

folding, 80, 83, 135

surgery, 163, 179

Ercsey-Ravasz, M., 58, 95

Erdős, P., 21, 23–24, 116

Erlebach, T., 14

Euler, L., 8

Eutelic, 43

Evolution

brain network, 37, 39

cortical layers, 83

human brain, 40

parcellation of the cortex, 114

protein-protein interaction networks, 115

scaling laws, 138

Excitability, 157–158, 161, 185, 187, 190,  

197

Fair, D. A., 129, 150

Fard, P. K., 99

Fasciculation, 89, 98

Fauth, M. J., 147

Felis silvestris catus. See Cat

Felleman, D. J., 7, 37, 40, 58

Ferret, 55

Ferretome, 55

ffytche, D. H., 154

Fields, R. D., 93

Filopodia, 95, 102

Finger, S., 177, 186

Fitzgibbon, S. P., 60, 67, 143

Fletcher, P. C., 133–135

Formatio reticularis, 39

Fornito, A., 72–73, 109, 155

Foutz, T. J., 194

Fractal, 56, 137

Franze, K., 95

Fratiglioni, L., 166

Freeman, D. C., 68–69

Fries, P., 151

Friston, K. J., 33, 154, 161, 177

Frontolimbic, 45, 56–57

Frontoparietal, 157, 169

Frontopolar, 191

Frontotemporal, 162, 166, 173, 192

Fruit fly, 43–45, 47, 121

Functional compensation, 177, 183–186

Functional connectivity

brain diseases and, 155, 157–158, 161, 167, 

169–172, 174

brain stimulation and, 190–191, 197

cognition and, 151, 153

during development, 144–145

hubs and, 110, 145

lesions and, 180, 182

reconstruction, 8–11

scale-free networks and, 22

spatial features, 95

across species, 60

Functional magnetic resonance imaging 

(fMRI), 22, 27, 33, 63, 167, 170–171

Gaig, C., 165

Gallos, L. K., 45

Galton–Watson model, 99

Galvan, C. D., 161

___-1

___0

___+1

11980_555.indd   249 2020-04-24   15:53:31



250	 Index

Ganglia

basal, 170, 197

in C. elegans, 44, 81

evolution of, 38–39

in vertebrates, 40

Gao, W., 129

Garcia, K. E., 134, 137

Garcia-Cabezas, M. A., 82

Gastrulation, 67

Gender, 134

Genome, 33, 104, 178

Georgiadis, K., 175

Geschwind, N., 154

Geser, F., 165

Gewaltig, M.-O., 53

Gibbons, 58

Gibson, E. M., 94

Giedd, J. N., 143

Gierer, A., 71, 105

Gilbert, C. D., 93

Girvan, M., 16

Glasser, M. F., 5, 60

Gleissner, U., 179

Glial cells, 67, 132

Glioma, 86

Godfrey, K. B., 77

Gohlke, J. M., 84

Goldsworthy, M. R., 192

Goodall, S., 185

Goodfellow, M., 163

Goodhill, G. J., 92, 97

Görner, M., 25, 150

Goslin, K., 89

Goulas, A., 45, 127–128

Gouzé, J. L., 74

Gradient

detection of, 78, 92, 98

molecular, 67, 77, 89, 91, 97

spatial, 72, 82, 84–85, 127, 129

Granovetter, M. S., 45

Granular, 79, 82, 109

Gray matter

cortex organization, 79, 144

cortical folding, 131–136, 138, 140

evolution, 39

pathological changes, 162, 166, 169, 174

Grossman, N., 188–189

Growth

axon, 95–99

duplication-divergence, 114–115

nonlinear (accelerated), 113–118

old-gets-richer, 112–113, 116, 148

parallel, 122–123

parcellation theory, 114

preferential attachment, 111–112

preferential detachment, 115, 148–150

rich-gets-richer, 111

serial, 123

spatial, 31, 102–104

Guido, W., 180

Guimera, R., 18, 108

Güntürkün, O., 48

Gurney, K., 24, 109

Guy, J., 83

Gyrencephalic, 131, 134, 138, 140

Gyrification

folding theories, 132–134

models for, 137–140

across primates, 131

scaling laws, 138

Hagmann, P.

on adolescence network changes, 129, 145, 

150

on ddiffusion tensor imaging, 5, 17, 48,  

60

Hahn, J. D., 55

Haier, R. J., 151

Hallucinations, 33, 155, 165

Hatching, 44, 98, 112, 120–121

Headaches, 187

Hebbian learning, 75, 129

Hedderich, D. M., 134

Helfrich, R. F., 191

Hellwig, B., 95

Helmstaedter, M., 43

Hely, M. A., 165

Hemineglect, 192

-1___

0___

+1___

11980_555.indd   250 2020-04-24   15:53:31



Index	 251

Hennig, M. H., 75

Henriksen, S., 94

Hensch, T. K., 121

Hentschel, H. G. E., 89, 98

Herculano-Houzel, S., 5, 58–59, 86, 131–132, 

138, 140

Hermann, B., 158

Hermaphrodite, 37, 43–44, 81

Heterochronicity, 127–129

Heterotopia, 110, 158

Heuer, K., 131

Hierarchy, 51, 93

Hilgetag, C. C.

on connectomes, 26, 58–59, 95, 104,  

115

on cortical folding, 133–134

on cytoarchitecture, 82

on modular organization, 16, 25, 56, 150

on small-world features, 24–25, 40

on spatial growth, 31, 102–103

on time windows and heterochronicity, 

127–129

on wiring optimization, 28–29

Hill, J., 145–146

Hindbrain, 82

Hinton, G. E., 167

Hippocampus

brain diseases and, 148, 159, 169, 176

brain stimulation of, 188, 190

internal connectivity, 22, 50–51, 121

layer organization, 79

His, W., 7

Holmes, A. J., 41

Homae, F., 129

Homeostasis, 78, 129, 148, 181

Homo sapiens. See Human

Homology, 55, 83

Hong, S. J., 110, 157

Hornykiewicz, O., 165

Horstmann, H., 7

Horton, J. C., 25

Horvitz, H. R., 44

Hoshooley, J. S., 48

Hosoda, C., 94

Hubel, D. H., 68–69

Huberman, A. D., 74

Hubs. See also Old-gets-richer; Preferential 

attachment; Preferential detachment; 

Rich-gets-richer

brain diseases and, 153, 162, 167, 170–172, 

185

in connectomes, 12, 43, 48–49, 53, 55–56, 

109–110, 145

formation, 40, 107–118

functional role, 46, 48, 60, 108–110, 148, 

151, 174

robustness, 23, 178–179

Human

brain stimulation, 189–193

connectivity, 5, 9, 17, 60, 63, 94

cortical folding, 131–132, 137, 140

evolution, 40–41, 83–85

gene expression, 72–73

hubs and rich-club, 110, 115, 145

scale-free organization, 22–23

small-world and modular organization, 40, 

127–129, 145, 159–161

spatial organization, 7, 26–27, 93

Human Connectome Project, 60, 136, 139, 

144

Humphries, M. D., 24, 109

Hutchings, F., 194

Hutchinson, E., 158

Huttenlocher, P. R., 120, 144

Hyperexcitability, 158, 161, 197

Hypersynchronization, 196

Hypothalamus, 55

Illiterate, 147

Inflammation, 158

Ingalhalikar, M., 150

Inhibition

brain stimulation and, 190, 192

across fruit fly connectome, 47

homeostasis, 182

imbalance, 158

lateral, 71–72, 74–77

tonic, 157

___-1

___0

___+1

11980_555.indd   251 2020-04-24   15:53:31



252	 Index

Injury

axonal sprouting, 180

functional compensation, 177, 183–186

functional connectivity changes, 181

lesion timing, 186

lesion types, 177

recovery after lesions, 191

Innervation, 69–70, 72, 74, 92, 133

Innocenti, G. M., 93, 95

Insula, 109, 135, 156, 192

Intelligence, 150–151

Intestine, 38

Invertebrates, 39, 45

Isingrini, M, 151

Isocortex, 79–80

Isolated node, 13

Ito, M., 98

Iturria-Medina, Y., 19

Jaccard index, 32, 183

Jackson, G. M., 157

Jackson, S. R., 157

Jacobs, R. A., 127

Jardim-Messeder, D., 55

Jbabdi, S., 161

Jellyfish, 37

Jiang, L., 162

Jiang, X., 159

Jirsa, V., 77

Johansen-Berg, H., 161, 180–181

Jones, D. K., 143

Jones, D. T., 172

Jones, E., 60

Jucker, M., 166, 168

Jung, R. E., 151

Kahn, D. M., 114

Kaiser, M.

on axon growth, 95–99

on connectomes, 25, 38, 40, 45

on hierarchical modular networks, 40, 150, 

159–160

on hub formation, 112–115, 148

on network analysis, 13

on network dynamics, 33

on network growth, 86, 95, 108, 111

on network robustness, 23, 170, 178–179

on spatial features, 26–32, 59, 94

on spatial growth, 102–104

on time windows, 47, 120, 122–127

on wiring optimization, 28–31

Kaliningrad, 8

Kalisman, N., 99

Karbowski, J., 29

Katz, L. C., 121

Katzman, R., 185

Kaufman, A., 38, 50, 92

Kaufmann, T., 162

Keck, T., 178

Kekic, M., 192

Kelava, I., 38

Keller, C. J., 190

Kelsch, W., 120

Kendler, K. S., 34

Kensinger, E. A., 137

Khambhati, A. N., 190

Kim, H. R., 173

Kim, J. S., 159–160

Klein, D., 134, 146

Koch, C., 147

Koene, R. A., 65

Kohonen, T. K., 77

König, P., 30

Königsberg bridge problem, 8

Koser, D. E., 92

Kötter, R., 20, 48, 58–59

Krubitzer, L., 114

Kuan, C.-Y., 81–82

Kubanek, J., 189

Kuhn, A. A., 194, 197

Kuramoto oscillator, 196

LaMantia, A. S., 69, 144

Larson, T. A., 48

Larva, 43–44

Lateralization, 31

-1___

0___

+1___

11980_555.indd   252 2020-04-24   15:53:31



Index	 253

Latora, V., 15–16, 149

Lattice, 21, 38, 40, 93, 153

Lau, Y. C., 157

Laughlin, S. B., 30

Lebel, C., 143

Leech, 43

Legon, W., 189

Leinenga, G., 189

Lemaire, T., 189

Lemieux, L., 160

Lesion studies. See Injury

Lewis, J. D., 156

Lewy body dementia, 165–167, 170

Li, A., 51

Li, H. J., 162

Li, L. M., 190, 192

Li, W. C., 97, 99

Lichtman, J. W., 7, 69, 102, 120

Lifestyle, 166

Lim, S.

on preferential detachment, 148–150

on time windows, 47, 122–124

Limbic cortex, 82, 120, 156, 167

Lin, H. Y., 157

Lin, M. K., 59, 71

Lissencephalic

marmoset monkey, 59

mouse, 50

reelin gene, 83

scaling-law, 138

Little, G. E., 92

Liu, Y., 155

Liu, Y. Y., 196

Lo, C.-Y., 169

Lohof, A. M., 69

Lomber, S. G., 183

Long, P., 94

Longitudinal studies, 63, 144, 151, 156–157, 

159, 169, 174

Loops, 8

Lorenz, K. Z., 121

Lövdén, M., 166

Luders, E., 134–135

Luft, C. D., 196

Lund, J. S., 93

Luo, L., 95, 144

Macaque

brain stimulation, 189

connectivity, 19, 23, 26, 32, 40, 58–59

hubs, 109, 112–113, 178

network development, 83–86, 99, 102, 104, 

115

small-world organization, 24–25

spatial network organization, 26–31, 93, 115, 

134

Macroconnectome, 33, 51, 56, 60, 161

Madan, C. R., 137

Magnetoencephalography (MEG), 169, 181

Majka, P., 59, 61

Mallamaci, A., 71

Malnutrition, 162

Mammals, 14, 31, 37, 50, 59, 91

Mander, B. A., 148

Manger, P. R., 55

Marchiori, M., 15–16, 149

Markov, N. T., 58

Marmoset monkey, 43, 58–61, 131

Masuda, N., 29

Matching index, 183

Matthew’s effect, 111

Maupas, E., 44

McKeith, I. G., 165

Mechanoreceptors, 44, 46, 92

Meinhardt, H., 71–72

Merzenich, M. M., 161

Mesencephalon, 39

Metabolic constraints, 28, 118, 131, 170, 178

Metazoans, 37

Metencephalon, 39

Metropolis, N., 28

Meunier, D., 150

Meynert, T., 79

Mezias, C., 173

Micheloyannis, S., 155

Microcircuit, 25, 72, 82, 155–156

___-1

___0

___+1

11980_555.indd   253 2020-04-24   15:53:31



254	 Index

Microconnectome, 33, 51, 56, 115

Microspheres, 9

Microstate, 170

Microtubules, 138

Midbrain, 167

Milgram, S., 24

Migration

pathological changes, 155, 158

radial, 67, 80–82, 86, 88, 133–134

Mikula, S., 51

Milham, M. P., 59

Miller, K. L., 60, 144

Milo, R., 19–20, 58

Minerbi, A., 148

Minicolumns, 195

Minimum spanning tree, 28

Minshew, N. J., 157

Misfolding proteins, 166, 185

Mishra, V., 148

Mitochondrial, 26, 191

Modules

in connectomes, 45–46, 48–49, 51, 56, 58, 60

evolutionary origin of, 38–40

formation, 119–129, 145, 148–150

hierarchical networks, 25, 56

measures for, 16–19, 159–160

pathological changes, 155–156, 158–160, 

169

Mohades, S. G., 94

Mohan, U. R., 190

Mollusks, 39

Monod, J., 114

Mood, 158, 192

Morphogen, 70–72, 77, 104–105

Mosaic, 65, 71–72

Mota, B., 132, 138, 140

Motif, 19–20, 48, 58–59, 166

Motoneuron, 69, 72, 74

Mountcastle, V. B., 25

Mouse

brain stimulation, 94

connectome, 50–51

development, 94, 121, 127–129

layer architecture, 82–83, 85

retina, 43

Muir, D. R., 93

Murray, J. D., 70–71, 91

Murre, J. M., 31

Mus musculus. See Mouse

Mustela putorius furo. See Ferret

Myelencephalon, 39

Myelin

conduction speed, 12, 45, 91, 93

early myelination, 110

hub formation and, 118

loss of, 169

sheath establishment, 82, 91, 93–94, 143

Nathan Kline Institute (NKI), 139, 144, 175

Natu, V. S., 143

Nawa, H., 80

Nemathelminthes, 38, 43

Neocortex

brain stimulation model, 194

evolution, 83

growth model, 84

layer organization, 82

module formation, 121

old-gets-richer, 112–113

Neonates, 144, 148, 158

Nepusz, T., 33

Network flow, 185

Networks. See Connectivity

Neumann, W. J., 197

Neural crest, 67

Neurogenesis, 48, 84–85, 120, 123, 134, 145, 

183

Neuromodulation, 187, 189, 193–194

Neuromorphic fields, 70–72

Neuromuscular junction, 44, 72

Neurotransmitter, 47, 79, 161, 174

NeuroVIISAS, 51

Neurulation, 67, 81

Newman, M. E., 16–17

Ng, Y. S., 191

Nguyen, J. A., 192

-1___

0___

+1___

11980_555.indd   254 2020-04-24   15:53:31



Index	 255

Nie, J., 132–133

Nikolic, K., 194

Nisbach, F., 127

Nitsche, M. A., 187, 190, 192

Noise, 29, 34, 188, 195

Non-metric multidimensional scaling (NMDS), 

183–184

Nordahl, C. W., 135

Notch, 71

Nottebohm, F., 48

Ocelli, 39, 45, 47

Octopus, 37, 39

Oh, S. W., 37, 50

Okujeni, S., 129

Old-gets-richer, 112–113, 116, 148

O’Leary, D. D., 95, 144

Olfactory system

dementia progression, 167, 173

fasciculation, 98

fruit fly, 44

layer organization, 79

module formation, 121

Oligodendrocyte, 91, 93–94, 169

Omnivores, 58

Optimization. See Component placement 

optimization (CPO)

Optogenetic stimulation, 94, 188–189, 194

Oscillations, 47, 188, 191–192, 194, 196–197

Overconnectivity, 145

Overrepresentation, 81

Overshoot, 183

Paleocortex, 79, 112–113

Palla, G., 16

Pallium, 83

Palmqvist, S., 165

Pandya, S., 176

Pang, T., 135

Parallel growth, 122–123

Parcellation, 5, 10, 16–17, 56, 71, 128

Parcellation theory, 114

Parkinson’s disease

as a type of dementia, 165

diffusion progression model, 176

focused ultrasound treatment, 189

histological changes, 166

limbic areas, 82

models of deep-brain stimulation, 197

Participation coefficient, 18–19, 150–151, 159

Passingham, R., 58

Path length. See Characteristic path length

Pathoconnectomics, 153

Paul, L. K., 157

Payne, B. R., 183

Peraza, L. R., 174–176

Pereira, J. B., 169

Periallocortex, 80

Perilesion, 180, 185, 191

Perin, R., 119–120

Petanjek, Z., 144

Peters’ Principle, 92

Pettersson-Yeo, W., 155–156, 161

Pharynx, 44, 81

Piano learning, 94

Picco, N., 84

Picker, A., 71

Pigeon, 37, 43, 48–49

Plaques, 58, 170

Plasticity

activity- and spike-time dependent, 78, 129, 

161, 181–183, 190

and brain stimulation, 191, 194

across development, 121, 144, 147, 179

functional, 89, 161

sleep and memory, 147

structural, 89, 181–183

synaptic, 78, 191, 194

Platyhelminthes, 38

Polania, R., 191

Polymicrogyria, 110, 158

Pons, 167

Positron emission tomography (PET),  

169–171

Preferential attachment, 103, 111–112, 114, 

116–118

___-1

___0

___+1

11980_555.indd   255 2020-04-24   15:53:31



256	 Index

Preferential detachment, 115–116, 148

Presubiculum, 80

Price, C. J., 33, 177

Price, D. J., 95

Primates, 40, 59, 84, 93, 119–121, 131, 180–

181. See also Human; Marmoset monkey; 

Rhesus monkey; Squirrel monkey

Proisocortex, 80

Protein-protein interaction networks, 26, 110, 

115

Protocerebrum, 39

Pruning

of axons, 102, 144

for fiber tracts, 129, 144–145

and neurodevelopmental disorders, 161–162

of synapses, 120, 144, 183

Puberty, 60, 144

Purkinje cells, 70, 89

Purves, D., 69, 102, 120

Putamen, 156

Putcha, G. V., 81

Qubbaj, M. R., 77

Radial-unit hypothesis, 132

Ragsdale, C. W., 83

Raj, A., 35, 172–173

Rakic, P.

on cortical columns, 25, 65

on critical periods, 31

on pruning, 69, 144

on radial-unit hypothesis, 132

on time windows, 120

on transient connectivity, 95

Rakic, S., 88

Ramón y Cajal, S., 7

Rapoport, J. L., 33

Rat

brain stimulation, 190, 194

connectivity, 26, 40, 51–55, 95

filling fraction, 99

Rattus norvegicus. See Rat

Ravasz, E., 58, 114

Reato, D., 190

Recovery, 177, 179–181, 183–186, 191–192

Redundancy, 178

Reeler mouse, 82–83, 85

Rees, G., 157

Rehabilitation, 180, 191–192

Reichert, H., 81

Reijneveld, J. C., 153

Reinhart, R. M. G., 192

Rényi, A., 21, 116

Retina

focal lesion, 181

mechanosensing ganglion cells, 92

mosaics, 65, 71

ocular dominance, 121

retinal waves, 75, 91

topographic mapping, 68, 76–78

Retrograde tracers, 9, 52, 60–61

Rhesus monkey. See Macaque

Rhinencephalon, 79

Ribeiro, P., 20

Rich-gets-richer, 111

Riddle, D., 81

Riley, E. P., 80

Riley, K. P., 95

Robinson, P. A., 77

Robustness, 23–24, 30, 112, 178–179,  

183–186

Rockel, A. J., 83

Rockland, K. S., 93

Rodent. See Mouse; Rat

Ronan, L., 133–135

Ropireddy, D., 51

Roundworm, 37–38, 43

Rubenstein, J. L., 161

Rubinov, M., 7, 10, 153, 183

Ryan, K., 43

Sabuncu, M. R., 151

Sadek, A. R., 51

Salami, M., 93

Sanchez-Rodriguez, L. M., 198

Scale-free networks, 22–23, 111

-1___

0___

+1___

11980_555.indd   256 2020-04-24   15:53:31



Index	 257

Scannell, J. W., 7, 29, 37, 40, 45, 56, 104, 184

Schizophrenia

disconnection hypothesis, 161

early-onset, 162

genetic factors, 156

increased gyrification, 135

neurodevelopmental disease, 155

pathological layer formation, 80

rich-club organization, 110

Schlegel, A. A., 94

Schlemm, E., 157

Schmitt, O., 51

Scholz, J., 94

Schrepf, A., 158

Schumacher, J., 170

Schüz, A., 92, 102

Schwikowski, B., 26

Scorcioni, R., 90

Segev, R., 26

Seguin, C., 59

Sejnowski, T. J., 30, 167

Seldon, H. L., 132

Self-organization, 26, 34, 104

Self-organizing maps, 76–77, 185

Semaphorin, 92

Senden, M., 110

Serial growth, 123

Sernagor, E., 71

Seung, H. S., 7

Shanahan, M., 37, 48–49

Shaw, P., 120

Sherry, D. F., 48

Shih, C. T., 45–47

Shimizu, T., 48

Shortcuts, 21, 29, 40, 45, 149, 179

Silva, C. G., 65

Sinha, N., 161, 163

Skudlarski, P., 160

Small-world networks, 21, 24, 29, 45

Social networks, 8, 16

Socioeconomic data, 63, 150

Sole-Casals, J., 151

Song, H., 97

Sowell, E. R., 143

Spear, P. D., 180, 183

Specialization, 40, 45, 114

Sperry, R. W., 92, 95

Sporns, O.

on connectomes, 7–8, 25, 60

on degeneracy, 33

on network analysis, 7, 10, 150, 159

on network hubs, 47, 109

on network motifs, 20, 48, 59

Squid, 91

Squirrel monkey, 58–59

Staiger, J. F., 83

Stam, C. J., 25, 129, 153, 167, 169

Stauffer, D., 8

Stein, D. G., 177, 186

Stepanyants, A., 99, 102

Stephan, K. E., 58, 155, 161

Sterratt, D., 72, 76, 147

Stief, F., 161

Stoll, E., 86

Stomatogastric ganglion, 38

Stoykova, A., 71

Striatum, 192, 197

Striedter, G. F., 29, 31, 37, 40, 132

Strogatz, S. H., 24, 29, 40, 45

Structural connectivity

brain diseases and, 33–35, 110, 155–159,  

169

brain stimulation and, 190, 192, 196–197

during development, 115, 145, 147, 149–151

reconstruction, 8–11

rewiring after lesions, 181, 184

across species, 56, 60

transient, 95, 144, 174

Stryker, M. P., 68

Stumpf, M. P. H., 23

Subcortical structures, 51, 94, 109–110, 143, 

145, 156, 176

Subiculum, 50

Sukhinin, D. I., 55

Sulci, 109, 131, 134–135, 138, 173

Sulston, J. E., 44

___-1

___0

___+1

11980_555.indd   257 2020-04-24   15:53:32



258	 Index

Sun, Y., 156

Sundaram, S. K., 160

Sunkin, S. M., 51

Supekar, K., 129, 150

Superinnervation, 69, 74

Surgery, 158, 163, 177, 179, 186, 189

Swanson, L. W., 51, 53–55

Swindale, N. V., 74

Synapses

establishment, 88, 120, 123, 144

plasticity, 78, 191, 194

pruning, 120, 144, 183

tenacity, 148

Synchrony

brain stimulation, 191–192, 196

enhanced for depression, 158

information integration, 29, 151

module formation, 129

role of hubs, 107

Tadpole, 43, 97, 99

Takahashi, E., 58–59, 61

Tallinen, T., 133, 138

Tamnes, C. K., 143

Tau proteins, 166, 170, 172

Tautochronicity, 127–128

Taylor, M. J., 157

Taylor, P. N., 158, 196

Tecchio, F, 191

Telencephalon, 5, 39, 48–49, 83

Thalamus

connectivity between nuclei, 55

in connectomes, 51, 92, 99, 170

focused ultrasound stimulation, 189

Thanarajah, S. E., 156

Thiebaut de Schotten, M., 147

Thornton, C., 194

Tomasi, S., 93

Tomassy, G. S., 94

Tomsett, R. J., 195

Tononi, G., 33, 177

Topographic mapping, 68, 70, 76–78

Toro, R., 71, 131

Tourette syndrome, 157

Towlson, E. K., 112

Tracers, 59, 61

Transcranial alternating current stimulation 

(tACS), 188, 191–192

Transcranial direct current stimulation (tDCS), 

188, 191–192, 194

Transcranial magnetic stimulation (TMS),  

187–189, 192–193

Transcription, 73, 104

Transgenic animals, 59

Transient connectivity, 95, 144, 174

Trappenberg, T. P., 147

Tremor, 165, 189

Triplett, M. A., 76

Tschentscher, N., 151

Tuch, D. S., 7

Tumors, 177–178

Turing, A. M., 34, 70, 105

Tymofiyeva, O., 129, 145

UK Biobank, 60, 63, 144

Ultrasound, 188–189, 193

Unmyelinated fibers, 91, 93–94

Urbach, J. S., 92, 97

Utton, M. A., 172

Vaessen, M. J., 158

van den Heuvel, M. P.

on brain development, 68, 110, 129, 145

on comparative connectomics, 43

on intelligence, 151

on rich-club organization, 47, 56

on schizophrenia, 160

Van Essen, D. C.

on brain connectivity, 7, 37, 40, 58

on brain surface shape, 7, 131, 136–137

on Human Connectome Project, 60, 144

on white matter pulling theory, 132–133

van Ooyen, A.

on axon growth and fasciculation, 89, 92, 

98, 102

on early pattern formation, 67

-1___

0___

+1___

11980_555.indd   258 2020-04-24   15:53:32



Index	 259

on structural plasticity and homeostasis, 

181–183, 186, 191

on superinnervation, 69

van Rossum, M. C., 147

Varier, S., 40, 98, 112–113, 115, 120, 148, 186

Varshney, L. R., 115, 123

Váša, F., 145

Vazou, F., 151

Vázquez, A., 115

Ventricles, 80, 83, 132, 169, 173

Verhagen, L., 189

Vertebrates

brain evolution, 39–40

cell death, 81

muscle fibers, 69

VERTEX, 194

Virus, 50, 188

Voets, N. L., 135

von der Malsburg, C., 30, 75–76

von Neumann, J., 30

Wagner, A., 178

Wang, Y.

on cortical folding, 131, 133, 136, 139–140

on neuromodulation, 193, 195

Wasserman, S., 8

Watanabe, T., 157

Watts, D. J., 15, 24, 26, 29, 40, 45

Weickenmeier, J., 173

Welker, W., 134

Wen, H., 157

Wen, Q., 28, 31

Wernicke, 154

White matter

cortical folding, 131–136, 138

evolution, 37–40

organization, 25, 31, 92–94, 143, 145

pathological changes, 154–155, 158, 169, 

181

prion spreading, 166, 173

White, J. G., 7, 37–38, 43–44, 98

White, T., 132

Widge, A. S., 192

Wiecki, T. V., 197

Wiesel, T. N., 68, 70, 93

Williams, D. L., 157

Williams syndrome, 135

Willshaw, D. J., 69, 71–72, 74–76

Wiring optimization, 28–31

Wolf, L., 50

Woodward, N. D., 155

Wörgötter, F., 89, 181–182, 191

Wulst, 83

Xie, L., 147

Xu, G., 133

Xu, Y., 145

Yamamoto, N., 7, 38, 92

Yan, G., 196

Yang, Z., 162

Yeast, 26, 178

Yeh, F. C., 94

Yizhar, O., 161

Yoo, S. W., 185

Yoshiyama, Y., 171

Young, M. P., 7, 16, 29, 37, 40, 51, 58, 104, 119

Ypma, R. J., 50

Yu, Y. C., 121

Zalesky, A., 160

Zamora-Lopez, G., 48

Zecevic, N., 88

Zhan, Y., 161

Zhang, Z., 158

Zhao, T., 145, 148, 150

Zhou, C., 56, 110, 161

Zhu, F., 51

Zielinski, B. A., 156

Zingg, B., 50, 52

Ziv, N. E., 148

Zubler, F., 86–87, 93, 104–105

Zuo, X. N., 143

___-1

___0

___+1

11980_555.indd   259 2020-04-24   15:53:32


