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ACh (acetylcholine) 99
mechanisms of release in development 99–100, 101
modes of action 102
role in retinal wave generation 275–6, 279
sources in development 101–2
AChRs (ACh receptors), in the developing retina 103–4,
105
amacrine cells 1–2, 3, 30
AII type 2–3
cholinergic amacrine cells 212, 274–6, 279
displaced 44
early synapse formation 266–7, 268
evidence for programmed cell death 212
factors which shape arborization 245, 246
identiﬁcation 44
morphological development 245, 246
neuroblast migrations 60, 63–4
size 44
spontaneous bursting in immature cells 272–5,
279
starburst amacrine cells 297
subtypes 30, 44–5
timing of genesis 44–5
see also retinal waves
ANB (anterior neural border) 12–13
anterior neural plate, separation of eye ﬁeld 19–20,
21
apical polarity complex, role in retinal cell migration 67,
68
apoptosis 130–1, 136, 208
evidence from pyknotic proﬁles 213–14
molecular mechanisms 208
process 213–14
see also cell death; PCD (programmed cell death)
arcuate ﬁbres 159
astrocytes in the retina 172–3
origin of 173
role in vascular development 182–3, 184
asymmetrical cell division, RPCs 32–3, 35–8
Ath5 gene, bHLH proneural gene 79–80, 81

ath5 gene, zebraﬁsh 348
atonal5 gene, zebraﬁsh 348
ATP (adenosine triphosphate) 99
e-ATP (extracellular ATP) 199
mechanisms of release in development 99–100, 101
modes of action 102
receptors in the developing retina 104–5, 106
receptors on developing Müller cells 182
sources in development 102
auto correlation plot, for retinal mosaics 201–2, 203
autophagy, form of cell death 216–17
autoradiography 31–3, 34–5
axon guidance/pathﬁnding see neurite ﬁeld; neurite growth;
RGC axons
axon pathways, optic nerve 150
axonal regeneration 150
axonal transport 150
Axonin 1 (IgCAM), role in axon guidance 155–6, 157
basal lamina see ILM (inner limiting membrane; retinal basal
lamina)
Bassoon 270, 292
bax pro-apoptotic gene 215
Bcl-2 gene family 214, 216–17
BDNF (brain-derived neurotrophic factor) 115
and programmed cell death 116–17
receptor binding 115
role in cell death and survival 219
behavioural screens, for zebraﬁsh mutants 353–4, 356, 357,
358
bel (belladonna) zebraﬁsh mutant 357, 358
bFGF (basic ﬁbroblast growth factor), production by Müller
cells 176
bHLH proneural genes
activation by Pax6 82
Ath5 79–80, 81
generation of multiple cell fates 79–80, 81
glial cell fate regulation 80
bHLH transcription factors, in the Notch pathway 78–9
bicuculline 299
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bipolar cells 1–2, 3, 30
evidence for programmed cell death 212
factors which shape arborization 245, 246
midget bipolar cells 126
morphological development 245, 246
recoverin immunostaining 293–6
ribbon synapse formation 266–7, 268, 269, 270
role in IPL ON and OFF sublamination 293–4, 295, 296,
297
blindness, heritable causes 357–9
blood supply to the eye 1, 2 see also retinal vasculature
BMP (bone morphogenetic protein) inhibition
and eye formation 9–11
role in neural induction and patterning 11–14
BrdU (5 -Bromo-2 -deoxy-uridine) 33, 34–5
brg1 (Brahma related) gene function, zebraﬁsh 352
c-fos gene, light-induced expression 289
Ca2+ role in the CNS 103, 112
Ca2+ -stimulated synaptic vesicle exocytosis 269
[Ca2+ ]i
role in development 103, 112
modulation by mAChRs 103–4, 105
modulation by neurotransmitters 103, 112
[Ca2+ ]i local waves 112, 113
[Ca2+ ]i propagating waves 112, 114
[Ca2+ ]i transients 103, 112
modulation by neurotransmitters 111–12, 113
role in cell cycle regulation 111–12, 113
cadherin 2 (CDH2; N-cadherin), role in retinal cell
migration 68
caecal period 128–9, 130
caspase 3-mediated apoptosis 214, 216–17
catecholamine receptors, on developing Müller cells 182
β-catenin 12
cDNA microarrays 327–8
cell adhesion molecules
role in retinal cell migration 66, 68
signal transduction 66
cell autonomous factors, in cell fate determination 42, 47–51
cell birth order in the retina 34–5, 39, 40–2, 47
amacrine cells 44–5
horizontal cells 34–5, 45
Müller glia 47
photoreceptors 42, 45–7
retinal ganglion cells 43
cell birth order within clones 42, 47–51
cell birthday 39, 40–1, 42
cell–cell interactions, retinogenic zone 8–10, 11
cell cycle in the retina 31–3, 34–5
and cell fate determination 87–9, 90
effects of bHLH proneural genes 79–80, 81
exit on differentiation 87–8
impact of cell fate determinants 51–2, 90
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timing 33–5, 36–7
cell death 115
apoptosis in the early retina 130–1, 136
apoptotic properties of NGF 116–17
in retinal mosaic development 197–9
programmed phases in the retina 116–17
role of e-ATP 199
see also apoptosis; PCD (programmed cell death)
cell differentiation in the retina 75, 128–9, 130
and NT-3 115–16
combinatorial action of transcription factors 82–3
direction of progress 128–9, 130
exit from the cell cycle 87–8
inﬂuence of [Ca2+ ]i levels 103, 112
inﬂuence of neurotransmitters 109–10, 111–12, 113,
114–15
starting point 128–9, 130
cell displacement
foveal cone packing 141–2, 143, 144
foveal pit formation 132, 138–9, 140
to form the fovea 127, 128
cell division
asymmetrical 32–3, 35–8
cytoplasmic contents division 38–9, 40
symmetrical 32–3, 35–8
terminal (RPCs) 32–3, 35–8
cell division mode, and plane of cleavage 38–9, 40
cell-extrinsic cues, retinal progenitor regulation 76–9
cell fate determination in the vertebrate retina 30–1
action of homeobox transcription factors 81
and cell cycle progression 87–9, 90
cell autonomous and non-autonomous factors 42, 47–51,
52
compared with Drosophila eye and CNS 90–1
compared with vertebrate spinal cord 91
competence model 83, 84–5
future investigations 91–2
gene interactions 51–2
impact on cell cycle 90
in retinal mosaic development 195–6
models 51–2
progenitor heterogeneity (mosaic) model 84–5, 87
role of p27Xic1 cell cycle inhibitor 88, 89
roles of cell cycle components 88–9
stochastic choice model 84–5, 87
study of the retina 75
timing of 90
cell interactions, in retinal mosaic development
194–5
cell-intrinsic factors
multiple interactions between 82–3
retinal progenitor regulation 76, 79–81, 83
cell lineage 42, 47–51
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cell migration
cortical cell studies 60, 70–1
glial-guided migration 60, 61–2
in retinal mosaic development 196–7
in the retina 59–61
mechanisms 60, 61–4
retinal and cortical comparisons 60, 70–1
somal translocation 60, 62–3
time-lapse imaging 60, 70
unconstrained migration 60, 63–4
cell migration signalling 66–7, 69
apical polarity complex 67, 68
cell adhesion molecules 66, 68
directed cell motility 67, 69
extracellular guidance cues 66–7, 68
intracellular mechanisms 67, 69
intracellular signalling molecules 67, 69
mechanisms of somal translocation 67, 69
retinal basal lamina (ILM) 66–7, 68
role of cadherin 2 (CDH2; N-cadherin) 68
role of integrins 68
role of RhoGTPases 69
cell migration trajectories 64–5
bi directional 64–5
radial and tangential 64, 65
role of the ILM 64–5
uni directional 64–5
cell non-autonomous factors, in cell fate determination 42,
47–51
cell signalling 30–1 see also speciﬁc processes
cell-speciﬁc markers, gene expression proﬁling 328, 335, 336
cellular polarity, effects on retinal lamination 242–4
cerberus gene mis expression 11
Cerberus inhibition of signalling cascades 9–11
chemical genetic screens 360–2
chemical synapses 266–7, 271
chemokines, roles in cell death and survival 219–20
cholinergic amacrine cells 212
mediation of retinal waves 274–6, 279
cholinergic neurotransmitters, regulation of progenitor cell
cycle 109–10, 111–12, 113
chromosome duplication (S-phase) 31–3, 34–5
ciliary body, development of 1, 2
ciliary epithelium (mammals), possible neogenesis of
neurons 317–19, 320
circadian rhythm generation 289–91
clonal genesis 42, 47–51
CMZ (ciliary margin zone)
continued neurogenesis in ﬁsh and amphibians 308–9, 310,
311
persistent progenitor/retinal stem cells 308–10, 311
source for retinal regeneration 307–9, 310, 311
CNS axon pathways 150
coloboma 152–4
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color vision see fovea
competence model, retinal cell fate determination 83, 84–5
computer models
dmin model 194–5, 199
retinal mosaic formation 194–5, 199
cone bipolar cells, ON and OFF types 2–3
cone opsin expression 135–6, 137–40, 288
cone photoreceptors 1–2, 3, 30
cone dominated or pure cone retinas 42, 45–6
cone packing in the fovea 127, 128, 141–2, 143, 144
development of inner and outer segments 141–2, 144
development of synaptic pedicle 141–2, 144
evidence for programmed cell death 212
Henle ﬁbre (axon) development 141–2, 143, 144
maturation time 46–7
morphological changes during foveal development 141–2,
143, 144
morphological development 245, 246
multiple types 46
ON and OFF cones 293–4, 295, 296, 297
specialized subcircuits 2–3
subtype arrangement in zebraﬁsh retina 345, 347
timing of genesis 42, 45–6
see also photoreceptors
connexins 271–2
contrast sensitivity in the retina 243, 249–50
cornea, development of 1, 2
cortical cell migration 60, 70–1
glial-guided migration 60, 61–2
somal translocation 63
unconstrained migration 63–4
cross-correlation plot, for retinal mosaics 201–2, 203
cross-correlation studies, retinal mosaic development 195
CSPG (chondroitin-sulphate proteoglycans), role in
orientation of axons 154–5
curare 299
cyc (cyclops) gene 21
cyclopia 151
cyclopic mutations 20–1
cytokines, roles in cell death and survival 219–20
dark rearing
effects on retinal waves 280–1
effects on RGC receptive ﬁelds 298–9
DCC guidance molecule 159–60, 161, 163–5
De Morsier’s syndrome 162–3
decussation patterns of RGCs 224, 225–6
Delaunay triangulation 203–4
dendrites
ﬁeld size 245–8, 249
interactions in retinal mosaic development 199–200, 201
see also neurite ﬁeld; neurite growth
dendritic ﬁlopodial motility 250–1, 252
dendritic nets 199–200, 201
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dendro-dendritic contacts among RGCs 247–8, 249
developmental competence, RPCs 42, 47–51
DHA (docosahexaenoic acid), trafﬁcking by Müller
cells 175–6
dkk1 (dickkopf1), Wnt inhibition 12–13
dkk1 (dickkopf1) gene, effects on forebrain patterning 12–13
differentiation see cell differentiation
digital gene expression proﬁling 326–7, 328, 329
displaced amacrine cells 44
DM-GRASP (IgCAM), role in axon guidance 155–6, 157
dopamine, role in cell death and survival 220–1
dopamine receptors, on developing Müller cells 182
dopaminergic amacrine cells 212
Drosophila
eye and CNS cell fate determination 90–1
eye formation genes 16–17
gene expression database 329
Dsh (Dishevelled) intracellular protein 12
e-ATP (extracellular adenosine triphosphate), role in cell
death 199
ECM (extracellular matrix)
inﬂuence on synapse formation 270–1
modulation of developmental cell death 221
ectopic eyes
induction in Drosophila 16–17
induction with EFTFs 16–17
response to light 16–17
EFTFs (eye ﬁeld transcription factors) 8
eye ﬁeld speciﬁcation 14–15, 17, 19
genome duplicates and homologues 18
midline repression to form eye primordia 19–20
electrical synapses 271–2
embryogenesis, development of the eye 1, 2
ENU mutagenesis 343
Eph proteins, role in RGC axon pathﬁnding 157–8, 159
ephrin proteins, role in RGC axon pathﬁnding 157–8, 159
ERGs (electroretinograms)
a-, b- and c-wave components 292
to monitor developing light responses 292
extracellular matrix see ECM
extrinsic cues, retinal progenitor regulation 76–9
eye, development 1, 2
eye ﬁeld (eye anlage)
origins 8
speciﬁcation 8–9, 10, 11, 14–15, 17, 19
see also EFTFs (eye ﬁeld transcription factors); eye
primordia formation
eye ﬁeld formation
and Wnt signalling 12–13
fate-mapping experiments 14, 15
transplantation experiments 14
eye ﬁeld patterning
role of Wnt signalling 11–14
signalling systems 12
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eye formation, and neural induction 9–11
eye formation genes 14–15, 17, 19
Drosophila 16–17
eye growth, retinal stretch 132, 144–5
eye opening, light responsiveness 288
eye primordia formation
displacement of neural plate cells 20–1
genes and signalling pathways 20–1
reprogramming of midline cells 19–20
separation of single eye ﬁeld 19–20, 21
see also eye ﬁeld
eye regeneration, history of study 307–8, 309
eye-speciﬁc inputs, segregation in the lateral geniculate
nucleus 274–5
FGFs (ﬁbroblast growth factors), neural induction and
patterning 11–14
forebrain patterning, and Wnt activity 11–14
forkhead (foxb1.2) gene 20–1
fovea
avoidance by RGC axons 159
cell types not found in 130–1, 136
colour vision 128
development 127, 128
midget pathway 126, 127, 128
starting point for cell differentiation 128–9, 130
structure 127, 128
synapse formation 131–2, 134, 135, 138–9
visual acuity 128
fovea centralis
early studies 126
structure 127, 128
see also fovea
foveal avascular zone (FAZ) 127, 128, 132, 138–9,
140
foveal cone mosaic 132, 137–9, 140
cone packing 141–2, 143, 144
foveal depression formation 132, 134, 137–9, 140
cell displacement 132, 138–9, 140
pit stage 132, 138–9, 140
pre-pit stage 134, 137–9, 140
foveal rim 127, 128
foveal slope 127, 128
Fz rLRP (Frizzled rlow density lipoprotein receptor-related
protein) complex 12
GABA (γ-aminobutyric acid) 99
mechanisms of release in development 99–100, 101
modes of action 102
role in retinal wave propagation 273, 276–9, 280–1
sources in development 102
GABA receptors
in the developing retina 105, 106–7
on developing Müller cells 182
GABAA , role in retinal wave propagation 273, 276–9, 280–1
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GABAergic neurotransmission 268–9
ganglion cells see retinal ganglion cells (RGCs)
gap junctions 271–2
mediation of developmental cell death 222
role in retinal wave propagation 276
gap-junction hemichannels, neurotransmitter release
101
GCL (ganglion cell layer) formation 59–61
gene expression proﬁling 325–6
cDNA microarrays 327–8
cell-speciﬁc markers 328, 335, 336
choice of appropriate technique 330
digital or sequence-based approaches 326–7, 328,
329
Drosophila database 329
high-throughput in situ hybridization 326–7, 328, 329–30
histological approaches 326–7, 328, 329–30
hybridization-based approaches 326–8
microarray hybridization 326–8
mouse database 329
mouse studies comparison 328, 335, 336
MPSS (massively parallel signature sequencing) 329
oligonucleotide arrays 327–8
SAGE (serial analysis of gene expression) 326–7, 328,
329
sensitivity of different techniques 330
survey of retinal development studies 328, 330–4, 335,
336
techniques 326–7, 328, 330
gene knockdown methods 343–4
genes, expression during retinal development 325
genomic studies
clinically important data 337
disease genes identiﬁcation 337
expression proﬁling 325–6
future directions 338
mechanisms of retinal development 335–8
suitability of retinal development for study 325
survey of retinal development studies 328, 330–4, 335,
336
GLAST (glutamate aspartate transporter), expression in
Müller cells 177
glaucoma 165, 166
secondary 181
Gli gene, target for Shh 161
glial cells
as neuronal progenitors 314–16, 317
astrocytes in the retina 172–3
effects on neuronal process outgrowth 174
glutamatergic neurotransmission 177–8, 179
in the optic nerve 150, 162
migration and differentiation 163, 164
migration guidance molecules 163–5
role in blood vessel formation 172–3
role in retinal vascular development 182–3, 184
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signalling for 51–2
see also microglia; Müller glial cells; radial glia
glial-guided cell migration 60, 61–2
glial–neuronal interactions, mediating molecules 174–5,
177
glutamate 99
levels in early retinal development 177
mechanisms of release in development 99–100, 101
modes of action 102
role in cell death and survival 220
role in retinal wave generation 275–6
sources in development 102
glutamate receptors
in the developing retina 105, 107–9
on developing Müller cells 181–2
glutamatergic neurotransmission
by glial cells 177–8, 179
in early development 268–9
glutamine synthetase, expression in Müller cells 177–8
glycine receptors, on developing Müller cells 182
glycinergic neurotransmission 268–9
GSK-3β rAPC rAxin (glycogen synthase
kinase-3β rAdenomatous Polyposis Coli rAxin protein
complex) 12
growth factors see neurotrophins
hedgehog signalling system 21 see also Shh (Sonic
hedgehog)
Henle ﬁbres 127, 128, 141–2, 143, 144
heritable causes of blindness 357–9
HesX1 mutations, link to septo-optic dysplasia 162–3
heterotypic cell interactions, in retinal mosaic
development 194–5
high-throughput in situ hybridization 326–7, 328, 329–30
histogenesis in the retina 76
histological gene expression proﬁling 326–7, 328, 329–30
homeobox transcription factors, effects on retinal
progenitors 81
homotypic cell interactions, in retinal mosaic
development 194–5
horizontal cells 1–2, 3, 30
cell survival mechanisms 212
factors which shape arborization 245, 246
maturation time 34–5, 45
morphological development 245, 246
naturally occurring cell death 212
timing of genesis 34–5, 45
human retina
cone packing in the foveal cone mosaic 141–2, 143, 144
cone types 127–8
developmental milestones 128–9, 130–1, 136
foveal depression formation 134, 137–9, 140
opsin expression in photoreceptors 135–6, 137–40
retinal growth patterns 144–5
synapse formation in the fovea 131–4, 135, 138–9
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human retinal disease
heritable causes of blindness 357–9
zebraﬁsh mutants as models 357–60, 361
see also speciﬁc conditions
hybridization-based gene expression proﬁling 326–8
IgCAMs (immunoglobulin superfamily cell adhesion
molecules), role in axon guidance 155–6, 157
IGFs (insulin growth factors), Wnt inhibition 12–13
ILM (inner limiting membrane; retinal basal lamina)
formation 59–61, 66–7, 68
inﬂuence on cell migration trajectories 64–5
role in retinal cell migration 66–7, 68
INL (inner nuclear layer), evidence for programmed cell
death 211–13
integrins, role in cell migration signalling 68
interkinetic nuclear migration 31–3, 34–5, 59–61
interneurons
factors which shape arborization 245, 246
recoverin immunostaining 293–6
interphase 31–3, 34–5
intrinsic factors
multiple interactions between 82–3
retinal progenitor regulation 76, 79–81, 83
IPL (inner plexiform layer) 2–3
synapse formation 266–7, 268
IPL structural lamination
dendritic ﬁlopodial motility 250–1, 252
early synaptogenic events 250–1, 252
mechanisms 246, 249–51, 253, 258
ON and OFF regions of the IPL 243, 249–50, 251–5,
293–4, 295, 296, 297
possible sublamination strategies 252–3, 255
role of molecular guidance cues 255–6
role of neuronal activity 251, 256–8
sublaminae of the IPL 243, 249–50
segregation of cell processes in sublaminae 293–4, 295,
296, 297
ipRGCs (intrinsically photosensitive RGCs) 289–90, 291
iris, development of 1, 2
irradiance (illumination level) detection 289–90, 291
K+ channels
in Müller cells 179–80, 181
in retinal pathology 181
K+ spatial buffering in the retina 179–80, 181
KCC2 (K+ −Cl− membrane co-transporter) 277–9,
280
kynurenic acid 179
L- / M-cones 135–6, 137–40
L- / M-opsin expression 135–6, 137–40
L1 (IgCAM), role in axon guidance 155–6, 157
lacritz mutant, zebraﬁsh 348

© Cambridge University Press

Index
lamina cribosa, lack of myelination 165
laminar organization of the retina 2–3, 30, 193
factors affecting 242–5
formation 59–61
role of Müller cells 173–4
zebraﬁsh retina 345, 347
see also IPL structural lamination
laminins 270–1, 292
lateral geniculate nucleus 274–5
lateral migration, in retinal mosaic development 196–7
Leber congenital amuraurosis 357–9
LEF1(lymphoid enhancer binding factor 1) 12
lens development 1, 2
lens placode 1, 2
Lhx2 gene, EFTF expression 14–15, 17, 19
light onset and offset responses 293–4, 295, 296, 297
light responsiveness
and eye opening 288
circadian rhythm generation 289–91
electroretinograms to monitor development 292
emergence in image-forming pathway 291–4, 295, 296,
299
ipRGCs (intrinsically photosensitive RGCs) 289–90, 291
irradiance (illumination level) detection 289–90, 291
neonatal retina (non-primates) 288
receptive ﬁeld development and plasticity 292–4, 295, 296,
299
turtle embryonic RGCs 297–8
M-phase (mitotic division) 31–3, 34–5, 59–61
macaque retina
cone packing in the foveal cone mosaic 141–2, 143, 144
cone types 127–8
developmental milestones 128–9, 130–1, 136
foveal depression formation 132, 134, 137–40
opsin expression in photoreceptors 135–6, 137–40
retinal growth patterns 132, 144–5
synapse formation in the fovea 131–2, 134, 135
mAChRs (ACh receptors), in the developing retina 103–4,
105
macrophages, role in developmental cell death 222
macula lutea (‘yellow spot’) 126, 127, 128
maternal determinants of retinogenic zone 8–10, 11
mbl (masterblind) gene, in zebraﬁsh embryos 12
melanoma 181
melanopsin-expressing ipRGCs 289–90, 291
mGluRs (metabotropic glutamate receptors) in the developing
retina 105, 107–9
microarray hybridization 326–8
microglia, role in developmental cell death 222
micromechanical hypothesis, for retinal mosaic
development 199–200, 201
microtubules, support for axonal and dendritic
processes 199–200, 201
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midget bipolar cells 126, 127, 128
midget ganglion cells 126, 127, 128
midget pathway in the fovea 126, 127, 128
mitotic ﬁgures 31–3, 34–5
mitotic spindle orientation, and mode of cell division 38–9,
40
modulated cell cycle timing 35, 37
morpholinos 344
morphological screening, for zebraﬁsh mutants 351–2
mouse
cell cycle timing 33–5, 37
gene expression database 329
gene expression proﬁling studies 328, 335, 336
MPSS (massively parallel signature sequencing) 329
Müller glial cell development
ATP receptors 182
catecholamine receptors 182
dopamine receptors 182
GABA receptors 182
glutamate receptors 181–2
glycine receptors 182
neurotransmitter receptors 181–2
purinergic receptors 182
Müller glial cells 2–3, 30
as neuronal progenitors 314–16, 317
as source for retinal regeneration 314–16, 317
bFGF production 176
deﬁnition of maturity 173
DHA trafﬁcking 175–6
differences to retinal progenitors 317
effects on neuronal process outgrowth 174
extracellular glutamate regulation 177
extracellular K+ regulation 179–80, 181
functions in the retina 172–3
glutamate transporter expression 177
glutamatergic neurotransmission 177–8, 179
glutamine synthetase expression 177–8
inwardly rectifying K+ channels 179–80, 181
location in the retina 172–3
nestin expression 130
neuroprotective trophic factors production 175–6
origin of 173
primate retina 127–8
production of factors toxic to photoreceptors 177
promoting effect of p27Xic1 88, 89
rescue of diseased or damaged neurons 175–6
retinal ganglion activity modulation 172–3
role in cell migration 60, 61–2
role in retinal histogenesis 173–5, 177
role in retinal organization 173–4
role in retinal vascular development 182–3, 184
signalling for 51–2
timing of genesis 47
see also glial cells; microglia; radial glia

© Cambridge University Press

377

Müller glial cell fate
effects of Notch signalling 80, 82, 314–15
effects of proneural genes 80
multipolar migratory cells 60, 63–4
muscarinic neurotransmitters 109–10, 111–12, 113
myelination of the optic nerve 163, 164
stop signals in the optic nerve head 165
unmyelinated lamina cribosa 165
unmyelinated retinal RGC axons 165
nAChRs (ACh receptors), in the developing retina 103–4, 105
nba (night blind a) zebraﬁsh mutation series 359–60, 361
NCAM (IgCAM), role in axon guidance 155–6, 157
neonatal retina (non-primates)
emergence of light responses 291–4, 295, 296, 299
intrinsically photosensitive ganglion cells
(ipRGCs) 289–90, 291
irradiance (illumination level) detection 289–90, 291
responsiveness to light 288
role in circadian rhythm generation 289–90, 291
neostigmine 299
nestin
expression by Müller cells 130
neural progenitor marker 314–15
Netrin guidance molecules 159–60, 161, 163–5
neural induction
and eye formation 9–11
and patterning 11–14
neural plate, origins of the eye ﬁeld 8
neurite ﬁeld
arborization complexity 247
complexity and lateral extent 245–8, 249
contact-mediated inhibition 247–8, 249
inﬂuence of neighbours of the same subtype 245–8, 249
intrinsic growth restriction 248, 249
receptive ﬁeld size 245–8, 249
RGCs dendro-dendritic contacts 247–8, 249
size regulation 245–8, 249
neurite growth
effects of glial cells 174
effects of intraretinal signalling 245
effects of neuronal interactions 245
inﬂuence of cell polarity 242–4
inﬂuence of cellular mechanisms 244–5
modulation by neurotransmitters 114–15
molecular stimulants of outgrowth 244
outgrowth initiation 242–5
neurodegenerative diseases 228–9
neuromodulators, effects on programmed cell death 220–1
neuron arbors, organization in relation to functions 242
neuron survival, role of neurotrophins 115
neuron types 1–2, 3
morphological development 245, 246
subtypes diversity in zebraﬁsh 344–5, 346, 347
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neurons, mispositioning in retinal laminae 224, 226
neuropeptides, role in cell survival 220–1
neurotransmitter receptors (developing retina) 103–5,
109
ACh receptors (AChRs) 103–4, 105
ATP receptors 104–5, 106
GABA receptors 105, 106–7
glutamate receptors 105, 107–9
regulatory role 99
neurotransmitters
adult retina 99
ionotropic receptors 102
mechanisms of release in development 99–100,
101
membrane-bound receptors 102
metabotropic receptors 102
modes of action 102
modulation of [Ca2+ ]i during development 103, 112
modulation of [Ca2+ ]i local waves 112, 113
modulation of [Ca2+ ]i propagating waves 112, 114
modulation of [Ca2+ ]i transients in retinal
progenitors 111–12, 113
modulation of PCD 220–1
progenitor cell cycle regulation 109–10, 111–12, 113
regulation of differentiation 114–15
roles in early retinal development 99–100, 105, 110, 112,
115
roles in retinal wave generation 275–6, 279
sources in development 101–2
synaptic vesicular transport 268–9
neurotrophin receptors
p75 receptor 115
tyrosine kinase receptors (TrkA, TrkB, TrkC) 115
neurotrophins
inﬂuence on cell death 218–19
role in early retinal development 99, 115–17
role in neuron survival 115
NGF (nerve growth factor) 115
and programmed cell death 116–17
apoptotic properties 116–17
receptor binding 115
role in cell death and survival 218–19
nicotinic receptors, mediation of retinal waves 274–5
nitric oxide, role in cell survival 220
NMDAs (glutamate receptors) 179
in the developing retina 105, 107–9
noa zebraﬁsh mutant model 359
Nodals
signalling inhibition 9–11
signalling mutations 20–1
role in neural patterning 12
nof zebraﬁsh mutant 355–7
noggin, neural induction 9–11
non-NMDAs (glutamate receptors) 105, 107–9, 179
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Notch signalling
and cell fate 39, 40
and Müller glial fate 314–15
gliogenic activity 80, 82
nrc zebraﬁsh mutant 355–6, 357
NT-3 (neurotrophin-3) 115
and retinal differentiation 115–16
receptor binding 115
role in cell death and survival 219
NT-4 (neurotrophin-4), role in cell death and survival 219
NT-4/5 (neurotrophin-4/5) 115
receptor binding 115
Numb expression, and cell fate 39, 40
numerical matching of interconnecting cells 224, 227–8
ocular domains separation 224, 225
oligodendrocyte precursor cells
diencephalic origin 163, 164
long-distance migration 163, 164
migration guidance molecules 163–5
oligodendrocytes, myelination of RGC axons 163, 164
oligonucleotide arrays 327–8
OLM (outer limiting membrane) formation 59–61
ON- and OFF-centre responding retinal circuits 243, 249–50,
251–5
ONL (outer nuclear layer), evidence for programmed cell
death 211–13
OPL (outer plexiform layer) 2–3
formation 34–5, 45
synapse formation 266–7, 268
opl (odd paired-like) gene 20–1
opsins 288
expression in human and macaque 135–6, 137–40
expression in zebraﬁsh retina 348–51
in cone photoreceptors 46–7
optic chiasm 162
optic cup
delineation of tissues 153
development of 1, 2
developmental abnormalities 153–4
speciﬁcation 150–2, 153
optic ﬁssure
failure to close 152–4
malformations 153–4
optic nerve 1–2, 3
cellular organization 150
optic nerve development 1, 2
axon guidance molecules 161
developmental abnormalities 153–4, 162–3
formation by RGC axons 154–5
glial cells in the optic nerve 162
growth of RGC axons 161
myelination 163, 164, 165
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optic cup speciﬁcation 150–2, 153
optic stalk speciﬁcation 150–2, 153
repositioning of RGC axons 162
studies 150
three phases 150–1
transient optic nerve axons 162
unmyelinated lamina cribosa 165
see also RGC axons
optic nerve glial cells 150
optic nerve head
expression of axon guidance molecules 161
malformations 153–4
stop signals for myelination 165
targeting by RGC axons 157–8, 159
optic nerve hypoplasia 161, 162–3
optic stalk development
delineation of tissues 153
entry of RGC axons 159–60, 161
transformation into optic nerve 154
optic stalk speciﬁcation 150–2, 153
optic vesicles 1, 2
Optx2 gene, EFTF expression 14–15, 17, 19
Otx2 gene, anterior neural patterning 16–17
oxygen tension in the retina, effects on cell survival 221
P2 receptors
in the developing retina 104–5, 106
on developing Müller cells 182
p27Xic1 cell cycle inhibitor 88, 89
Müller-cell promoting effect 88, 89
p53 gene, role in apoptosis 215, 216
p75 receptor 115
PACAP-expressing RGCs 289
Pax2 gene, role in optic stalk development 151–2, 153–4
Pax6 gene
activation of bHLH proneural genes 82
EFTF expression 14–15, 17, 19
eye ﬁeld marker 12–13
in zebraﬁsh 347–8
role in optic cup development 153
role in retinal progenitor regulation 82
PCD (programmed cell death)
anatomy in the developing retina 209–13
apoptotic body clearance 222
cell loss in retinal cells other than RGCs 211–13
cell loss magnitude determination 208
cellular redox status effects 221
deﬁnition 208
ECM effects 221
evidence from pyknotic proﬁle 210, 211–13
evidence of cell loss 209–10
excitotoxicity effects 220
ganglion cell loss magnitude 210–11
gap junction mediation 222
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identiﬁcation techniques 208
implications of understanding PCD 228–9
macrophage roles 222
microglial role 222
multiple alternative pathways 208
neural activity effects 218
neuromodulator effects 220–1
neurotransmitter effects 220–1
neurotrophin effects 218–19
optic nerve formation 154
oxygen tension effects 221
proliferating cell loss 213
regulation mechanisms 218–22, 223
retinal ganglion cell axons 154
retinal ganglion cells 209–11
retinal pigment epithelium effects 218
tissue biology 218–22, 223
trophic factor effects 218–20
see also apoptosis; cell death
PCD cellular and molecular biology 213–17
apoptotic mechanisms 215–17
apoptotic process 213–14
autophagy 216–17
bax pro-apoptotic gene 215
Bcl-2 family-modulated apoptosis 214, 216–17
caspase 3-mediated apoptosis 214, 216–17
genes involved in apoptosis 214, 215–17
markers for distinct types of cell death 216–17
multiple pathways of PCD 216–17
protein synthesis mechanisms 215–17
pyknotic proﬁles 213–14
role of p53 gene in apoptosis 215, 216
role of Rb family of genes 216
signature of dying cells 213–14
transcription factor mechanisms 215–17
PCD in retinal development 116–17, 222–24, 228
creation of centro-peripheral density gradients 224,
227
correction of neural system errors 208–9
elimination of anomalous projections 222–23, 224
elimination of mispositioned neurons 224, 226
establishment of ocular domains 224, 225
formation of regular mosaics 224, 226–27
numerical matching of interconnecting cells 208–9, 224,
227–8
reﬁnement of retinotopic mapping 224, 225
sculpting of decussation patterns 224, 225–6
RPE (pigmented epithelium)
regeneration in amphibians 310–13, 314
source for retinal regeneration 307–8, 309, 310–13, 314
transdifferentiation 312–13, 314
peptide nucleic acids 344
photopigment 46–7
photoreceptor cell dystrophies 337, 357–9
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photoreceptor cells 1–2, 3, 30
maturation in zebraﬁsh retina 348–51
maturation time 46–7
timing of genesis 42, 45–7
see also cones photoreceptors; rod photoreceptors
phototransduction proteins 135–6, 137–40
pineal melatonin levels 289
pob (partial optokinetic response b) zebraﬁsh mutant 353–4,
355
prechordal mesoderm, signals for separation of eye ﬁeld 19
presumptive eye see eye ﬁeld
presumptive neural plate, transformation 11–14
primate retina
cone types 127–8
fovea 127, 128
Müller cells 127–8
peripheral retina structure 127–8
specialized central region 127–8
progenitor cells see retinal progenitor cells
programmed cell death see PCD
proliferating cells, evidence for programmed cell death 213
proliferative vitreoretinopathy 182
proteoglycans, role in RGC axon orientation 154–5
pure-cone area see foveal cone mosaic
purinergic neurotransmitters 109–10, 111–12, 113
purinergic receptors, on developing Müller cells 182
pyknotic proﬁles
evidence for apoptosis 213–14
evidence for PCD 210, 211–13
radial glia, and retinal histogenesis 173–4
radial migration, in retinal mosaic development 196–7
rat, cell cycle timing 33–5, 37
Rb (retinoblastoma) gene family, role in apoptosis 216
receptive ﬁeld
centre-surround organization 292–3
complex ﬁelds in turtle retina 297–8
development and plasticity (RGCs) 292–4, 295, 296,
299
earliest measurable 292–3
effects of dark rearing 298–9
ﬁeld size and visual acuity 245–6
light responses in turtle embryo 297–8
role of early neural activity 298–9
role of retinal waves in development 299
stratiﬁcation into ON and OFF sublaminae 293–4, 295,
296, 297
recoverin immunostaining 293–6
redox status, effects on cell survival 221
regeneration see retinal regeneration
retina
development of 1, 2
early spontaneous activity 268–70
early spontaneous wave activity 265, 267
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specialized subcircuits 2–3
retinal basal lamina see ILM (inner limiting membrane;
retinal basal lamina)
retinal cells
centro-peripheral density gradients 224, 227
displacement to form the fovea 127, 128
types 30
spontaneous bursting in immature cells 272–3 see also
retinal waves
see also cell differentiation; cell fate determination and
speciﬁc cell types
retinal circuitry development, role of retinal mosaics 204–5
retinal competence 8–9, 10, 11
retinal degenerative diseases 177
retinal detachment 181
retinal development
growth patterns 132, 144–5
milestones 128–9, 130–1, 136
programmed cell death phases 116–17 see also PCD
role of neurotrophins 115–17
retinal development studies
ﬂuorescent reporters 258–9
outstanding issues 258
recently developed techniques 258–9
survey of gene expression proﬁling studies 328, 330–4,
335, 336
retinal disease genes, identiﬁcation 337
retinal dystrophies 228–9, 357–60, 361
retinal ganglion cell (RGC) axons
arcuate ﬁbres 159
avoidance of the fovea 159
axon collaterals 155
axon guidance molecules 155–6, 157–8, 159–60, 161
fasciculation as they cross the retina 155–6, 157
growth cone modulation 155–7
growth within the optic nerve 161
intrinsic orientation property of retinal tissue 157
myelination in the optic nerve 163, 164
optic nerve formation 154
optic nerve head orientation 154–5
optic nerve head targeting 157–8, 159
optic stalk entry 159–60, 161
programmed cell death 154
repositioning in the optic nerve 162
stop signals for myelination 165
unmyelinated in the lamina cribosa 165
unmyelinated in the retina 165
retinal ganglion cells (RGCs) 1–2, 3, 30
arborization complexity 247
axons in the optic nerve 150
cell death regulation mechanisms 218–22, 223
contralateral and ipsilateral projection 43
dendritic ﬁlopodial motility 250–1, 252

www.cambridge.org

Cambridge University Press
978-0-521-83798-9 - Retinal Development
Edited by Evelyne Sernagor, Stephen Eglen, Bill Harris and Rachel Wong
Index
More information

Index
developmental cell death 209
early synapse formation 250–1, 252, 266–7, 268
elimination of anomalous projections 222–3, 224
establishment of ocular domains 224, 225
intrinsically photosensitive RGCs (ipRGCs) 289–90, 291
light responses in turtle embryo 297–8
midget ganglion cells 126
morphological development 245, 246
numerical matching of interconnecting cells 224, 227–8
post mitotic migration 59–61
receptive ﬁeld development and plasticity 292–4, 295, 296,
299
retinotopic mapping 224, 225
sculpting of decussation patterns 224, 225–6
spontaneous bursting in immature cells 272–5, 279
sublamination into ON and OFF layers 252–5
subtypes 30, 43
timing of genesis 43
use of NGF to regulate numbers 116–17
see also retinal waves
retinal histogenesis
molecules that mediate glial–neuronal interactions 174–5,
177
origin of retinal glia 173
radial glia 173–4
role of Müller glial cells 173–5, 177
retinal injury 181
retinal lamination see laminar organization of the retina
retinal mosaic development 193–7, 200, 201
cell fate mechanisms 195–6
computer models 199
cross-correlation studies 195
dendritic interactions 199–200, 201
dmin computer model 194–5, 199
heterotypic cell interactions 194–5
homotypic cell interactions 194–5
micromechanical hypothesis 199–200, 201
radial and lateral migration 196–7
role of cell death 197–9, 224, 226–7
spatial independence of cell types 194–5
zebraﬁsh 345, 347
retinal mosaics 193, 194
auto correlation plot 201–2, 203
cell type variation in regularity 204
cross-correlation plot 201–2, 203
Delaunay triangulation measures 203–4
mathematical quantiﬁcation of regularity 201–2, 203, 204
RI (regularity index) 201, 202
role in retinal circuitry development 204–5
role of dendro-dendritic interactions 247–8, 249
Voronoi tessellation measures 203–4
retinal neuroepithelium 59–61
retinal pathology
and cell death mechanisms 228–9
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loss of inwardly rectifying K+ channels 181
see also speciﬁc conditions
retinal progenitor cells (RPCs)
asymmetrical cell division 32–3, 35–8
cell cycle timing 33–5, 36–7
developmental competence 42, 47–51
heterogeneity 75
multipotency 76
symmetrical cell division 32–3, 35–8
terminal cell division 32–3, 35–8
retinal progenitor proliferation 82
cell cycle regulation by neurotransmitters 109–10, 111–12,
113
retinal progenitor regulation
bHLH proneural genes 79–80, 81
cell type-speciﬁc feedback 76–7
competence to differentiate 78–9
diffusible extracellular signals 77–8
extrinsic signalling 76–9
homeobox transcription factors 81
intrinsic factor interactions 82–3
intrinsic signalling 76, 79–81, 83
Notch–Delta pathway 78–9
Pax6 gene 82
postmitotic neuron feedback signalling 76–7
retinal projections, reﬁnement 274–5
retinal regeneration
ciliary epithelium (mammals) 317–19, 320
common features of sources 308, 309
differences in ﬁsh, birds and mammals 315–16, 317
from intrinsic retinal sources 308, 309, 314–16, 317
from the ciliary margin zone 307–9, 310, 311
from the pigmented epithelium 307–8, 309, 310–13, 314
history of study 307–8, 309
Müller glia as source 314–16, 317
problems with RPE as source 312–13
signalling molecules 313–14
retinal stretch 132, 144–5
retinal tissue, intrinsic property for axon orientation 157
retinal vasculature
barrier properties 184
blood supply to the eye 1, 2
development 172–3, 182–3, 184
foveal avascular zone 127, 128
role of glia in development 182–3, 184
retinal waves 272–5, 279
age-related changes in dynamics 273, 276–9, 280
disappearance with retinal maturation 280–1
effects of dark rearing 280–1
effects of visual experience 280–1
generation and propagation mechanisms 275–6, 279
role in formation of the visual system 274–5
role in receptive ﬁeld development 299
role of cholinergic amacrine cells 274–5
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retinal waves (cont.)
role of gap junctions 276
role of neurotransmitters 275–6, 279
role of nicotinic receptors 274–5
spatiotemporal cues about retinal wiring 274–5
retinitis pigmentosa 175–6, 228–9, 357–9
retinoblastoma pathogenesis 228–9
retinogenic blastomeres 8–9, 10, 11
retinogenic zone 8–9, 10, 11
retinohypothalamic tract 289
retinoic acid 12, 360–2
retinotopic mapping 224, 225, 274–5
retroviral mutagenesis techniques 343
RGCs see retinal ganglion cells
RhoGTPases, role in retinal cell migration 69
rhythmic bursting activity 272–5, 279
RI (regularity index), for retinal mosaics 201, 202
ribbon synapse formation 266–7, 268, 269, 270
rod bipolar cells 2–3
rod-free zone see foveal cone mosaic
rod opsin expression 135–6, 137–40, 288
rod photoreceptors 1–2, 3, 30
evidence for programmed cell death 212
maturation time 46–7
morphological development 245, 246
rod dominated or pure rod retinas 42, 45–6
sensitivity to low light 2–3
timing of genesis 42, 45–6
see also photoreceptors
RPE (retinal pigment epithelium) 1, 2, 218, 312–13
Rx gene
EFTF expression 14–15, 17, 19
role in optic cup development 153
Rx1 gene, eye ﬁeld marker 12–13
Rx3 gene, eye ﬁeld marker 12–13
S-cones 135–6, 137–40
S-opsin expression 135–6, 137–40
S-phase (DNA synthesis) 31–3, 34–5, 59–61
SAGE (serial analysis of gene expression) 326–7, 328, 329
sclera, development of 1, 2
secondary glaucoma 181
SFRPs (Secreted Frizzled Related Proteins), Wnt
inhibition 12–13
Sema5A, axon guidance molecule 161
Semaphorin guidance molecules 155–7, 161, 163–5
septo-optic dysplasia (SOD) 162–3
sequence-based gene expression proﬁling 326–7, 328, 329
SFRP1 gene, effects on forebrain patterning 12–13
Shh (Sonic hedgehog) gene 21
delineation of eye tissue regions 153
expression by RGCs 161
expression in zebraﬁsh 348
genetic programmes triggered by 151–2, 153

© Cambridge University Press

Index
Gli target gene 161
induction of optic stalk 151
optic cup speciﬁcation 151–3
optic stalk speciﬁcation 151–2, 153
Sidekicks (1 and 2), possible sublamination guidance
cues 255–6
siRNAs (short interfering RNAs) 344
Six3 gene
EFTF expression 14–15, 17, 19
eye ﬁeld marker 12–13
Slit1 and 2, axon guidance molecules 157, 161
Smad2 gene 21
Smoothened, transmembrane protein 151
SNAP-25 (synaptosomal-associated protein of
25kDa) 269–70
SNARE complex 269–70
somal translocation 60, 62–3, 67, 69
Sonic hedgehog see Shh
spontaneous bursting activity 272–5, 279
starburst amacrine cells 297
suprachiasmatic nucleus, generation of circadian
rhythms 289–91
SV2 (synaptic vesicle protein 2) 269
symmetrical cell division, RPCs 32–3, 35–8
synapse formation 266–7, 272
chemical synapses 266–7, 271
dyad and triad formation 266–7, 268, 270–1
early glutamatergic neurotransmission 268–9
early synapse formation 266–7, 268
electrical synapses 271–2
in retinal neurons 265
in the fovea 131–2, 134, 135, 138–9
in the IPL and OPL 266–7, 268
inﬂuence of the extracellular matrix 270–1
markers for synaptic release-associated proteins 268–70
ribbon synapses 266–7, 268, 269, 270
role in IPL structural lamination 250–1, 252
role of visual experience 267
ultrastructural studies 266–7, 268
vesicular transporters 268–9
synaptic transmission, steps in the process 268
synaptic vesicular transport 268–9
syntaxin 269–70
system matching 224, 227–8
T cell-speciﬁc transcription factor (TCF) 12
TAG-1 (IgCAM), role in axon guidance 155–6, 157
terminal cell division 32–3, 35–8
thymine precursors 31–3, 34–5
TILLING method 343–4
tlc gene, effects on forebrain patterning 12–13
tll gene, EFTF expression 14–15, 17, 19
transcription factors see eye ﬁeld transcription factors
(EFTFs)
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transdifferentiation in the pigmented epithelium 312–13, 314
tritiated thymidine (3 H-TdR) 31–3, 34–5
TrkA (tyrosine kinase receptor) 115
TrkB (tyrosine kinase receptor) 115
TrkC (tyrosine kinase receptor) 115
trophic factors, role in cell death and survival 218–20
TUNEL technique to detect DNA strand breaks 214
turtle retina
complex receptive ﬁelds 297–8
light responses in embryonic RGCs 297–8
unconstrained cell migration 60, 63–4
VAMP (vesicle-associated membrane protein) 269–70
vascular system see retinal vasculature
Vax1 gene, role in optic stalk development 152–3
VEGF (vascular endothelial growth factor) 182–3, 184
vertebrate spinal cord, cell fate determination 91
VGAT 268–9
VGLUT1 268–9
visual acuity, and receptive ﬁeld size see also fovea 245–6
visual disorders
colobomas 152–4
glaucoma 165, 166
optic nerve developmental abnormalities 162–3
see also speciﬁc conditions
visual experience
effects on retinal waves 280–1
role in receptive ﬁeld development 298–9
role in synapse formation 267
Voronoi tessellation 203–4
VZ (ventricular zone) 31–3, 34–5
Wnt (Wingless-Int) signaling
and forebrain patterning 11–14
control of EFTF expression 15, 18–19
inhibition 9–11, 12–13
non-canonical 13–15, 18–19, 25
patterning the eye ﬁeld 11–14
role in neural induction and patterning 11–14
Xenopus
cell cycle timing 33–5, 37
developmental competence of RPCs 48–9, 50–1
EFTFs 14–15, 17, 19
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yng (young) mutant, in zebraﬁsh 352
zebraﬁsh (Danio rerio; Brachydanio rerio)
cell cycle timing 33–5, 37
gene function identiﬁcation 342–4
gene identiﬁcation 342–4
suitability as a genetic model 342
zebraﬁsh mutagenesis screens 342–4
ENU mutagenesis 343
gene knockdown methods 343–4
recessive mutation identiﬁcation 342–4
retroviral mutagenesis techniques 343
zebraﬁsh retinal anatomy 344–5, 346, 347
cone subtype arrangement 345, 347
diversity of neuronal subtypes 344–5, 346, 347
laminar organization 345, 347
retinal mosaic patterning 345, 347
zebraﬁsh retinal development 347–51
ath5 gene 348
atonal5 gene 348
opsin expression 348–51
optic cup and optic stalk formation 347–8
order of neurogenesis 348
Pax6 gene 347–8
photoreceptor maturation 348–51
Sonic hedgehog expression 348
zebraﬁsh retinal mutants 351–2
as models of human disease 357–60, 361
behavioral screens 353–4, 356, 357, 358
bel (belladonna) mutant 357, 358
brg1 (Brahma-related) gene function 352
chemical genetic screens 360–2
detection of retinal dystrophies 359–60, 361
effects of retinoic acid 360–2
escape response assay 359–60, 361
future assay techniques 362–3
lacritz mutant 348
morphological screening 351–2
nba (night blind a) mutation series 359–60, 361
noa mutant model 359
nof mutant 355–7
nrc mutant 355–6, 357
pob (partial optokinetic response b) mutant 353–4, 355
rod function screens 362–3
yng (young) mutant 352
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