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gene expression profile relationship, 137-142
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probabilistic effects, 79—-80
review, 78-82
Diencephalic-telencephalic boundary (DTB), 50
Divergent evolution, 157-158
Diversity, interneuron, 211-220
Division of labor model, 6-8
DNA methylation profiles, 140-141
Dogs, diversification of behavioral traits in, 78
Dopamine receptors
in avian nidopallium caudolaterale, 235
in prefrontal cortex, 232-233
Dorsal ventricular ridge (DVR), 58, 60-61, 233, 236
Dorsolateral geniculate nucleus (dLGN), 193
eye-specific organization in, 194-195
retinotopic alignment of feedforward and feedback
connections in SC and dLGN, 198
RGC-type-specific organization in, 199-200
Drosophila
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neuronal circuit evolution, 4-5, 9
pheromone response, 5
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Ephrin-A, 194, 197-198

Ephrin-B, 194, 198

Epigenetic landscape, 74

Er81, 219
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Evolution. See also Neuronal circuit evolution
approaches to understanding the neural basis of

behaviors, 156158

convergent, 156—157
design principles in neural circuits, 155-156
divergent, 157-158

examples of circuit adaptations in closely related species,

158-159
perturbations to neural circuits, 154-155
Evolutionary systems neuroscience
deep homologies, 153, 160-161
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Fetal brain, fMRI studies of, 105-112

Firing rate model, 119
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G protein signaling, 24-25
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GAPs (GTPase-activating proteins), 24
GDPs (giant depolarizing potentials), 171
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developmental perspective for unraveling, 144-146
gene expression profiles, 133-146
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142-144
projection collateralization, 134, 137-138, 141-146
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strategies for understanding, 137, 139-141
Gene regulatory networks (GRNs), 213, 220
Genetic variation
copy number variants (CNVs), 77
neurodevelopment in humans, 76-77
polygenic, 77-78
single mutations, 75-76
variability in neural circuit formation, 75-78
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forward genetic screens, 75
mechanisms of circuit evolution, 3-5
neurodevelopment in humans, 76-77
reverse, 75
Genome-wide association studies (GWAS), genetic
variance and, 77-78
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Giant depolarizing potentials (GDPs), 171
Glia, of prefrontal cortex, 37
GNARL (generalized acquisition of recurrent links), 121
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Hebb’s rule, 117

Higher order networks, 107

Hodgkin—Huxley models, 119

Hopfield networks, 122, 125-127
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system, 89

Hypopriors theory of ASD, 127

Identity, interneuron, 211-215, 219-220
Inhibitory control of plasticity and emergent connectivity,
181-182
Inhibitory cortical networks, maturation of, 216-217
Interneurons
cell death, 215-216
chandelier cells (ChCs), 87-100
circuit interactions between functionally coupled
category-selective pyramidal cells and,
231-232
compartment selectivity of output, 218-219
developmental dysfunction and neuropsychiatric
disease, 217-218
developmental transition of interneuron afferent
connectivity, 217
diversity, 211-220
early programming of molecular identity in cardinal
interneuron groups, 212-214
environmental influences on subtype identity, 212
evolution of, 6
GABAergic, 87-100
identity, 211-215, 219-220
in avian nidopallium caudolaterale, 235-236
migration, molecular and activity-dependent
mechanisms for, 214-215
parvalbumin (PV), 39-41, 87, 170, 174, 182,
213-219
plasticity, 182
prefrontal cortex development, 37, 39-41
response to categories, 227-229
somatostatin (SST), 87, 171, 174, 182, 212-217, 219
specification is determined by extrinsic and intrinsic
influences, 220
thalamocortical activity and development of
inhibitory, 63
tracking the progression of cortical, 213
transient connectivity, 211, 216-217
vasoactive intestinal peptide (VIP), 212, 215
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201-202
Ipsilaterally projecting RGCs (ipsi-RGCs), 191, 194-197
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Landscape, neurodevelopmental, 74
LAR-type receptor protein tyrosine phosphatases (RPTPs)
(LAR-RPTPs), 17, 21

Large-scale connectivity, in fetal brain, 109-111
Learning

metalearning, 123-125

neuromodulator regulation of, 124-125
Learning rules, 120, 122, 128, 177
Long-range connectivity, 105-106, 109-110
Long-term depression (LTD), 41
LPHNSs, 24-25, 27
LRRTMs, 23

M

MAGUK (membrane-associated guanylate kinase), 18,
23-24
Marsupials, 67
McCulloch—Pitts model, 119
Mean-field models, 170, 174
Mediodorsal nucleus (MD) of the thalamus, 34-35
Membrane-associated guanylate kinase (MAGUK)), 18,
23-24
Memory
RNN studies, 122
working, 232-233
Metalearning, 123-125
Mice
retinal waves, 193-194
vocal communication in, 159
Microglia
inhibitory synapse remodeling, 218-219
prefrontal reorganization during adolescence, 41-42
pruning mediated by, 41, 219
Modeling
circuit development with RNNs, 117-128
circuit evolution and development, 167-183
Modular evolution, 4, 6
Monbkey, studies in, 226-233
Mutation, and genetic variation in neural circuit formation,
75-76
Myeloid translocation gene 8 (Mtg8), 213

N
NCL (nidopallium caudolaterale), 234-236
Nell2, 194
Netrin-B gene, 79
Neural networks, recurrent. See Recurrent neural networks
Neuregulin 3 (Nrg3), 214, 218
Neurexin (NRXN), 17-21
Neurodevelopmental disorders. See also specific disorders
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RNN models of, 125-128
Neurogenesis, and recurrent neural networks (RNNs),
120-121
Neuroimaging
characterizing brain function and connectivity in the
brain with, 106-107
fMRI of human circuit development, 105-112
Neuromodulators, in RNNs, 124125
Neuronal circuit evolution
adaptive significance, 8-10
complexity generation, 6—8
ecological context, 8—10
first circuits, 6
genetic and developmental mechanisms, 3—-5
review of, 1-11
structural and functional, 5-8
Neuronal ensembles, input-specific, 216
Neurons
development in prefrontal cortex, 35, 37
evolutionary origins of, 2, 5-6
Neuropsychiatric disorders
impact of developmental dysfunction on,
217-218
miswiring during prefrontal development, 4243
Nidopallium caudolaterale (NCL), 234-236
NMDAR-mediated synaptic transmission, 22—24
Nrgl, 218
NRXN (neurexin), 17-21
Nudibranchs, 8—9
Number neurons, 226
Number representations, 225-226, 229-231
Numerosity tuning, 226-227, 229, 232, 236
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Olfactory systems, convergent evolution in, 157
Olivary pretectal nucleus (OPN), 196, 202
Organoids, brain, 11

P

Pallial circuits, phylogenetic modifications of
major, 227
Pallid—subpallial boundary (PSPB), 49-61, 67
Pallium, avian
abstract categorization, 235-236
circuit components in, 233-234
nidopallium caudolaterale (NCL), 234-236
Parvalbumin (PV) interneurons, 3941, 87, 170, 174, 182,
213-219
Patch-seq, 89, 136
PCDHG, 215-216
Perturbations
off-and-on-manifold, 154-155
to neural circuits, evolutionary, 154-155
PFC. See Prefrontal cortex
Pheromone, 5
Pitx1, 154
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circuits and computations in the primate prefrontal
neocortex, 226233
disease-relevant miswiring during development, 42—43
divisions of, 34
dopamine receptors, 232-233
early patterns of electrical activity in developing, 37—40
in rodents, 34-35
late development of prefrontal circuits and emergence of
cognitive abilities, 40—42
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overview, 33-35
pruning of circuits, 40—41
structural reorganization during adolescence, 41-42
Primates
chandelier cells, 87, 89, 91-92, 94
circuits and computations in prefrontal cortex, 226-233
Programmed cell death, 4
Projection collateralization, 134, 137-138, 141-146
Protoneurons, 2
Pruning
cortical connectivity maps, 142, 144
microglia-mediated, 41, 219
microglia-mediated synaptic, 218-219
prefrontal circuits, 4041
RNN circuits, 120-122
schizophrenia, 126-127
schizophrenia symptoms, 126
PSPB. See pallid—subpallial boundary
PV (parvalbumin) interneurons, 39-41, 87, 170, 174, 182,
213-219
Pyramidal cells
circuit interactions between functionally coupled
category-selective pyramidal cells and
interneurons, 231-232
response to categories, 227-231
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Radial glia, 194
Recurrent connectivity, 127, 154, 172, 177, 179-181
Recurrent neural networks (RNNs)
advantages, 120
basic neurobiological components of, 118-120
computations mediated by, 120
development of circuit function, 122-123
development of cognitive function, 123-124
GNARL, 121
grow-when-required algorithm, 122
in modeling circuit development with, 117-128
learning at multiple timescales, 123-125
metalearning, 123125
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synaptogenesis, 121
train-alter-compare approach, 127-128
training, 119-123, 127-128
Reeler mouse, 53, 57
Regurgitation behavior, 9
Resting state networks, 107, 109-111
Retinal ganglion cells (RGCs)
contralaterally projecting (contra-RGCs), 191,
194-195, 197
dorsolateral geniculate nucleus (dLGN) eye-specific
organization in, 194-195
DS (direction-selective), 196-197, 199, 202
eye-specific organization in, 195-196
ipsilaterally projecting (ipsi-RGCs), 191, 194-197
lesser-known targets, 192—-193, 195-196, 201-202
ON and OFE 178, 196-197, 199-200
postsynaptic choices, 193
regional specializations of, 196-197
retinal waves, 193-195
type-specific pathways, 199-202
type-specific targets and layers, 192
Retinal ganglion cells (RGCs) projections,
type-specific, 199
Retinal waves, 96, 168170, 177-179, 193-195, 197
Retinotopic maps, 176, 191-192
Retinotopy
regional specializations of, 196-197
retinotopic alignment of feedforward and feedback
connections in SC and dLGN, 198
retinotopic organization in lesser-known targets,
198-199
review, 196-199
RGCs. See Retinal ganglion cells
Risk genes, for neuropsychiatric disorders, 42
Risk-seeking behavior, 42
RNNS. See Recurrent neural networks
Rodents
chandelier cells, 87-88, 91-96, 98—-100
prefrontal cortex of, 34-38, 43
sensorimotor behaviors, 158
thalamocortical connectivity, 50-51, 57, 61, 66—67
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SC. See Superior colliculus

Schizophrenia
miswiring during prefrontal development, 42—43
RNN models, 125-127

SCN (suprachiasmatic nucleus), 196, 199

Semaphorin-6A gene, 79-80

Set size, 225
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Shh. See Sonic hedgehog
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review, 17-27
scaffold-mediated synapse organization, 18-23
Single-cell RNA-seq, 136, 140-141, 145, 213
Single-nucleotide polymorphisms (SNPs), risk association
with, 78
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Social behavior, neural substrates of, 158-159
Social interactions, 9
Somatostatin (SST) interneurons, 87, 171, 174, 182,
212-217, 219
Somatostatin-positive (SOM ") interneurons, 3941
Songbirds, circuits and computations in, 225, 233-236
Sonic hedgehog (Shh), 154, 194
Sparsification of neural activity, 172-175
Spike-timing-dependent plasticity (STDP), 177
Spiking network model of excitatory neurons, 172
Spindle bursts, 37-38, 169-172, 174, 178, 182
Spontaneous activity
desynchronization and sparsification of activity,
172-175
in developing circuits, 168
refinement of feedforward connections, 175
retinal waves, 96, 168, 170, 177-179, 193-195, 197
spindle bursts, 37-38, 169-172, 174, 178, 182
synchronous network events in early development,
168-172
Spontaneous cortical activity, 108
SST (somatostatin) interneurons, 87, 171, 174, 182,
212-217, 219
STDP (spike-timing-dependent plasticity), 177
STP (short-term plasticity), 170-171, 181
Structured connectivity
emergence and refinement of feedforward, 177-179
emergence and refinement of recurrent, 179-181
neuroimaging, 106-108, 110-111
Superior colliculus (SC)
eye-specific organization in, 195
retinal waves, 193
retinotopic alignment of feedforward and
feedback connections in SC and
dLGN, 198
retinotopic maps, 192
RGC-type-specific organization in, 200-201
Supervised learning, 117-119
Suprachiasmatic nucleus (SCN), 196, 199
Synapse, cell adhesion molecule signaling at, 17-27
Synaptic CAMs. See Cell adhesion molecules (CAMs)
Synaptic clusters, 178-179
Synaptic connectivity, mutations in, 76-77
Synaptic organizers, 218
Synaptic plasticity, 96, 167-168, 175-179, 181-182, 195
Synaptogenesis, 21, 37, 40, 74, 77, 94, 122, 218
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Synchronous network events in early development,
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Systems neuroscience, evolution in, 153-161
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Terminal selector genes, 5
Thalamic regulation of cortical development, 61-65
Thalamocortical axons (TCAs)
accumulation in cortical subplate prior to invasion of
the cortical plate, 53-58
cortical regulation of TCA targeting, 65-67
genetic dissection of subplate neuron function in TCA
guidance using subplate-spared gene
manipulation, 58
guidance through the PSPB and interactions with the
earliest generated cortical neurons, 50-53
pallid—subpallial boundary (PSPB) and, 49-61, 67
subplate-dependent guidance of, 56-57
Thalamocortical connectivity
development and evolution of, 49-67
guidance of early thalamic projections through the
diencephalic-telencephalic boundary and
internal capsule, 50
hierarchy, 63-65
Thalamocortical maturation, 108
Thalamocortical (TC) neurons, retinal ganglion cell (RGC)
connection to, 195, 197, 199-200
Transcriptomic atlases, 134
Transcriptomically defined neuronal types, 135-137
Transient connectivity, 211, 216-217
Trio, 24
Tuning curves, 226, 229, 232, 236
Tyrosine kinase C (TrkC), 25-26
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Variability in neural circuit formation

coding problem, 73-75

developmental variation, 78—82

evolutionary dynamics, 82-83

genetic variation, 75-78

review, 73-83

sources, 75
Vasoactive intestinal peptide (VIP) interneurons, 212, 215
Ventrolateral geniculate nucleus (VLGN), 198-199, 201
Vision, binocular, 194-196
Vocal communication systems, mammalian, 159
Voles, 5
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Working memory, 232-233

VA
Zic2, 194

© 2025 Cold Spring Harbor Laboratory Press. All rights reserved.


http://cshlpress.com/default.tpl?action=full&--eqskudatarq=1428

