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e Human neurons show decorrelated activity and tuned
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In Brief

Human cortical neurons integrate as
single cells in the mouse cortex and
display human-like prolonged
development, indicating cell-intrinsic
mechanisms. Following maturation in the
visual cortex, xenotransplanted human
neurons display decorrelated activity and
tuned responses to visual stimuli that are
similar to host neurons.
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SUMMARY

How neural circuits develop in the human brain has re-
mained almost impossible to study at the neuronal
level. Here, we investigate human cortical neuron
development, plasticity, and function using a mouse/
human chimera model in which xenotransplanted hu-
man cortical pyramidal neurons integrate as single
cells into the mouse cortex. Combined neuronal
tracing, electrophysiology, and in vivo structural and
functional imaging of the transplanted cells reveal a
coordinated developmental roadmap recapitulating
key milestones of human cortical neuron develop-
ment. The human neurons display a prolonged devel-
opmental timeline, indicating the neuron-intrinsic
retention of juvenile properties as an important
component of human brain neoteny. Following matu-
ration, human neurons in the visual cortex display
tuned, decorrelated responses to visual stimuli, like
mouse neurons, demonstrating their capacity for
physiological synaptic integration in host cortical cir-
cuits. These findings provide new insights into human
neuronal development and open novel avenues for the
study of human neuronal function and disease.

INTRODUCTION

The brain, and neocortex in particular, increased rapidly in size
and complexity during human evolution. While there has been
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progress in understanding the mechanisms of human cortical
expansion, those underlying the assembly of human neurons
into complex neural circuits remain poorly understood (Bae
et al., 2015; Defelipe, 2011; Geschwind and Rakic, 2013; Lui
et al., 2011; Sousa et al., 2017).

A remarkable feature of human cortical circuits, compared
with non-human species, is their unusually prolonged develop-
ment (Petanjek et al., 2011; Rakic et al., 1986). This neoteny, or
retention of juvenile traits in a more mature organism, may be
critical for the acquisition of human-specific cognitive features
(Gould, 1992) and to primarily implicate cortical neurons (Bufill
et al., 2011; Defelipe, 2011; Petanjek et al., 2011). The rate of
maturation of cortical neurons varies widely across species,
most strikingly in the prefrontal cortex, ranging from 5 weeks in
the mouse to 4 months in macaque to years in humans.
Compared to the macaque neocortex, human cortical neurons
display prolonged periods of dendritic morphogenesis and syn-
aptogenesis (over months to several years) and synaptic pruning
(up to a decade) (Huttenlocher, 1979; Huttenlocher et al., 1982,
1982-1983; Mrzljak et al., 1990; Petanjek et al., 2011), and com-
parison with the chimpanzee also indicates human neoteny,
although less pronounced (Bianchi et al., 2013; Liu et al,
2012). Beyond evolution, human neoteny has important implica-
tions for brain diseases (Liu et al., 2016), as alterations of
neuronal maturation are associated with neurodevelopmental
disorders (Hutsler and Zhang, 2010; Pfeiffer et al., 2010; Taka-
shima et al., 1981; Willsey et al., 2013).

Despite its importance in brain evolution and diseases, human
neuron and synapse development remains poorly known. This is
mostly because of the difficulty of studying live human neurons in
the context of a brain circuit. Pluripotent stem cell (PSC)-based
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models provide new opportunities to study human neural devel-
opment (Astick and Vanderhaeghen, 2018; Di Lullo and Krieg-
stein, 2017; Gaspard and Vanderhaeghen, 2010; Suzuki and
Vanderhaeghen, 2015; Zeltner and Studer, 2015). However,
they have remained difficult to use to study cortical neuron
development in vitro, given the technical challenges of long-
term maintenance of functional neurons, whether as monolayer
cultures or in organoids (Di Lullo and Kriegstein, 2017; van den
Ameele et al., 2014).

Another approach is xenotransplantation of human neurons
into the mouse brain, which can provide a means to study human
neuronal maturation under more physiologically realistic
conditions. Human PSC-derived pyramidal cortical neurons
and interneurons transplanted in the mouse brain develop
morphologically and synaptically within their host (Anderson
and Vanderhaeghen, 2014; Espuny-Camacho et al., 2013; Mar-
oof et al., 2013; Nicholas et al., 2013; Tornero et al., 2013), and
transplanted human neurons develop more slowly than similarly
transplanted mouse neurons (Falkner et al., 2016; Gaspard et al.,
2008; Michelsen et al., 2015).

Human cortical interneurons have been shown to integrate
extensively into the host mouse brain thanks to the remarkable
migratory properties of this class of neurons (Cunningham et al.,
2014; Fandel et al., 2016; Huo et al., 2018; Noakes et al., 2019;
Southwell et al., 2014). However, for pyramidal neurons, it has re-
mained unclear to what extent the transplanted neurons, although
competent to make synapses and receive inputs, can integrate
physiologically to participate in the function of cortical circuits
(Espuny-Camacho et al., 2013, 2017, 2018; Mansour et al.,
2018; Qi et al., 2017; Real et al., 2018; Tornero et al., 2017). To
date, xenotransplantation studies have focused on cell-compact
transplants comprising a large number of cells with limited access
to the host tissue; while these transplants are viable and can host
vascular and glial cells, they form a local environment that is
dramatically different from the host brain and may not provide
all of the necessary cues for proper circuit integration. A recent
study using in vivo imaging showed limited synaptic integration
of human cortical pyramidal neurons in the mouse cortex (Real
etal., 2018). Likewise, it remains unknown whether the prolonged
maturation of transplanted human cortical neurons merely re-
flects partially isolated graft conditions or it reflects an intrinsic
developmental program relevant to human brain neoteny.

Here, we developed a novel experimental model to address
these questions, using xenotransplanted human cortical pyrami-
dal neurons that integrate as single cells into the mouse cortex.
We show that the transplanted neurons mature following a pro-
longed human-like timeline, indicating that human neuronal
neoteny has a strong intrinsic component. Following maturation,
the neurons become highly connected with the host brain and
display responses to sensory stimuli that resemble those of
host neurons.

RESULTS

Intraventricular Human Cortical Transplantation Leads
to Robust Integration in the Mouse Cortex

A major limitation of transplants of cortical pyramidal neurons is
that they tend to form poorly integrated lumps in the host tissue.

To solve this problem, we performed neural transplantation in the
presence of EGTA, which leads to better cell integration in the
mouse embryonic cortex (Nagashima et al., 2014), through intra-
ventricular injection into the neonatal brain (Figures 1A and S1A).
In these conditions, following injection into the lateral ventricles
of the neonatal (PO/P1) mouse brain, human embryonic stem
cell (ESC)-derived cortical cells examined 6 h post-transplanta-
tion were found attached to or partially invading the surface of
the ventricular zone. At 24 h, transplanted cells were found within
the cortical tissue and appeared to migrate along the radial glia
processes still present at this stage (Figure S1). Transplantation
of GFP* human neurons into transgenic mice in which tdTomato
is expressed in pyramidal neurons revealed no GFP/tdTomato
double-positive cells (0 of 40 cells examined by confocal
microscopy, n = 2 animals) (Figure S1), indicating the absence
of transplant-to-host cell fusion events (Ying et al., 2002).
This was further confirmed by single cell RNA sequencing
(scRNA-seq) profiling of transplanted cells, which revealed no
detectable mouse sequence reads in any of the human cells
(n=10,698 cells, n = 2 animals) (Figure S1).

From 2 weeks to 11 months post-transplantation (MPT), trans-
planted neurons were found within the cortical gray matter, from
deep (5/6) to superficial (2/3) cortical layers, generally displaying
radial orientation (Figures 1B and S1B). None of the cells
expressed markers of glial cells (0 of 19 cells, n = 2 animals) or
GABAergic neurons (0 of 27 cells, n = 2 animals) (Figures 1C,
1D, S1C, and S1D). The majority of cells (>60%) expressed
markers of deep cortical layer identity (FoxP2/CTIP2) and were
located primarily in layer 5/6 (L5/6), although some were found
in L2/3. A minority of cells expressed upper-layer marker Cux1,
and these were found exclusively in L2/3. Thus, there was only
a partial link between layer identity and positioning of the trans-
planted neurons (Figure S1).

Transsynaptic rabies experiments were performed to probe
the presynaptic partners of human neurons. We used lentivirus
infection to express TVA-mCherry and rabies glycoprotein in
human neurons in vitro, which was performed 2 weeks ahead
of transplantation to prevent host infection (Figure S1). To label
presynaptic partners, GFP-expressing rabies virus was injected
in the cortex of transplanted animals at 4 MPT. This revealed
that TVA*/GFP* human neurons (starter cells) were typically
surrounded by TVA™/GFP* retrogradely labeled mouse cortical
neurons (Figure 1E), suggesting significant connectivity between
transplanted and host cortical neurons.

Coordinated Functional and Morphological Neotenic
Development of Human Cortical Neurons

To study the functional development of xenotransplanted human
neurons, we performed ex vivo whole-cell patch-clamp record-
ings at different time points between 1 and 11 MPT (Figures 2
and S2; Table S1). We observed a progressive maturation of
human neurons, starting at 1 MPT with immature physiological
properties, such as low-amplitude action potentials (APs) and
rapidly adapting responses to current stimulation (Figure 2A).
By 10 MPT, the neurons displayed sustained firing and mature-
looking APs that closely resemble those of mature human
pyramidal neurons (Beaulieu-Laroche et al., 2018; Testa-Silva
et al., 2014). These changes were accompanied by progressive
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Figure 1. Transplanted Human PSC-Derived Cortical Neurons Inte-
grate as Single Cells in the Mouse Cortex

(A) Human ESC differentiation and transplantation protocol.

(B) Left: confocal image of immunostained coronal section from the brain of a
transplanted animal showing GFP* transplanted human neurons (green) in-
tegrated in the mouse cortex, 14 days post-transplantation (DPT), with cell
bodies stained with DAPI (blue). Right: high magnification of the boxed sub-
region on the left (dashed lines). Note the radial orientation and extended
apical processes of the human cortical neurons.

(C) Example images of cortical sections from transplanted animals immuno-
stained for markers of deep (Tbr1, Ctip2, Foxp2) and upper (Satb2, Cux1)
cortical layer identity at 2 months post-transplantation (2 MPT).

(D) Fraction of GFP* human neurons expressing markers in (C). N denotes the
number of sampled human cells for each marker (n = 4 animals).

974 Neuron 104, 972-986, December 4, 2019

maturation of intrinsic properties, including membrane potential
hyperpolarization, decrease in input resistance, increase in
maximum sodium currents, and shortening of AP half-width (Fig-
ures 2B-2D and S2A-S2E). These changes were paralleled by a
decrease in spontaneous activity (Figures 2F and 2G) and
increased peak firing rates (Figure 2E). A progressive increase
in the rate of incoming spontaneous synaptic events was also
seen over the course of several months (Figure 2H), indicating
synaptic maturation.

Thus, transplanted human neurons integrating the mouse cor-
tex display protracted physiological maturation over months, un-
til 11 MPT, at which stage their properties resemble those of
adult cortical neurons (Beaulieu-Laroche et al., 2018; Testa-Silva
et al., 2014). This is in stark contrast to mouse neurons trans-
planted in the mouse cortex, which mature in only a few weeks
as the host cortical neurons (Falkner et al., 2016; Gaspard
etal., 2008; Michelsen et al., 2015). This is unlikely to be a conse-
quence of the delayed maturation of the transplanted host cor-
tex, as mouse L5 pyramidal cells in the cortex of transplanted an-
imals were mature at 6 weeks, similar to control untransplanted
mice (Figures S2F-S2K). Prolonged maturation was also
observed in human neurons obtained using an alternative proto-
col of in vitro corticogenesis (Shi et al., 2012) (Figures S2D
and S2E).

We conclude that transplanted human cortical neurons
mature according to a consistently protracted schedule that
seems independent of the differentiation or transplantation
methods.

The functional maturation of neurons is coordinated with their
morphogenesis. To explore this important aspect, a subset of
the recorded neurons (n = 28) were filled with biocytin and
their morphologies digitally reconstructed and analyzed. We
observed over time (1-7 MPT) pronounced changes of dendritic
length and complexity (Figures 3A-3C and S3A-S3C), as well as
dendritic spine density and morphology (Figures 3D-3F). The
transplanted neurons displayed a prolonged timeline of
morphogenesis, corresponding to late fetal neurons (Hutten-
locher, 1979; Huttenlocher et al., 1982, 1982-1983; Mrzljak
et al.,, 1990; Petanjek et al., 2011), which was strongly corre-
lated with functional maturation parameters (Figures 3G
and 3H).

Human cortical pyramidal neurons are characterized by high
spine density and large spine size compared to mouse neurons
(Benavides-Piccione et al., 2002). At 10 MPT, xenotransplanted
human neurons showed lower spine density than adult mouse
L5 neurons (Figure S3D), which is indicative of incomplete
maturation in line with the human in vivo timeline (Huttenlocher
et al., 1982-1983; Petanjek et al., 2011; Rakic et al., 1986).

(E) Monosynaptic rabies virus tracing shows that human neurons make syn-
aptic connections with host mouse cortical neurons at 4 MPT. Left: confocal
image of immunostained section of rabies-injected transplanted cortex with
starter human cells (HSs) and rabies-labeled presynaptic mouse cortical
neurons (1, 2). Right: high magnification of boxed areas on the left
(dashed boxes).

Scale bars: (B) left, 500 um, right, 50 um; (C) 200 pum; (E) low-magnification
image, 200 um, high-magnification enlargements, 10 um.

See also Figure S1.
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Figure 2. Xenotransplanted Human Cortical Neurons Show Prolonged Maturation

(A) Whole-cell patch-clamp recordings in acute brain slices of xenotransplanted human neurons from 1 to 11 MPT. Left: representative membrane potential
responses to hyperpolarizing (black) and depolarizing (red and black) current steps recorded at 1, 3, 6, and 10 MPT. Right: first action potential (AP) to minimal
(rheobase) current injection. The offset current (I,,01q) Was adjusted, so the membrane potential was approximately —70 mV (dashed lines). AP shape and spiking
response mature progressively.

(B-D) Resting membrane potential (B), input resistance (C), and maximum sodium current (D) of xenotransplanted neurons versus time elapsed since trans-
plantation. N denotes number of cells.

(E) Firing rate versus input current (F-I) curves of cells grouped by time elapsed since transplantation. The markers and error bars indicate means + SEMs for
each group. The continuous lines are power-law fits (see Method Details). Note the rightward shifts of the F-I curves with maturation.

(F) Example recordings of spontaneous activity (Ihoiq = 0 pA) at 1, 3, and 6 MPT. Note the progressive hyperpolarization and reduction of spontaneous firing.
(G) Spontaneous firing rates versus time elapsed since transplantation. No cells showing spontaneous firing were observed after 6 MPT.

(H) Rate of spontaneous incoming excitatory post-synaptic currents versus time elapsed since transplantation.

The pooled data in (B)-(D), (G), and (H) are represented as medians and interquartile ranges. *p < 0.05; **p < 0.01; and ***p < 0.001; Welch’s one-way ANOVA with
Games-Howell post hoc pairwise comparisons.

See also Figure S2.

Spine sizes and neck lengths of xenotransplanted neurons were These data indicate that transplanted human cortical neurons
higher than those of host mouse neurons (Figures 31-3K) and in  integrated as single cells in the mouse cortex follow a coordi-
the range of those reported in the human cortex (Benavides- nated program of functional and morphological maturation that
Piccione et al., 2002). This suggests that species-specific is similar to the one observed in the human cortex in vivo, which
features of human neurons—for example, greater spine size— is distinct from the much faster-developing mouse cortical
could be acquired by xenotransplanted cells. tissue.
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Figure 3. Morphological Maturation of Xenotransplanted Human Cortical Neurons over Months

(A) Confocal images of representative biocytin-filled neurons at 1, 3, and 6 MPT. The boxed areas are shown enlarged in (C).

(B) Three-dimensional reconstructions of the cells shown in (A).

(C) High-magnification confocal images of the dendritic branches highlighted in red in (A). Note the appearance of spines at ~3 MPT and the significant increase in
spine density at ~5 MPT.

(D and E) Development of dendritic length (D) and spine density (E) for 28 reconstructed cells. Notice the marked separation in (E) between cells before 4 MPT and
after 5 MPT.

(F) Sholl analysis for the reconstructed cells, segregated in three groups according to their age.

(G and H) Dendritic length (G) and spine density (H) as a function of resting membrane potential (Vm). Each marker represents a cell: magenta circles are cells aged
1-2 MPT, black squares are cells aged 2.5-4 MPT, and green triangles are cells aged 5-7 MPT.

(I-K) Comparison of dendritic spine morphology between mouse cortical neurons at 5 weeks of age and human transplanted neurons at 10 MPT. (|
High-magnification images of mouse (top) and human (bottom) dendritic branches. Orange (purple) arrowheads indicate small- (large-)head dendritic spines.
(J and K) Distributions of neck lengths (J) and head diameters (K) for human and mouse dendritic spines.

(legend continued on next page)
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Transplanted Human Neurons Display Juvenile-like
Dendritic Spine Structural Dynamics in Adult Mouse
Cortex

As transplanted human neurons develop according to a
prolonged timeline, they appear to retain juvenile properties
in an otherwise mature mouse brain. A critical feature of
juvenile neurons is their structural dynamics, which precedes
the establishment of synaptic connectivity (Grutzendler
et al., 2002; Zuo et al., 2005). To assess the dynamics of
synaptic maturation and cellular integration of transplanted
neurons, we performed chronic longitudinal cellular imaging
of their dendritic spines in vivo (Figure 4; Video S1). Xeno-
transplanted animals (n = 5) were imaged using a two-
photon microscope through a chronically implanted glass
window positioned over the occipital cortex (Figure 4A).
The GFP-labeled cells were located using a combination of
widefield imaging and 2-photon microscopy (Holtmaat et al.,
2006; Trachtenberg et al., 2002; Zuo et al., 2005), and the
same cells and dendrites were imaged at 2-week intervals
for periods up to 12 weeks, focusing on groups of mice that
were 3 or 7 MPT at the start of time-lapse imaging (Figures
4B and 4C).

These experiments revealed that in our xenotransplantation
assay, human cortical neurons show increasingly stable den-
dritic spine dynamics, comparable to juvenile mouse cortical
neurons (Cruz-Martin et al., 2010; Falkner et al., 2016).
Consistent with ex vivo data (Figure 3F), xenotransplanted hu-
man cortical neurons showed an increase in spine density up
to 10-12 MPT (Figure 4D; Table S1), reaching values similar to
those reported for human neurons at 1-2 years of age (Jacobs
et al., 1997, 2001; Petanjek et al., 2011).

The spine turnover ratio, a measure of cortical dynamics
and plasticity (Holtmaat et al., 2005), was still quite high at
3-6 MPT, reflecting juvenile properties of the neurons. It then
decreased at 7-10 MPT, indicating that the neurons had reached
amore stable stage (Figure 4E), although still more unstable than
the adult mouse cortex (Grutzendler et al., 2002; Zuo et al.,
2005). This change in spine turnover ratio was accompanied
by a pronounced reduction in the number of gained and lost
spines (Figure 4F; Table S1). By following spines across multiple
consecutive imaging sessions, we observed a flattening of the
spine survival function (Figure 4G), reflecting an increase in spine
survival rates from ~2 weeks at 3-6 MPT to ~8 weeks at 7-11
MPT (Table S1).

These data support the notion that dendritic spines of trans-
planted human neurons follow a prolonged timeline that
resembles the maturation time of human cortical neurons
(Petanjek et al., 2011) and that is largely intrinsic to these neu-
rons, as they still display juvenile-like dynamic patterns at 3-6
MPT (e.g., in a mature mouse brain environment) (Falkner
et al.,, 2016; Holtmaat et al., 2005; Tjia et al., 2017; Zuo
et al., 2005). Critically, the stabilization of the dendritic spines
at later stages supports the view that neurons progressively

integrate synaptically within the host brain, despite their
extended maturation.

Transplanted Human Neurons Display Long-Term
Synaptic Potentiation

The observation of structural dynamics, together with an in-
crease in the rate of incoming spontaneous synaptic events
(Figure 2H), raised the possibility that transplanted human neu-
rons may display synaptic plasticity. To assess this, we applied
a long-term potentiation (LTP) protocol (Nevian and Sakmann,
2006) to xenotransplanted neurons in an ex vivo preparation
(Figure 5A). We found that human cells aged 3-6 MPT displayed
response potentiation, measured as the amplitude of the excit-
atory post-synaptic potential (EPSP), lasting for >30 min after
the application of the pairing stimulus (Figure 5B). At the
population level, we found that approximately two-thirds of the
tested human neurons displayed LTP (n = 7/10; Figures 5C
and 5D). Analogous experiments in mouse L5 pyramidal cells
of 3-month-old mice also revealed LTP, although with a smaller
magnitude of the response increase (Figure 5E). These results
indicate that xenotransplanted human cortical neurons present
robust functional synaptic plasticity comparable to host cortical
pyramidal neurons.

Transplanted Human Neurons in the Visual Cortex
Display Sparse Tuned Activity Resembling the Activity of
Host Cortical Neurons

Synaptic integration within the host cortex may allow xenotrans-
planted neurons to respond to internal and external events and
encode information. To assess synaptic integration functionally
in vivo, we performed cellular calcium imaging in response to
sensory stimulation (Figure 6). We imaged in the visual cortex
the spontaneous and sensory-evoked responses of human neu-
rons expressing both the calcium indicator GCaMP6s and the nu-
clear label nls-dTomato (Figures 6A and S1). GCaMP6s expres-
sion was induced by doxycyclin. At 5-9 MPT, transplanted
neurons in L2/3 (100-300 um) were targeted using the nuclear la-
bel as the landmark. Visual stimulation was achieved by present-
ing drifting grating stimuli or prolonged epochs of equiluminant
gray screen to the contralateral visual field (Figure 6B).

These experiments revealed robust spontaneous and visually
driven activity in more than one-fourth of the sampled xenotrans-
planted cells, with more than two-thirds of spontaneously active
cells displaying responses to visual stimulation (Figures 6C-6J;
Video S2). We characterized a total of 155 human neurons
measured from 5 animals (54 sessions for visual stimulation,
15 sessions for spontaneous activity). In the absence of visual
contrast (gray screen, experiment expt. A), ~32% of identified
cells showed significant activity (>0.5 transients/min, 25 of
77 labeled neurons; Table S1). During stimulation with grating
stimuli, a slightly higher fraction, ~35%, of cells showed calcium
activity (65 of 155 labeled neurons, expt. B). Among the cells
showing calcium activity, visual stimulation increased calcium

Scale bars: (A) and (B) 100 um, (C) 10 um, and (l) 5 um. Markers and error bars indicate means + SEMs. In (D) and (E), pooled data are represented as medians and
interquartile ranges. *p < 0.05; **p < 0.01; and ***p < 0.001. (D) and (E) Welch’s one-way ANOVA with Games-Howell post hoc pairwise comparisons; (J) and (K)
Kolmogorov-Smirnov test. In (G) and (H), the reported value of p is Spearman’s rank correlation coefficient.

See also Figure S3.
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Figure 4. Transplanted Human Cortical Neurons Develop Increasingly Stable Dendritic Spines Structural Dynamics

(A) Cellular imaging of xenotransplanted cells, dendrites, and spines over weeks. A cranial window was implanted and GFP-labeled transplanted cells in
superficial layers of the cortex (100-250 um) were imaged using a 2-photon microscope at 1- to 2-week intervals for up to 15 weeks starting at 3 MPT (n = 2
animals) or 7 MPT (n = 3 animals). Surface blood vessels and two-photon images were used to target neurons and dendrites across weeks. Top: camera view of
the cranial window with 2x lens and blue/green excitation/collection. Center: camera view of targeted region through the 25x multiphoton objective lens.
Bottom: maximum intensity projection of a two-photon image stack centered on a cluster of human neurons. Scale bars: 1 mm (top), 200 um (center), and
100 um (bottom).

(B) Example of dendritic spines dynamics at 3-6 MPT for neuron cluster in (A). Left: maximum intensity projection image showing cell soma (red dashed circle) and
a targeted dendritic branch segment (white box). Right: spine annotation of dendritic segment shown on the left at 3.5 and 5.5 MPT (white box, left column) and
14 days later (right column), showing spine gain (yellow), spine loss (purple), and conserved spines (blue).

(C) Example of dendritic spine dynamics at 7-10 MPT. The conventions are as in (B). Note the increase in conserved spines (blue) relative to spine gains and losses
(yellow and purple).

(D) Spine density as a function of time elapsed since transplantation for five animals. Each set of colored symbols summarizes the data of 2-7 targeted dendritic
branches from 1 animal. Spine density at 7-10 MPT is significantly higher than at 3-6 MPT (n = 3 versus n = 2 animals, 1-way mixed ANOVA). Note the trend of
increasing spine density with elapsed time at 3-6 MPT. Error bars denote SEMs across branches.

(E) Spine turnover ratio as a function of elapsed time. Turnover ratio at 7-10 MPT is significantly lower than at 3-6 MPT (n = 3 versus n = 2 animals, 1-way
mixed ANOVA).

(F) Density of gained and lost spines at 3-6 MPT and 7-10 MPT. Each data point corresponds to one dendritic segment at one time point. Note the significant
decreases in the densities of gained and lost spines between 3-6 MPT and 7-10 MPT (n = 2 versus n = 3 animals, 1-way ANOVA).

(G) Fraction of conserved spines (survival fraction) as a function of elapsed time. Note how the survival fraction measured at 7-10 MPT decays more slowly than at
3-6 MPT (n = 3 versus n = 2 animals, 1-way mixed ANOVA). Markers and error bars indicate means + SEMs.

*p < 0.05; **p < 0.01; and ***p < 0.001.

transients rates (Figure 6H; Table S1) and amplitudes (Figure 6l;
Table S1). These findings were confirmed for matched popula-
tions (Figures S4C and S4D). Thus, transplanted neurons not
only fire spontaneously but also receive sensory inputs from
host neurons, which could be from neighboring cortical neurons
or from thalamic neurons.
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Notably, the activity of xenotransplanted neurons was highly
decorrelated (Figures 6D, 6J, S4E, and S4F). Xenotransplanted
neurons fired independently, with cells showing calcium tran-
sients at distinct time points (Figure 6D). Accordingly, calcium
activity time courses in the presence and absence of visual stim-
ulation were only weakly correlated (Table S1). This suggests
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Figure 5. Transplanted Human Cortical Neurons Show Long-Term Potentiation of Local Cortical Inputs
A) Schematic of paired stimulation long-term potentiation (LTP) induction paradigm.

B) Example of one representative cell that showed potentiation.

D) Same as (C), but for the n = 3 human cells that displayed a stable EPSP amplitude in response to the pairing protocol.

¢
(
(C) EPSP amplitude as a function of time in response to 10 min of pre- to post-pairing for the n = 7 human cells that displayed LTP.
(
(

E) Same as (C) and (D), but for n = 5 mouse cells recorded in 3-month-old mice.

Markers and error bars indicate means + SEMs.

that xenotransplanted neurons receive highly specific inputs,
both from the eyes and other sources.

To examine the specificity of these inputs, we examined the
tuning of responses for grating direction and orientation (Fig-
ure 7). Neurons in mouse visual cortex are characterized by
diversely tuned responses to specific properties of visual stimuli
(e.g., stimulus orientation stimulus direction) (Niell and Stryker,
2008). If human neurons receive inputs from host neurons,
then they should also show such diversely tuned responses to vi-
sual stimuli.

Approximately 25% of xenotransplanted neurons (38 of 155
labeled neurons) showed clear visual responses (median AF/
Fo response >3 SDs over baseline for >1 s), resulting in 69%
(38 of 55) of neurons that showed calcium activity being deemed
visually responsive. Responses were diversely tuned for
different directions of motion and spatial orientations (Figure 7A).
To quantify these response properties, we computed the stim-
ulus direction and orientation eliciting the strongest response
(preferred direction and orientation) and indices quantifying
the selectivity of responses (direction selectivity index [DSI]
and orientation selectivity index [OSI]). We compared these
data to those obtained from mouse L2/3 pyramidal neurons
(4,260 cells, n = 1 animal, mouse line: CaMKII-{TA x TRE-
GCaMP6 line G6s2), as well as from host neurons recorded in
transplanted animals (191 cells, n = 2 animals). Responses
from mouse cortical neurons in control and transplanted ani-
mals were similar, indicating no overt disruption of host circuitry

by the transplantation and by the presence of human neurons in
the brain (Figure S5).

Consistent with the weak activity correlations observed be-
tween cell pairs, xenotransplanted neurons showed diversely
tuned responses (median OSI = 0.36 and DSI = 0.25; Figures
7B, 7D, and 7F), with tuning properties resembling those of
mouse neurons in control animals (Figures 7C, 7E, 7G, and
S5A-S5C) and in transplanted animals (Figures S5D-S5F).
Orientation and direction selectivity were pronounced, with
60% and 78% of visually responsive cells showing tuned
responses for stimulus orientation and direction (OSI and
DSI >0.2; Figures 7B and 7F), similar to mouse neurons (Table
S1). Compared to mouse neurons, visually responsive human
neurons showed weaker selectivity for orientation but not for
direction of motion (Table S1), which may reflect the maturing
nature of the underlying circuitry (Rochefort et al., 2011).

These findings indicate that xenotransplanted human neurons
successfully integrate and inherit functions of the host cortical
neurons, including tuned responses to sensory stimuli.

DISCUSSION

The mechanisms underlying the development of human neurons
and synapses have major implications for brain evolution, func-
tion, and disease. While in vitro PSC-based models hold great
promise to study human neural development (Astick and Van-
derhaeghen, 2018; Di Lullo and Kriegstein, 2017; Lancaster
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and Knoblich, 2014), their use in studying neuronal function in the
context of a physiologically relevant circuit has remained diffi-
cult, whether using monoadherent cultures, organoids, or
xenotransplantation.

In contrast, here, we find that when human neurons can inte-
grate as single cells within mouse cortical circuits, they display
strong connectivity with the host neurons. This model robustly
recapitulates key milestones of human neuronal development
not reported so far using xenotransplantation or in vitro models.
Specifically, the transplanted neurons displayed (1) coordinated
morphological and physiological maturation at the single-cell
level, (2) robust dendritic spine dynamics followed by stabiliza-
tion and synaptogenesis, (3) functional synaptic plasticity, and
(4) physiological responses to sensory stimulation that are
similar to those of native cortical neurons.

We and others previously reported a prolonged timeline of
morphological development for transplanted human cortical
neurons that was proposed to be in line with human cortical
neoteny (Anderson and Vanderhaeghen, 2014; Espuny-Cama-
cho et al.,, 2013; Maroof et al., 2013; Nicholas et al., 2013).
However, the temporal pattern of synaptic maturation and
functional integration of xenotransplanted human cortical neu-
rons had not been characterized systematically. Moreover, it
had remained unclear whether the prolonged synaptic matura-
tion of human neurons xenotransplanted in the mouse cortex is
genuinely intrinsic to these cells or a property of transplanted
cells remaining mostly isolated from the rest of the brain. Here,
we find that xenotransplanted neurons integrated as single cells
within the mouse cortex develop morphologically and function-
ally following a months-long timeline that is remarkably similar
to the one reported in the human developing brain (Defelipe,
2011; Sousa et al., 2017). Moreover, human neurons are initially
as highly dynamic as juvenile neurons and then become pro-
gressively more stable, albeit only over a prolonged 6- to 11-

month-long period. In contrast, dendritic spines of mouse
neocortical neurons display high dynamics and turnover only
for a few weeks before adulthood (Hofer et al., 2009; Holtmaat
and Svoboda, 2009). Our observation that dendritic spines on
human neurons display highly dynamic patterns in the adult
mouse cortex provides strong evidence that the prolonged
development of human cortical neurons is not likely to be an
experimental artifact, but rather an inherent biological feature
of human neurons. The intrinsic retention of juvenile properties
in human cortical neurons may constitute the cellular basis of
the brain neoteny that is thought to have played a major role in
human evolution (Gould, 1992). That said, it remains possible
that a part of the prolonged pattern observed here also reflects
the fact that xenotransplantation provides only a suboptimal
environment for the development of the transplanted cells.
However, it is interesting to note in this context that recent
work has shown faster development of chimpanzee versus
human neurons xenotransplanted in the mouse brain (Marchetto
etal., 2019).

Our model thus constitutes a promising experimental system
to elucidate the mechanisms controlling the timeline of neuronal
maturation, in particular by studying in transplanted neurons the
function of genes potentially involved in human neuronal neoteny
(Charrier et al., 2012; Suzuki et al., 2018).

The plasticity displayed by juvenile human neurons in the
adult mouse brain also raises the fascinating possibility of
their potential influence on the plasticity of the host cortical
circuits, by analogy with the known effects of transplanted
embryonic interneurons on cortical plasticity (Southwell
et al., 2014).

Despite their prolonged development, the transplanted
neurons are not stalled in an immature state. Instead, they
gradually display increased spine density and stability, as in
normal development, to finally reach levels that are close to

Figure 6. Transplanted Human Cortical Neurons Show Decorrelated Spontaneous and Visually Evoked Activity

(A) Assay for in vivo calcium imaging of transplanted human neurons in the mouse cortex. Xenotransplanted neurons were engineered to express doxycycline-
inducible GCaMP6s and nuclear label dTomato. A chronic cranial window was implanted at 2-3 MPT over left visual cortex, and starting at 4.5 MPT, animals were
head fixed awake under a 2-photon microscope with a display monitor facing the right eye. Somatic calcium signals were recorded from xenotransplanted
neurons in superficial (100-300 um) layers.

(B) Neurons were stimulated with static gray screen (expt. A) or square-wave drifting gratings of different temporal frequencies, spatial frequencies, spatial
orientations, and directions of motion (expt. B).

(C) Widefield fluorescence camera image (top) and two-photon field of view showing imaged cell bodies and proximal dendrites (bottom). Images generated using
activity correlation analysis (see also Figures S4E and S4F).

(D) Differential delta fluorescence (AF) images showing human neurons firing at a distinct time points during the drifting gratings experiment. Yellow dashed
circles mark the location of five neurons showing activity during the experiment.

(E) Spontaneous activity of human neurons in the visual cortex shown in (C) and (D). Somatic calcium time courses of simultaneously imaged neurons (black lines)
in the absence of visual stimulation (static gray screen, expt. A) with identified calcium transients highlighted (red) are shown. Calcium transients are defined as
epochs where the calcium signal increase per second exceeds 2 X SD of the distribution (STD) of baseline.

(F) Same as (E), for the visual stimulation experiment (expt. B). Somatic calcium time courses of simultaneously imaged neurons during the presentation of grating
stimuli (expt. B, gray squares) for the same five neurons in (C) and (D) are shown. Note how visual stimulation increases the frequency and amplitude of calcium
transients (red lines).

(G) Scatter plot of calcium transient rate versus amplitude for all spontaneously active human neurons (33 cells from 5 animals, gray dots) and for visually
responsive neurons (68 cells from 6 animals, blue dots). Visually responsive neurons are defined as having a median AF/F response >3 SD over baseline for >1's.
(H) Cumulative plots show distributions of transient rates for gray screen (gray line, n = 33 neurons) and visual stimulation (blue line, n = 68 neurons).

(I) Same as (H), for transient amplitude.

(J) Cumulative plots show distributions of activity correlations computed between calcium activity time courses of simultaneously recorded pairs for gray screen
(gray line, n = 25 pairs) and visual stimulation data (blue line, n = 62 pairs). The calcium activity of human neurons is only weakly correlated across cell pairs, in the
presence and absence of visual stimuli, indicating that they respond to distinct inputs.

See also Figure S4.
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Figure 7. Transplanted Human Neurons Show Orientation and Di-
rection Tuned Responses Resembling the Responses of Mouse Vi-
sual Cortical Neurons

(A) Single-trial (black) and median (red) somatic calcium time courses of three
human neurons aligned to visual stimulation epoch (gray). The responses
shown are for grating stimuli of eight different directions of motion (left or right),
together with corresponding median response polar plots.

(B) Distributions of orientation selectivity indices computed from calcium time
courses of human neurons.

(C) Cumulative plots comparing the distributions of orientation selectivity
indices of human (green line) and mouse (black line) cortical neurons. Lower
orientation selectivity values are consistent with the maturing state of the
human neurons.

(D) Distributions of preferred orientations computed from calcium time courses
of human neurons.

(E) Cumulative plots comparing the distributions of preferred orientations of
human (green line) and mouse (black line) cortical neurons.
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those of mouse adult neurons. This contrasts with recent find-
ings in PSC-derived human cortical neurons transplanted as
bulk cell populations, which displayed rapid dendritic spine
turnover throughout the experiment (spine half-life <4 days
versus 2 weeks at 3-4 months), and reached very limited
levels of synaptic connectivity with the host brain (Real
et al., 2018). These differences illustrate how the transplanta-
tion paradigm, and in particular whether transplanted neurons
integrate as single cells, is a key determining factor on the final
levels of maturation and connectivity that can be achieved by
the transplanted neurons. The xenotransplanted neurons also
reach much more advanced stages of spine maturation than
reported so far in in vitro models of human corticogenesis, us-
ing adherent cultures or organoids (Astick and Vanderhae-
ghen, 2018; Di Lullo and Kriegstein, 2017; Lancaster and Kno-
blich, 2014), suggesting that the host brain provides not only a
permissive environment but also instructive cues for spine
morphogenesis and synaptogenesis.

The transplanted neurons also display robust functional
synaptic plasticity in the form of long-term potentiation. As this
is a major readout of synaptic function within a whole circuit,
this provides a unique opportunity to model human neuronal
plasticity in health and disease (Cruz-Martin et al., 2010; Ebert
and Greenberg, 2013; Murmu et al., 2013; Spires-Jones and
Hyman, 2014; Zoghbi and Bear, 2012).

While the xenotransplanted human neurons described here
have achieved unprecedented maturation, some of their prop-
erties still correspond to a less mature stage than adult human
neurons. For instance, morphologically, the transplanted hu-
man neurons display smaller cell bodies and dendritic arbors
than adult human cortical neurons, and functionally only a
fraction of the neurons display visual responses, in line with
the fact that human cortical neurons take up to several years
to reach full maturity. Similarly, dendritic spine dynamics sug-
gest that neurons are still undergoing synaptic growth and
have not yet reached the stage of dendritic spine/synapse
pruning, which is supposed to last for more than a decade
in some cortical areas (Petanjek et al., 2011). However, the
transplanted neurons at the latest examined stages display a
larger size distribution of dendritic spines, comparable to
human cortical neurons in vivo (Benavides-Piccione et al.,
2002). It will be interesting to test whether transplanted human
neurons that are allowed to develop for even longer periods
can acquire other species-specific properties of mature
human neurons, including a higher capacity of transmitting
information (Beaulieu-Laroche et al., 2018; Eyal et al., 2016;
Testa-Silva et al., 2014).

Our model provides a first characterization of the function of
human neurons in an intact circuit in vivo. We report that up to

(F) Distributions of direction selectivity indices computed from calcium time
courses of human neurons.

(G) Cumulative plots comparing the distributions of direction selectivity indices
of human (green line) and mouse (black line) cortical neurons. The distributions
of preferred orientations and direction selectivity indices of human and mouse
neurons were similar. Mouse neural recordings are from transgenic mouse V1
L2/3 pyramidal neurons (mouse line CaMKII-tTA x TRE-GCamp6.lineG6s2).
See also Figure S5.



25% of the xenotransplanted neurons and 69% of those that
show calcium transients display functional responses to visual
sensory stimulation. These neurons fire in a decorrelated
fashion and display visually tuned responses resembling those
of mouse cortical neurons (Andermann et al., 2011). This shows
that xenotransplanted human neurons can integrate in the adult
mouse brain and gain information-processing functioning. This
is in contrast with data obtained using neural organoids in vitro
or following transplantation (Mansour et al., 2018; Truijillo et al.,
2019), which show highly correlated activity indicative of circuit
immaturity. Our data also constitute a striking example of the
capacity of single neurons to adapt to the dominant influence
of the circuit in which they are integrated. That said, while the
recorded responses are remarkably similar to those of host
neurons, it is important to note that the fraction of cells that
display these responses remains a 25% minority. This could
be due in part to the connectivity of the cells that may be still
too low, as their spine density remains lower than adult (mouse
or human) values, even at 10 MPT, which, again, could reflect
their neotenic development, but also an excitatory/inhibitory
imbalance or improper connectivity. Future studies should
determine which host presynaptic partners (thalamic or cortical)
enable the generation of human neuronal responses, but they
should also focus on the acquisition and tuning of sensory
responses and determine whether and how they compare to
those of host neurons (Mizuno et al., 2018; Rochefort
et al., 2011).

Another important implication of our in vivo imaging dataset
is that genuine functional integration of the transplanted neu-
rons was observed mainly at an advanced adult stage (>6
MPT), implying that juvenile neurons could engage functionally
into a mature cortical circuit in relatively old animals and yet
display responses highly similar to those of the host neurons.
This has potentially important implications in the perspective
of brain repair by cell therapy strategies (Tabar and Studer,
2014). The transplantation of human PSC-derived cortical py-
ramidal neurons into the lesioned adult cortex has been shown
to be promising (Espuny-Camacho et al., 2018; Tornero et al.,
2013, 2017), but it remains to be tested whether and how
transplanted neurons can integrate into damaged circuits up
to the functional level shown here following neonatal trans-
plantation, as a key step toward the restoration of damaged
brain circuits.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Chicken polyclonal anti-GFP abcam Cat# ab13970
Rabbit polyclonal anti-RFP Rockland Cat# 600-401-379
Mouse monoclonal anti-Tubulin B3 (Tuj1) Covance Cat# MMS-435P
Goat polyclonal anti-Sox2 Santa Cruz Cat# sc-17320
Rabbit monoclonal anti-TBR1 [EPR8138(2)] abcam Cat# ab183032
Rat monoclonal anti-Ctip2 [25B6] abcam Cat# ab18465
Mouse monoclonal anti-Human Nuclei [235-1] MERCK Cat# MAB1281
Rabbit polyclonal anti-BF1 (FOXG1) Takara bio Cat# M227
Rabbit polyclonal anti-FOXP2 abcam Cat# ab16046
Rabbit polyclonal anti-SATB2 abcam Cat# ab34735
Rabbit polyclonal anti-CDP (CUX1) Santa Cruz Cat# sc-13024
Mouse monoclonal anti-NeuN Sigma-Aldrich MAB377

Mouse monoclonal anti-APC Sigma-Aldrich OP80

Mouse monoclonal anti-GAD67 Sigma-Aldrich MAB5406
Rabbit polyclonal anti-Nestin BioLegend 839801

Alexa Fluor® 488 AffiniPure Donkey Anti-Chicken IgY
(I9G) (H+L)

Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse I1gG (H+L)
Cy3 AffiniPure Donkey Anti-Rabbit IgG (H+L)

Cy3 AffiniPure Donkey Anti-Rat IgG (H+L)

Cy3 AffiniPure Donkey Anti-Mouse 1gG (H+L)

Alexa Fluor® 647 AffiniPure Donkey Anti-Rabbit IgG (H+L)
Alexa Fluor® 647 AffiniPure Donkey Anti-Mouse I1gG (H+L)
Alexa Fluor® 647 AffiniPure Donkey Anti-Goat IgG (H+L)

Jackson ImmunoResearch

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat# 703-545-155

Cati#: 715-545-150
Cat# 711-165-152
Cat# 712-165-153
Cat# 715-165-150
Cat# 711-605-152
Cat# 715-605-151
Cat# 705-605-147

Bacterial and Virus Strains

Lenti-hSynl-EmGFP-WPRE This study N/A
Lenti-CAG-Venus-WPRE This study N/A
Lenti-hSynl-Venus-WPRE This study N/A
Lenti-hSynl-TVA-mCherry-P2A-N2¢(G)-WPRE This study N/A
Lenti-TRE-GCaMP6s-P2A-nls-dTomato-WPRE This study N/A
Lenti-UbC-M2rtTA-WPRE This study N/A
CVS-N2CdG-eGFP This study N/A
Chemicals, Peptides, and Recombinant Proteins

ROCK inhibitor (Y-27632) MERCK Cat# 688000
Recombinant human Noggin R&D systems Cat# 1967-NG
Doxycycline hydrochloride MERCK Cat# D3447

Knockout DMEM
Knockout Serum Replacer
Non-essential Amino Acids
Penicillin/Streptomycin
2-Mercaptoenthanol
L-glutamine

Dispase Il, powder

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
MERCK

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 10829018
Cat# 10828028
Cat# 11140050
Cat# 15070063
Cat# M6250

Cat# 25030081
Cat# 17105041

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Collagenase, Type IV, powder Thermo Fisher Scientific Cat# 17104019
Stem-Pro Accutase Thermo Fisher Scientific Cat# A1110501
Matrigel hES qualified BD Cati# 354277
B-27 Supplement (50X), minus vitamin A Thermo Fisher Scientific Cat# 12587010
X-tremeGENE HP DNA Transfection Reagent MERCK Cat# 6366244001
mFreSR STEMCELL Tech Cat# 05855
DAPT, gamma-Secretase inhibitor abcam Cat# ab120633
Cytarabine MERCK Cat# C3350000
Ethylene glycol-bis(2-aminoethylether)-N,N,N’, MERCK Cat# 03777
N’-tetraacetic acid

Fast Green MERCK Cat# 210-M
CaCl, Sigma-Aldrich C5670
Na-ascorbate Sigma-Aldrich A4034
Na-pyruvate Sigma-Aldrich P8574

NaCl Sigma-Aldrich 71376

KClI Sigma-Aldrich P9541
NaH,PO, Sigma-Aldrich S7907

MgCl, Sigma-Aldrich M8266

MgSO, Sigma-Aldrich M7506
N-Methyl-D-glucamine Sigma-Aldrich M2004
Thiourea Sigma-Aldrich T8656
D-glucose Sigma-Aldrich D9434
NaHCO3 Sigma-Aldrich S6297

HEPES Sigma-Aldrich 54457
SR95531 (Gabazine) Sigma-Aldrich S106
Potassium D-gluconate Sigma-Aldrich G4500
ATP-Mg Sigma-Aldrich A9187
GTP-Na, Sigma-Aldrich G8877
Na,-phosphocreatine Sigma-Aldrich P7936

Biocytin Sigma-Aldrich B4261
Experimental Models: Cell Lines

Human embryonic stem cell H9 WiCell Cat# NIHhESC-10-0062
Experimental Models: Organisms/Strains

Mouse: NOD-Scid JANVIER LABS NOD.CB-17-Prkdc scid

Mouse: RAG2 KO
Mouse: GCaMP®6s line
Mouse: tdTomato reporter

Jackson Laboratories
Jackson Laboratories
Jackson Laboratories

B6(Cg)-Rag2™"-7¢9"/y

CaMKII-tTA x TRE-GCaMP6 line G6s2
Emx1-Cre x Rosa-CAG-LSL-tdTomato-WPRE

Recombinant DNA

pMD2.G

psPAX2

FUW-M2rtTA
AAV-hSyn1-GCaMP6s-P2A-nls-dTomato
AAV-CaMKII-GCaMP6f-WPRE-SV40
CAG-FLEX(FRT)-TC

pCAGGS-N2¢(G)

mEmerald-Mito-7
pLenti-hSynl-EmGFP-WPRE
pLenti-CAG-Venus-WPRE
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Didier Trono
Didier Trono
Rudolf Jaenisch
Jonathan Ting
UPenn

Liqun Luo
Thomas Jessell
Michael Davidson
This study

This study

Addgene: 12259
Addgene:12260
Addgene:20342
Addgene: 51084
AV-5-PV3435
Addgene: 67827
Addgene: 73481
Addgene: 54160
N/A

N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pLenti-hSynl-Venus-WPRE This study N/A
pLenti-hSynl-TVA-mCherry-P2A-N2¢c(G)-WPRE This study N/A
pLenti-TRE-GCaMP6s-P2A-nls-dTomato-WPRE This study N/A

Software and Algorithms

Imaris Bitplane RRID:SCR_007370
ImageJ N/A RRID:SCR_002285
ShuTu N/A DOI:10.1101/226548
Custom-written MATLAB routines This study N/A

SCANPY Wolf et al., 2018 https://doi.org/10.1186/s13059-017-1382-0

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact at pierre.
vanderhaeghen@kuleuven.vib.be.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All mouse experiments were performed with the approval of the KULeuven and ULB Committees for animal welfare. Animals were
housed under standard conditions (12 h light:12 h dark cycles) with food and water ad libitum. Data for this study are derived from a
total of 65 mice of both sexes.

METHOD DETAILS

Human ESC differentiation into cortical cells
Human ESC H9 (Thomson et al., 1998) and H9-GFP (Espuny-Camacho et al., 2013) cells were maintained on irradiated mouse
embryonic fibroblasts (MEF) in the ES medium until the start of cortical differentiation. Cortical differentiation from human ESC was
performed as described previously (Espuny-Camacho et al., 2013) with some modifications (Suzuki et al., 2018). On day —2, ESCs
were dissociated using Stem-Pro Accutase (Thermo Fisher Scientific, Cat#A1110501) and plated on matrigel- (hES qualified matrigel
BD, Cat#354277) coated dishes at low confluency (5,000-10,000 cells/cm2) in MEF-conditioned hES medium supplemented with
10 uM ROCK inhibitor (Y-27632; Merck, Cat#688000). On day 0 of the differentiation, the medium was changed to DDM (Gaspard
et al., 2008), supplemented with B27 devoid of Vitamin A (Thermo Fisher Scientific, Cat#12587010) and 100 ng/ml Noggin (R&D sys-
tems, Cat#1967-NG), and the medium was changed every 2 days until day 6. From day 6, the medium was changed every day until day
16. After day 16 of differentiation, the medium was changed to DDM, supplemented with B27 (DDM/B27), and changed every day. At
day 25, the progenitors were dissociated using Accutase and cryopreserved in mFreSR (StemCell Technologies, Cat#05855).

For comparison cortical neurons derived with another protocol, cortical differentiation was performed as in Shi et al. (2012).

Differentiated cortical cells were validated for neuronal and cortical markers by immunostaining using antibodies for TUBB3
(BioLegend, Cat#MMS-435P), TBR1 (Abcam, Cat#ab183032), CTIP2 (Abcam, Cat#ab18465), FOXG1 (Takara, Cat#M227), Sox2
(Santa Cruz, Cat#sc-17320), FOXP2 (Abcam, Cat#ab16046), SATB2 (Abcam, Cat#ab34735), CUX1 (Santa Cruz, Cat#sc-13024),
NeuN (Sigma-Aldrich, Cat#MAB377), APC (Sigma-Aldrich, Cat#OP80), GAD67 (Sigma-Aldrich, Cat#MAB5406), and Nestin
(BioLegend, Cat#839801).

Viral constructs

HEK293T cells were transfected by packaging plasmids, psPAX2 (Addgene Cat#12260) and pMD2.G (Addgene Cat#12259), and a
plasmid of gene of interest in lentiviral backbone (pLenti-hSynapsin | promoter-EmGFP-WPRE, pLenti-CAG-Venus-WPRE,
pLenti-hSynapsin | promoter-Venus-WPRE, pLenti-hSynapsin | promoter-TVA-mCherry-P2A-N2c(G) -WPRE, pLenti-TRE-
GCaMP6s-P2A-nls-dTomato-WPRE and FUW-M2rtTA (Addgene Cat#20342)). 3 days after transfection, culture medium was
collected and viral particles were enriched by filter device (Amicon Ultra-15 Centrifuge Filters, Merck, Cat#UFC910008). Titer check
was performed on HEK293T cell culture for every batch of lentiviral preparation.

Neonatal transplantation

Human cortical cells that were frozen at day 25, were thawed and plated on matrigel-coated plates using DDM/B27 and Neurobasal
supplemented with B27 (DDM/B27+Nb/B27) medium. Seven days after plating, cells were dissociated using Accutase and plated on
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new matrigel-coated plates at high confluency (100,000-600,000 cells/cm?) with or without lentiviral vector. The following day, me-
dium was changed to DDM/B27+Nb/B27 medium. At 14-16 days after thawing, cells were treated with 10 uM DAPT (Abcam,
Cat#ab120633) for 24 hours. The following day, cells were treated with 5 uM Cytarabine (Merck, Cat#C3350000) for 24 hours. At
day 17-19 days after thawing, cells were dissociated using Accutase and suspended in the injection solution containing 20 mM
EGTA (Merck, Cat#03777) and 0.1% Fast Green (Merck, Cat#210-M) in PBS at 40,000-200,000 cells/ul. Approximately 1-2 ul of
cell suspension was injected into the lateral ventricles of each hemisphere of neonatal (postnatal day 0 or 1) immunodeficient
mice (NOD/SCID or Rag2 /") using glass capillaries pulled on a horizontal puller (Sutter P-97).

For lentiviral infection experiments, the absence of infection of the host cells was confirmed by co-staining for lentiviral marker (GFP
or tdTomato) and human nuclear antigen (MERCK Cat#MAB1281), which revealed 100% co-labeling at 2 MPT (Figure S1).

FACS and scRNA-seq of transplanted cells
Transplanted cells were enriched via FACS for eGFP from the cerebral cortex of transplanted animals at 2 MPT. Cells were sorted
using a BD Influx with a 100 um nozzle at 18psi and eGFP was detected using a 200 mW 488 nm laser with a 530/40 BP filter.
Single cells were processed using the 10X Chromium Single Cell 3’ V3 kit across 2 lanes following manufacturers guidelines and
were sequenced using an lllumina HiSeq4000. Data was first processed using CellRanger 3.0.2 with a combined human/mouse index
generated using lllumina iGenomes databases, the resulting cells were then further filtered using the Scanpy (Wolf et al., 2018)
package, removing cells with less than 1000 genes detected and finally removing genes detected in less than 3 cells. The sum of
all remaining genes for each species was then determined per cell.

Electrophysiology

Whole-cell patch-clamp recordings were performed intracellularly on grafted neurons in acute brain slices from mice starting at 1 and
up to 11 MPT, as previously described (Espuny-Camacho et al., 2013). Briefly, transplanted mice were lightly anaesthetized with
isofluorane and decapitated. Alternatively, animals older than 3 months were anaesthetized intraperitoneally with Nembutal and
transcardially perfused with ~20 mL of ice-cold NMDG-based slicing solution (Jiang et al., 2015; Ting et al., 2014). Brains were rapidly
extracted and placed in ice-cold NMDG-based slicing solution containing (in mM): 93 N-Methyl-D-glucamine, 2.5 KCI, 1.2 NaH,POy,
0.5 CaCl,, 10 MgS0Oy, 30 NaHCO3, 5 Na-ascorbate, 3 Na-pyruvate, 2 Thiourea, 20 HEPES and 25 D-glucose (pH adjusted to 7.35 with
10 N HCI, gassed with 95% 0,/5% CO,). The cerebellum and hindbrain were trimmed and the remaining block of tissue was glued
onto the slicing platform of a Leica VT1200. 250-300 pum thick coronal slices were cut in ice-cold NMDG-based slicing solution and
subsequently incubated for ~10 minutes in the same solution at 34°C. Slices were then stored for at least 45 minutes at room tem-
perature in standard aCSF, containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH,POy,, 2 CaCl,, 1 MgCl,, 30 NaHCO3 and 25 D-glucose
(gassed with 95% 0./5% CO,). For the experiments shown in Figures S2F-S2K, brains from adult animals (P40-42) were dissected in
NMDG as described, whereas brains from juvenile animals (P14-15) were dissected and slices were cut in standard ice-cold aCSF.
Slices were then incubated for 45 minutes in aCSF at 34°C before being stored at room temperature for up to 8 hours. For recording
one slice at a time was transferred to a chamber and continuously perfused with aCSF at ~1 ml/min. Transplanted cells were
identified by their EGFP fluorescence and visualized using an upright microscope equipped with infrared differential interference
contrast (Carl Zeiss NV, Belgium).

Rabies virus-based monosynaptic tracing

For rabies-based monosynaptic tracing, human cortical cells frozen at day 25 were thawed and infected in vitro with lenti-hSynl-TVA-
mCherry-P2A-N2c(G) at day 32 (transfection efficiency ~50%). Cells were subsequently transplanted at day 41 as described above.
At approximately 3 MPT, n = 2 NOD/SCID mice were anaesthetized with isoflurane (2.5%-3% induction, 1%-1.25% maintenance)
and a small craniotomy approximately 2 mm in diameter targeting barrel cortex was performed 0.7 mm posterior and 3.5 mm lateral
from Bregma. Approximately 200 nL of rabies virus (N2c AG-eGFP(EnvA)) (Reardon et al., 2016) were injected using a bevelled glass
capillary mounted on a Nanoject Il injector (Drummond Scientific) at a depth of 0.45 mm from the brain surface at a rate of 18.4 nL per
injection with ~30 s between injections. After 2 weeks, animals were perfused with freshly prepared 4% paraformaldehyde
(Invitrogen) and subsequent histology was performed as described in the Immunofluorescence section.

Surgical procedures

Standard craniotomy surgeries were performed to gain optical access to the visual cortex through a set of cover glasses (Goldey
et al., 2014). Rag2KO mice aging between 2 and 6 months were anaesthetized (isoflurane 2.5%-3% induction, 1%-1.25% or a
mix of ketamine and xylazine 100 mg/kg and 10 mg/kg respectively). A custom-made titanium head plate was mounted to the skull,
and a craniotomy over the visual cortex was made for calcium imaging. The craniotomy was covered with a cranial window, which
was constructed by bonding two 4 or 5 mm cover glass to a larger (7 mm) top cover glass using optical adhesive (NOA 71, Norland).
Buprenex and Cefazolin were administered postoperatively (2 mg/kg and 5 mg/kg respectively) when the animal recovered from
anaesthesia and these injections were repeated every 12 hours for 3 days after surgery.

e4 Neuron 704, 972-986.e1-e6, December 4, 2019



Widefield calcium imaging

Widefield fluorescent images were acquired through a 2x objective (NA = 0.055, Edmund Optics). lllumination was from a blue LED
(479 nm, ThorlLabs), the green fluorescence was collected with an EMCCD camera (EM-C2, QImaging) via a bandpass filter
(510/84 nm filter, Semrock). The image acquisition was controlled with customized software written in Python.

Two-photon calcium imaging

A customized two-photon microscopy (Neurolabware) was used. GCaMP6s were excited at 920 nm wavelength with a Ti:Sapphire
excitation laser (MaiTai eHP DeepSee, Spectra-Physics). The emitted photons were split by a dichroic beamsplitter (centered at
562 nm) and collected with a photomultiplier tube (PMT, Hamamatsu) through a bandpass filter (510 + 42 nm, Semrock) for the green
fluorescence of GFP or GCaMP6s and a bandpass filter (607 + 35 nm, Semrock) for the red fluorescence of nls-dTomato.

In vivo structural imaging
Animals were anaesthetized using a mix of ketamine (100 mg/kg) and xylazine (10 mg/kg) at 1% ml/g of their body weight. They were
placed on a sterilized plexiglass platform and protective eye ointment was applied to both eyes.

The high NA objective (25x Olympus, 1.05 NA) was aligned to be orthogonal to the surface of the top coverslip. All imaging was
performed by moving the motorized stages of the microscope along a virtual axis parallel to the optical axis of the objective. We
acquired high resolution anatomical stacks from anaesthetized mice. Typical stacks consisted of 200-300 optical section spaced
1 um apart. The imaged area spanned 75x120 um. To reduce effects of shot noise, we averaged over 50 frames collected per section
and applied a 3D median filter (Fiji, kernel size = [1.5, 1.5, 4]) over the entire stack. Using these preprocessed stacks, we traced
branches of interest using a custom MATLAB GUI. We then extracted 3D sub-volumes (10 x 10 x X um, where X is the length of
the branch, ranging 50-120 um) that were rotated in all 3 dimensions to closely fit each branch. These sub-volumes were used for
subsequent analysis.

In vivo functional imaging

To enable functional imaging of transplanted human cells, these were infected in vitro with both LV-TRE-GCaMP6s-P2A-nls-
dTomato-WPRE and LV-UbC-M2riTA-WPRE two weeks ahead of transplantation. In these conditions, 50%-70% cells express
both GCaMP6s and nis-dTomato under doxycycline treatment.

Two-photon images (702x796 pixels per frame) were collected at 20 Hz with a 16x objective (Nikon 0.80 NA). Volume imaging was
accomplished by using an electro-tunable lens (EL-10-30-TC, Optotune) to move the focal plane using a sawtooth pattern in 4 or
5 steps (50 pm separation). We simultaneously recorded neuronal activities in large volumes (1 x 1.5 x 0.20 mm?®) of layer 2/3 visual
cortex. During imaging, mice were head-clamped on a sterile plexiglass platform while consciously viewing the visual stimuli on the
display. Eye movements were monitors using a camera and infrared illumination (720-900 nm bandpass filters, Edmund).

Visual stimuli were displayed on a gamma-corrected LCD display (22"", Samsung 2233RZ). The screen was oriented parallel to the
eye and placed 18 cm from the animal (covering 80 degrees in elevation by 105 degrees in azimuth). Spherical correction was applied
to the stimuli to define eccentricity in spherical coordinates. Visual stimuli consisted of drifting square wave gratings in 6 combina-
tions of 3 spatial frequencies (SF = 0.04, 0.08, 0.16 cycles per degree) and 2 temporal frequencies (TF = 1, 4 Hz) in 12 directions
covering 360 degrees. In an early version of the experiment, gratings (SF = 0.05 cpd and TF = 4 Hz) drifting in 8 directions were pre-
sented. We collected a control dataset from the CaMKII-tTA x TRE-GCamp6 line G6s2 transgenic mouse line (Wekselblatt et al.,
2016). In two additional transplanted Rag2 KO animals we injected AAV5-CaMKII-GCaMP6f (UPenn) into V1 and imaged responses
of host mouse cells.

Immunofluorescence

Mice were fixed by transcardiac perfusion with freshly-prepared 4% paraformaldehyde in PBS (Invitrogen). Brains were dissected,
and 100 um sections were prepared using a Leica VT1000S vibrosector. Slices were transferred into PBS with 0.5 pg/mL sodium
azide (Sigma), then blocked with PBS supplemented with 3% horse serum (Invitrogen) and 0.3% Triton X-100 (Sigma) during 1 h,
and incubated overnight at 4°C with the primary antibodies. After three washes with PBS/0.1% Triton X-100, slices were incubated
in PBS for 1 h at room temperature and incubated 2 h at room temperature with the appropriated secondary antibodies. Sections
were again washed three times with PBS/0.1% Triton X-100, stained with Hoechst (bisBenzimide H 33258, Sigma) or DAPI (Sigma)
for 60 min and washed twice in PBS. The sections were next mounted on a Superfrost slide (Thermo Scientific) and dried using a
brush before adding Glycergel mounting medium (Dako). Imaging was performed using either a Zeiss LSM780 or LSM880 confocal
microscope controlled by the Zen Black software (Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS
Electrophysiology
All electrophysiological recordings were analyzed using MATLAB (The Mathworks, Natick, MA). Raw voltage traces were filtered at

5 kHz and passive membrane and AP properties were extracted and saved in a database for further analysis and statistics. F-I curves
shown in Figure 2E were fitted with a power-law function of the form f(/) = al® + c.
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In vivo spine imaging

Segmented branches for adjacent time points were loaded into a custom GUI and all protrusions where marked as spines. During this
process we took the 3D structure of the spine into account by scrolling through the volume. This allowed us to distinguish between
actual spines and processes passing above and below the branch of interest. We then correlated spines in both time points using
their location relative to branch landmarks. Spines that were present in both time points were marked as conserved. Spine present
only in the first time point were marked as lost and, conversely, spines that were found only in the second time point were marked as
gained. Spines present on a non-overlapping section of the branch were marked, but only included for the spine density quantifica-
tion. The spine density was calculated by counting the number of actual spines on each segment and dividing this count by the length
of the branch. This length was obtained by summing the distances between adjacent markers used to trace the branch. Spine
turn-over was calculated by dividing the sum of gained and lost spines by the sum of spines present at both time points. The resulting
time lapse curves were analyzed using a mixed model ANOVA with age group as between-subject factor and time point as
within-subject factor. Spine density for gained and lost spines was calculated by counting gained and lost spines and dividing by
branch length. To obtain the survival function, we took all spines present in the first time point (reference) and then checked for
how many subsequent time points each spine of this set was conserved. Survival fraction for individual time point t was then calcu-
lated by dividing the total number of surviving spines at time t by the total number of spines in the reference set.

Calcium imaging

Two-photon movies for all experiments collected during 1 session were motion registered to a common reference image. This image
was constructed by registering and then averaging 1200 frames from the center of the session. We manually segmented regions-
of-interest (ROls) using information from both red and green channels. We then extracted cellular time courses for each ROI by aver-
aging all pixels inside each ROI, removing the neuropil signal and correcting for slow baseline drift. We then calculated AF/F, traces
by subtracting the baseline fluorescence (F.) corrected time course and dividing by F,,.

To quantify activity of neurons, we used an differential algorithm that detected epochs were the calcium trace increased by more
than 2x STD/second, where STD is the standard deviation of the distribution constructed by combining the negative part of the trace
with its sign-inverted counterpart. Neurons were considered active if their calcium trace exhibited more than 0.5 transients per min-
ute. Neurons were deemed visually responsive if, for at least one condition, the median response exceeded 3x STD, where STD is the
standard deviation of the blank epochs preceding each stimulus epoch for this condition.

For orientation tuning experiment we determined the orientation selectivity index (OSI) and direction selectivity index (DSI) based on
circular variance as proposed by Mazurek 2014 (Mazurek et al., 2014). Neurons with an OSI/DSI > 0.2 were deemed tuned for orien-
tation/direction of the drifting grating. For tuned neurons, we calculate the preferred orientation as the vector mean of responses to
individual directions.

Morphology reconstructions and analysis
At the end of each electrophysiological recording, slices containing a single biocytin-filled cell were placed in freshly-prepared 4%
paraformaldehyde and fixed overnight. Slices were stained as described previously, using as primary antibodies chicken anti-GFP
(Abcam, 1:2000) and occasionally mouse anti-human nucleus (Merck, 1:500) to confirm the human identity of the recorded cells.
Streptavidin conjugate NL557 (R&D Systems, 1:2000) was added to the secondary antibodies, and left to incubate for at least 2 hours
at room temperature. Full morphologies were imaged on a Zeiss LSM780 or LSM880 confocal microscope, using 40x (NA 1.3) or 63x
(NA 1.4) oil immersion objectives, at a horizontal resolution of 0.088 — 0.138 um/pixel and a vertical resolution of 0.4 — 0.5 pm/pixel.
Zeiss proprietary files were converted to stacks of TIFF files, which were then automatically stitched. The morphologies were
reconstructed using the semi-automated procedure provided by ShuTu (Jin et al., 2019), followed by manual curation. Digital
representations of cellular morphologies were stored in SWC files and analyzed using the TREES toolbox (Cuntz et al., 2010). The
Cell Counter toolbox in FIJI (Schindelin et al., 2012) was used to manually annotate spine positions in 3 dimensions.

Dendritic spines were reconstructed in 3D using Imaris (Bitplane) from distal dendritic branches of L5 pyramidal neurons of a
5-week old mouse and from 10 MPT human neurons.
Statistical analysis
Results are shown as mean + standard error (SEM) of at least three biologically independent experiments. Electrophysiological
properties are shown as median and interquartile range, as indicated in figure legends. Student’s unpaired t test was used for
two group comparisons. Analyses of multiple groups were performed by a one-way or two-way analysis of variance (ANOVA)
followed by post hoc multiple comparisons using Tukey’s test. Additional statistical details are given in the figure legends and in
the main text. The number of samples N can be found in the figures and in the results.

DATA AND CODE AVAILABILITY

Analysis scripts and data generated by this study are available from the Lead Contact upon request.
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