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For	the	first	time,	we	can	create	models	of	neurological	disorders,	containing	the	patients	
precise	genome,	in	the	cell	type	that	selectively	degenerates



• Findings	from	animal	models	have	not	translated	into	success	in	the	
clinic

• AD	mouse	models	typically	rely	on	overexpression	of	up	to	3	
transgenes	to	recapitulate	AD	pathology

• The	AD	field	has	been	plagued	by	artifacts	caused	by	
overexpression

• Even	in	the	context	of	overexpression,	neuronal	death	does	not	
occur

• iPSC offer	an	alternative	model	to	overcome	these	issues



Questions	and	challenges	(1)
iPSC-neurons	are	predominantly	fetal:	implications	for	disease	modelling?
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Fetal: Only 0N3R
Post natal: 6 isoforms, 3R=4R



Questions	and	challenges	(2)
Modelling aging	in	iPSC-neurons

Article

Directly Reprogrammed Human Neurons Retain
Aging-Associated Transcriptomic Signatures and
Reveal Age-Related Nucleocytoplasmic Defects

Graphical Abstract

Highlights
d Human iPSCs erase aging signatures and hiPSC-derived

neurons remain rejuvenated

d Directly converted iNs preserve donor age-dependent

transcriptomic signatures

d Nuclear transport receptor RanBP17 is decreased in aged

human cells and iNs

d Aged and RanBP17-depleted cells show nucleocytoplasmic

compartmentalization defects
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In Brief
Mertens and colleagues compare

transcriptomes of human fibroblasts,

induced neurons (iNs), iPSCs, iPSC-

derived neurons, and brain samples from

abroad range of aged donors, finding that

iNs retain donor aging signatures, while

iPSCs are rejuvenated. RanBP17 was

consistently decreased during aging,

leading to compromised

nucleocytoplasmic

compartmentalization in aged human

cells.

Mertens et al., 2015, Cell Stem Cell 17, 1–14
December 3, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.stem.2015.09.001



Questions	and	challenges	(3)
Intra	patient	variability	in	iPSC-neurons

Kondo et al, Cell Stem Cell, 2013 Israel et al, Nature, 2012
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were newly born, doublecortin+ neurons  
(Fig. 3g–i), as seen in the developing human 
cortex in vivo15. The Tbr2+ population com-
prised an average of 15% of the cells in each 
rosette at day 25 (Fig. 3m), of which over 40% were Ki67+ progenitor 
cells (Fig. 3n) that would contribute substantially to the neuronal 
output from the stem and progenitor cell populations. Confirming 
the presence of both apical and basal progenitor cell populations, 
mitotic stem and progenitor cells were found both apically, at the 
rosette lumen, and in substantial numbers displaced from the rosette 
lumen (average of 30%; Fig. 3j–l,o).

In humans and other mammals, including rodents, there are two 
separate populations of secondary progenitor cells in vivo15: basal 
or intermediate progenitor cells, which are Tbr2+, Pax6− and lack a 
basal process, including during mitosis, and outer radial glial (oRG) 
cells, which are Pax6+, Tbr2− and have an obvious basal process24. 
We used two different approaches to investigate the diversity of basal 

progenitor cells in this system. First, we transiently expressed GFP 
in rosette cells to delineate their morphology, and combined this 
with immunostaining for Pax6 and the centrosomal protein gamma-
tubulin (Fig. 3p–r). Pax6-expressing cells with both apical and basal 
processes and a single centrosome localized to the end of the apical  
process, defining features of radial glial cells, were commonly found 
(Fig. 3p). In addition, Pax6-expressing cells with a single basal pro-
cess and their centrosomes in the cell body, near the nucleus, were 
also observed, consistent with oRG cells (Fig. 3q,r). Second, we 
stained for either Pax6 and phospho-vimentin or Tbr2 and phospho- 
vimentin to define the phenotypes of cells with basal processes in 
M phase (Fig. 3s–u). We found that cells with obvious phospho-
vimentin+ processes were also Pax6+, whereas round mitotic cells 
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Figure 5 Production of human cortical 
excitatory neurons from PSCs in vitro 
recapitulates in vivo development. (a) Diagram 
of classes of cortical projection neurons in the 
layers of the adult cortex, based on mouse data, 
with transcription factors expressed in each 
class of neuron as indicated. CPNs, callosal 
projection neurons. (b) The order of cortical 
neurogenesis from human ES cells recapitulated 
normal development. Deep and upper layer 
neurons were generated in a temporal order from 
human ES cells, with layer 5 and 6 neurons 
(Tbr1 and CTIP2) being generated before layer 
2/3 neurons (Brn2) (n = 3 experiments scored 
for each marker). Error bars represent s.e.m. 
(c–e) Differentiation of early born cortical 
neurons from human ES cells. Corticothalamic 
projection neurons of layer 6 (Tbr1+, CTIP2+ 
neurons, a–c) and corticospinal motor neurons 
of layer 5 (CTIP2+, Tbr1− neurons, white arrows 
in c) were both present. Scale bars represents 
50 m. (f–h) Upper layer, later born cortical 
neurons differentiated in this system several 
weeks after the early born, deep layer  
neurons. These neurons expressed Cux1,  
Satb2 and Brn2. Scale bars represent 50 m.  
(i–k) Reproducible generation of deep and 
upper layer projection neurons by four different 
iPS cell lines. Scale bars represent 50 m. 
(l,m) Birthdating by BrdU administration 
revealed that upper layer, Satb2+ neurons were 
generated from cortical stem and progenitor 
cells at late stages (as late as day 90) in this 
system. BrdU addition for 48 h at day 50, 
followed by collection 7 d later (l), revealed 
that the majority of Tbr1+ deep layer neurons 
had already been generated at this stage, with 
only a small number of Tbr1+, BrdU+ neurons 
being present (white arrows, L), whereas no 
Satb2+ neurons had differentiated. In contrast, 
BrdU administration at day 90, followed by cell 
analysis at day 100, showed that large numbers 
of Satb2+ neurons were generated from mitotic 
stem and progenitor cells at this stage (yellow 
arrows, m). Scale bar represents 50 m.  
(n) Relative proportions of different classes 
of cortical projection neurons generated from 
humans ES cell and iPS cell lines. Approximately 
equal proportions of deep and upper layer 
neurons were generated from all lines.
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lacking processes were Tbr2+. These results indicate that both basal 
progenitor cells and oRG cells develop in this system.

Excitatory glutamatergic neurons generated before glia
Cortical neurogenesis, stimulated by the withdrawal of FGF2 from the 
culture medium, occurred over 2 months following neural induction 
from human ES and human iPS cells (Fig. 4a). This is consistent with 
the approximately 70-d period of cortical neurogenesis in humans6, 
compared with the 6-d cortical neurogenetic period in mice25. PSC-
derived cortical stem and progenitor cells generated glutamatergic 
projection neurons, including Reelin-expressing neurons (Fig. 4b) 
and no detectable GABAergic interneurons (Fig. 4c). Although 
GABAergic interneurons were not generated under cortical induction 
conditions, cortical rosettes were plastic at early stages with respect 
to regional identity: treatment with the hedgehog signaling agonist, 
purmorphamine, ventralized the rosettes, resulting in the genesis of 
GAD67+ GABAergic interneurons (Supplementary Figs. 4 and 5).

The initial wave of neurogenesis included reelin-expressing 
(Fig. 4b) and deep, Tbr1-expressing layer 6 projection neurons, con-
firming the cortical identity of the rosettes (Fig. 4d). Rosettes began 
to generate astrocytes relatively late in the process, with S100+ astro-
cytes appearing around day 60 and increasing in numbers over the 
subsequent 40 d (Fig. 4e–g). Reflecting the heterogeneity of astrocytes 
and the lack of known robust, pan-astrocyte expressed proteins26, 
we observed GFAP+ and S100+ cells and GFAP− and S100+ cells at  
day 90 (Fig. 4f).

To further assess the differentiation of PSC-derived cortical neu-
rons, we used the cortical slice culture assay27 to analyze their ability 
to migrate, terminally differentiate and orient in the mouse cerebral 
cortex (Fig. 4h). Dissociated PSC-derived neurons were plated on 
coronal slices of developing mouse brain (embryonic day 14.5) and 
cultured for 14 d. Human PSC-derived cortical neurons survived in 
large numbers in the mouse cortex and extended abundant neurites 
(Fig. 4i,j). Notably, the majority (>90%) of human neurons oriented 
radially in the developing mouse cortex, orthogonal to the ventricular 
surface (Fig. 4k,l), with a subset aligning tangentially in the marginal 
zone (Fig. 4i,j). Finally, human PSC-derived neurons maintained their 
layer identity when cultured in mouse cortex, with many, for example, 
expressing the layer 6 transcription factor Tbr1 (Fig. 4m,n).

Neurogenesis recapitulates in vivo development
Glutamatergic projection neurons of the adult cortex are generated in 
a stereotyped temporal order, with deep layer neurons produced first 
and upper layer neurons produced last. In rodents, cortical glutama-
tergic neurons of different laminar fates and projection types can be 
defined by their expression of different transcription factor combi-
nations (Fig. 5a; for reviews, see refs. 28,29): Tbr1+, CTIP2− (low or 
absent) layer 6 corticothalamic projection neurons30, CTIP2+, Tbr1− 

layer 5 subcortical projection neurons31, Cux1+, Brn2+ layer 2–4 
neurons32, and Satb2+ layer 2–4 callosal projection neurons33,34.

We used the expression of these factors in neurons to study the 
time course of cortical projection neuron subtype differentiation from 
PSCs over a 70-d interval, beginning from the withdrawal of FGF2 
(Fig. 5b). Deep, layer 6 neurons (Tbr1+) appeared first, followed by 
CTIP2-expressing layer 5 and 6 neurons (Fig. 5b–e). Upper layer, 
Brn2+ and Cux1+ callosal projection (layer 2–4) neurons differenti-
ated subsequently, beginning between days 25–30, with Satb2 expres-
sion appearing late, between days 65 and 80 (Fig. 5b,f–h). The same 
temporal order of projection neuron production was observed from 
four different human iPS cell lines (Fig. 5i–k).

In contrast with mouse, in which cortical neurogenesis is com-
pressed into a 6-d period, human cortical neurogenesis is thought to 
span almost 100 d6. To confirm that upper layer genesis from cortical  
stem and progenitor cells in this system occurs over a similar  
timeframe, we used BrdU birthdating to analyze the neuronal out-
put from day 50 and day 90 cultures (Fig. 5l,m). In each case, BrdU 
was administered for 48 h to label cycling stem and progenitor 
cells and their progeny, and the neuronal output at each stage ana-
lyzed 7 d later. Birthdating at day 50 revealed that almost all Tbr1+ 
neurons had been produced by this stage, as few BrdU+ and Tbr1+  
neurons were observed. Furthermore, no Satb2+, BrdU+ upper  
layer neurons had been produced at this stage (Fig. 5l). In contrast, 
birthdating at day 100 revealed that the majority of neurons generated 
at this stage were Satb2+ upper layer neurons (Fig. 5m). We conclude 
that cortical neurogenesis in this system follows the same temporal 
order as occurs in vivo and extends at least as late as day 90.

The combinations of transcriptions factors described above were 
used to quantify the proportions of different cortical projection 
neuron types after 70 d in culture. Notably, roughly equal numbers 
of deep and superficial layer neurons were present in this system  
(Fig. 5n), in contrast with previous reports of reduced production 
of upper layer neurons from mouse ES cells11 and the minimal pro-
duction of upper layer neurons in human ES cell-derived aggregate 
cultures12. Again, the proportions of different projection neuron sub-
types generated from human ES cells and four different human iPS 
lines were notably similar (Fig. 5n).
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Figure 6 PSC-derived cortical neurons differentiate to acquire mature 
electrophysiological properties. (a,b) Voltage-gated sodium and potassium 
channels in PSC-derived cortical neurons. Current responses to families 
of step depolarizations from a holding potential of −80 mV to +40 mV 
are superimposed. In a, fast-activating and inactivating inward sodium 
currents were completely blocked by applying tetrodotoxin (TTX). In b, 
4-aminopyridine (4-AP) blocked a fast-activating transient fraction of 
outward K+ current. (c) The electrophysiological properties of PSC-derived 
cortical neurons matured over time, as exemplified by the change in 
action potential firing in response to step current injections (day 28, n = 3;  
day 35, n = 4; day 42 n = 4; day 49, n = 3). (d,e) Human ES cell– and 
iPS cell–derived cortical neurons developed robust regular-spiking 
behavior in response to step current injection (pA).

Questions and challenges: Capturing the diversity of cell types involved in the 
disease process



Benefits	and	contributions:	complements	and	contributes	to	the	3Rs

(Wu	et	al,	Nat	Neuro,	2016)



Benefits	and	contributions:	miniaturised	assays
1. iPSC-neurons culture in devices

3. iPSC-neurons form functional networks after ~85 DIV in devices

2. Calcium imaging of iPSC-neurons in microfluidics

DIV 50 > DIV 85

V VI ID D

Robertson et al., Integr. Biol., 2014, 6, 636

(Michele	Zagnoni,	Trevor	Bushell)


