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Abstract 17 

With one hundred billion neurons and one hundred trillion synapses, the human brain is not 18 
just the most complex organ in the human body, but has also been described as “the most 19 
complex thing in the universe”. The limited availability of human living brain tissue for the 20 

study of neurogenesis, neural processes and neurological disorders has resulted in more than a 21 
century-long strive from researchers worldwide to model the central nervous system (CNS) 22 

and dissect both its striking physiology and enigmatic pathophysiology. The invaluable 23 
knowledge gained with the use of animal models and post mortem human tissue remains 24 
limited to cross-species similarities and structural features, respectively. The advent of human 25 

induced pluripotent stem cell (hiPSC) and 3-D organoid technologies has revolutionised the 26 
approach to the study of human brain and CNS in vitro, presenting great potential for disease 27 

modelling and translational adoption in drug screening and regenerative medicine, also 28 
contributing beneficially to clinical research. We have surveyed more than one hundred years 29 
of research in CNS modelling and provide in this review an historical excursus of its evolution, 30 

from early neural tissue explants and organotypic cultures, to 2-D patient-derived cell 31 
monolayers, to the latest development of 3-D cerebral organoids. We have generated a 32 
comprehensive summary of CNS modelling techniques and approaches, protocol refinements 33 
throughout the course of decades and developments in the study of specific neuropathologies. 34 

Current limitations and caveats such as clonal variation, developmental stage, validation of 35 
pluripotency and chromosomal stability, functional assessment, reproducibility, accuracy and 36 
scalability of these models are also discussed. 37 

 38 
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1. Introduction 43 

The study of neurogenesis (summarised in Figure 1), neural processes and neurological 44 
disorders is a very challenging science, as the brain is a uniquely complex organ and is largely 45 
inaccessible for experimental investigations in living humans, which is mostly limited to 46 
discarded post-surgical tissue samples or  neuroimaging, transcranial magnetic stimulation and 47 
electroencephalography studies (Komssi and Kähkönen, 2006; Stan et al., 2006; Brammer, 48 

2009; Eyal et al., 2016).  49 

While animal models have appreciably advanced the understanding of human brain 50 
development and neurodegenerative diseases, the inherent developmental, anatomical and 51 

physiological differences between the central nervous system (CNS) of animals and the human 52 
can add complexity to the interpretation of findings (Elston et al., 2001; DeFelipe et al., 2002; 53 

Roth and Dicke, 2005; Herculano-Houzel, 2009; Mohan et al., 2015). As such, the current 54 
understanding of human brain development has been limited to common features shared with 55 
other animal species (Kelava and Lancaster, 2016b). Although centuries of human post mortem 56 
tissue examinations have contributed to the fundaments of modern neuroscience, allowing the 57 
study of specific features of the human brain, these tissues cannot be implemented in functional 58 

studies (Filis et al., 2010; Kelava and Lancaster, 2016a). Consequently, researchers have 59 
strived to develop and optimise in vitro neural culture systems for advancing the understanding 60 

of the functioning of the CNS and the underlying pathogenesis of neurological diseases. 61 
Animal models, ex vivo and post mortem tissues have been utilised in other areas of brain 62 
research.  63 

The seminal work of the pioneering “fathers” of neuroscience and Nobel laureates, Santiago 64 
Ramón y Cajal and Camillo Golgi provided the foundations for investigating the intricacies of 65 

the human nervous system’s macro and micro anatomy (Ramón y Cajal, 1904; Golgi, 1906). 66 
In his published volumes, Santiago Ramón y Cajal artistically summarised his work describing 67 

the structure and organisation of the vertebrate nervous systems and discussed his theories 68 

including, amongst others, the “neuron doctrine”, the law of dynamic, functional or axipetal 69 
polarisation of electrical activity in neurons and his ideas on neurogenesis, neural plasticity and 70 

neuronal regeneration/degeneration (Ramón y Cajal, 1894; 1904; 1909; 1913). Since then, 71 
neuroscientists have strived on the wealth of knowledge inherited from Cajal and Golgi, who 72 
immensely contributed to the evolution of modern neuroscience over these centuries. 73 

In this review, we present an evolutionary overview of CNS modelling through an historical 74 
excursus (Figure 2), starting from the origins of neural cell cultures from tissue explants and 75 

organotypic cultures, to cell monolayers, aggregates and ultimately leading to the generation 76 
of complex 3-dimensional (3-D) cultures such as cerebral organoids from patient-specific 77 
isolated cells, emphasising the growing excitement for the latter in the quest for the most 78 
representative human CNS model. A detailed discussion of these models would go beyond the 79 

scope of this review and it has been reported elsewhere (Chesselet and Carmichael, 2012; 80 
Dawson et al., 2018).  81 

 82 

2. Tissue explants and organotypic cultures  83 
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The first in vitro nervous system culture was established by Ross Harrison in 1907, where frog 84 

embryo grafts consisting of pieces of medullary tubes were cultured as hanging drops in lymph.  85 
Although Harrison was able to observe neurite extensions and maintained the culture for up to 86 
four weeks, it was not possible to generate permanent specimens with intact nerve fibres 87 

(Harrison, 1907; 1910). Decades later,  the first culture of intact CNS from chick embryos was 88 
established, permitting the recapitulation of the developing brain architecture in vitro, by 89 
displaying the formation of early retinal tissue (Hoadley, 1924; Waddington and Cohen, 1936).  90 

The original long term culture (up to 143 days) of human fetal brains was established in 1946 91 
by Mary Jane Hogue by using the roller tube approach (Hogue, 1946; 1947). In 1951, Costero 92 
and Pomerat successfully cultured neurons obtained from the cerebral and cerebellar cortex 93 
explants of adult human brains, for up to five weeks, using Maximow’s flying-drop (Costero 94 
and Pomerat, 1951). 95 

The first CNS organotypic culture was pioneered by Bosquet and Meunier in 1962 using rat 96 

hypophysis (Bousquet and Meunier, 1962).  In 1966, Crain cultured explants from embryonic 97 
rat spinal cord and ganglia on collagen coated glass demonstrating that grafted neural tissue 98 
possessed organotypic differentiation and bioelectric properties for electrophysiological 99 
studies (Crain, 1966). Since then, brain slices of several cerebral areas have been established 100 

as organotypic cultures, including the hippocampus, substantia nigra, locus coeruleus, striatum 101 
and basal forebrain (LaVail and Wolf, 1973; Whetsell et al., 1981; Knopfel et al., 1989; 102 

Ostergaard et al., 1995; Robertson et al., 1997).  103 

Although tissue explants and organotypic slice cultures more accurately recapitulate the 104 
cerebral cytoarchitecture, they are difficult to acquire and cell specific functional studies are 105 

subject to severe limitations (Kelava and Lancaster, 2016b). For instance, the handling of 106 
organotypic preparations remains quite challenging with respect to preserving the sterility, 107 
viability and the cytoarchitecture of the tissues (Walsh et al., 2005). Additionally, cell 108 

maturation in culture may differ within the explanted tissues, with some cell types displaying 109 
a mature phenotype while others remain immature, being  dependent  on the age of the subject 110 

at the time of tissue collection (Gähwiler, 1981). 111 

3. 2-D neural cell cultures 112 

The improvement in the ability to maintain cell cultures for extended periods  has enabled  a 113 
range of isolated primary nerve cell cultures to be established, including hippocampal neurons 114 

derived from rat fetuses (Dotti et al., 1988), cortical, hippocampal, cerebellar and midbrain 115 
neurons from rat embryos (Brewer, 1995; Lingor et al., 1999), forebrain neurons of adult 116 
canaries (Goldman, 1990) and primary microglia from cerebral tissues of neonatal rats (Giulian 117 

and Baker, 1986). The generation of glial cell cultures, viable for several weeks, was also 118 
achieved as described in the seminal study by McCarthy and De Vellis;  dissociated cerebral 119 
cortices of 1-2 days old rat pups brains were used to isolate primary astrocytes and 120 

oligodendrocytes that were devoid of any viable neuronal cell (McCarthy and de Vellis, 1980). 121 

Culturing of primary neural cells, however, is hampered by a limited culture lifespan and the 122 
finite number of achievable passages with non-proliferating quiescent mature neurons (Gordon 123 

et al., 2013). To overcome this, the first neural stem cells (NSC) were isolated from rat 124 
forebrains in 1989, establishing a self-renewing line of multipotent progenitors with the 125 
plasticity to generate progenies of the main neuronal phenotypes (Temple, 1989).  126 

In 1992, Reynold and Weiss demonstrated the presence of NSCs in the adult CNS of murine 127 
brains through the isolation of nestin expressing cells from the striata  and inducing their 128 
differentiation into neurons and astrocytes in vitro, thereby establishing appropriate culture 129 
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conditions to demonstrate the functional attributes of these stem cells (Reynolds and Weiss, 130 

1992). The availability of NSCs facilitated the culture of neuronal or glial cells, without the 131 
need for complex and laborious isolations of the latter cells from whole explants (Gordon et 132 
al., 2013).  133 

In parallel, the development of immortalised cell lines eliminated the need for multiple 134 
acquisitions of tissue for neural cell culturing. The first immortalised neuronal line was derived 135 
from lymph nodes, infiltrated bone marrow and liver tissue of children with neuroblastoma 136 

cancer; these cells were cultured in vitro for up to one year and were capable of differentiating 137 
into tissues resembling mature ganglion cells (Goldstein et al., 1964). However due to the 138 
clinical heterogeneity of neuroblastoma, cultured cells were characterised by morphological 139 
variability, and thus efforts were made to develop more defined  cell lines and improve the 140 
longevity of cultures (Biedler et al., 1973). This led to the generation of the SK-N-SH 141 

neuroblastoma cell line from metastatic bone tumour (Biedler et al., 1973), which was further 142 

subcloned to establish the widely used SH-SY5Y neuroblastoma line (Biedler et al., 1978).  143 

To induce cells to display a more neuronal phenotype, the culture environment  can be 144 
manipulated by the addition of growth factors and signalling molecules such as retinoids and 145 
dibutyryl cAMP (Kuff and Fewell, 1980; Kovalevich and Langford, 2013); this is  exemplified 146 

by the experiment conducted by Pahlaman et al. (1984), where neuroblastoma cells were 147 
exposed to retinoic acid to display a neuroblast-like phenotype expressing immature neuronal 148 

markers (Pahlman et al., 1984).  149 

Other secondary immortalised cell lines developed for modelling neuronal cells include the 150 
mouse neuroblastoma Neuro-2a (LePage et al., 2005), PC12, a rat derived adrenal 151 

pheochromocytoma line (Greene and Tischler, 1976), the immortalised LUHMES cell line 152 
from human embryonic mesencephalic tissue and NT2 cells, a human neuronally committed 153 
teratoma derived line capable of differentiating into a mixed population of neuronal and glial 154 

cells under retinoic acid exposure (Pleasure and Lee, 1993; Coyle et al., 2011).  155 

In neurobiology, the majority of primary neuronal tissue cultures is derived from animal 156 
sources, and as such, the techniques used to develop them suffered the same limitations of 157 

animal models, such as costs, ethical considerations, the obvious inter-species differences and 158 
the incorrect assumption that orthologous genes share similar functions in closely related living 159 

systems (Hartung, 2008; Gharib and Robinson-Rechavi, 2011; Ko and Frampton, 2016; 160 
Shipley et al., 2016). Moreover, the main concern with using immortalised cell lines for the 161 

study of neurobiology and for modelling neurological conditions, is that these cells contain 162 
genetic and metabolic abnormalities which may not represent a normal cell or those of human 163 
patients (Gordon et al., 2013; Carter and Shieh, 2015).  164 

In 1999, Vescovi et al. established the first human multipotent NSCs derived from a 10.5-week 165 
embryonic diencephalon (Vescovi et al., 1999). The establishment of human NSCs opened 166 

exciting opportunities in neurobiology, since normal cells of human derivation, with self-167 

renewing and long-term culturing capabilities, could be used for the generation of a multitude 168 
of functional neuronal and glial progenies for disease modelling and potential clinical 169 
applications (Carpenter et al., 1999; Jakel et al., 2004).  170 

Although efforts for the successful long-term in vitro culturing of NSCs have been made (Sun 171 
et al., 2008), these cells were found to be incapable of accurately representing stem cells in 172 
vivo, due to their inability to recapitulate the entire range of neural lineages and hence brain 173 
development (Conti and Cattaneo, 2010; Kelava and Lancaster, 2016b).  174 
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More recently, multipotent neural cells were obtained by direct conversion of fibroblasts by 175 

the ectopic expression of ASCL1, BRN2A and MYT1L (Vierbuchen et al., 2010) or by the sole 176 
expression of SOX2 (Ring et al., 2012). However, it is not clear to what extent the 177 
reprogrammed neural progenitors are capable of retaining epigenetic memory and the fidelity 178 

of the resemblance with neural progenitors is yet to be determined (Velasco et al., 2014). 179 

4. Human Pluripotent stem cell-derived neural cultures 180 

The advent of human embryonic stem cells (ESC) in 1998 (Thomson et al., 1998) and then 181 
human induced pluripotent stem cells (iPSC) in 2007 (Takahashi et al., 2007), have provided 182 
exciting prospects in the field of neuroscience. The tremendous plasticity of these cells as an 183 
unlimited source of specific cell types, and their replicative capacity in vitro, rendered them 184 
the ideal candidate for neurodevelopmental studies. In particular, the possibility to generate 185 

neuronal cells directly from iPS cells derived from patients affected by a specific disorder 186 
provides an unprecedented opportunity to study the very phenotype of these diseases in vitro. 187 

Figure 3, summarises the different methods of derivation of iPSCs and the various 188 
characterisation criteria for qualifying as pluripotent cells. 189 

The differentiation of ESCs in vitro reproduces with great fidelity the in vivo neuroectoderm 190 

formation (Wu et al., 2010), and indeed, neuronal cells were amongst the first lineages to be 191 
differentiated using PSC technology (Reubinoff et al., 2001; Zhang et al., 2001). This was first 192 
achieved using ESCs, by inducing their neuronal differentiation in spheroid-like aggregates of 193 
cells (called embryoid bodies, or EBs), cultured in serum-free conditions to selectively promote 194 

the growth of neural cells, which self-organised to form rosettes (Zhang et al., 2001). These 195 
rosettes generated structures reminiscent of neural tubes (Curchoe et al., 2012),  organised as  196 

progenitor zones resembling the ventricular and subventricular zones with the presence of 197 
radial glia (Shi et al., 2012b; Edri et al., 2015).  198 

Subsequent studies improved methodologies to differentiate ESCs to neural precursors in the 199 

complete absence of serum or growth factors (Ying et al., 2003). The combination of the 200 
embryoid body-derived rosette and the serum free media provided the foundation for the 201 
serum-free embryoid bodies culture, which in the presence of inductive signals, including Wnt 202 

and Nodal antagonists (Dkk1 and LeftyA, respectively) and Sonic hedgehog could generate 203 
forebrain (telencephalic) precursors on poly-D-lysine/laminin/fibronectin coated dishes 204 

(Watanabe et al., 2005) and could be further differentiated into cortical neurons (Gaspard et 205 
al., 2008).  206 

However, because ESCs are of embryonic origin, they are subjected to considerable ethical and 207 
practical issues. The development of iPSCs has since introduced an advantageous tool for the 208 

study of neurodevelopment and neuropathology; the possibility of generating ESC-like cells 209 
from adult somatic cells, not only circumvents issues related to ethics and sample acquisition, 210 
but also provides the advantage of developing pluripotent lines directly from diseased patients, 211 

and hence the study of neurobiology and neurological disorders accounting for genetic 212 

variations within a more heterogeneous cohort of relevant genotypes/phenotypes (Avior et al., 213 
2016). In fact, the same differentiation protocols can be applied to the generation of  iPSCs for 214 
the provision of neural progenitors and specific neural lineages (Mariani et al., 2012).  215 

Several different PSC differentiation methods were developed, although these are highly 216 
variable and unpredictable due to undefined factors such as the use of neural inducing stromal 217 
feeder cells, the heterogeneous nature of embryoid bodies and inefficient methods for the 218 
selective survival of neural cells (Schwartz et al., 2008; Denham and Dottori, 2011).  219 
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The development of neuralization protocols for PSCs has been one of the main areas of 220 

investigation in neuroscience and it is being achieved by the improved understanding of the 221 
underlying signalling pathways involved,  leading to the development of more efficient 222 
methodologies such as dual SMAD inhibition (Chambers et al., 2009). The dual SMAD 223 

inhibition was accomplished by using Noggin and the small molecule SB431542 to inhibit the 224 
NODAL/Activin, TGF-β and Bone morphogenic protein (BMP) signalling, thereby inhibiting 225 
the differentiation into cells with a non-neural fate (Chambers et al., 2009; Pauklin and Vallier, 226 
2015).  The dual SMAD inhibition method obviated the need for stromal cells and embryoid 227 
body based techniques and permitted the efficient generation of a broad repertoire of PSC-228 

derived neural progenitors within shorter differentiation times in adherent monolayer cultures 229 
(Chambers et al., 2009). The dual SMAD inhibition method was further improved by the 230 
addition of a glycogen synthase kinase 3 (GSK3) inhibitor to induce Wnt signalling activation, 231 
yielding progenitors which matched the gene expression profiles of developing fetal brains, 232 
and with a broad range of regional differentiation phenotypes, from rostro-caudal to midbrain 233 

and dorso-ventral patterning of neural progenitors (Kirkeby et al., 2012). In another 234 
experiment, dual SMAD inhibition was combined with retinoid signalling to enhance 235 

differentiation of PSCs to cortical neurons (Shi et al., 2012b).  236 

Lineage priming of PSCs to the neural lineage has also been achieved by the forced expression 237 
of the single transcription factor Neurogenin-2 (or NeuroD1) which yielded the generation of 238 

mature neurons expressing glutamatergic receptors and forming spontaneous synaptic 239 
networks within two weeks from transfection (Zhang et al., 2013). Another study demonstrated 240 

that the forced synergistic expression of the transcription factors ASCL1 and DLX2 induced 241 
the differentiation of PSC to near pure GABAergic neurons (Yang et al., 2017).  242 

Another common differentiation protocol uses retinoic acid treatment on embryoid bodies for 243 

promoting commitment to the neural lineage (Schuldiner et al., 2001). In participation with 244 
FGF and Wnt, retinoic acid is a potent caudalizing factor of the neuroectoderm and is a 245 

differentiation-inducing molecule essential for the development of the neural crest and the 246 
generation of cortical neurons (Villanueva et al., 2002; Diez del Corral and Storey, 2004; 247 

Siegenthaler et al., 2009). Retinoic acid has been demonstrated to inhibit neural proliferation 248 
and promote neurogenesis by inhibiting the expression of genes that negatively regulate 249 
neuronal differentiation (such as Notch and Geminin), while promoting the expression of 250 

proneural and neurogenic genes (Janesick et al., 2015). However, it is important to note that 251 
although retinoids play a fundamental regulatory role during neural tube formation, their 252 
function in neural development and axial patterning are strictly context, time and dose-253 

dependent, and therefore it is crucial to include retinoids at an appropriate differentiation stage 254 
in cultures (Maden, 2002). 255 

5. Monolayer cultures to organoids 256 

With the improvement of differentiation methods, culturing techniques have also been refined 257 
to introduce structural complexities that better recapitulate the in vivo development and 258 

cytoarchitecture. Availability of this technology has led to a tremendous interest from 259 
researchers worldwide, particularly from the prospective of  generating more representative 260 
models of the human  phenotype,  and as a means to “replace, reduce and refine” the use of 261 
animal models (Sneddon et al., 2017). The culture substrate is as essential to neural cell culture 262 
as the use of appropriate inducing factors. In the CNS, extra cellular matrixes (ECM) are crucial 263 

for cell migration and differentiation, therefore in vitro substrates are fundamental for the 264 
preferred differentiation of NSCs and support of differentiated cells (Franco and Müller, 2011). 265 
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The best-described substrates used for the in vitro culture of neural cells (whether NSC or PSC-266 

derived) are poly-L-ornithine, poly-L-lysine, fibronectin, collagen and laminin (Ge et al., 267 
2015). All these substrates have been found to support neural differentiation to differing 268 
degrees (Ma et al., 2008). One study reports that poly-L-ornithine induces preferred 269 

differentiation of NSCs into neurons and oligodendrocytes, compared to poly-L-lysine and 270 
fibronectin (Ge et al., 2015). However, other studies suggested that laminin or laminin-rich 271 
substrates enhance differentiation of NSC to neurons (Hall et al., 2008; Ma et al., 2008).  272 

Nevertheless, the ECM is a complex mixture of molecules (laminins, proteoglycans, collagens) 273 
and therefore specific combinations of substrates may be necessary to better reproduce the in 274 
vivo scenario (Ma et al., 2008; Franco and Müller, 2011). Hydrogel scaffolds such as Matrigel, 275 
which consist of a mixture of extracellular molecules including laminin, collagen IV, heparan 276 
sulfate proteoglycans and entactin (Kleinman and Martin, 2005) are often successfully 277 

employed for the culture and long-term support of neural cells (Ma et al., 2008; Lee et al., 278 

2015). Matrigel is not only advantageous as a substrate for monolayer cultures, but due to its 279 

polymerizing nature, it can be utilised as a semi-solid scaffold matrix for 3-D cultures (Tibbitt 280 
and Anseth, 2009). However, even Matrigel is not immune from major limitations, being an 281 
animal-derived matrix characterised by batch variation and with an undefined composition that 282 
may produce a source of variability in experimental conditions (Hughes et al., 2010). 283 

Traditional 2-dimensional (2-D) culturing has contributed immensely to the understanding of 284 

neuroscience but is substantially limited for recapitulating the in vivo complexities of the CNS. 285 
Advancement in cell culturing techniques for the generation of neural cell lines has greatly 286 
improved with the directed differentiation of iPSCs into monolayers of specific neural cell 287 

types (Pasca et al., 2014; Barral and Kurian, 2016; McKinney, 2017). A summary of various 288 
CNS neural tissues derived from the differentiation of iPSC is presented in Table 1. 289 

However, these 2-D cultures are unlikely to recapitulate the intricate cytoarchitecture, the 290 

elaborate network of diverse neural cell types and the functional complexity of the in vivo 291 
central nervous system (Pașca, 2018). Cell differentiation and maturation is critically 292 

dependent on both intrinsic and extrinsic cues originating from the interactions with various 293 
neural cells and extracellular matrix molecules, and the cross-talk and dynamic interaction of 294 

neural cells is crucial for the recapitulation of a physiologically relevant system (Gomes et al., 295 
2001; Rowitch and Kriegstein, 2010; Jiang and Nardelli, 2016). 296 

Nevertheless, 2-D cultures have the advantage of a greater scalability, with less complex 297 

directed differentiation approaches and facilitated imaging. However, 2-D cells also favour 298 
stronger interactions with the surfaces of the culturing vessel rather than cell-cell interactions 299 
or between cells and the ECM, altering their proliferation and differentiation capabilities 300 
(Pașca, 2018). Three dimensional models can overcome 2-D culturing limitations, allowing the 301 
dynamic interactions between cells and ECMs and the recreation of signalling, metabolites and 302 

oxygen gradients across the culture (Ko and Frampton, 2016).  303 

A variety of 3-D culture methods have been developed, with one example in the form of tissue 304 
explant cultures, such as whole brain sections grown in culture dishes or microfluidic devices 305 
(Ullrich et al., 2011; Huang et al., 2012).  306 

For instance, recently, an organotypic human Alzheimer disease model consisting of a 3-D 307 
triculture system of neurons, astrocytes and microglia co-cultured in a microfluidic system was 308 
engineered. Authors developed this 3-D culture system to model the neuroinflammation and 309 
neurodegeneration aspects of the disease, employing human iPSC-derived neural stem cells 310 
overexpressing mutant APP and PSEN1 genes associated with familial Alzheimer’s. This 311 
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system successfully recapitulated the tauopathy, β-amyloid accumulation and microglia 312 

mediated neuroinflammation more efficiently than the 2-D models (Park et al., 2018).  313 

However, these cultures are often problematic to maintain in the long-term and are generally 314 
derived from animal sources, and hence not representative of human development (Ko and 315 
Frampton, 2016). Self-organised aggregate cultures are an alternative 3-D in vitro culture 316 
approach, encompassing neural spheroids (Dingle et al., 2015). Further sophistication of 317 
culture methods has led to the modification of self-aggregating cultures for the generation of 318 

organ-like structures, termed organoids (Kelava and Lancaster, 2016b). 319 

CNS organoids can be divided in two categories based on their patterning approach, either 320 
being self-patterned or extrinsically patterned. Self-patterned organoids are organoids that are 321 
cultured without the addition of exogenous morphogens that favour specific brain regions, 322 

whereas extrinsically patterned organoids refer to the generation of brain specific regional 323 
identities via the addition of morphogens and neurotrophic factors such as FGF, Sonic 324 

Hedgehog, Nodal, Wnt and BMP (Clevers, 2016; Brawner et al., 2017). Figure 3 illustrates the 325 
different brain regionals identities recapitulated in CNS organoids. 326 

To illustrate this, the seminal study of Eiraku et al. demonstrated that serum-free embryoid 327 

bodies with quick reaggregation are capable of self-organising into stratified cortical tissues in 328 
cultures, thus showing that ESCs spontaneously differentiate toward a neural state by default 329 
(Eiraku et al., 2008). This notion provided the fundaments to generate the first self-patterned 330 
CNS organoid, employing serum-free embryoid bodies to generate neuroepithelial cysts, which 331 

further self-organised into optic cup organoids, to present regions with retinal identities upon 332 
treatment with Nodal protein and culture on Matrigel basement membrane (Eiraku et al., 2011).  333 

Extrinsic-patterning organoids can be exemplified by the generation of the first dorsal 334 
telencephalon organoid recapitulating a human cerebral cortex at 8-10-week gestation by 335 

Mariani et al., where serum-free embryoid bodies were treated with Wnt and TGF-β inhibitors 336 

and cultured on poly-L-ornithine, laminin and fibronectin for up to 70 days (Mariani et al., 337 
2012). Similarly, other adaptations of the method developed by Eiraku et al. led to the 338 
generation of neocortical forebrain organoids maintained on Matrigel for over three months 339 

(Kadoshima et al., 2013). Further modifications of protocols for the generation of organoids 340 
patterned with other brain specific regions and sub-regions have been developed to model the 341 

adenohypophysis (using hedgehog agonists) (Suga et al., 2011), hypothalamus (by 342 
Nodal/Activin/TGF-β, and BMP mediated inhibition) (Wataya et al., 2008), cerebellum (using 343 

the Nodal/Activin/TGF-β inhibition and the addition of FGF2 and FGF19) (Muguruma et al., 344 
2015), midbrain (by using the dual SMAD inhibition and Wnt activation) ((Jo et al., 2016) and 345 
hippocampal-choroid plexus (by treatment with BMP and Wnt) (Sakaguchi et al., 2015). 346 
Combining the strong neuralizing dual SMAD inhibition with the serum-free embryoid body 347 
approach also enabled the generation of cortical spheroids, which represented 3-D tissues 348 

containing neurons and astrocytes and mimicked cortical development stages up to the mid-349 
fetal period (Pasca et al., 2015).  350 

In 2013, Lancaster and Knoblich introduced, for the first time, the concept of whole-brain 351 
organoid or cerebral organoids (Figure 5), representing different brain regions within the same 352 

3-D platform. Cerebral organoids, are generated from PSC-derived serum-free embryoid 353 
bodies obtained by culturing in low concentrations of bFGF-2 and with ROCK inhibitors to 354 

promote cell survival (Lancaster and Knoblich, 2014). The serum-free embryoid bodies are 355 
subsequently induced to differentiate to the neuroectoderm within suspension cultures, 356 
establishing a radially organised neuroepithelium around the spheroid (Lancaster and 357 
Knoblich, 2014; Sutcliffe and Lancaster, 2017).  358 
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The resulting neurospheres are embedded into Matrigel hydrogel droplets, allowing the growth 359 

of continuous and orientated neuroepithelial buds and, the apicobasal expansion of the layer of 360 
neuroepithelial cells throughout the ECM basement scaffold. After the embedding, budding 361 
neuroepithelia generate fluid filled cavities reminiscent of ventricles. The neuroepithelium 362 

begins to migrate outwardly to generate the cortical layers consisting of Cajal-Retzius cells, 363 
deep and superficial cortical progenitors. On  exposure to retinoic acid, cerebral organoids self-364 
organise through self-patterning mechanisms to display sparse populations of neural 365 
progenitors including radial glia, which begin to expand forming cerebral structures (Lancaster 366 
and Knoblich, 2014). Retinoic acid is only added for terminal differentiation, as being a potent 367 

caudalizing factor it inhibits neurogenesis in the early stages of neuroepithelium formation 368 
(Petros et al., 2011).  369 

The region in which radial glia originate, recapitulates the in vivo ventricular zone (VZ) and 370 

subventricular zone (SVZ) (Kelava and Lancaster, 2016a). Therefore, similar to in vivo 371 

neurogenesis, neural progenitors migrate to form the cortical plate, spontaneously giving rise 372 

to distinct brain regions reminiscent of the dorsal cortex, ventral forebrain, hindbrain, midbrain, 373 
retina, hippocampus and choroid plexus (Lancaster and Knoblich, 2014).  374 

As cerebral organoids expand in culture, the neuronal population increases in number, resulting 375 

in the enlargement of tissues, reaching sizes of up to 4 mm in diameter (Sutcliffe and Lancaster, 376 
2017). The whole development process requires 7-10 days for the generation of neurospheres, 377 

and more than 20 days before the appearance of the first mature neural population (Lancaster 378 
and Knoblich, 2014; Sutcliffe and Lancaster, 2017). After one month in culture the cerebral 379 
tissue begins to thicken, showing tissues of different regional identities, as evidenced by the 380 

expression of FOXG1 (forebrain), TTR (choroid plexus), FZD9 (hippocampus) and SOX2 (VZ 381 
radial glia) (Lancaster and Knoblich, 2014). Later studies have confirmed that cerebral 382 

organoids display with high fidelity the gene expression signatures of a fetal developing 383 
neocortex (Camp et al., 2015).  384 

The increase in size introduces problems with regard to nutrient and oxygen diffusion through 385 

the central regions of tissue, causing necrosis (Lancaster and Knoblich, 2014). Therefore, the 386 
organoids are grown in spinning bioreactors to provide agitation and maximise oxygen and 387 

nutrient exchange (Kelava and Lancaster, 2016b). Within bioreactors, cerebral organoids are 388 
capable of displaying a longevity of up to 1 year, although it has been reported that growth 389 
becomes stationary after 5 months, with organoids shrinking in size in subsequent months due 390 
to neuronal loss and disappearance of progenitors (Lancaster and Knoblich, 2014).  391 

6. Modelling neurological disorders with CNS organoids 392 

Since the generation of the first brain organoids, unsurprisingly, there has been an exponential 393 
surge in publications employing this technology (Figure 6), due to their amenability for the 394 
study of neurodevelopment and neurological diseases, but also as a potential platform for the 395 

development of novel neurotherapeutics. When searching Pubmed using the terms “Cerebral 396 

organoid”, “Brain organoid”, “CNS organoid” and “Cortical organoid” the number of 397 
publications for the year 2013 were 4, compared to 52 and 77 for the years 2017 and 2018, 398 
respectively. Due to the significant expansion and importance of this technology, this section 399 

of the review will primarily focus on the applications and advancements in this field. Cerebral 400 
organoids are indeed a relatively new platform but are finding wider application as in vitro 401 

disease modelling tools, not only for many developmental disorders, but also for psychiatric 402 
diseases and neurodegenerative conditions (Lancaster et al., 2013; Mariani et al., 2015; Garcez 403 
et al., 2016; Jo et al., 2016; Kelava and Lancaster, 2016a; Raja et al., 2016; Bershteyn et al., 404 
2017; Birey et al., 2017; Iefremova et al., 2017). The advent of genome editing techniques such 405 
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as CRISPR/Cas9 has changed the scene for tackling genetic disorders and opened a  new 406 

chapter for potential stem cell applications in the clinic (Waddington et al., 2016). In particular, 407 
organoids’ versatility and adaptability to genome editing techniques or gene therapy 408 
approaches make them valuable candidates for the identification and testing of novel 409 

therapeutic approaches (Yin et al., 2016; Gonzalez-Cordero et al., 2018). 410 

6.1 Microcephaly 411 

Lancaster et al. generated organoids from a patient harbouring a CDK5RAP2 mutation, and 412 
demonstrated that the organoids from the patient with microcephaly were smaller compared to 413 
a healthy control. This was explained by fewer proliferating progenitors and a premature 414 
differentiation in the disease tissues. The group also demonstrated that the phenotype could be 415 
rescued by inducing the expression of the wild-type gene (Lancaster et al., 2013). 416 

Furthermore, cerebral organoids have aided  the understanding of microcephaly associated with 417 

neuroinfection with the Zika virus.  In the study of Garcez et al. human cortical organoids 418 
infected with Zika virus exhibited a 40% decrease in size compared to non-infected controls 419 
(Garcez et al., 2016). An elegant study by Qian et al. introduced an innovation in culturing 420 
cerebral organoids through the use of miniaturised spinning bioreactors (the SpinΩ),  and the 421 

authors determined that infection of organoids with Zika virus resulted in an increase in 422 
apoptosis with consequent reduction in cell proliferation and a marked sparing of the 423 
ventricular zone (Qian et al., 2016). Another study  found that human iPSC-derived cerebral 424 
organoids infected with Zika virus had a decrease in PAX6 expressing progenitors in the 425 

proliferative zones and consequently a decrease in differentiated neurons leading to a 426 
disruption in the cortical plate formation (Cugola et al., 2016). Dang et al. found that Zika virus 427 

infection in organoids induced a significant upregulation of Toll-like receptor 3 gene, leading 428 
to apoptosis and dysregulation of neurogenesis (Dang et al., 2016). 429 

6.2 Macrocephaly 430 

Li et al. demonstrated the recapitulation of macrocephaly in cerebral organoids, by the genetic 431 

ablation of PTEN using CRISPR/Cas9. Edited organoids exhibited an activation in AKT 432 
signalling in neural progenitors regulating cortical maturation, resulting in a delay in neuronal 433 

differentiation,  an increase in cellular proliferation or radial glia progenitors, and a significant 434 

increment in organoid sizes (Li et al., 2017). 435 

6.3 Autistic spectrum disorder 436 

Mariani et al. employed iPSCs derived from patients with idiopathic autism spectrum disorder 437 

to generate cerebral organoids; the patient tissues exhibited an overgrowth of neurites and 438 
synapses, in a similar fashion to that observed in post mortem brain investigations of 439 
individuals with autism. The same study observed an increased production of GABA-ergic 440 
inhibitory interneurons in patient organoids, while also identifying an upregulation of FOXG1, 441 

thus indicating a correlation between the two observations (Mariani et al., 2015). Using 442 
cerebral organoids combined with monolayer cultures, Mellios et al. characterised defects in 443 
neurogenesis associated with MeCP2 deficiency in Rett syndrome, which consisted primarily 444 

in expanded ventricular zones with enhanced PAX6+ ventricle-like structures. In this study, 445 
through the inhibition of miR-199, affected signalling pathways (PKB/AKT and ERG/MAPK) 446 
were rescued and the dysregulations in neural differentiation ameliorated (Mellios et al., 2017). 447 

6.4 Miller-Dieker syndrome 448 

Miller-Dieker syndrome, a form of lissencephaly, was modelled using patient-derived iPSCs, 449 
enabling the identification of a stalled mitosis of outer radial glia, thus suggesting that 450 
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dysfunctions in progenitor cell cycles could be a feature of cortical malformations in the disease 451 

(Bershteyn et al., 2017). Another study identified non-cell autonomous defects in Wnt 452 
signalling associated with Miller-Diekers syndrome (Iefremova et al., 2017). 453 

6.5 Sandhoff disease 454 

Allende et al. developed cerebral organoids from iPSCs derived from an infant with Sandhoff 455 
disease and from isogenic controls corrected for the HEXB mutation by gene editing. The 456 

authors demonstrated that GM2 ganglioside only accumulated in the disease organoids and 457 
affected organoids displayed an increase in size and cellular proliferation compared to the 458 
isogenic control counterpart (Allende et al., 2018).  459 

6.6 Schizophrenia 460 

In their study examining the association of DISC1 gene with schizophrenia, Ye et al. used 461 
human cortical organoids to demonstrate that DISC1/Ndel1 interactions regulate mitotic events 462 

in neural stem cells and that a delay in mitosis was observed in organoids derived from a patient 463 
with a DISC1 mutation (Ye et al., 2017). 464 

6.7 Modelling prenatal and perinatal drug exposure 465 

Cerebral organoids have been used to investigate how the prenatal exposure to substances of 466 
abuse including illegal drugs, alcohol and tobacco affect neurogenesis. A  study examining the 467 

exposure of cocaine, demonstrated that cytochrome P450 CYP3A5-mediated oxidative 468 
metabolism was responsible for the developmental abnormalities of the fetal neocortex, 469 
resulting in the inhibition of neuroepithelial progenitor proliferation, premature neuronal 470 

differentiation and a reduction in the cortical plate formation (Lee et al., 2017).  Zhu et al. 471 
investigated the effects of ethanol exposure in organoids to better understand alcohol-induced 472 

defects in neurogenesis in fetal alcohol syndrome, and where able to identify through a 473 

transcriptome analysis, gene expression alterations in the Hippo pathway and in other genes 474 

including GSX2 and RSPO2 (Zhu et al., 2017a). Another study using organoids-on-chip 475 
investigated the effect of nicotine on neural development, demonstrating a disruption in cortical 476 
development in exposed organoids (Wang et al., 2018). The use of organoids for studies on the 477 

effect of drug exposure on embryonic CNS development would not be limited to substances of 478 

abuse, but could also be used in the context of neurodevelopmental toxicity whereby 479 
toxicological profiles of compounds on teratogenicity or neurotoxicity could also be assessed 480 
in the system, such as for the evaluation of the neural teratogenic effect of valproic acid or the 481 
effect of environmental chemicals (Schwartz et al., 2015; Miranda et al., 2018b; Wood et al., 482 
2018).  483 

6.8 Alzheimer’s disease 484 

The limitations of cerebral organoids in recapitulating only early neurogenesis, hinders their 485 

application for studying late-onset neurodegenerative diseases such as Alzheimer’s, 486 

Parkinson’s and Huntington’s (Kelava and Lancaster, 2016a). Nevertheless, Raja et al. 487 
developed cerebral organoids derived from patients with early onset familial Alzheimer’s, and 488 

were able to recapitulate the disease phenotype through the demonstration of β-amyloid 489 
aggregation, hyperphosphorylated tau proteins and abnormal endosomes. The authors further 490 
demonstrated that β-amyloid and tau pathologies were significantly reduced when treating 491 

patient organoids with β and ϒ secretase inhibitors (Raja et al., 2016). 492 

7. Other developments and applications 493 
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More recently, research groups have sought to optimise and advance methods for the 494 

generation of more reproducible and morphologically complex organoids. For instance, 495 
Basuodan et al. have generated 3-D cultures with characteristics similar to cerebral organoids 496 
by transplanting iPSC-derived neurospheres embedded in ECM matrix, into brains of 497 

ischaemic mice (Reem et al., 2018). 498 

Organoids also provide a powerful tool for the study of evolutionary developmental biology, 499 
and for comparing neurogenesis between species in vitro (Giandomenico and Lancaster, 2017). 500 

More recently, due to the advancement in gene editing technologies, such as CRISPR/Cas9, 501 
Neanderthal cerebral organoids were generated by introducing the Neanderthal gene NOVA1 502 
in human iPSCs. This study demonstrated that Neanderthal brain organoids resembled to a 503 
certain degree, organoids generated from patients with autism, indicating  that these similarities 504 
may be linked to socialisation behaviours (Cohen, 2018). 505 

Moreover, organoids have been used to study cellular migration, cross-talk and circuitry 506 

assembly by either generating region-specific organoids and fusing them, or by co-culturing 507 
cells from different lineages in a single organoid, and thus generating structures referred to as 508 
assembloids (Birey et al., 2017; Workman et al., 2017; Pham et al., 2018). By using this 509 
approach, forebrain assembloids derived from patients with Timothy syndrome, were shown 510 

to have defects in the migration of cortical interneurons, and these could be restored 511 
pharmacologically by modulating the mutated L-type calcium channel, thus contributing 512 

significantly to the understanding of epilepsy and autism associated with the syndrome (Birey 513 
et al., 2017). 514 

The substantial versatility of organoid applications is demonstrated in the interesting 515 

experiment conducted by Mattei and colleagues, where cerebral organoids were employed to 516 
investigate how neurogenesis and neural development could be affected by microgravity. In 517 
projection of spaceflight advancements, the authors cultured human organoids in rotary cell 518 

culture system to demonstrate that microgravitational changes influenced the expression of 519 
rostral-caudal patterning genes and cortical markers (Mattei et al., 2018).  520 

Literature reports on the ability of organoids to recapitulate the composition of an adult CNS 521 

were elusive in the initial phases. Seminal studies on the comparison of cerebral organoids to 522 
fetal brains, initially suggested that the development of fully matured cerebral organoids could 523 

only parallel the early embryonic cerebral development observed at 8-10 weeks gestation 524 
(Mariani et al., 2012; Kelava and Lancaster, 2016a; Kelava and Lancaster, 2016b). However 525 

single cell sequencing experiments have revealed that organoids are capable of replicating late-526 
mid fetal periods of a 19-24 weeks gestational brain (Pasca et al., 2015).  527 

Given the ability of organoids to recapitulate developmental timing, much interest has also 528 
been directed at the types of CNS neural cell populations which compose organoids and their 529 
maturation stage, such as glial cells. A recent study conducted by Monzel et al. (2017) reported 530 

the presence of differentiated glial cells in midbrain organoids from as early as day 27 of 531 

development, with myelinating oligodendrocytes ensheathing neurites at day 61 (Monzel et al., 532 
2017). Moreover, the same study demonstrated that after 61 days, mature astrocytes staining 533 
for S100β and AQP4 characterised mature midbrain organoids (Monzel et al., 2017). 534 

Additional studies have further demonstrated that cerebral organoids cultured for prolonged 535 
periods, ranging from months up to 1.5 years, displayed the presence of differentiated 536 

astrocytes and oligodendrocytes (Camp et al., 2015; Renner et al., 2017; Matsui et al., 2018). 537 
Furthermore, using culture times of over a year has been shown to yield organoids exhibiting 538 
a large proportion of mature glial cells and gene expression profiles comparable to those of 539 
post-natal brains (Renner et al., 2017; Sloan et al., 2017). 540 
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Our group has used cerebral organoids to model mitochondrial neurogastrointestinal 541 

encephalomyopathy (MNGIE), a rare metabolic disorder which manifests with 542 
leukoencephalopathy amongst other neurological and gastrointestinal symptoms (Pacitti, 2018; 543 
Pacitti and Bax, 2018).  The ability of organoids to produce differentiated astrocytes and 544 

myelinating oligodendrocytes, and most importantly the recreation of a physiologically 545 
relevant cross-talk between cells has been a great asset for investigating the leukodystrophic 546 
manifestations of the disease and shed light on the poorly understood pathomolecular 547 
mechanisms of the CNS involvement in MNGIE (Pacitti, 2018; Pacitti and Bax, 2018). 548 

In comparison to 2-D cultures, brain organoids represent a valuable tool for the study of glial 549 
cells as, for instance, when dealing with astrocytes, traditional monolayer cultures are 550 
inadequate since the morphological complexity and the vast heterogeneity cannot be 551 
appropriately modelled (Imura et al., 2006; Lange et al., 2012; Puschmann et al., 2013). Also, 552 

astrocytes cultured in 2-D preferentially interact with plastic surfaces rather than between cells 553 

and the ECM (Pașca, 2018). Most importantly, astrocytes in 2-D cultures tend to have an 554 

undesirably high baseline reactivity, possibly caused by serum components, although this can 555 
be minimised by using serum-free neurobasal formulations (Foo et al., 2011; Pekny and Pekna, 556 
2014; Pasca et al., 2015). However, iPSC-derived astroglial cells in 2-D cultures require 557 
extensive timing to allow for maturation, and thus practicalities inherent to long term culturing 558 
of cell monolayers, for appropriate astrocyte maturation, represent a major challenge (Dezonne 559 

et al., 2017; Sloan et al., 2017).  In addition to cell intrinsic properties, astrocyte maturation 560 
may require interactions with other neural cells types, which would not be represented in pure 561 

astrocyte cultures differentiated by pluripotent cells, unless specifically co-cultured after 562 
differentiation (Chandrasekaran et al., 2016). 563 

Three dimensional cultures, like cerebral organoids, allow the recreation of a more 564 

physiological spatial environment that favours a representative organisation of astrocytes and 565 
their interactions with other neural cells and ECM components (Pasca et al., 2015; Liddelow 566 

and Barres, 2017). Compared to 2-D cultures, 3-D cultures have indeed demonstrated a better 567 
capacity for recapitulating astrocyte heterogeneity (Puschmann et al., 2013; Puschmann et al., 568 

2014; Liddelow and Barres, 2017). Moreover, in 3-D cultures, basal reactivity of astrocytes is 569 
negligible, rendering them the ideal platform for the study of the heterogeneous spectrum of 570 
astrocyte subtypes and their activation (Puschmann et al., 2013; Pasca et al., 2015; Liddelow 571 

and Barres, 2017). 572 

8. Current caveats and advancement in the organoid technology 573 

While cerebral organoids offer an advantageous culture system with diversified neural cells for 574 
modelling as closely as possible the intercellular interactions during organogenesis, the 575 
technology also suffers from some limitations, which are constantly being addressed with 576 
ongoing research efforts. One of the greatest limitations of the 3-D platform is the confounding 577 

batch variability (Di Lullo and Kriegstein, 2017; Pașca, 2018). Cell differentiation relies on 578 
spontaneous events that are characterised by a high degree of stochasticity as they lack 579 

developmental axes (Pașca, 2018). This results in regional identities that could differ in 580 
distribution, composition and densities between organoids, generating concerns regarding 581 
reproducibility, accuracy and scalability (Di Lullo and Kriegstein, 2017). The spontaneous self-582 
patterning mechanisms on which cerebral organoids rely, results in the formation of several 583 
brain regional identities, when compared to brain region-specific organoids. As such, cerebral 584 

organoids are characterised by a great level of heterogeneity and complexity, which result in 585 
morphological variabilities between and within organoid batches, leading to inherent 586 
reproducibility issues (Lancaster et al., 2013; Kelava and Lancaster, 2016a). Referring to this 587 

elevated variability, Lancaster et al. (2014) suggested that if using organoids to detect 588 
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phenotypes in the context of genetic disorders, defects must be robust enough to be noticeable 589 

(Lancaster and Knoblich, 2014; Kelava and Lancaster, 2016b; Giandomenico and Lancaster, 590 
2017). In fact, organoid variability could have severe implications with respect to disease 591 
modelling, drug screening or neurodevelopmental studies, as the heterogeneity could affect the 592 

consistency of phenotypes exhibited, masking true differences between diseased and healthy, 593 
or treated and non-treated tissues. Organoid variability would appear to be partly accountable 594 
to a bioreactor-based effect, meaning that a more controlled growth microenvironment would 595 
contribute to a better reproducibility (Quadrato et al., 2017). 596 

More recently, polymer microfilaments were implemented as scaffolds to promote a more 597 
elongated generation of embryoid bodies, which  has been found to enhance neuroectoderm 598 
formation and  cortical development, and also reduce the issues of reproducibility and 599 
variability observed in the regional identities of filament scaffolded organoids (Lancaster et al., 600 

2017). 601 

Contrarily to the “intrinsic” self-patterning protocol, patterning of organoids using inductive 602 
signals and optimised bioreactors, as conducted by Qian et al., led to the development of more 603 
consistent region specific organoids which were less influenced by batch variability (Qian et 604 
al., 2016). Optimal patterning and the relevant reproduction of proper developmental axes 605 

requires a spatiotemporally defined gradients of morphogens, which is challenging to achieve 606 
in culture; it has been suggested that a way to circumvent this could be through the use of slow-607 

releasing microbeads to establish a morphogen gradient (Lee et al., 2011; Sun et al., 2018). In 608 
contrast, a recent study revealed that the removal of inductive factors such as those used for 609 
the dual SMAD inhibition during the EB differentiation stage, or refraining from using 610 

maturating growth factors in culture medium during the organoid stage (such as BDNF, GDNF 611 
and TGF-β), yields more optimal organoids with reduced inter and intra batch variability in 612 

terms of reproducibility, size, growth and neural cell composition and maturity (Yakoub and 613 
Sadek, 2018). Cerebral organoids generated through this optimised protocol exhibited a robust 614 

neuronal zone and positive staining for general neuronal and mature astrocytic markers, and 615 
were characterised by a strong upregulation of neurotransmitter receptor genes involved in 616 

synaptic functions including the glutamate, α-amino-3-hydroxy-5-methyl-4-617 
isoxazolepropionic acid (AMPA) receptor GluA1, and the N-methyl-D-aspartate (NMDA) 618 
receptors GluN1, GluN2A and GluN2B, and the γ-amino butyric acid (GABA) receptor 619 

GABA-B receptor 1 (Yakoub, 2019).  620 

Potentially, the elevated variability observed in EB preparations may contribute to the 621 

heterogeneity observed between organoid preparations (Wilson et al., 2014). Therefore, 622 
controlling this heterogeneity, deriving from the spatial disorganisation and asynchronous 623 
differentiation of EB aggregates, could further minimise reproducibility issues observed during 624 
organoid development (Miranda et al., 2015; Miranda et al., 2018a). The use of centrifugal 625 
forced-aggregation and  silicon micro-textured surfaces improved symmetry, size and 626 

synchronised differentiation in EB, increasing consistency between preparations (Ungrin et al., 627 
2008).Another example of a possible bioengineering solution to control aggregate size and size 628 

by cellular confinement, could be identified in the use of microfabrication technologies where 629 
organoids cultured on a micropillar array exhibited robust brain regionalization and cortical 630 
organisation (Zhu et al., 2017b). 631 

Organoids lack some cells of the CNS including endothelial cells composing the cerebral 632 

vasculature, the blood-brain barrier (BBB), and microglia, as these do not derive from 633 
ectodermal tissues (Di Lullo and Kriegstein, 2017). These cells are found to have a role in CNS 634 
development via extrinsic signals that induce maturation and differentiation of neural cells 635 
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including astrocyte and cortical neurons (Stubbs et al., 2009; Cunningham et al., 2013; Sloan 636 

et al., 2017). 637 

The lack of vascularisation has been reported to prevent the delivery of oxygen and small 638 
molecules deep inside the tissue, often resulting in necrosis within the centre of the organoids. 639 
Most importantly, the lack of vascularisation interferes with certain patterning cues necessary 640 
for organoid development and progenitor differentiation. Late developing brains are highly 641 
dependent on vascularisation as niches of neural progenitors, such as the SVZ, are generally 642 

found in proximity of vessels. The solution to the limitations inherent to vascularisation and 643 
stochastic patterning cues can only be sought by refinement of the existing protocols, by either 644 
modifying culture conditions to mimic the physiological environment as closely as possible or 645 
through bio-engineering innovation to provide a flowing system of nutrients to organoids to 646 
reproduce vascularisation (Kelava and Lancaster, 2016a). 647 

Recently, it has been suggested that combining organoid culture with microfluidic technology 648 

may circumvent the vascularisation issue, for example, by culturing endothelial cells in 649 
microfluidic channels (Auger et al., 2013) to provide a flow system of nutrients and trophic 650 
molecules, thus allowing the in vitro modelling of organoid angiogenesis (Yin et al., 2016). 651 
Having highlighted the lack of vascularisation and BBB as major limitations of cerebral 652 

organoids, it has been envisaged that the introduction of further structural complexities may 653 
enhance the spectrum of applications of this platform (Kelava and Lancaster, 2016a). Several 654 

groups have addressed the lack of the BBB by generating vascularised organoids (Mansour et 655 
al., 2018; Nzou et al., 2018; Pham et al., 2018). Pham et al.  generated vascularised cerebral 656 
organoids by re-embedding organoids in Matrigel droplets, seeded with iPSC-derived 657 

endothelial cells (Pham et al., 2018). Monsour et al., employed a different approach and 658 
achieved the vascularisation of human organoids, through engraftment in murine cortices in 659 

vivo. This demonstrated the feasibility of integration with the host, an improvement in viability 660 
and longevity of the tissue, a synaptic connectivity of transplanted organoids and the host, and 661 

ultimately,  the formation of a microvascular network in the grafted organoids (Mansour et al., 662 
2018). Also, Nzou et al. generated a six cell type cortical organoid consisting of astrocytes, 663 

pericytes, oligodendrocytes, neural stem cells and vascular endothelial cells, creating a 664 
functional BBB expressing tight and adherent junctions to examine barrier permeability using 665 
neurotoxic compounds (Nzou et al., 2018). 666 

The structural complexity of cerebral organoids has its pros and cons. Whereas the high degree 667 
of neural cell diversity and complex cross-talks are an advantage, this may also represent a 668 

disadvantage when trying to test hypotheses related to the contribution of individual cell types 669 
to mechanistic processes. The complementation of a 3-D model with a 2-D cell culture system 670 
of purified cells of interest from the organoids would allow the compartmentalisation and 671 
investigation of individual neural cell types, enabling molecular mechanisms intrinsic to 672 
specific cell types to be teased out. 673 

 674 

9. Concluding remarks 675 

Studies of neural development and neurodegenerative diseases present many challenges due to 676 
the structural and functional complexity of the CNS, together with the limited possibility of in 677 
vivo experimental manipulation. Although animal models have contributed to the current 678 
knowledge, there are significant structural, cellular and molecular differences in the CNS of 679 
animal and humans, making data extrapolation and interpretation a formidable task.  The past 680 
hundred years have seen the evolution of a number of culture systems for modelling the human 681 
CNS. Tissue explants and organotypic cultures were replaced by 2-D cultures thereby 682 
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permitting investigation in more controlled systems. Issues of tissue availability were 683 

addressed by the development of human neural cell lines derived from tumours and more 684 
recently, the discovery of neural stem cells has permitted the generation of neuronal and glial 685 
cells in large quantities. Three-dimensional culture systems (organoids) are the most recent 686 

technological development in CNS modelling and bridge the gap between native tissue and 2-687 
D cell cultures. Many advancements have been made in CNS organoid development, as 688 
evidenced by the ability of culturing for prolonged times, the potential to recapitulate late brain 689 
developmental milestones and in vivo transplantation. However, ethical and epistemological 690 
issues have been raised around organoids questioning their potential for developing 691 

consciousness (Lavazza and Massimini, 2018; Shepherd, 2018). At present, organoids can only 692 
recapitulate early stages of development and can be used in a relatively narrow spectrum of 693 
applications. However, their use is currently not free of hindrances and thus continuous efforts 694 
must be made for further improvement to overcome their limitations for a more appropriate 695 
and reliable use. One of the major improvements can be found in organoids-on-chip, which as 696 

opposed to traditional organoids, are not self-assembled but are rather constructed to produce 697 
a more reliable and consistent culture, through the inclusion of engineered elements such as 698 

biosensors and microfluidic channels (Tachibana, 2018). At present, the excitement for this 699 
technology is driving elegant research worldwide and it holds the potential for promising and 700 
revolutionary applications. 701 

 702 

Bibliography 703 

 704 

Allende, M.L., Cook, E.K., Larman, B.C., Nugent, A., Brady, J.M., Golebiowski, D., et al. (2018). Cerebral 705 
organoids derived from Sandhoff disease-induced pluripotent stem cells exhibit impaired 706 
neurodifferentiation. J Lipid Res 59(3), 550-563. doi: 10.1194/jlr.M081323. 707 

Almeida, S., Gascon, E., Tran, H., Chou, H.J., Gendron, T.F., Degroot, S., et al. (2013). Modeling key 708 
pathological features of frontotemporal dementia with C9ORF72 repeat expansion in iPSC-709 
derived human neurons. Acta Neuropathol 126(3), 385-399. doi: 10.1007/s00401-013-1149-710 
y. 711 

Amenduni, M., De Filippis, R., Cheung, A.Y., Disciglio, V., Epistolato, M.C., Ariani, F., et al. (2011). iPS 712 
cells to model CDKL5-related disorders. Eur J Hum Genet 19(12), 1246-1255. doi: 713 
10.1038/ejhg.2011.131. 714 

Ananiev, G., Williams, E.C., Li, H., and Chang, Q. (2011). Isogenic pairs of wild type and mutant induced 715 
pluripotent stem cell (iPSC) lines from Rett syndrome patients as in vitro disease model. PLoS 716 
One 6(9), e25255. doi: 10.1371/journal.pone.0025255. 717 

Auger, F.A., Gibot, L., and Lacroix, D. (2013). The pivotal role of vascularization in tissue engineering. 718 
Annu Rev Biomed Eng 15, 177-200. doi: 10.1146/annurev-bioeng-071812-152428. 719 

Avior, Y., Sagi, I., and Benvenisty, N. (2016). Pluripotent stem cells in disease modelling and drug 720 
discovery. Nat Rev Mol Cell Biol 17(3), 170-182. doi: 10.1038/nrm.2015.27. 721 

Awad, O., Sarkar, C., Panicker, L.M., Miller, D., Zeng, X., Sgambato, J.A., et al. (2015). Altered TFEB-722 
mediated lysosomal biogenesis in Gaucher disease iPSC-derived neuronal cells. Hum Mol 723 
Genet 24(20), 5775-5788. doi: 10.1093/hmg/ddv297. 724 

Baarine, M., Khan, M., Singh, A., and Singh, I. (2015). Functional Characterization of IPSC-Derived Brain 725 
Cells as a Model for X-Linked Adrenoleukodystrophy. PLoS One 10(11), e0143238. doi: 726 
10.1371/journal.pone.0143238. 727 

Barral, S., and Kurian, M.A. (2016). Utility of Induced Pluripotent Stem Cells for the Study and 728 
Treatment of Genetic Diseases: Focus on Childhood Neurological Disorders. Front Mol 729 
Neurosci 9, 78. doi: 10.3389/fnmol.2016.00078. 730 

In review



Bershteyn, M., Nowakowski, T.J., Pollen, A.A., Di Lullo, E., Nene, A., Wynshaw-Boris, A., et al. (2017). 731 
Human iPSC-Derived Cerebral Organoids Model Cellular Features of Lissencephaly and Reveal 732 
Prolonged Mitosis of Outer Radial Glia. Cell Stem Cell 20(4), 435-449.e434. doi: 733 
10.1016/j.stem.2016.12.007. 734 

Bhinge, A., Namboori, S.C., Zhang, X., VanDongen, A.M.J., and Stanton, L.W. (2017). Genetic Correction 735 
of SOD1 Mutant iPSCs Reveals ERK and JNK Activated AP1 as a Driver of Neurodegeneration 736 
in Amyotrophic Lateral Sclerosis. Stem Cell Reports 8(4), 856-869. doi: 737 
10.1016/j.stemcr.2017.02.019. 738 

Biedler, J.L., Helson, L., and Spengler, B.A. (1973). Morphology and Growth, Tumorigenicity, and 739 
Cytogenetics of Human Neuroblastoma Cells in Continuous Culture. Cancer Research 33(11), 740 
2643-2652. 741 

Biedler, J.L., Roffler-Tarlov, S., Schachner, M., and Freedman, L.S. (1978). Multiple Neurotransmitter 742 
Synthesis by Human Neuroblastoma Cell Lines and Clones. Cancer Research 38(11 Part 1), 743 
3751-3757. 744 

Bilican, B., Serio, A., Barmada, S.J., Nishimura, A.L., Sullivan, G.J., Carrasco, M., et al. (2012). Mutant 745 
induced pluripotent stem cell lines recapitulate aspects of TDP-43 proteinopathies and reveal 746 
cell-specific vulnerability. Proc Natl Acad Sci U S A 109(15), 5803-5808. doi: 747 
10.1073/pnas.1202922109. 748 

Bird, M.J., Needham, K., Frazier, A.E., van Rooijen, J., Leung, J., Hough, S., et al. (2014). Functional 749 
characterization of Friedreich ataxia iPS-derived neuronal progenitors and their integration in 750 
the adult brain. PLoS One 9(7), e101718. doi: 10.1371/journal.pone.0101718. 751 

Birey, F., Andersen, J., Makinson, C.D., Islam, S., Wei, W., Huber, N., et al. (2017). Assembly of 752 
Functional Forebrain Spheroids from Human Pluripotent Cells. Nature 545(7652), 54-59. doi: 753 
10.1038/nature22330. 754 

Bousquet, J., and Meunier, J.M. (1962). Organotypic culture, on natural and artificial media, of 755 
fragments of the adult rat hypophysis. C R Seances Soc Biol Fil 156, 65-67. 756 

Boza-Moran, M.G., Martinez-Hernandez, R., Bernal, S., Wanisch, K., Also-Rallo, E., Le Heron, A., et al. 757 
(2015). Decay in survival motor neuron and plastin 3 levels during differentiation of iPSC-758 
derived human motor neurons. Sci Rep 5, 11696. doi: 10.1038/srep11696. 759 

Brammer, M. (2009). The role of neuroimaging in diagnosis and personalized medicine--current 760 
position and likely future directions. Dialogues in clinical neuroscience 11(4), 389-396. 761 

Brawner, A.T., Xu, R., Liu, D., and Jiang, P. (2017). Generating CNS organoids from human induced 762 
pluripotent stem cells for modeling neurological disorders. Int J Physiol Pathophysiol 763 
Pharmacol 9(3), 101-111. 764 

Brewer, G.J. (1995). Serum-free B27/neurobasal medium supports differentiated growth of neurons 765 
from the striatum, substantia nigra, septum, cerebral cortex, cerebellum, and dentate gyrus. 766 
J Neurosci Res 42(5), 674-683. doi: 10.1002/jnr.490420510. 767 

Brodal, P. (2016). The Central Nervous System. Oxford University Press. 768 
Camp, J.G., Badsha, F., Florio, M., Kanton, S., Gerber, T., Wilsch-Bräuninger, M., et al. (2015). Human 769 

cerebral organoids recapitulate gene expression programs of fetal neocortex development. 770 
Proceedings of the National Academy of Sciences 112(51), 15672-15677. doi: 771 
10.1073/pnas.1520760112. 772 

Carlessi, L., Fusar Poli, E., Bechi, G., Mantegazza, M., Pascucci, B., Narciso, L., et al. (2014). Functional 773 
and molecular defects of hiPSC-derived neurons from patients with ATM deficiency. Cell Death 774 
Dis 5, e1342. doi: 10.1038/cddis.2014.310. 775 

Carpenter, M.K., Cui, X., Hu, Z.-y., Jackson, J., Sherman, S., Seiger, Å., et al. (1999). In Vitro Expansion 776 
of a Multipotent Population of Human Neural Progenitor Cells. Experimental Neurology 777 
158(2), 265-278. doi: https://doi.org/10.1006/exnr.1999.7098. 778 

Carter, M., and Shieh, J. (2015). "Chapter 14 - Cell Culture Techniques," in Guide to Research 779 
Techniques in Neuroscience (Second Edition).  (San Diego: Academic Press), 295-310. 780 

In review

https://doi.org/10.1006/exnr.1999.7098


Chamberlain, S.J., Chen, P.F., Ng, K.Y., Bourgois-Rocha, F., Lemtiri-Chlieh, F., Levine, E.S., et al. (2010). 781 
Induced pluripotent stem cell models of the genomic imprinting disorders Angelman and 782 
Prader-Willi syndromes. Proc Natl Acad Sci U S A 107(41), 17668-17673. doi: 783 
10.1073/pnas.1004487107. 784 

Chambers, S.M., Fasano, C.A., Papapetrou, E.P., Tomishima, M., Sadelain, M., and Studer, L. (2009). 785 
Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD 786 
signaling. Nature biotechnology 27(3), 275-280. doi: 10.1038/nbt.1529. 787 

Chandrasekaran, A., Avci, H.X., Leist, M., Kobolák, J., and Dinnyés, A. (2016). Astrocyte Differentiation 788 
of Human Pluripotent Stem Cells: New Tools for Neurological Disorder Research. Frontiers in 789 
Cellular Neuroscience 10, 215. doi: 10.3389/fncel.2016.00215. 790 

Chang, T., Zheng, W., Tsark, W., Bates, S., Huang, H., Lin, R.J., et al. (2011). Brief report: phenotypic 791 
rescue of induced pluripotent stem cell-derived motoneurons of a spinal muscular atrophy 792 
patient. Stem Cells 29(12), 2090-2093. doi: 10.1002/stem.749. 793 

Chesselet, M.-F., and Carmichael, S.T. (2012). Animal models of neurological disorders. 794 
Neurotherapeutics : the journal of the American Society for Experimental NeuroTherapeutics 795 
9(2), 241-244. doi: 10.1007/s13311-012-0118-9. 796 

Clevers, H. (2016). Modeling Development and Disease with Organoids. Cell 165(7), 1586-1597. doi: 797 
10.1016/j.cell.2016.05.082. 798 

Cohen, J. (2018). Neanderthal brain organoids come to life. Science 360(6395), 1284-1284. doi: 799 
10.1126/science.360.6395.1284. 800 

Conti, L., and Cattaneo, E. (2010). Neural stem cell systems: physiological players or in vitro entities? 801 
Nat Rev Neurosci 11(3), 176-187. doi: 10.1038/nrn2761. 802 

Corti, S., Nizzardo, M., Simone, C., Falcone, M., Nardini, M., Ronchi, D., et al. (2012). Genetic correction 803 
of human induced pluripotent stem cells from patients with spinal muscular atrophy. Sci 804 
Transl Med 4(165), 165ra162. doi: 10.1126/scitranslmed.3004108. 805 

Costero, I., and Pomerat, C.M. (1951). Cultivation of neurons from the adult human cerebral and 806 
cerebellar cortex. American Journal of Anatomy 89(3), 405-467. doi: 807 
doi:10.1002/aja.1000890304. 808 

Coyle, D.E., Li, J., and Baccei, M. (2011). Regional differentiation of retinoic acid-induced human 809 
pluripotent embryonic carcinoma stem cell neurons. PLoS One 6(1), e16174. doi: 810 
10.1371/journal.pone.0016174. 811 

Crain, S.M. (1966). Development of "organotypic" bioelectric activities in central nervous tissues 812 
during maturation in culture. Int Rev Neurobiol 9, 1-43. 813 

Cugola, F.R., Fernandes, I.R., Russo, F.B., Freitas, B.C., Dias, J.L.M., Guimarães, K.P., et al. (2016). The 814 
Brazilian Zika virus strain causes birth defects in experimental models. Nature 534, 267. doi: 815 
10.1038/nature18296. 816 

Cunningham, C.L., Martínez-Cerdeño, V., and Noctor, S.C. (2013). Microglia Regulate the Number of 817 
Neural Precursor Cells in the Developing Cerebral Cortex. The Journal of Neuroscience 33(10), 818 
4216-4233. doi: 10.1523/jneurosci.3441-12.2013. 819 

Curchoe, C.L., Russo, J., and Terskikh, A.V. (2012). hESC derived neuro-epithelial rosettes recapitulate 820 
early mammalian neurulation events; an in vitro model. Stem Cell Res 8(2), 239-246. doi: 821 
10.1016/j.scr.2011.11.003. 822 

Dang, J., Tiwari, S.K., Lichinchi, G., Qin, Y., Patil, V.S., Eroshkin, A.M., et al. (2016). Zika Virus Depletes 823 
Neural Progenitors in Human Cerebral Organoids through Activation of the Innate Immune 824 
Receptor TLR3. Cell Stem Cell 19(2), 258-265. doi: 10.1016/j.stem.2016.04.014. 825 

Dawson, T.M., Golde, T.E., and Lagier-Tourenne, C. (2018). Animal models of neurodegenerative 826 
diseases. Nature Neuroscience 21(10), 1370-1379. doi: 10.1038/s41593-018-0236-8. 827 

DeFelipe, J., Alonso-Nanclares, L., and Arellano, J.I. (2002). Microstructure of the neocortex: 828 
comparative aspects. J Neurocytol 31(3-5), 299-316. 829 

Denham, M., and Dottori, M. (2011). Neural differentiation of induced pluripotent stem cells. Methods 830 
Mol Biol 793, 99-110. doi: 10.1007/978-1-61779-328-8_7. 831 

In review



Denton, K.R., Lei, L., Grenier, J., Rodionov, V., Blackstone, C., and Li, X.J. (2014). Loss of spastin function 832 
results in disease-specific axonal defects in human pluripotent stem cell-based models of 833 
hereditary spastic paraplegia. Stem Cells 32(2), 414-423. doi: 10.1002/stem.1569. 834 

Dezonne, R.S., Sartore, R.C., Nascimento, J.M., Saia-Cereda, V.M., Romão, L.F., Alves-Leon, S.V., et al. 835 
(2017). Derivation of Functional Human Astrocytes from Cerebral Organoids. Scientific Reports 836 
7, 45091. doi: 10.1038/srep45091. 837 

Di Lullo, E., and Kriegstein, A.R. (2017). The use of brain organoids to investigate neural development 838 
and disease. Nat Rev Neurosci 18(10), 573-584. doi: 10.1038/nrn.2017.107. 839 

Dickinson, M.E., Selleck, M.A., McMahon, A.P., and Bronner-Fraser, M. (1995). Dorsalization of the 840 
neural tube by the non-neural ectoderm. Development 121(7), 2099-2106. 841 

Diez del Corral, R., and Storey, K.G. (2004). Opposing FGF and retinoid pathways: a signalling switch 842 
that controls differentiation and patterning onset in the extending vertebrate body axis. 843 
Bioessays 26(8), 857-869. doi: 10.1002/bies.20080. 844 

Dingle, Y.T., Boutin, M.E., Chirila, A.M., Livi, L.L., Labriola, N.R., Jakubek, L.M., et al. (2015). Three-845 
Dimensional Neural Spheroid Culture: An In Vitro Model for Cortical Studies. Tissue Eng Part 846 
C Methods 21(12), 1274-1283. doi: 10.1089/ten.TEC.2015.0135. 847 

Djuric, U., Cheung, A.Y.L., Zhang, W., Mok, R.S., Lai, W., Piekna, A., et al. (2015). MECP2e1 isoform 848 
mutation affects the form and function of neurons derived from Rett syndrome patient iPS 849 
cells. Neurobiol Dis 76, 37-45. doi: 10.1016/j.nbd.2015.01.001. 850 

Doerr, J., Bockenhoff, A., Ewald, B., Ladewig, J., Eckhardt, M., Gieselmann, V., et al. (2015). 851 
Arylsulfatase A Overexpressing Human iPSC-derived Neural Cells Reduce CNS Sulfatide 852 
Storage in a Mouse Model of Metachromatic Leukodystrophy. Mol Ther 23(9), 1519-1531. doi: 853 
10.1038/mt.2015.106. 854 

Doers, M.E., Musser, M.T., Nichol, R., Berndt, E.R., Baker, M., Gomez, T.M., et al. (2014). iPSC-derived 855 
forebrain neurons from FXS individuals show defects in initial neurite outgrowth. Stem Cells 856 
Dev 23(15), 1777-1787. doi: 10.1089/scd.2014.0030. 857 

Dotti, C.G., Sullivan, C.A., and Banker, G.A. (1988). The establishment of polarity by hippocampal 858 
neurons in culture. J Neurosci 8(4), 1454-1468. 859 

Ebert, A.D., Yu, J., Rose, F.F., Jr., Mattis, V.B., Lorson, C.L., Thomson, J.A., et al. (2009). Induced 860 
pluripotent stem cells from a spinal muscular atrophy patient. Nature 457(7227), 277-280. 861 
doi: 10.1038/nature07677. 862 

Edri, R., Yaffe, Y., Ziller, M.J., Mutukula, N., Volkman, R., David, E., et al. (2015). Analysing human neural 863 
stem cell ontogeny by consecutive isolation of Notch active neural progenitors. Nat Commun 864 
6, 6500. doi: 10.1038/ncomms7500. 865 

Efthymiou, A.G., Steiner, J., Pavan, W.J., Wincovitch, S., Larson, D.M., Porter, F.D., et al. (2015). Rescue 866 
of an in vitro neuron phenotype identified in Niemann-Pick disease, type C1 induced 867 
pluripotent stem cell-derived neurons by modulating the WNT pathway and calcium signaling. 868 
Stem Cells Transl Med 4(3), 230-238. doi: 10.5966/sctm.2014-0127. 869 

Egawa, N., Kitaoka, S., Tsukita, K., Naitoh, M., Takahashi, K., Yamamoto, T., et al. (2012). Drug 870 
screening for ALS using patient-specific induced pluripotent stem cells. Sci Transl Med 4(145), 871 
145ra104. doi: 10.1126/scitranslmed.3004052. 872 

Eigentler, A., Boesch, S., Schneider, R., Dechant, G., and Nat, R. (2013). Induced pluripotent stem cells 873 
from friedreich ataxia patients fail to upregulate frataxin during in vitro differentiation to 874 
peripheral sensory neurons. Stem Cells Dev 22(24), 3271-3282. doi: 10.1089/scd.2013.0126. 875 

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., et al. (2011). Self-organizing 876 
optic-cup morphogenesis in three-dimensional culture. Nature 472(7341), 51-56. doi: 877 
http://www.nature.com/nature/journal/v472/n7341/abs/10.1038-nature09941-878 
unlocked.html#supplementary-information. 879 

Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yonemura, S., Matsumura, M., et al. 880 
(2008). Self-organized formation of polarized cortical tissues from ESCs and its active 881 

In review

http://www.nature.com/nature/journal/v472/n7341/abs/10.1038-nature09941-unlocked.html#supplementary-information
http://www.nature.com/nature/journal/v472/n7341/abs/10.1038-nature09941-unlocked.html#supplementary-information


manipulation by extrinsic signals. Cell Stem Cell 3(5), 519-532. doi: 882 
10.1016/j.stem.2008.09.002. 883 

Elston, G.N., Benavides-Piccione, R., and DeFelipe, J. (2001). The pyramidal cell in cognition: a 884 
comparative study in human and monkey. J Neurosci 21(17), Rc163. 885 

Eyal, G., Verhoog, M.B., Testa-Silva, G., Deitcher, Y., Lodder, J.C., Benavides-Piccione, R., et al. (2016). 886 
Unique membrane properties and enhanced signal processing in human neocortical neurons. 887 
eLife 5, e16553. doi: 10.7554/eLife.16553. 888 

Fernandez-Santiago, R., Carballo-Carbajal, I., Castellano, G., Torrent, R., Richaud, Y., Sanchez-Danes, 889 
A., et al. (2015). Aberrant epigenome in iPSC-derived dopaminergic neurons from Parkinson's 890 
disease patients. EMBO Mol Med 7(12), 1529-1546. doi: 10.15252/emmm.201505439. 891 

Fietz, S.A., Kelava, I., Vogt, J., Wilsch-Brauninger, M., Stenzel, D., Fish, J.L., et al. (2010). OSVZ 892 
progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling. 893 
Nat Neurosci 13(6), 690-699. doi: 10.1038/nn.2553. 894 

Filis, A.K., Moon, K., and Cohen, A.R. (2010). The Birth and Evolution of Neuroscience Through 895 
Cadaveric Dissection. Neurosurgery 67(3), 799-810. doi: 896 
10.1227/01.neu.0000383135.92953.a3. 897 

Foo, L.C., Allen, N.J., Bushong, E.A., Ventura, P.B., Chung, W.-S., Zhou, L., et al. (2011). Development 898 
of a Novel Method for the Purification and Culture of Rodent Astrocytes. Neuron 71(5), 799-899 
811. doi: 10.1016/j.neuron.2011.07.022. 900 

Franco, S.J., and Müller, U. (2011). ECM Functions During Neuronal Migration and Lamination in the 901 
Mammalian Central Nervous System. Developmental neurobiology 71(11), 889-900. doi: 902 
10.1002/dneu.20946. 903 

Frotscher, M. (1998). Cajal—Retzius cells, Reelin, and the formation of layers. Current Opinion in 904 
Neurobiology 8(5), 570-575. doi: https://doi.org/10.1016/S0959-4388(98)80082-2. 905 

Fuller, H.R., Mandefro, B., Shirran, S.L., Gross, A.R., Kaus, A.S., Botting, C.H., et al. (2015). Spinal 906 
Muscular Atrophy Patient iPSC-Derived Motor Neurons Have Reduced Expression of Proteins 907 
Important in Neuronal Development. Front Cell Neurosci 9, 506. doi: 908 
10.3389/fncel.2015.00506. 909 

Gähwiler, B.H. (1981). Organotypic monolayer cultures of nervous tissue. Journal of Neuroscience 910 
Methods 4(4), 329-342. doi: https://doi.org/10.1016/0165-0270(81)90003-0. 911 

Garcez, P.P., Loiola, E.C., Madeiro da Costa, R., Higa, L.M., Trindade, P., Delvecchio, R., et al. (2016). 912 
Zika virus impairs growth in human neurospheres and brain organoids. Science 352(6287), 913 
816-818. doi: 10.1126/science.aaf6116. 914 

Gaspard, N., Bouschet, T., Hourez, R., Dimidschstein, J., Naeije, G., van den Ameele, J., et al. (2008). 915 
An intrinsic mechanism of corticogenesis from embryonic stem cells. Nature 455(7211), 351-916 
357. doi: 917 
http://www.nature.com/nature/journal/v455/n7211/suppinfo/nature07287_S1.html. 918 

Ge, H., Tan, L., Wu, P., Yin, Y., Liu, X., Meng, H., et al. (2015). Poly-L-ornithine promotes preferred 919 
differentiation of neural stem/progenitor cells via ERK signalling pathway. Scientific Reports 5, 920 
15535. doi: 10.1038/srep15535. 921 

Gharib, W.H., and Robinson-Rechavi, M. (2011). When orthologs diverge between human and mouse. 922 
Brief Bioinform 12(5), 436-441. doi: 10.1093/bib/bbr031. 923 

Giandomenico, S.L., and Lancaster, M.A. (2017). Probing human brain evolution and development in 924 
organoids. Curr Opin Cell Biol 44, 36-43. doi: 10.1016/j.ceb.2017.01.001. 925 

Giulian, D., and Baker, T.J. (1986). Characterization of ameboid microglia isolated from developing 926 
mammalian brain. J Neurosci 6(8), 2163-2178. 927 

Goldman, S. (1990). Neuronal development and migration in explant cultures of the adult canary 928 
forebrain. The Journal of Neuroscience 10(9), 2931-2939. 929 

Goldstein, M.N., Burdman, J.A., and Journey, L.J. (1964). LONG-TERM TISSUE CULTURE OF 930 
NEUROBLASTOMAS. II. MORPHOLOGIC EVIDENCE FOR DIFFERENTIATION AND MATURATION. 931 
J Natl Cancer Inst 32, 165-199. 932 

In review

https://doi.org/10.1016/S0959-4388(98)80082-2
https://doi.org/10.1016/0165-0270(81)90003-0
http://www.nature.com/nature/journal/v455/n7211/suppinfo/nature07287_S1.html


Golgi, C. (1906). "The Neuron Doctrine-theory and facts. Nobel Lectures". Stockholm (Sweden): Nobel 933 
Foundation). 934 

Gomes, F.C., Spohr, T.C., Martinez, R., and Moura Neto, V. (2001). Cross-talk between neurons and 935 
glia: highlights on soluble factors. Braz J Med Biol Res 34(5), 611-620. 936 

Gonzalez-Cordero, A., Goh, D., Kruczek, K., Naeem, A., Fernando, M., Kleine Holthaus, S.M., et al. 937 
(2018). Assessment of AAV Vector Tropisms for Mouse and Human Pluripotent Stem Cell-938 
Derived RPE and Photoreceptor Cells. Hum Gene Ther 29(10), 1124-1139. doi: 939 
10.1089/hum.2018.027. 940 

Gordon, J., Amini, S., and White, M.K. (2013). General overview of neuronal cell culture. Methods Mol 941 
Biol 1078, 1-8. doi: 10.1007/978-1-62703-640-5_1. 942 

Gotz, M., and Huttner, W.B. (2005). The cell biology of neurogenesis. Nat Rev Mol Cell Biol 6(10), 777-943 
788. doi: 10.1038/nrm1739. 944 

Greene, L.A., and Tischler, A.S. (1976). Establishment of a noradrenergic clonal line of rat adrenal 945 
pheochromocytoma cells which respond to nerve growth factor. Proc Natl Acad Sci U S A 946 
73(7), 2424-2428. 947 

Griesi-Oliveira, K., Acab, A., Gupta, A.R., Sunaga, D.Y., Chailangkarn, T., Nicol, X., et al. (2015). Modeling 948 
non-syndromic autism and the impact of TRPC6 disruption in human neurons. Mol Psychiatry 949 
20(11), 1350-1365. doi: 10.1038/mp.2014.141. 950 

Halevy, T., Czech, C., and Benvenisty, N. (2015). Molecular mechanisms regulating the defects in fragile 951 
X syndrome neurons derived from human pluripotent stem cells. Stem Cell Reports 4(1), 37-952 
46. doi: 10.1016/j.stemcr.2014.10.015. 953 

Hall, P.E., Lathia, J.D., Caldwell, M.A., and ffrench-Constant, C. (2008). Laminin enhances the growth 954 
of human neural stem cells in defined culture media. BMC Neuroscience 9, 71-71. doi: 955 
10.1186/1471-2202-9-71. 956 

Hansen, D.V., Lui, J.H., Parker, P.R., and Kriegstein, A.R. (2010). Neurogenic radial glia in the outer 957 
subventricular zone of human neocortex. Nature 464(7288), 554-561. doi: 958 
10.1038/nature08845. 959 

Harrison, R.G. (1907). Observations on the living developing nerve fiber. Proceedings of the Society for 960 
Experimental Biology and Medicine 4(1), 140-143. doi: 10.3181/00379727-4-98. 961 

Harrison, R.G. (1910). The outgrowth of the nerve fiber as a mode of protoplasmic movement. J Exp 962 
Zool 142, 5-73. 963 

Hartung, T. (2008). Thoughts on limitations of animal models. Parkinsonism & Related Disorders 14, 964 
S81-S83. doi: https://doi.org/10.1016/j.parkreldis.2008.04.003. 965 

Haubensak, W., Attardo, A., Denk, W., and Huttner, W.B. (2004). Neurons arise in the basal 966 
neuroepithelium of the early mammalian telencephalon: A major site of neurogenesis. 967 
Proceedings of the National Academy of Sciences of the United States of America 101(9), 3196-968 
3201. doi: 10.1073/pnas.0308600100. 969 

Havlicek, S., Kohl, Z., Mishra, H.K., Prots, I., Eberhardt, E., Denguir, N., et al. (2014). Gene dosage-970 
dependent rescue of HSP neurite defects in SPG4 patients' neurons. Hum Mol Genet 23(10), 971 
2527-2541. doi: 10.1093/hmg/ddt644. 972 

Herculano-Houzel, S. (2009). The human brain in numbers: a linearly scaled-up primate brain. Frontiers 973 
in human neuroscience 3, 31-31. doi: 10.3389/neuro.09.031.2009. 974 

Hick, A., Wattenhofer-Donze, M., Chintawar, S., Tropel, P., Simard, J.P., Vaucamps, N., et al. (2013). 975 
Neurons and cardiomyocytes derived from induced pluripotent stem cells as a model for 976 
mitochondrial defects in Friedreich's ataxia. Dis Model Mech 6(3), 608-621. doi: 977 
10.1242/dmm.010900. 978 

Higuchi, T., Kawagoe, S., Otsu, M., Shimada, Y., Kobayashi, H., Hirayama, R., et al. (2014). The 979 
generation of induced pluripotent stem cells (iPSCs) from patients with infantile and late-980 
onset types of Pompe disease and the effects of treatment with acid-alpha-glucosidase in 981 
Pompe's iPSCs. Mol Genet Metab 112(1), 44-48. doi: 10.1016/j.ymgme.2014.02.012. 982 

In review

https://doi.org/10.1016/j.parkreldis.2008.04.003


Higurashi, N., Uchida, T., Lossin, C., Misumi, Y., Okada, Y., Akamatsu, W., et al. (2013). A human Dravet 983 
syndrome model from patient induced pluripotent stem cells. Mol Brain 6, 19. doi: 984 
10.1186/1756-6606-6-19. 985 

Hoadley, L. (1924). The Independent Differentiation of Isolated Chick Primordia in Chorioallantoic 986 
Grafts. I. The Eye, Nasal Region, Otic Region, and Mesencephalon. Biological Bulletin 46(6), 987 
281-315. doi: 10.2307/1536697. 988 

Hogue, M.J. (1946). Tissue cultures of the brain. Intercellular granules. Journal of Comparative 989 
Neurology 85(3), 519-530. doi: doi:10.1002/cne.900850308. 990 

Hogue, M.J. (1947). Human fetal brain cells in tissue cultures; their identification and motility. J Exp 991 
Zool 106(1), 85-107. 992 

Howard, B.M., Zhicheng, M., Filipovic, R., Moore, A.R., Antic, S.D., and Zecevic, N. (2008). Radial glia 993 
cells in the developing human brain. Neuroscientist 14(5), 459-473. doi: 994 
10.1177/1073858407313512. 995 

Huang, Y., Williams, J.C., and Johnson, S.M. (2012). Brain slice on a chip: opportunities and challenges 996 
of applying microfluidic technology to intact tissues. Lab Chip 12(12), 2103-2117. doi: 997 
10.1039/c2lc21142d. 998 

Hughes, C.S., Postovit, L.M., and Lajoie, G.A. (2010). Matrigel: A complex protein mixture required for 999 
optimal growth of cell culture. PROTEOMICS 10(9), 1886-1890. doi: 1000 
doi:10.1002/pmic.200900758. 1001 

Iefremova, V., Manikakis, G., Krefft, O., Jabali, A., Weynans, K., Wilkens, R., et al. (2017). An Organoid-1002 
Based Model of Cortical Development Identifies Non-Cell-Autonomous Defects in Wnt 1003 
Signaling Contributing to Miller-Dieker Syndrome. Cell Reports 19(1), 50-59. doi: 1004 
10.1016/j.celrep.2017.03.047. 1005 

Imura, T., Nakano, I., Kornblum, H.I., and Sofroniew, M.V. (2006). Phenotypic and functional 1006 
heterogeneity of GFAP-expressing cells in vitro: Differential expression of LeX/CD15 by GFAP-1007 
expressing multipotent neural stem cells and non-neurogenic astrocytes. Glia 53(3), 277-293. 1008 
doi: 10.1002/glia.20281. 1009 

Itskovitz-Eldor, J., Schuldiner, M., Karsenti, D., Eden, A., Yanuka, O., Amit, M., et al. (2000). 1010 
Differentiation of human embryonic stem cells into embryoid bodies compromising the three 1011 
embryonic germ layers. Mol Med 6(2), 88-95. 1012 

Jaenisch, R., and Young, R. (2008). Stem cells, the molecular circuitry of pluripotency and nuclear 1013 
reprogramming. Cell 132(4), 567-582. doi: 10.1016/j.cell.2008.01.015. 1014 

Jakel, R.J., Schneider, B.L., and Svendsen, C.N. (2004). Using human neural stem cells to model 1015 
neurological disease. Nat Rev Genet 5(2), 136-144. doi: 10.1038/nrg1268. 1016 

Janesick, A., Wu, S.C., and Blumberg, B. (2015). Retinoic acid signaling and neuronal differentiation. 1017 
Cell Mol Life Sci 72(8), 1559-1576. doi: 10.1007/s00018-014-1815-9. 1018 

Jang, J., Kang, H.C., Kim, H.S., Kim, J.Y., Huh, Y.J., Kim, D.S., et al. (2011). Induced pluripotent stem cell 1019 
models from X-linked adrenoleukodystrophy patients. Ann Neurol 70(3), 402-409. doi: 1020 
10.1002/ana.22486. 1021 

Jiang, X., and Nardelli, J. (2016). Cellular and molecular introduction to brain development. 1022 
Neurobiology of disease 92(Pt A), 3-17. doi: 10.1016/j.nbd.2015.07.007. 1023 

Jiao, J., Yang, Y., Shi, Y., Chen, J., Gao, R., Fan, Y., et al. (2013). Modeling Dravet syndrome using induced 1024 
pluripotent stem cells (iPSCs) and directly converted neurons. Hum Mol Genet 22(21), 4241-1025 
4252. doi: 10.1093/hmg/ddt275. 1026 

Jo, J., Xiao, Y., Sun, A.X., Cukuroglu, E., Tran, H.D., Goke, J., et al. (2016). Midbrain-like Organoids from 1027 
Human Pluripotent Stem Cells Contain Functional Dopaminergic and Neuromelanin-Producing 1028 
Neurons. Cell Stem Cell 19(2), 248-257. doi: 10.1016/j.stem.2016.07.005. 1029 

Johns, P. (2014). Clinical Neuroscience: an illustrated colour text. Edinburgh: Churchill Livingstone. 1030 
Kadoshima, T., Sakaguchi, H., Nakano, T., Soen, M., Ando, S., Eiraku, M., et al. (2013). Self-organization 1031 

of axial polarity, inside-out layer pattern, and species-specific progenitor dynamics in human 1032 

In review



ES cell–derived neocortex. Proceedings of the National Academy of Sciences of the United 1033 
States of America 110(50), 20284-20289. doi: 10.1073/pnas.1315710110. 1034 

Kelava, I., and Lancaster, M.A. (2016a). Dishing out mini-brains: Current progress and future prospects 1035 
in brain organoid research. Dev Biol 420(2), 199-209. doi: 10.1016/j.ydbio.2016.06.037. 1036 

Kelava, I., and Lancaster, Madeline A. (2016b). Stem Cell Models of Human Brain Development. Cell 1037 
Stem Cell 18(6), 736-748. doi: 10.1016/j.stem.2016.05.022. 1038 

Kim, K.Y., Hysolli, E., and Park, I.H. (2011). Neuronal maturation defect in induced pluripotent stem 1039 
cells from patients with Rett syndrome. Proc Natl Acad Sci U S A 108(34), 14169-14174. doi: 1040 
10.1073/pnas.1018979108. 1041 

Kirkeby, A., Grealish, S., Wolf, D.A., Nelander, J., Wood, J., Lundblad, M., et al. (2012). Generation of 1042 
regionally specified neural progenitors and functional neurons from human embryonic stem 1043 
cells under defined conditions. Cell Rep 1(6), 703-714. doi: 10.1016/j.celrep.2012.04.009. 1044 

Kleinman, H.K., and Martin, G.R. (2005). Matrigel: Basement membrane matrix with biological activity. 1045 
Seminars in Cancer Biology 15(5), 378-386. doi: 1046 
https://doi.org/10.1016/j.semcancer.2005.05.004. 1047 

Knopfel, T., Rietschin, L., and Gahwiler, B.H. (1989). Organotypic Co-Cultures of Rat Locus Coeruleus 1048 
and Hippocampus. Eur J Neurosci 1(6), 678-689. 1049 

Ko, K.R., and Frampton, J.P. (2016). Developments in 3D neural cell culture models: the future of 1050 
neurotherapeutics testing? Expert Review of Neurotherapeutics 16(7), 739-741. doi: 1051 
10.1586/14737175.2016.1166053. 1052 

Komssi, S., and Kähkönen, S. (2006). The novelty value of the combined use of electroencephalography 1053 
and transcranial magnetic stimulation for neuroscience research. Brain Research Reviews 1054 
52(1), 183-192. doi: https://doi.org/10.1016/j.brainresrev.2006.01.008. 1055 

Kovalevich, J., and Langford, D. (2013). Considerations for the use of SH-SY5Y neuroblastoma cells in 1056 
neurobiology. Methods Mol Biol 1078, 9-21. doi: 10.1007/978-1-62703-640-5_2. 1057 

Kuff, E.L., and Fewell, J.W. (1980). Induction of neural-like cells and acetylcholinesterase activity in 1058 
cultures of F9 teratocarcinoma treated with retinoic acid and dibutyryl cyclic adenosine 1059 
monophosphate. Dev Biol 77(1), 103-115. 1060 

Lancaster, M.A., Corsini, N.S., Wolfinger, S., Gustafson, E.H., Phillips, A.W., Burkard, T.R., et al. (2017). 1061 
Guided self-organization and cortical plate formation in human brain organoids. Nature 1062 
Biotechnology 35, 659. doi: 10.1038/nbt.3906 1063 

https://www.nature.com/articles/nbt.3906#supplementary-information. 1064 
Lancaster, M.A., and Knoblich, J.A. (2012). Spindle orientation in mammalian cerebral cortical 1065 

development. Curr Opin Neurobiol 22(5), 737-746. doi: 10.1016/j.conb.2012.04.003. 1066 
Lancaster, M.A., and Knoblich, J.A. (2014). Generation of cerebral organoids from human pluripotent 1067 

stem cells. Nat. Protocols 9(10), 2329-2340. doi: 10.1038/nprot.2014.158. 1068 
Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., Hurles, M.E., et al. (2013). Cerebral 1069 

organoids model human brain development and microcephaly. Nature 501(7467), 373-379. 1070 
doi: 10.1038/nature12517. 1071 

Lange, S.C., Bak, L.K., Waagepetersen, H.S., Schousboe, A., and Norenberg, M.D. (2012). Primary 1072 
cultures of astrocytes: their value in understanding astrocytes in health and disease. 1073 
Neurochem Res 37(11), 2569-2588. doi: 10.1007/s11064-012-0868-0. 1074 

LaVail, J.H., and Wolf, M.K. (1973). Postnatal development of the mouse dentate gyrus in organotypic 1075 
cultures of the hippocampal formation. Am J Anat 137(1), 47-65. doi: 1076 
10.1002/aja.1001370105. 1077 

Lavazza, A., and Massimini, M. (2018). Cerebral organoids: ethical issues and consciousness 1078 
assessment. J Med Ethics. doi: 10.1136/medethics-2017-104555. 1079 

Lee, C.-T., Chen, J., Kindberg, A.A., Bendriem, R.M., Spivak, C.E., Williams, M.P., et al. (2017). CYP3A5 1080 
Mediates Effects of Cocaine on Human Neocorticogenesis: Studies using an In Vitro 3D Self-1081 
Organized hPSC Model with a Single Cortex-Like Unit. Neuropsychopharmacology : official 1082 

In review

https://doi.org/10.1016/j.semcancer.2005.05.004
https://doi.org/10.1016/j.brainresrev.2006.01.008
https://www.nature.com/articles/nbt.3906#supplementary-information


publication of the American College of Neuropsychopharmacology 42(3), 774-784. doi: 1083 
10.1038/npp.2016.156. 1084 

Lee, G., Papapetrou, E.P., Kim, H., Chambers, S.M., Tomishima, M.J., Fasano, C.A., et al. (2009). 1085 
Modelling pathogenesis and treatment of familial dysautonomia using patient-specific iPSCs. 1086 
Nature 461(7262), 402-406. doi: 10.1038/nature08320. 1087 

Lee, G., Ramirez, C.N., Kim, H., Zeltner, N., Liu, B., Radu, C., et al. (2012). Large-scale screening using 1088 
familial dysautonomia induced pluripotent stem cells identifies compounds that rescue 1089 
IKBKAP expression. Nat Biotechnol 30(12), 1244-1248. doi: 10.1038/nbt.2435. 1090 

Lee, K., Silva, E.A., and Mooney, D.J. (2011). Growth factor delivery-based tissue engineering: general 1091 
approaches and a review of recent developments. J R Soc Interface 8(55), 153-170. doi: 1092 
10.1098/rsif.2010.0223. 1093 

Lee, S.-W., Lee, H.J., Hwang, H.S., Ko, K., Han, D.W., and Ko, K. (2015). Optimization of Matrigel-based 1094 
culture for expansion of neural stem cells. Animal Cells and Systems 19(3), 175-180. doi: 1095 
10.1080/19768354.2015.1035750. 1096 

LePage, K.T., Dickey, R.W., Gerwick, W.H., Jester, E.L., and Murray, T.F. (2005). On the use of neuro-1097 
2a neuroblastoma cells versus intact neurons in primary culture for neurotoxicity studies. Crit 1098 
Rev Neurobiol 17(1), 27-50. 1099 

Li, Y., Muffat, J., Omer, A., Bosch, I., Lancaster, M.A., Sur, M., et al. (2017). Induction of Expansion and 1100 
Folding in Human Cerebral Organoids. Cell Stem Cell 20(3), 385-396.e383. doi: 1101 
10.1016/j.stem.2016.11.017. 1102 

Liddelow, S.A., and Barres, B.A. (2017). Reactive Astrocytes: Production, Function, and Therapeutic 1103 
Potential. Immunity 46(6), 957-967. doi: 10.1016/j.immuni.2017.06.006. 1104 

Lingor, P., Unsicker, K., and Krieglstein, K. (1999). Midbrain dopaminergic neurons are protected from 1105 
radical induced damage by GDF-5 application. Short communication. J Neural Transm (Vienna) 1106 
106(2), 139-144. doi: 10.1007/s007020050146. 1107 

Liu, H., Lu, J., Chen, H., Du, Z., Li, X.J., and Zhang, S.C. (2015). Spinal muscular atrophy patient-derived 1108 
motor neurons exhibit hyperexcitability. Sci Rep 5, 12189. doi: 10.1038/srep12189. 1109 

Liu, J., Gao, C., Chen, W., Ma, W., Li, X., Shi, Y., et al. (2016). CRISPR/Cas9 facilitates investigation of 1110 
neural circuit disease using human iPSCs: mechanism of epilepsy caused by an SCN1A loss-of-1111 
function mutation. Transl Psychiatry 6, e703. doi: 10.1038/tp.2015.203. 1112 

Liu, J., Verma, P.J., Evans-Galea, M.V., Delatycki, M.B., Michalska, A., Leung, J., et al. (2011). Generation 1113 
of induced pluripotent stem cell lines from Friedreich ataxia patients. Stem Cell Rev 7(3), 703-1114 
713. doi: 10.1007/s12015-010-9210-x. 1115 

Liu, Y., Lopez-Santiago, L.F., Yuan, Y., Jones, J.M., Zhang, H., O'Malley, H.A., et al. (2013). Dravet 1116 
syndrome patient-derived neurons suggest a novel epilepsy mechanism. Ann Neurol 74(1), 1117 
128-139. doi: 10.1002/ana.23897. 1118 

Lohle, M., Hermann, A., Glass, H., Kempe, A., Schwarz, S.C., Kim, J.B., et al. (2012). Differentiation 1119 
efficiency of induced pluripotent stem cells depends on the number of reprogramming 1120 
factors. Stem Cells 30(3), 570-579. doi: 10.1002/stem.1016. 1121 

Lojewski, X., Staropoli, J.F., Biswas-Legrand, S., Simas, A.M., Haliw, L., Selig, M.K., et al. (2014). Human 1122 
iPSC models of neuronal ceroid lipofuscinosis capture distinct effects of TPP1 and CLN3 1123 
mutations on the endocytic pathway. Hum Mol Genet 23(8), 2005-2022. doi: 1124 
10.1093/hmg/ddt596. 1125 

Ma, W., Tavakoli, T., Derby, E., Serebryakova, Y., Rao, M.S., and Mattson, M.P. (2008). Cell-1126 
extracellular matrix interactions regulate neural differentiation of human embryonic stem 1127 
cells. BMC Developmental Biology 8, 90-90. doi: 10.1186/1471-213X-8-90. 1128 

Maden, M. (2002). Retinoid signalling in the development of the central nervous system. Nature 1129 
Reviews Neuroscience 3, 843. doi: 10.1038/nrn963. 1130 

Mansour, A.A., Gonçalves, J.T., Bloyd, C.W., Li, H., Fernandes, S., Quang, D., et al. (2018). An in vivo 1131 
model of functional and vascularized human brain organoids. Nature Biotechnology 36, 432. 1132 
doi: 10.1038/nbt.4127 1133 

In review



https://www.nature.com/articles/nbt.4127#supplementary-information. 1134 
Marchetto, M.C., Carromeu, C., Acab, A., Yu, D., Yeo, G.W., Mu, Y., et al. (2010). A model for neural 1135 

development and treatment of Rett syndrome using human induced pluripotent stem cells. 1136 
Cell 143(4), 527-539. doi: 10.1016/j.cell.2010.10.016. 1137 

Mariani, J., Coppola, G., Zhang, P., Abyzov, A., Provini, L., Tomasini, L., et al. (2015). FOXG1-dependent 1138 
dysregulation of GABA/glutamate neuron differentiation in autism spectrum disorders. Cell 1139 
162(2), 375-390. doi: 10.1016/j.cell.2015.06.034. 1140 

Mariani, J., Simonini, M.V., Palejev, D., Tomasini, L., Coppola, G., Szekely, A.M., et al. (2012). Modeling 1141 
human cortical development in vitro using induced pluripotent stem cells. Proceedings of the 1142 
National Academy of Sciences of the United States of America 109(31), 12770-12775. doi: 1143 
10.1073/pnas.1202944109. 1144 

Mastrangelo, L., Kim, J.E., Miyanohara, A., Kang, T.H., and Friedmann, T. (2012). Purinergic signaling 1145 
in human pluripotent stem cells is regulated by the housekeeping gene encoding 1146 
hypoxanthine guanine phosphoribosyltransferase. Proc Natl Acad Sci U S A 109(9), 3377-3382. 1147 
doi: 10.1073/pnas.1118067109. 1148 

Matsui, T.K., Matsubayashi, M., Sakaguchi, Y.M., Hayashi, R.K., Zheng, C., Sugie, K., et al. (2018). Six-1149 
month cultured cerebral organoids from human ES cells contain matured neural cells. 1150 
Neuroscience Letters 670, 75-82. doi: https://doi.org/10.1016/j.neulet.2018.01.040. 1151 

Mattei, C., Alshawaf, A., D'Abaco, G., Nayagam, B., and Dottori, M. (2018). Generation of Neural 1152 
Organoids from Human Embryonic Stem Cells Using the Rotary Cell Culture System: Effects of 1153 
Microgravity on Neural Progenitor Cell Fate. Stem Cells Dev 27(12), 848-857. doi: 1154 
10.1089/scd.2018.0012. 1155 

McCarthy, K.D., and de Vellis, J. (1980). Preparation of separate astroglial and oligodendroglial cell 1156 
cultures from rat cerebral tissue. The Journal of cell biology 85(3), 890-902. 1157 

McGivern, J.V., Patitucci, T.N., Nord, J.A., Barabas, M.A., Stucky, C.L., and Ebert, A.D. (2013). Spinal 1158 
muscular atrophy astrocytes exhibit abnormal calcium regulation and reduced growth factor 1159 
production. Glia 61(9), 1418-1428. doi: 10.1002/glia.22522. 1160 

McKinney, C.E. (2017). Using induced pluripotent stem cells derived neurons to model brain diseases. 1161 
Neural Regen Res 12(7), 1062-1067. doi: 10.4103/1673-5374.211180. 1162 

Mellios, N., Feldman, D.A., Sheridan, S.D., Ip, J.P.K., Kwok, S., Amoah, S.K., et al. (2017). MeCP2-1163 
regulated miRNAs control early human neurogenesis through differential effects on ERK and 1164 
AKT signaling. Molecular Psychiatry 23, 1051. doi: 10.1038/mp.2017.86 1165 

https://www.nature.com/articles/mp201786#supplementary-information. 1166 
Miranda, C.C., Fernandes, T.G., Diogo, M.M., and Cabral, J.M.S. (2018a). Towards Multi-Organoid 1167 

Systems for Drug Screening Applications. Bioengineering (Basel, Switzerland) 5(3), 49. doi: 1168 
10.3390/bioengineering5030049. 1169 

Miranda, C.C., Fernandes, T.G., Pascoal, J.F., Haupt, S., Brüstle, O., Cabral, J.M.S., et al. (2015). Spatial 1170 
and temporal control of cell aggregation efficiently directs human pluripotent stem cells 1171 
towards neural commitment. Biotechnology Journal 10(10), 1612-1624. doi: 1172 
doi:10.1002/biot.201400846. 1173 

Miranda, C.C., Fernandes, T.G., Pinto, S.N., Prieto, M., Diogo, M.M., and Cabral, J.M.S. (2018b). A scale 1174 
out approach towards neural induction of human induced pluripotent stem cells for 1175 
neurodevelopmental toxicity studies. Toxicology Letters 294, 51-60. doi: 1176 
https://doi.org/10.1016/j.toxlet.2018.05.018. 1177 

Mishra, H.K., Prots, I., Havlicek, S., Kohl, Z., Perez-Branguli, F., Boerstler, T., et al. (2016). GSK3ss-1178 
dependent dysregulation of neurodevelopment in SPG11-patient induced pluripotent stem 1179 
cell model. Ann Neurol 79(5), 826-840. doi: 10.1002/ana.24633. 1180 

Miyata, T., Kawaguchi, A., Saito, K., Kawano, M., Muto, T., and Ogawa, M. (2004). Asymmetric 1181 
production of surface-dividing and non-surface-dividing cortical progenitor cells. 1182 
Development 131(13), 3133-3145. doi: 10.1242/dev.01173. 1183 

In review

https://www.nature.com/articles/nbt.4127#supplementary-information
https://doi.org/10.1016/j.neulet.2018.01.040
https://www.nature.com/articles/mp201786#supplementary-information
https://doi.org/10.1016/j.toxlet.2018.05.018


Mohan, H., Verhoog, M.B., Doreswamy, K.K., Eyal, G., Aardse, R., Lodder, B.N., et al. (2015). Dendritic 1184 
and Axonal Architecture of Individual Pyramidal Neurons across Layers of Adult Human 1185 
Neocortex. Cereb Cortex 25(12), 4839-4853. doi: 10.1093/cercor/bhv188. 1186 

Monzel, A.S., Smits, L.M., Hemmer, K., Hachi, S., Moreno, E.L., van Wuellen, T., et al. (2017). Derivation 1187 
of Human Midbrain-Specific Organoids from Neuroepithelial Stem Cells. Stem Cell Reports 1188 
8(5), 1144-1154. doi: 10.1016/j.stemcr.2017.03.010. 1189 

Muguruma, K., Nishiyama, A., Kawakami, H., Hashimoto, K., and Sasai, Y. (2015). Self-organization of 1190 
polarized cerebellar tissue in 3D culture of human pluripotent stem cells. Cell Rep 10(4), 537-1191 
550. doi: 10.1016/j.celrep.2014.12.051. 1192 

Muotri, A.R., Marchetto, M.C., Coufal, N.G., Oefner, R., Yeo, G., Nakashima, K., et al. (2010). L1 1193 
retrotransposition in neurons is modulated by MeCP2. Nature 468(7322), 443-446. doi: 1194 
10.1038/nature09544. 1195 

Nayler, S., Gatei, M., Kozlov, S., Gatti, R., Mar, J.C., Wells, C.A., et al. (2012). Induced pluripotent stem 1196 
cells from ataxia-telangiectasia recapitulate the cellular phenotype. Stem Cells Transl Med 1197 
1(7), 523-535. doi: 10.5966/sctm.2012-0024. 1198 

Ng, S.Y., Soh, B.S., Rodriguez-Muela, N., Hendrickson, D.G., Price, F., Rinn, J.L., et al. (2015). Genome-1199 
wide RNA-Seq of Human Motor Neurons Implicates Selective ER Stress Activation in Spinal 1200 
Muscular Atrophy. Cell Stem Cell 17(5), 569-584. doi: 10.1016/j.stem.2015.08.003. 1201 

Nguyen, H.N., Byers, B., Cord, B., Shcheglovitov, A., Byrne, J., Gujar, P., et al. (2011). LRRK2 mutant 1202 
iPSC-derived DA neurons demonstrate increased susceptibility to oxidative stress. Cell Stem 1203 
Cell 8(3), 267-280. doi: 10.1016/j.stem.2011.01.013. 1204 

Nizzardo, M., Simone, C., Dametti, S., Salani, S., Ulzi, G., Pagliarani, S., et al. (2015). Spinal muscular 1205 
atrophy phenotype is ameliorated in human motor neurons by SMN increase via different 1206 
novel RNA therapeutic approaches. Sci Rep 5, 11746. doi: 10.1038/srep11746. 1207 

Nzou, G., Wicks, R.T., Wicks, E.E., Seale, S.A., Sane, C.H., Chen, A., et al. (2018). Human Cortex Spheroid 1208 
with a Functional Blood Brain Barrier for High-Throughput Neurotoxicity Screening and 1209 
Disease Modeling. Scientific Reports 8(1), 7413. doi: 10.1038/s41598-018-25603-5. 1210 

Okita, K., Yamakawa, T., Matsumura, Y., Sato, Y., Amano, N., Watanabe, A., et al. (2013). An Efficient 1211 
Nonviral Method to Generate Integration-Free Human-Induced Pluripotent Stem Cells from 1212 
Cord Blood and Peripheral Blood Cells. STEM CELLS 31(3), 458-466. doi: 10.1002/stem.1293. 1213 

Ostergaard, K., Finsen, B., and Zimmer, J. (1995). Organotypic slice cultures of the rat striatum: an 1214 
immunocytochemical, histochemical and in situ hybridization study of somatostatin, 1215 
neuropeptide Y, nicotinamide adenine dinucleotide phosphate-diaphorase, and enkephalin. 1216 
Exp Brain Res 103(1), 70-84. 1217 

Pacitti, D. (2018). The development of an in vitro cerebral organoid model for investigating the 1218 
pathomolecular mechanisms associated with the Central Nervous System of patients with 1219 
Mitochondrial Neurogastrointestinal Encephalomyopathy (MNGIE): a proof of concept study. 1220 
Doctoral PhD Thesis, St. George's, University of London. 1221 

Pacitti, D., and Bax, B. (2018). The development of an in vitro cerebral organoid model for investigating 1222 
the pathomolecular mechanisms associated with the Central Nervous System involvement in 1223 
Mitochondrial Neurogastrointestinal Encephalomyopathy. Nucleosides, Nucleotides and 1224 
Nucleic Acids. doi: 10.1080/15257770.2018.1492139. 1225 

Pahlman, S., Ruusala, A.I., Abrahamsson, L., Mattsson, M.E., and Esscher, T. (1984). Retinoic acid-1226 
induced differentiation of cultured human neuroblastoma cells: a comparison with 1227 
phorbolester-induced differentiation. Cell Differ 14(2), 135-144. 1228 

Panicker, L.M., Miller, D., Park, T.S., Patel, B., Azevedo, J.L., Awad, O., et al. (2012). Induced pluripotent 1229 
stem cell model recapitulates pathologic hallmarks of Gaucher disease. Proc Natl Acad Sci U S 1230 
A 109(44), 18054-18059. doi: 10.1073/pnas.1207889109. 1231 

Park, C.Y., Halevy, T., Lee, D.R., Sung, J.J., Lee, J.S., Yanuka, O., et al. (2015). Reversion of FMR1 1232 
Methylation and Silencing by Editing the Triplet Repeats in Fragile X iPSC-Derived Neurons. 1233 
Cell Rep 13(2), 234-241. doi: 10.1016/j.celrep.2015.08.084. 1234 

In review



Park, J., Wetzel, I., Marriott, I., Dréau, D., D’Avanzo, C., Kim, D.Y., et al. (2018). A 3D human triculture 1235 
system modeling neurodegeneration and neuroinflammation in Alzheimer’s disease. Nature 1236 
Neuroscience. doi: 10.1038/s41593-018-0175-4. 1237 

Pasca, A.M., Sloan, S.A., Clarke, L.E., Tian, Y., Makinson, C.D., Huber, N., et al. (2015). Functional 1238 
cortical neurons and astrocytes from human pluripotent stem cells in 3D culture. Nat Meth 1239 
12(7), 671-678. doi: 10.1038/nmeth.3415 1240 

http://www.nature.com/nmeth/journal/v12/n7/abs/nmeth.3415.html#supplementary-information. 1241 
Pașca, S.P. (2018). The rise of three-dimensional human brain cultures. Nature 553, 437. doi: 1242 

10.1038/nature25032. 1243 
Pasca, S.P., Panagiotakos, G., and Dolmetsch, R.E. (2014). Generating human neurons in vitro and 1244 

using them to understand neuropsychiatric disease. Annu Rev Neurosci 37, 479-501. doi: 1245 
10.1146/annurev-neuro-062012-170328. 1246 

Pasca, S.P., Portmann, T., Voineagu, I., Yazawa, M., Shcheglovitov, A., Pasca, A.M., et al. (2011). Using 1247 
iPSC-derived neurons to uncover cellular phenotypes associated with Timothy syndrome. Nat 1248 
Med 17(12), 1657-1662. doi: 10.1038/nm.2576. 1249 

Patitucci, T.N., and Ebert, A.D. (2016). SMN deficiency does not induce oxidative stress in SMA iPSC-1250 
derived astrocytes or motor neurons. Hum Mol Genet 25(3), 514-523. doi: 1251 
10.1093/hmg/ddv489. 1252 

Pauklin, S., and Vallier, L. (2015). Activin/Nodal signalling in stem cells. Development 142(4), 607-619. 1253 
doi: 10.1242/dev.091769. 1254 

Pekny, M., and Pekna, M. (2014). Astrocyte reactivity and reactive astrogliosis: costs and benefits. 1255 
Physiol Rev 94(4), 1077-1098. doi: 10.1152/physrev.00041.2013. 1256 

Petros, T.J., Tyson, J.A., and Anderson, S.A. (2011). Pluripotent stem cells for the study of CNS 1257 
development. Front Mol Neurosci 4, 30. doi: 10.3389/fnmol.2011.00030. 1258 

Pham, M.T., Pollock, K.M., Rose, M.D., Cary, W.A., Stewart, H.R., Zhou, P., et al. (2018). Generation of 1259 
human vascularized brain organoids. Neuroreport. doi: 10.1097/wnr.0000000000001014. 1260 

Pleasure, S.J., and Lee, V.M. (1993). NTera 2 cells: a human cell line which displays characteristics 1261 
expected of a human committed neuronal progenitor cell. J Neurosci Res 35(6), 585-602. doi: 1262 
10.1002/jnr.490350603. 1263 

Puschmann, T.B., Zanden, C., De Pablo, Y., Kirchhoff, F., Pekna, M., Liu, J., et al. (2013). Bioactive 3D 1264 
cell culture system minimizes cellular stress and maintains the in vivo-like morphological 1265 
complexity of astroglial cells. Glia 61(3), 432-440. doi: 10.1002/glia.22446. 1266 

Puschmann, T.B., Zanden, C., Lebkuechner, I., Philippot, C., de Pablo, Y., Liu, J., et al. (2014). HB-EGF 1267 
affects astrocyte morphology, proliferation, differentiation, and the expression of 1268 
intermediate filament proteins. J Neurochem 128(6), 878-889. doi: 10.1111/jnc.12519. 1269 

Qian, X., Nguyen, Ha N., Song, Mingxi M., Hadiono, C., Ogden, Sarah C., Hammack, C., et al. (2016). 1270 
Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV Exposure. Cell 1271 
165(5), 1238-1254. doi: 10.1016/j.cell.2016.04.032. 1272 

Quadrato, G., Nguyen, T., Macosko, E.Z., Sherwood, J.L., Min Yang, S., Berger, D.R., et al. (2017). Cell 1273 
diversity and network dynamics in photosensitive human brain organoids. Nature 545(7652), 1274 
48-53. doi: 10.1038/nature22047 1275 

http://www.nature.com/nature/journal/v545/n7652/abs/nature22047.html#supplementary-1276 
information. 1277 

Raja, W.K., Mungenast, A.E., Lin, Y.-T., Ko, T., Abdurrob, F., Seo, J., et al. (2016). Self-Organizing 3D 1278 
Human Neural Tissue Derived from Induced Pluripotent Stem Cells Recapitulate Alzheimer’s 1279 
Disease Phenotypes. PLOS ONE 11(9), e0161969. doi: 10.1371/journal.pone.0161969. 1280 

Ramón y Cajal, S. (1894). Les nouvelles idées sur la structure du système nerveux chez l'homme et chez 1281 
les vertébrés. Paris. 1282 

In review

http://www.nature.com/nmeth/journal/v12/n7/abs/nmeth.3415.html#supplementary-information
http://www.nature.com/nature/journal/v545/n7652/abs/nature22047.html#supplementary-information
http://www.nature.com/nature/journal/v545/n7652/abs/nature22047.html#supplementary-information


Ramón y Cajal, S. (1904). Textura del Sistema Nervioso del Hombre y de los Vertebrados, tomo II, 1283 
primera parte. Imprenta y Libreria de Nicolas Moya, Madrid, reprinted by Graficas Vidal Leuka, 1284 
Alicante 1992, 399-402. 1285 

Ramón y Cajal, S. (1909). Histologie du Système Nerveux de l’Homme et des Vertébrés (French edition 1286 
reviewed and updated by the author, translated from Spanish by L. Azoulay). Paris: Hachette 1287 
Livre-Bnf. 1288 

Ramón y Cajal, S. (1913). Estudios sobre la degeneración y regeneración del sistema nerviosa. Imprenta 1289 
de Hijos de Nicolás Moya. 1290 

Reem, B., P., B.A., and J., C.G. (2018). Human neural stem cells dispersed in artificial ECM form cerebral 1291 
organoids when grafted in vivo. Journal of Anatomy 0(0). doi: doi:10.1111/joa.12827. 1292 

Renner, M., Lancaster, M.A., Bian, S., Choi, H., Ku, T., Peer, A., et al. (2017). Self-organized 1293 
developmental patterning and differentiation in cerebral organoids. Embo j 36(10), 1316-1294 
1329. doi: 10.15252/embj.201694700. 1295 

Reubinoff, B.E., Itsykson, P., Turetsky, T., Pera, M.F., Reinhartz, E., Itzik, A., et al. (2001). Neural 1296 
progenitors from human embryonic stem cells. Nat Biotech 19(12), 1134-1140. 1297 

Reynolds, B.A., and Weiss, S. (1992). Generation of neurons and astrocytes from isolated cells of the 1298 
adult mammalian central nervous system. Science 255(5052), 1707-1710. 1299 

Ricciardi, S., Ungaro, F., Hambrock, M., Rademacher, N., Stefanelli, G., Brambilla, D., et al. (2012). 1300 
CDKL5 ensures excitatory synapse stability by reinforcing NGL-1-PSD95 interaction in the 1301 
postsynaptic compartment and is impaired in patient iPSC-derived neurons. Nat Cell Biol 1302 
14(9), 911-923. doi: 10.1038/ncb2566. 1303 

Ring, K.L., Tong, L.M., Balestra, M.E., Javier, R., Andrews-Zwilling, Y., Li, G., et al. (2012). Direct 1304 
reprogramming of mouse and human fibroblasts into multipotent neural stem cells with a 1305 
single factor. Cell Stem Cell 11(1), 100-109. doi: 10.1016/j.stem.2012.05.018. 1306 

Robertson, R.T., Baratta, J., Kageyama, G.H., Ha, D.H., and Yu, J. (1997). Specificity of attachment and 1307 
neurite outgrowth of dissociated basal forebrain cholinergic neurons seeded on to 1308 
organotypic slice cultures of forebrain. Neuroscience 80(3), 741-752. 1309 

Roth, G., and Dicke, U. (2005). Evolution of the brain and intelligence. Trends in Cognitive Sciences 1310 
9(5), 250-257. doi: 10.1016/j.tics.2005.03.005. 1311 

Rowitch, D.H., and Kriegstein, A.R. (2010). Developmental genetics of vertebrate glial-cell 1312 
specification. Nature 468(7321), 214-222. doi: 10.1038/nature09611. 1313 

Sakaguchi, H., Kadoshima, T., Soen, M., Narii, N., Ishida, Y., Ohgushi, M., et al. (2015). Generation of 1314 
functional hippocampal neurons from self-organizing human embryonic stem cell-derived 1315 
dorsomedial telencephalic tissue. 6, 8896. doi: 10.1038/ncomms9896 1316 

https://www.nature.com/articles/ncomms9896#supplementary-information. 1317 
Sanchez-Danes, A., Richaud-Patin, Y., Carballo-Carbajal, I., Jimenez-Delgado, S., Caig, C., Mora, S., et 1318 

al. (2012). Disease-specific phenotypes in dopamine neurons from human iPS-based models 1319 
of genetic and sporadic Parkinson's disease. EMBO Mol Med 4(5), 380-395. doi: 1320 
10.1002/emmm.201200215. 1321 

Sareen, D., Ebert, A.D., Heins, B.M., McGivern, J.V., Ornelas, L., and Svendsen, C.N. (2012). Inhibition 1322 
of apoptosis blocks human motor neuron cell death in a stem cell model of spinal muscular 1323 
atrophy. PLoS One 7(6), e39113. doi: 10.1371/journal.pone.0039113. 1324 

Schuldiner, M., Eiges, R., Eden, A., Yanuka, O., Itskovitz-Eldor, J., Goldstein, R.S., et al. (2001). Induced 1325 
neuronal differentiation of human embryonic stem cells. Brain Research 913(2), 201-205. doi: 1326 
https://doi.org/10.1016/S0006-8993(01)02776-7. 1327 

Schwab, A.J., and Ebert, A.D. (2014). Sensory neurons do not induce motor neuron loss in a human 1328 
stem cell model of spinal muscular atrophy. PLoS One 9(7), e103112. doi: 1329 
10.1371/journal.pone.0103112. 1330 

Schwartz, M.P., Hou, Z., Propson, N.E., Zhang, J., Engstrom, C.J., Santos Costa, V., et al. (2015). Human 1331 
pluripotent stem cell-derived neural constructs for predicting neural toxicity. Proceedings of 1332 

In review

https://www.nature.com/articles/ncomms9896#supplementary-information
https://doi.org/10.1016/S0006-8993(01)02776-7


the National Academy of Sciences of the United States of America 112(40), 12516-12521. doi: 1333 
10.1073/pnas.1516645112. 1334 

Schwartz, P.H., Brick, D.J., Stover, A.E., Loring, J.F., and Muller, F.J. (2008). Differentiation of neural 1335 
lineage cells from human pluripotent stem cells. Methods 45(2), 142-158. doi: 1336 
10.1016/j.ymeth.2008.03.007. 1337 

Serio, A., Bilican, B., Barmada, S.J., Ando, D.M., Zhao, C., Siller, R., et al. (2013). Astrocyte pathology 1338 
and the absence of non-cell autonomy in an induced pluripotent stem cell model of TDP-43 1339 
proteinopathy. Proc Natl Acad Sci U S A 110(12), 4697-4702. doi: 10.1073/pnas.1300398110. 1340 

Shcheglovitov, A., Shcheglovitova, O., Yazawa, M., Portmann, T., Shu, R., Sebastiano, V., et al. (2013). 1341 
SHANK3 and IGF1 restore synaptic deficits in neurons from 22q13 deletion syndrome patients. 1342 
Nature 503(7475), 267-271. doi: 10.1038/nature12618. 1343 

Shepherd, J. (2018). Ethical (and epistemological) issues regarding consciousness in cerebral 1344 
organoids. Journal of Medical Ethics. doi: 10.1136/medethics-2018-104778. 1345 

Shi, Y., Kirwan, P., Smith, J., MacLean, G., Orkin, S.H., and Livesey, F.J. (2012a). A human stem cell 1346 
model of early Alzheimer's disease pathology in Down syndrome. Sci Transl Med 4(124), 1347 
124ra129. doi: 10.1126/scitranslmed.3003771. 1348 

Shi, Y., Kirwan, P., Smith, J., Robinson, H.P.C., and Livesey, F.J. (2012b). Human cerebral cortex 1349 
development from pluripotent stem cells to functional excitatory synapses. 15, 477. doi: 1350 
10.1038/nn.3041 1351 

https://www.nature.com/articles/nn.3041#supplementary-information. 1352 
Shipley, M.M., Mangold, C.A., and Szpara, M.L. (2016). Differentiation of the SH-SY5Y Human 1353 

Neuroblastoma Cell Line. Journal of visualized experiments : JoVE (108), 53193-53193. doi: 1354 
10.3791/53193. 1355 

Siegenthaler, J.A., Ashique, A.M., Zarbalis, K., Patterson, K.P., Hecht, J.H., Kane, M.A., et al. (2009). 1356 
Retinoic acid from the meninges regulates cortical neuron generation. Cell 139(3), 597-609. 1357 
doi: 10.1016/j.cell.2009.10.004. 1358 

Sloan, S.A., Darmanis, S., Huber, N., Khan, T.A., Birey, F., Caneda, C., et al. (2017). Human Astrocyte 1359 
Maturation Captured in 3D Cerebral Cortical Spheroids Derived from Pluripotent Stem Cells. 1360 
Neuron 95(4), 779-790.e776. doi: 10.1016/j.neuron.2017.07.035. 1361 

Sneddon, L.U., Halsey, L.G., and Bury, N.R. (2017). Considering aspects of the 3Rs principles within 1362 
experimental animal biology. J Exp Biol 220(Pt 17), 3007-3016. doi: 10.1242/jeb.147058. 1363 

Soldner, F., Hockemeyer, D., Beard, C., Gao, Q., Bell, G.W., Cook, E.G., et al. (2009). Parkinson's disease 1364 
patient-derived induced pluripotent stem cells free of viral reprogramming factors. Cell 1365 
136(5), 964-977. doi: 10.1016/j.cell.2009.02.013. 1366 

Stan, A.D., Ghose, S., Gao, X.-M., Roberts, R.C., Lewis-Amezcua, K., Hatanpaa, K.J., et al. (2006). Human 1367 
postmortem tissue: What quality markers matter? Brain Research 1123(1), 1-11. doi: 1368 
https://doi.org/10.1016/j.brainres.2006.09.025. 1369 

Stubbs, D., DeProto, J., Nie, K., Englund, C., Mahmud, I., Hevner, R., et al. (2009). Neurovascular 1370 
Congruence during Cerebral Cortical Development. Cerebral Cortex (New York, NY) 19(Suppl 1371 
1), i32-i41. doi: 10.1093/cercor/bhp040. 1372 

Suga, H., Kadoshima, T., Minaguchi, M., Ohgushi, M., Soen, M., Nakano, T., et al. (2011). Self-formation 1373 
of functional adenohypophysis in three-dimensional culture. Nature 480(7375), 57-62. doi: 1374 
http://www.nature.com/nature/journal/v480/n7375/abs/nature10637.html#supplementary1375 
-information. 1376 

Sun, A.X., Ng, H.H., and Tan, E.K. (2018). Translational potential of human brain organoids. Annals of 1377 
Clinical and Translational Neurology 5(2), 226-235. doi: doi:10.1002/acn3.505. 1378 

Sun, Y., Florer, J., Mayhew, C.N., Jia, Z., Zhao, Z., Xu, K., et al. (2015). Properties of neurons derived 1379 
from induced pluripotent stem cells of Gaucher disease type 2 patient fibroblasts: potential 1380 
role in neuropathology. PLoS One 10(3), e0118771. doi: 10.1371/journal.pone.0118771. 1381 

In review

https://www.nature.com/articles/nn.3041#supplementary-information
https://doi.org/10.1016/j.brainres.2006.09.025
http://www.nature.com/nature/journal/v480/n7375/abs/nature10637.html#supplementary-information
http://www.nature.com/nature/journal/v480/n7375/abs/nature10637.html#supplementary-information


Sun, Y., Pollard, S., Conti, L., Toselli, M., Biella, G., Parkin, G., et al. (2008). Long-term tripotent 1382 
differentiation capacity of human neural stem (NS) cells in adherent culture. Mol Cell Neurosci 1383 
38(2), 245-258. doi: 10.1016/j.mcn.2008.02.014. 1384 

Sutcliffe, M., and Lancaster, M.A. (2017). A Simple Method of Generating 3D Brain Organoids Using 1385 
Standard Laboratory Equipment. Methods Mol Biol. doi: 10.1007/7651_2017_2. 1386 

Tachibana, C.Y. (2018). Stem-cell culture moves to the third dimension. Nature 558(7709), 329-331. 1387 
doi: 10.1038/d41586-018-05380-x. 1388 

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. (2007). Induction of 1389 
pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131(5), 861-872. 1390 
doi: 10.1016/j.cell.2007.11.019. 1391 

Tang, X., Kim, J., Zhou, L., Wengert, E., Zhang, L., Wu, Z., et al. (2016). KCC2 rescues functional deficits 1392 
in human neurons derived from patients with Rett syndrome. Proc Natl Acad Sci U S A 113(3), 1393 
751-756. doi: 10.1073/pnas.1524013113. 1394 

Temple, S. (1989). Division and differentiation of isolated CNS blast cells in microculture. Nature 1395 
340(6233), 471-473. doi: 10.1038/340471a0. 1396 

The Hd iPsc Consortium (2012). Induced Pluripotent Stem Cells from Patients with Huntington's 1397 
Disease Show CAG-Repeat-Expansion-Associated Phenotypes. Cell Stem Cell 11(2), 264-278. 1398 
doi: https://doi.org/10.1016/j.stem.2012.04.027. 1399 

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Marshall, V.S., et al. 1400 
(1998). Embryonic Stem Cell Lines Derived from Human Blastocysts. Science 282(5391), 1145-1401 
1147. doi: 10.1126/science.282.5391.1145. 1402 

Tian, Y., Voineagu, I., Pasca, S.P., Won, H., Chandran, V., Horvath, S., et al. (2014). Alteration in basal 1403 
and depolarization induced transcriptional network in iPSC derived neurons from Timothy 1404 
syndrome. Genome Med 6(10), 75. doi: 10.1186/s13073-014-0075-5. 1405 

Tibbitt, M.W., and Anseth, K.S. (2009). Hydrogels as Extracellular Matrix Mimics for 3D Cell Culture. 1406 
Biotechnology and bioengineering 103(4), 655-663. doi: 10.1002/bit.22361. 1407 

Tiscornia, G., Vivas, E.L., Matalonga, L., Berniakovich, I., Barragan Monasterio, M., Eguizabal, C., et al. 1408 
(2013). Neuronopathic Gaucher's disease: induced pluripotent stem cells for disease 1409 
modelling and testing chaperone activity of small compounds. Hum Mol Genet 22(4), 633-645. 1410 
doi: 10.1093/hmg/dds471. 1411 

Tonge, P.D., Shigeta, M., Schroeder, T., and Andrews, P.W. (2011). Functionally defined substates 1412 
within the human embryonic stem cell compartment. Stem Cell Research 7(2), 145-153. doi: 1413 
http://dx.doi.org/10.1016/j.scr.2011.04.006. 1414 

Trilck, M., Hubner, R., Seibler, P., Klein, C., Rolfs, A., and Frech, M.J. (2013). Niemann-Pick type C1 1415 
patient-specific induced pluripotent stem cells display disease specific hallmarks. Orphanet J 1416 
Rare Dis 8, 144. doi: 10.1186/1750-1172-8-144. 1417 

Ullrich, C., Daschil, N., and Humpel, C. (2011). Organotypic vibrosections: novel whole sagittal brain 1418 
cultures. J Neurosci Methods 201(1), 131-141. doi: 10.1016/j.jneumeth.2011.07.021. 1419 

Ungrin, M.D., Joshi, C., Nica, A., Bauwens, C., and Zandstra, P.W. (2008). Reproducible, Ultra High-1420 
Throughput Formation of Multicellular Organization from Single Cell Suspension-Derived 1421 
Human Embryonic Stem Cell Aggregates. PLOS ONE 3(2), e1565. doi: 1422 
10.1371/journal.pone.0001565. 1423 

Urbach, A., Bar-Nur, O., Daley, G.Q., and Benvenisty, N. (2010). Differential modeling of fragile X 1424 
syndrome by human embryonic stem cells and induced pluripotent stem cells. Cell Stem Cell 1425 
6(5), 407-411. doi: 10.1016/j.stem.2010.04.005. 1426 

Uusi-Rauva, K., Blom, T., von Schantz-Fant, C., Blom, T., Jalanko, A., and Kyttala, A. (2017). Induced 1427 
Pluripotent Stem Cells Derived from a CLN5 Patient Manifest Phenotypic Characteristics of 1428 
Neuronal Ceroid Lipofuscinoses. Int J Mol Sci 18(5). doi: 10.3390/ijms18050955. 1429 

Velasco, I., Salazar, P., Giorgetti, A., Ramos-Mejía, V., Castaño, J., Romero-Moya, D., et al. (2014). 1430 
Concise Review: Generation of Neurons From Somatic Cells of Healthy Individuals and 1431 

In review

https://doi.org/10.1016/j.stem.2012.04.027
http://dx.doi.org/10.1016/j.scr.2011.04.006


Neurological Patients Through Induced Pluripotency or Direct Conversion. Stem Cells (Dayton, 1432 
Ohio) 32(11), 2811-2817. doi: 10.1002/stem.1782. 1433 

Vescovi, A.L., Parati, E.A., Gritti, A., Poulin, P., Ferrario, M., Wanke, E., et al. (1999). Isolation and 1434 
cloning of multipotential stem cells from the embryonic human CNS and establishment of 1435 
transplantable human neural stem cell lines by epigenetic stimulation. Exp Neurol 156(1), 71-1436 
83. doi: 10.1006/exnr.1998.6998. 1437 

Vessoni, A.T., Herai, R.H., Karpiak, J.V., Leal, A.M.S., Trujillo, C.A., Quinet, A., et al. (2016). Cockayne 1438 
syndrome-derived neurons display reduced synapse density and altered neural network 1439 
synchrony. Human molecular genetics 25(7), 1271-1280. doi: 10.1093/hmg/ddw008. 1440 

Vierbuchen, T., Ostermeier, A., Pang, Z.P., Kokubu, Y., Südhof, T.C., and Wernig, M. (2010). Direct 1441 
conversion of fibroblasts to functional neurons by defined factors. Nature 463(7284), 1035-1442 
1041. doi: 1443 
http://www.nature.com/nature/journal/v463/n7284/suppinfo/nature08797_S1.html. 1444 

Villanueva, S., Glavic, A., Ruiz, P., and Mayor, R. (2002). Posteriorization by FGF, Wnt, and Retinoic Acid 1445 
Is Required for Neural Crest Induction. Developmental Biology 241(2), 289-301. doi: 1446 
https://doi.org/10.1006/dbio.2001.0485. 1447 

Waddington, C.H., and Cohen, A. (1936). Experiments on the Development of the Head of the Chick 1448 
Embryo. Journal of Experimental Biology 13(2), 219-236. 1449 

Waddington, S.N., Privolizzi, R., Karda, R., and O’Neill, H.C. (2016). A Broad Overview and Review of 1450 
CRISPR-Cas Technology and Stem Cells. Current Stem Cell Reports 2(1), 9-20. doi: 1451 
10.1007/s40778-016-0037-5. 1452 

Walsh, K., Megyesi, J., and Hammond, R. (2005). Human central nervous system tissue culture: a 1453 
historical review and examination of recent advances. Neurobiology of Disease 18(1), 2-18. 1454 
doi: https://doi.org/10.1016/j.nbd.2004.09.002. 1455 

Wang, Y., Wang, L., Zhu, Y., and Qin, J. (2018). Human brain organoid-on-a-chip to model prenatal 1456 
nicotine exposure. Lab on a Chip 18(6), 851-860. doi: 10.1039/C7LC01084B. 1457 

Watanabe, K., Kamiya, D., Nishiyama, A., Katayama, T., Nozaki, S., Kawasaki, H., et al. (2005). Directed 1458 
differentiation of telencephalic precursors from embryonic stem cells. Nat Neurosci 8(3), 288-1459 
296. doi: http://www.nature.com/neuro/journal/v8/n3/suppinfo/nn1402_S1.html. 1460 

Wataya, T., Ando, S., Muguruma, K., Ikeda, H., Watanabe, K., Eiraku, M., et al. (2008). Minimization of 1461 
exogenous signals in ES cell culture induces rostral hypothalamic differentiation. Proceedings 1462 
of the National Academy of Sciences 105(33), 11796-11801. doi: 10.1073/pnas.0803078105. 1463 

Whetsell, W.O., Jr., Mytilineou, C., Shen, J., and Yahr, M.D. (1981). The development of the dog 1464 
nigrostriatal system in organotypic culture. J Neural Transm 52(3), 149-161. 1465 

Williams, E.C., Zhong, X., Mohamed, A., Li, R., Liu, Y., Dong, Q., et al. (2014). Mutant astrocytes 1466 
differentiated from Rett syndrome patients-specific iPSCs have adverse effects on wild-type 1467 
neurons. Hum Mol Genet 23(11), 2968-2980. doi: 10.1093/hmg/ddu008. 1468 

Wilson, J.L., Suri, S., Singh, A., Rivet, C.A., Lu, H., and McDevitt, T.C. (2014). Single-cell analysis of 1469 
embryoid body heterogeneity using microfluidic trapping array. Biomed Microdevices 16(1), 1470 
79-90. doi: 10.1007/s10544-013-9807-3. 1471 

Wood, C., Wolf, C.J., Belair, D.G., Abbott, B.D., Becker, C., and Moorefield, S.D. (2018). A Three-1472 
Dimensional Organoid Culture Model to Assess the Influence of Chemicals on Morphogenetic 1473 
Fusion. Toxicological Sciences 166(2), 394-408. doi: 10.1093/toxsci/kfy207. 1474 

Workman, M.J., Mahe, M.M., Trisno, S., Poling, H.M., Watson, C.L., Sundaram, N., et al. (2017). 1475 
Engineered human pluripotent-stem-cell-derived intestinal tissues with a functional enteric 1476 
nervous system. Nat Med 23(1), 49-59. doi: 10.1038/nm.4233. 1477 

Wu, J.Q., Habegger, L., Noisa, P., Szekely, A., Qiu, C., Hutchison, S., et al. (2010). Dynamic 1478 
transcriptomes during neural differentiation of human embryonic stem cells revealed by 1479 
short, long, and paired-end sequencing. Proc Natl Acad Sci U S A 107(11), 5254-5259. doi: 1480 
10.1073/pnas.0914114107. 1481 

In review

http://www.nature.com/nature/journal/v463/n7284/suppinfo/nature08797_S1.html
https://doi.org/10.1006/dbio.2001.0485
https://doi.org/10.1016/j.nbd.2004.09.002
http://www.nature.com/neuro/journal/v8/n3/suppinfo/nn1402_S1.html


Xu, C.C., Denton, K.R., Wang, Z.B., Zhang, X., and Li, X.J. (2016). Abnormal mitochondrial transport and 1482 
morphology as early pathological changes in human models of spinal muscular atrophy. Dis 1483 
Model Mech 9(1), 39-49. doi: 10.1242/dmm.021766. 1484 

Yakoub, A. (2019). Cerebral organoids exhibit mature neurons and astrocytes and recapitulate 1485 
electrophysiological activity of the human brain. Neural Regeneration Research 14(5), 757-1486 
761. doi: 10.4103/1673-5374.249283. 1487 

Yakoub, A.M., and Sadek, M. (2018). Development and Characterization of Human Cerebral 1488 
Organoids: An Optimized Protocol. Cell transplantation 27(3), 393-406. doi: 1489 
10.1177/0963689717752946. 1490 

Yamashita, S., Chiyonobu, T., Yoshida, M., Maeda, H., Zuiki, M., Kidowaki, S., et al. (2016). 1491 
Mislocalization of syntaxin-1 and impaired neurite growth observed in a human iPSC model 1492 
for STXBP1-related epileptic encephalopathy. Epilepsia 57(4), e81-86. doi: 10.1111/epi.13338. 1493 

Yang, N., Chanda, S., Marro, S., Ng, Y.-H., Janas, J.A., Haag, D., et al. (2017). Generation of pure 1494 
GABAergic neurons by transcription factor programming. Nature methods 14(6), 621-628. doi: 1495 
10.1038/nmeth.4291. 1496 

Yang, Y.M., Gupta, S.K., Kim, K.J., Powers, B.E., Cerqueira, A., Wainger, B.J., et al. (2013). A small 1497 
molecule screen in stem-cell-derived motor neurons identifies a kinase inhibitor as a 1498 
candidate therapeutic for ALS. Cell Stem Cell 12(6), 713-726. doi: 10.1016/j.stem.2013.04.003. 1499 

Ye, F., Kang, E., Yu, C., Qian, X., Jacob, F., Yu, C., et al. (2017). DISC1 Regulates Neurogenesis via 1500 
Modulating Kinetochore Attachment of Ndel1/Nde1 during Mitosis. Neuron 96(5), 1041-1501 
1054.e1045. doi: https://doi.org/10.1016/j.neuron.2017.10.010. 1502 

Yin, X., Mead, Benjamin E., Safaee, H., Langer, R., Karp, Jeffrey M., and Levy, O. (2016). Engineering 1503 
Stem Cell Organoids. Cell Stem Cell 18(1), 25-38. doi: 10.1016/j.stem.2015.12.005. 1504 

Ying, Q.L., Stavridis, M., Griffiths, D., Li, M., and Smith, A. (2003). Conversion of embryonic stem cells 1505 
into neuroectodermal precursors in adherent monoculture. Nat Biotechnol 21(2), 183-186. 1506 
doi: 10.1038/nbt780. 1507 

Yoshida, M., Kitaoka, S., Egawa, N., Yamane, M., Ikeda, R., Tsukita, K., et al. (2015). Modeling the early 1508 
phenotype at the neuromuscular junction of spinal muscular atrophy using patient-derived 1509 
iPSCs. Stem Cell Reports 4(4), 561-568. doi: 10.1016/j.stemcr.2015.02.010. 1510 

Zhang, S.C., Wernig, M., Duncan, I.D., Brustle, O., and Thomson, J.A. (2001). In vitro differentiation of 1511 
transplantable neural precursors from human embryonic stem cells. Nat Biotechnol 19(12), 1512 
1129-1133. doi: 10.1038/nbt1201-1129. 1513 

Zhang, Y., Pak, C., Han, Y., Ahlenius, H., Zhang, Z., Chanda, S., et al. (2013). Rapid single-step induction 1514 
of functional neurons from human pluripotent stem cells. Neuron 78(5), 785-798. doi: 1515 
10.1016/j.neuron.2013.05.029. 1516 

Zhang, Y., Schmid, B., Nikolaisen, N.K., Rasmussen, M.A., Aldana, B.I., Agger, M., et al. (2017). Patient 1517 
iPSC-Derived Neurons for Disease Modeling of Frontotemporal Dementia with Mutation in 1518 
CHMP2B. Stem Cell Reports 8(3), 648-658. doi: 10.1016/j.stemcr.2017.01.012. 1519 

Zhu, P.P., Denton, K.R., Pierson, T.M., Li, X.J., and Blackstone, C. (2014). Pharmacologic rescue of axon 1520 
growth defects in a human iPSC model of hereditary spastic paraplegia SPG3A. Hum Mol Genet 1521 
23(21), 5638-5648. doi: 10.1093/hmg/ddu280. 1522 

Zhu, Y., Wang, L., Yin, F., Yu, Y., Wang, Y., Shepard, M.J., et al. (2017a). Probing impaired neurogenesis 1523 
in human brain organoids exposed to alcohol. Integr Biol (Camb) 9(12), 968-978. doi: 1524 
10.1039/c7ib00105c. 1525 

Zhu, Y., Wang, L., Yu, H., Yin, F., Wang, Y., Liu, H., et al. (2017b). In situ generation of human brain 1526 
organoids on a micropillar array. Lab on a Chip 17(17), 2941-2950. doi: 10.1039/C7LC00682A. 1527 

 1528 

 1529 

 1530 

In review

https://doi.org/10.1016/j.neuron.2017.10.010


 1531 

 1532 

Figure 1. Process of neurogenesis 1533 

The CNS originates from the ectoderm layer of the trilaminar germ disc. The process of 1534 

neurogenesis begins with the formation of the neuroepithelium from the neuroectoderm, giving 1535 

rise to the neural tube in a process called primary neurulation (Johns, 2014). The trilaminar 1536 

germ layer disc is composed of the three germ layer tissues, the endoderm, mesoderm and 1537 

ectoderm. The mesoderm gives rise to the notochord, a tubular mesodermal structure which on 1538 

releasing trophic factors, triggers neural induction, whereby  uncommitted or naïve ectoderm 1539 

becomes committed to the neural lineage, and subsequently stimulates the formation of the 1540 

neural tube in the overlying ectoderm (Dickinson et al., 1995). As the ectoderm acquires a 1541 

neuroectoderm identity, it forms a fold, initially giving rise to the neural plate and subsequently 1542 

forms the neural fold. The grooves at either side of the fold are called the neural crest. The crest 1543 

then detaches from the margins of the neural fold giving rise to the peripheral nervous system. 1544 

The neural plate continues to fold on itself giving rise to the hollow neural tube; the lumen of 1545 

the neural tube is called neural canal.  As the neural tube closes, it forms a fluid filled cavity 1546 

that generates the ventricular zone, an area occupied by progenitor cells such as neuroblasts 1547 

and glioblasts (Johns, 2014; Brodal, 2016; Kelava and Lancaster, 2016a). In the transverse 1548 

section of the neural tube the VZ, intermediate zone and subventricular area can be seen. In the 1549 

VZ mitosis takes place generating radial glia during neurogenesis. 1550 

Figure 2. Evolution timeline of CNS modelling 1551 

The timeline illustrates the evolution from organ explants to the use of 2-D neural cell lines, 1552 

and subsequently a shift towards pluripotent stem cell derived neural cultures leading to the 1553 

development of CNS specific organoids. For each category of modelling a time excursus is 1554 

presented chronologically over 100 years. 1555 

Figure 3. iPSC derivation and characterisation 1556 

The ectopic overexpression of the transcription factors OCT3/4, KLF4, SOX2, L-MYC, LIN28, 1557 

known to be expressed in embryonic stem cells, reverts mature somatic cells such as dermal 1558 

fibroblasts and peripheral blood mononuclear cells (PBMC) to display a pluripotent 1559 

embryonic-like phenotype (Takahashi et al., 2007; Okita et al., 2013).Transfection of cells with 1560 

vectors expressing these transcription factors enables the epigenetic reprogramming of cells, 1561 

through a series of stochastic events, to express endogenous OCT4 and NANOG, the 1562 

characteristic transcription factors determining the pluripotency, self-renewal and proliferative 1563 

capacity of cells (Lohle et al., 2012).  In synergy, the ectopic overexpression of these genes 1564 

triggers a sequence of epigenetic modifications leading to DNA demethylation and chromatin 1565 

changes that eventually result in the acquisition of a pluripotent state in transfected cells 1566 

(Jaenisch and Young, 2008).  1567 

A multitude of vectors have been used to deliver the reprogramming factors and these 1568 

approaches are broadly divided into non-viral and viral, and integration and non-integration 1569 

methods. For instance, reprogramming could be achieved using viral vectors including 1570 

retroviruses, lentiviruses and more recently Sendai non-integrating virus. Alternatively, non-1571 

In review



viral methods include mRNA or protein delivery or transient expression achieved with 1572 

episomal plasmids. Pluripotent stem cells are defined by the presence of specific markers 1573 

including cell surface proteoglycans (TRA-1-60 and TRA-1-81) and glycosphingolipids 1574 

(SSEA-3 and SSEA-4) and the expression of transcription factors OCT4 and SOX2 (Thomson 1575 

et al., 1998; Tonge et al., 2011). The resulting pluripotent cells, have the same embryonic 1576 

plasticity for differentiating into almost any tissue type of the three germ layers (endoderm, 1577 

mesoderm and ectoderm) when stimulated by the appropriate signalling molecules and growth 1578 

factors (Itskovitz-Eldor et al., 2000; Okita et al., 2013). Examples of cells derived from the 1579 

germ layers include nervous and epidermal tissue from the ectoderm, haematopoietic and 1580 

muscle cells from the mesoderm, and pancreatic cells from the endoderm. 1581 

Copyright permission was obtained for the reproduction of images taken from Pacitti and Bax, 1582 

2018. 1583 

Figure 4. Different brain regional identities recapitulated by CNS organoids 1584 

The diagram summarises the various patterning methods developed to generate region specific 1585 

CNS organoids. Copyright permission was obtained for the reproduction of images taken from 1586 

Lancaster et al. 2013, Jo et al. 2016, Qian et al. 2016, Pasça et al. 2015, Muguruma et al. 2015 1587 

and Sakaguchi et al. 2015. 1588 

Figure 5. Cerebral organoid formation 1589 

Cerebral organoids originate from pluripotent stem cell derived embryoid bodies cultured in 1590 

low concentrations of bFGF-2 and with ROCK inhibitors to prevent anoikis. The embryoid 1591 

bodies are differentiated towards neuroectoderm, resulting in the formation of neurospheres, 1592 

which are embedded into Matrigel hydrogel droplets. After the embedding, budding 1593 

neuroepithelia generate fluid filled cavities reminiscent of ventricles. The neuroepithelium 1594 

begins to migrate outwardly to generate the cortical layers consisting of Cajal-Retzius cells, 1595 

deep and superficial cortical progenitors. On  exposure to retinoic acid, cerebral organoids self-1596 

organize through self-patterning mechanisms to display diverse populations of neural 1597 

progenitors including radial glia, which expand forming cerebral structures (Lancaster and 1598 

Knoblich, 2014). The region in which radial glia originate, recapitulates the in vivo VZ and 1599 

SVZ (Kelava and Lancaster, 2016a). Prior to neurogenesis, radial glia are formed from the 1600 

neuroepithelial cells and facilitate the migration of the neural and glial progenitors (Howard et 1601 

al., 2008; Johns, 2014); these cells are characterised by the asymmetric self-renewal division 1602 

leading to the generation of one neuron and one radial glia (Gotz and Huttner, 2005; Lancaster 1603 

and Knoblich, 2012). Radial glia migrate, establishing the SVZ, where cells divide 1604 

symmetrically forming intermediate progenitors (Haubensak et al., 2004; Miyata et al., 2004). 1605 

Radial glia produce outer radial glia in the SVZ, which are self-renewing (Fietz et al., 2010; 1606 

Hansen et al., 2010). Radial glia residing in the VZ divide at the apical surface adjacent to the 1607 

ventricle. Intermediate progenitors and basal radial glia migrate basally to the SVZ. Neurons 1608 

formed from radial glia, migrate radially from the ventricular and SVZ toward the basal region 1609 

to establish the cortical plate (Johns, 2014; Kelava and Lancaster, 2016a). The neuronal 1610 

migration depends on a layer of Cajal-Retzius cells and the outward migration is regulated by 1611 

the protein reelin secreted by the latter cells (Frotscher, 1998). Within the intermediate zone of 1612 
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the cerebral hemispheres, neurons undergo apoptosis, and the region becomes the subcortical 1613 

white matter (Johns, 2014). 1614 

Figure 6. Frequency of publications reporting the use of CNS organoids by year 1615 

The chart illustrates a surge in publications involving the use of CNS organoids, between 2014-1616 

2018.  1617 

 1618 

 1619 

 1620 

 1621 

 1622 

 1623 
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Table 1. Summary of different CNS neural cells differentiated from iPSC 1625 

Neural cells characteristic of the CNS have been generated by directed differentiation of pluripotent stem cell derived lines, to recapitulate specific 1626 

cell types or disease condition. 1627 

 1628 

Disease group Disease modelled 
Genetic/chromosomal 

abnormality 
iPSC-derived cells Reprogramming method Reference 

Lysosomal storage disorders 

 

Jansky-Bielschowsky 

disease 

CLN5 CLN5 neurons Sendai-virus transduction (Uusi-Rauva et al., 2017) 

 Batten disease CLN3, 

TPP1 

CLN3 neurons Retrovirus transduction (Lojewski et al., 2014) 

 Pompe disease GAA Pompe neurons Retrovirus transduction (Higuchi et al., 2014) 

 Niemann-Pick type C1 NPC1 NPC1 neurons, astrocytes Retrovirus transduction; 

lentivirus transduction 

(Trilck et al., 2013) 

(Efthymiou et al., 2015) 

Metabolic disorders Lesch-Nyhan syndrome HPRT Neurons Retrovirus transduction (Mastrangelo et al., 2012) 

 

 Gaucher’s disease GBA1 Dopaminergic neurons, 

neurons 

Lentivirus transduction (Panicker et al., 2012) 

(Tiscornia et al., 2013) 

(Awad et al., 2015) 

(Sun et al., 2015) 

 Metachromatic 

leukodystrophy 

ARSA Neural stem cells, 

astroglial progenitor cells 

Retrovirus transduction (Doerr et al., 2015) 

 X-linked 

Adrenoleukodystrophy 

ABCD1 Neurons, astrocytes, 

oligodendrocytes 

Retrovirus transduction; 

lentivirus transduction 

(Jang et al., 2011) 

(Baarine et al., 2015) 

Neurodegenerative Disorders Parkinson’s disease (PD); 

idiopathic PD 

LRRK2; 

? 

Midbrain dopaminergic 

neurons 

Cre-recombinase excisable 

viruses; 

retrovirus transduction 

 

(Soldner et al., 2009) 

(Nguyen et al., 2011) 

(Sanchez-Danes et al., 2012) 

(Fernandez-Santiago et al., 2015) 
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 Amyotrophic lateral 

sclerosis (ALS) 

TDP-43; 

SOD1 

 

Spinal motor neurons, 

astrocytes 

Retrovirus transduction; 

TALEN transfection; 

sendai-virus transduction, 

episomal transfection 

(Bilican et al., 2012) 

(Egawa et al., 2012) 

(Serio et al., 2013) 

(Yang et al., 2013) 

(Bhinge et al., 2017) 

Neurodevelopmental disorders Rett syndrome TRPC6; 

MECP2 

Neural progenitor cells, 

glutamatergic neurons, 

astrocytes 

Retrovirus transduction (Muotri et al., 2010) 

(Marchetto et al., 2010) 

(Ananiev et al., 2011) 

(Kim et al., 2011) 

(Williams et al., 2014) 

(Djuric et al., 2015) 

(Griesi-Oliveira et al., 2015) 

(Tang et al., 2016) 

 Atypical Rett syndrome CDKL5 Glutamatergic neurons, 

GABAergic neurons 

Lentivirus transduction; 

Retrovirus transduction; 

(Amenduni et al., 2011) 

(Ricciardi et al., 2012) 

 Timothy syndrome CACNA1C 

 

Neural progenitor cells, 

cortical glutamatergic 

neurons 

Retrovirus transduction (Pasca et al., 2011) 

(Tian et al., 2014) 

 Down Syndrome Trisomy 21 Cortical glutamatergic 

neurons 

Lentivirus transduction (Shi et al., 2012a) 

 Familial dysautonomia IKBKAP Neural crest precursors Lentivirus transduction (Lee et al., 2009; Lee et al., 2012) 

 Fragile X Syndrome FMR1 

 

Neural progenitor cells, 

forebrain neurons, glial 

cells 

Retrovirus transduction; 

episomal transfection 

(Urbach et al., 2010) 

(Doers et al., 2014) 

(Park et al., 2015) 

(Halevy et al., 2015) 

 Cockayne syndrome ERCC6 Neural progenitor cells Sendai-virus transduction (Vessoni et al., 2016) 

 Angelman/Prader-Willi 

syndromes 

UBE3A 

 

Neurons, astrocytes Retrovirus transduction (Chamberlain et al., 2010) 

 Phelan-McDermid 

syndrome 

22q13 deletion Forebrain neurons Retrovirus transduction (Shcheglovitov et al., 2013) 
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Neuropsychiatric Diseases Frontotemporal dementia 

(FTD) 

CHMP2B; 

C9ORF72 

Forebrain cortical neurons Retrovirus transduction; 

episomal transfection 

 

(Almeida et al., 2013) 

(Zhang et al., 2017) 

Epilepsy Dravet syndrome SCN1A Dopaminergic, GABAergic, 

glutamatergic neurons; 

forebrain interneurons, 

glial cells 

Retrovirus transduction (Higurashi et al., 2013) 

(Jiao et al., 2013) 

(Liu et al., 2013; Liu et al., 2016) 

 Early infantile epileptic 

encephalopathy 

STXBP1 GABAergic, glutamatergic 

neurons 

Episomal transfection (Yamashita et al., 2016) 

Neuromuscular disorders Spinal muscular atrophy 

(SMA) 

SMN1 Forebrain, sensory, motor 

neurons, astrocytes 

Lentivirus transduction; 

retrovirus transduction; 

episomal transfection 

(Ebert et al., 2009) 

(Chang et al., 2011) 

(Sareen et al., 2012) 

(Corti et al., 2012) 

(McGivern et al., 2013) 

(Schwab and Ebert, 2014) 

(Yoshida et al., 2015) 

(Boza-Moran et al., 2015) 

(Ng et al., 2015) 

(Nizzardo et al., 2015) 

(Liu et al., 2015) 

(Fuller et al., 2015) 

(Xu et al., 2016) 

(Patitucci and Ebert, 2016) 

Movement disorders Huntington’s 

disease 

HTT Medium spiny neurons Lentivirus transduction (The Hd iPsc Consortium, 2012) 

 Hereditary spastic 

paraplegia 

SPG3A, SPG4, 

SPG11; 

ATL1; 

SPAST 

Cortical neural progenitor 

cells; forebrain, 

glutamatergic neurons 

Lentivirus transduction, 

episomal transfection; 

retrovirus transduction 

(Denton et al., 2014) 

(Havlicek et al., 2014) 

(Zhu et al., 2014) 

(Mishra et al., 2016) 

 

 Ataxia telangiectasia ATM Neural progenitor cells, 

GABAergic neurons 

Lentivirus transduction (Nayler et al., 2012) 

(Carlessi et al., 2014) 
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 Friedrich’s ataxia FXN Neural progenitor cells, 

neural crest cells, peripheral 

sensory neurons, glial cells 

Retrovirus transduction; 

lentivirus transduction; 

transposon transfection 

(Liu et al., 2011) 

(Eigentler et al., 2013) 

(Hick et al., 2013) 

(Bird et al., 2014) 
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