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A chimeric mouse model to study
human IPSC-derived neurons:
the case of a truncating SHANK3
mutation

Aline Vitracl, Stéphanie Pons?, Marta Balkota?, Nathalie Lemiére?, Célia Rais*?,
Jean-Pierre Bourgeois!, Uwe Maskos?, Thomas Bourgeron® & Isabelle Cloéz-Tayarani?**

Using human induced pluripotent stem cells (iPSC), recent studies have shown that the events
underlying autism spectrum disorders (ASD) can occur during neonatal development. We previously
analyzed the iPSC-derived pyramidal cortical neurons of a subset of patients with ASD carrying de
novo heterozygous mutations in postsynaptic SHANK3 protein, in culture. We reported altered
spinogenesis of those neurons. The transplantation of human iPSC-derived neuronal precursors
into mouse brain represents a novel option for in vivo analysis of mutations affecting the human
brain. In this study, we transplanted the neuronal precursor cells (NPC) into the cortex of newborn
mice to analyze their integration and maturation at early stages of development and studied axonal
projections of transplanted human neurons into adult mouse brain. We then co-transplanted NPC
from a control individual and from a patient carrying a de novo heterozygous SHANK3 mutation. We
observed a reduction in cell soma size of selective neuronal categories and in axonal projections at
30 days post-transplantation. In contrast to previous in vitro studies, we did not observe any alteration
in spinogenesis at this early age. The humanized chimeric mouse models offer the means to analyze
ASD-associated mutations further and provide the opportunity to visualize phenotypes in vivo.

The use of human-derived cellular models to study neurodevelopmental disorders such as autism spectrum
disorders (ASD) is an appropriate approach to link causal genetic alterations to molecular mechanisms that may
occur in humans during pre- and postnatal brain development. The “SH3 and multiple ankyrin repeat domain
3” (SHANK3) is a member of the SHANK gene family located on chromosome 22 in humans which contains
multiple structural domains as we previously demonstrated by homology modeling’. Mutations in SHANK3
represent some of the best-known genetic causes for ASD and account for the severe intellectual deficiency (ID)
and language deficits observed in 1-2% of patients with ASD**. SHANK3 haploinsufficiency also contributes to
the clinical symptoms of patients with Phelan-McDermid syndrome which presents a deletion of chromosome
22q13 that includes SHANK3 in the large majority of cases*>. SHANKS3 is a critical partner of a major signal-
ing complex expressed at postsynaptic densities (PSD) of glutamatergic synapses which involves cytoskeletal
networks at both the soma and the neurites of neuronal cells®. SHANK3 therefore plays a crucial role in synapse
formation and dendritic spine maturation. The fundamental role of SHANKS3 at such excitatory synapses was
initially investigated by using genetically modified mouse models’~?, or by overexpressing mutated SHANK3
protein in transfected rat neurons in culture'®. Human induced pluripotent stem cells (iPSC)-derived neurons
represent a valuable model for in vitro analysis of SHANK3 deficiencies in humans''~". Accordingly, we recently
selected four independent patients with heterozygous truncating de novo SHANK3 point mutations who had
previously been characterized in our laboratory'~. We generated the corresponding human iPSC for their selec-
tive reprogramming into cortical neurons'*'6. We then examined the effects of SHANK3 haploinsufficiency on
the levels of SHANK3 mRNA and on the spine morphogenesis to demonstrate the correlation between spino-
genesis defects and SHANK3 levels'. In accordance with earlier reported results, our data from these studies with
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«Figure 1. Quantitative analysis of primary dendritic spines of human iPSC-derived neurons kept either in
culture or transplanted into neonate mice brain. (a, b) Schematic representation of the steps of experimental
design, illustrating the production of neuronal precursor cells derived from human iPSC after the initial
reprogramming from fibroblasts, the transduction of NPC with fluorescent markers (GFP and/or mCherry),
and their transplantation into newborn mice brain. Using confocal microscopy, the study consists of analysis
of dendritic spines together with comparative analysis of soma areas and axonal projections between
co-transplanted CTR and ASD cells from a male patient with a frameshift mutation in SHANKS3 referred as
L1142Vfs*153 located in the proline-rich domain of SHANKS3 protein’. (c) Primary dendrite segment of human
pyramidal neuron at 50 days post-transplantation with corresponding 3D reconstruction. Scale bar=4 pm.
Dendrite segment (green color) are endowed with four categories of spines: Filopodia (pink color), Long Thin
(blue color), Stubby (red color) and Mushroom (green color). (d) Comparative quantitative analysis of spine
morphological parameters using the Imaris Software as described in Materials and Methods. In vitro data
are from our previous study' of pyramidal neurons kept for 45-50 days in culture. In vivo data are from two
independent mice perfused at 50 days post-transplantation. Number of dendrites is indicated in the graph.
Data are presented as mean + SEM. Statistical analysis was performed using a Mann-Whitney test. *p <0.05;
*p<0.01.

cultured human neurons confirmed the existence of early synaptic deficits that may occur in the brain of ASD
patients who carry SHANK3 mutations. Together with local synaptic deficits, a defective short-range cortico-
cortical wiring was recently reported in a mouse model presenting a homozygous loss of the Shank3B isoform'’.
The human cortex is an important region that undergoes multi-developmental processes. Recent findings from
animal models suggest that pathological modifications that lead to ASD start before birth at early stages of
cortical development'®. Another recent study with iPSC, derived from ASD patients, has shown a dysregulation
of specific neurodevelopmental gene modules which occurs at stages of neuronal precursors'. The neuronal
connections that are observed in two-dimensional cultures cannot fully reflect the in vivo conditions, and this
represents an important issue for interpretation of data. Recent alternative protocols including the transplan-
tation of human cells, derived either from human embryonic stem cells (ESC) or from human iPSC, offer the
possibility to analyze the projection patterns of grafted human cortical neurons within the adult mouse brain®.
These transplantation protocols have also been used to repair brain lesions by employing mouse ESC-derived
cortical neurons®"?2. In the present study, we used a human neuronal-chimeric mouse by transplanting human
NPC into the brain of immune-deficient newborn mice. We analyzed the in vivo integration and maturation of
cortical cells from a control individual in different regions of mouse brain. We then co-transplanted, for the first
time, the neurons from the control individual and from an ASD patient with a heterozygous truncated SHANK3
mutation to study at early stages of neuronal maturation some key morphological parameters of mutated neurons,
under in vivo conditions.

Results

Dendritic spine morphogenesis under in vitro and in vivo conditions. The experimental design
of the study as well as the illustration of spine remodeling is depicted in Fig. la-c. For transplantation, we used
immunodeficient NOD/SCID mice to achieve full integration of cells beyond 2 weeks post-transplantation as
described previously?*.

We transplanted the NPC, without initial differentiation in culture, into the cortex of newborn mice and
followed their maturation in vivo. We compared the morphological parameters of dendritic spines in a pool
of neurons from three control individuals with the selected control neurons (CTR) which were either kept
in vitro for 40-50 days or transplanted into the cortex of newborn mice for analysis at 50-day-old. Our data
show a significant reduction in the density of spines as well as a decrease in the percentage of stubby spines in
transplanted neurons, as compared to neurons which were kept in vitro. We also observed a significant increase
in spine straightness and length in transplanted neurons, as compared to in vitro conditions (Fig. 1d). Other
morphological parameters of the spines remained unchanged (Fig. 1d).

Mapping of axonal projections of transplanted neurons and immunofluorescence stud-
ies. The detailed mapping of axonal projections from ventricular transplants is presented in Fig. 2. A semi-
quantitative analysis indicates the existence of variable densities of GFP-positive axons within distinct brain
areas. The highest densities were observed within ipsilateral regions as compared with contralateral regions.
GFP-positive axons were also detected within the brain structures close to the external walls of lateral and third
ventricles. This suggests a possible migration of labeled cells within the rostral migratory stream and their inte-
gration into distinct olfactory regions comprising the olfactory nerve, olfactory areas, lateral septal nucleus, and
piriform cortex also named “olfactory cortex”. GFP-positive axons were also detected in cortex and the subcorti-
cal areas including hippocampus, and thalamus (Fig. 2a, b). The detailed mapping of axonal projections from
cortical transplants is presented in Fig. 3a. Most of the transplants were located underneath or within the frontal
cortex and did not result in a major increase of the cortical surface. Most of the GFP-positive cells remained
confined within the transplant. The pattern of axonal projections was different from those observed under ven-
tricular transplantation. Projections arising from different cortical layers were found in thalamus, hypothalamus,
striatum (nucleus accumbens), ipsilateral and to a lesser extent in contralateral cortices (Fig. 3a, b). GFP-posi-
tive fibers were observed in the stria terminalis (Fig. 3a, b). Our results show an enrichment of axonal projec-
tions within the fimbria region with axonal projections which may arise from hippocampus and medial septum
(Fig. 3a, b). Single GFP-neurons also settled outside the grafts, with a typical pyramidal morphology (Figs. 2b,
3b, 4d). By immunostaining methods, we were able to detect the expression of the cortical markers Cux1, Cux2
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<« Figure 2. Integration of human iPSC-derived neurons into mouse brain ventricles and maturation pattern of
axonal projections. (a) Camera lucida drawings of the pattern of axonal projections 50 days after transplantation
within mouse ventricles. Abbreviations are according to Allen Brain Atlas (https://mouse.brain-map.org/).
Image credit: Allen Institute. Neuron location, migration and densities are depicted using a code-color
schematic representation. Results are from two independent mice, using 72 brain slices of 50 um each. The
illustrated data are from one representative brain. (b) Visualization of GFP-positive cells with their cell bodies,
dendrites and axons (green color) within the ipsilateral ventricle. Structures from the olfactory system (Bregma
2.445 mm; 0.145 mm), lateral septal nucleus (Bregma 0.945 mm), a medial olfactory area, bed nuclei of the stria
terminalis (Bregma 0.145 mm), a relay center composed of high densities of fibers, and piriform cortex (Bregma
—0.38mm), receiving back projections from olfactory bulb. Data illustrate the integration of human neurons
in structures situated on the outside walls of the lateral ventricles, as well as their possible migration within
the rostral migratory stream for integration within olfactory regions. No labeling was observed along the
subgranular neurogenic zone of the dentate gyrus. A faint labeling was observed in corpus callosum and in
some contralateral lateral areas (a). Scale bars =50 um. (aco) Anterior commissure, olfactory limb; (CP) Caudate
putamen; (CTX) Cortex; (HIP) Hippocampal region; (OLF) Olfactory areas; (PAL) Pallidum; (VL) Lateral
Ventricle; (3V) Third Ventricle (LS) Lateral septal nucleus; (Ipsi) Ipsilateral; (Contra) Contralateral.

and Brn2 (Supplementary Fig. 2). We also detected individual SOM interneurons that colocalized with GFP. No
colocalisation of positive parvalbumin (PV) neurons with GFP-expressing cells was observed (Supplementary
Fig. 2). The expression of MAP2 and VGlut-1 proteins is depicted in Supplementary Fig. 3. These data confirm
that transplanted NPC can give rise to pyramidal cells at later stages of maturation, as we described previously?’.

Co-transplantation of GFP- and mCherry-labeled NPC and neuronal phenotypic analysis at
early stages of maturation. We co-transplanted human GFP-CTR cells either with mCherry-CTR cells
or with mCherry-ASD cells. Labeled NPC were initially purified by FACS sorting in order to obtain equiva-
lent levels of fluorescence in NPC transduced either with a lentivirus expressing GFP or a lentivirus expressing
mCherry as detailed in Fig. 4a—c. Under these conditions, equivalent fluorescence levels were quantified within
cortical transplants (Fig. 4b, c) as also illustrated in pyramidal neurons from 30-day old mice (Fig. 4d, e). When
GFP-CTR and mCherry-ASD cells were co-transplanted, we observed a large decrease in the densities of axonal
projections arising from ASD cortical neurons as compared to CTR cortical neurons (Fig. 4f). We did not visual-
ize any cortical projection in mice with smaller and irregular transplants (data not shown). We then measured
the neuronal soma size of human grafted CTR and ASD neurons within mouse cortex (Fig. 5a, ¢). Our results
show a reduction in soma areas in grafted ASD neurons as compared to CTR neurons. This phenotype was spe-
cifically observed for somas with areas that were smaller than 40 um? (Fig. 5¢). We did not observe any difference
in cell morphology between human ASD cells grafted either alone or with human control cells (Supplementary
Fig. 4). Caspase-3 immunostaining did not reveal any difference between transplanted CTR and ASD cell popu-
lations (Supplementary Fig. 4). In addition, we did not observe any apparent structural disaggregation with a
well-defined focal nuclear labeling within ASD human cells (Supplementary Fig. 4). Finally, we also quantified
diverse dendrite and spine parameters within transplants using the Imaris Software (Fig. 5b). Our results did not
reveal any significant difference in morphological parameters of dendrites and spines from transplanted CTR
and ASD neurons at 30 days post-transplantation (Fig. 5d).

Discussion

We recently published an in vitro characterization of iPSC-derived neurons from control individuals and patients
with ASD with single heterozygous de novo mutations in SHANKS3, which is a scaffolding protein specifically
expressed at synapses of excitatory neurons'. Based on previously published methods, we were able to derive
human iPSC into neurons which consisted of up to 80% pyramidal cells, expressing selective markers of supra-
granular cortical layers II-IV*!>!S, Human neurons developed different dendritic spine categories after 6-7 weeks
in culture, however, the spine densities were decreased as a function of SHANK3 expression'. The recent genera-
tion of humanized chimeric mouse brains, repopulated by human neurons® offers new possibilities to study
neuron phenotypes in vivo. Our first objective in the present study was to test this approach in the context of ASD,
SHANKS3, and pyramidal neurons. In a first series of experiments, we analyzed the integration and maturation
of grafted control NPC within either the ventricles or the motor cortex of newborn mice. We showed that the
transplanted cells expressed Cux1/Cux2 and Brn2 markers corresponding to cortical layers II-IV as observed in
in vitro studies'®. We also detected a few somatostatin-expressing neurons that are one of the two major classes
of inhibitory interneurons in the human neocortex and hippocampus®. However, in the present study we did
not detect PV neurons that represent the other main class of inhibitory neocortical cells. This indicates that
under our experimental conditions, PV neurons were not derived from NPC, and this is in accordance with
the recent results reported by D’Alessio et al.>. We compared the spinogenesis in human pyramidal neurons
which had been previously kept in culture for 40-50 days" with spinogenesis of pyramidal neurons derived
from transplanted NPC in newborn mice 50 days after transplantation. We observed a significant decrease in
spine densities in transplanted pyramidal cells under in vivo conditions as compared to those which were kept
in culture. By contrast, spine straightness and lengths were significantly increased in these in vivo studies as
compared with those in in vitro conditions. The spine categories were also slightly different with an increase in
the percentage of immature spines such as filopodia. We also observed a significant decrease in the percentage
of stubby spines, indicating some defects in spine maturation. Our data indicate that under in vivo conditions,
the maturation of grafted human neurons takes longer than they do under cultured in vitro conditions. A higher
dendritic spine straightness may result from increased actin dynamics and developmental plasticity within a 3D
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«Figure 3. Integration of Human iPSC-derived neurons into mouse brain frontal cortex and maturation
pattern of axonal projections. (a) Camera lucida drawings of the pattern of axonal projections 50 days after
transplantation within mouse brain frontal cortex. Abbreviations are according to Allen Brain Atlas (https://
mouse.brain-map.org/). Image credit: Allen Institute. Neuron location, migration and densities are depicted
using a code-color schematic representation. Results are from two independent mice, using 65 brain slices of
50 pum each. The illustrated data are from one representative brain. (b) Visualization of GFP-positive cells with
their cell bodies, dendrites and axons (green color) within the ipsilateral regions. Axons are found mostly in
cortical areas: motor and somatosensory cortical layers, anterior cingulate area (Bregma 1.545 mm), nucleus
accumbens, claustrum and endopiriform nucleus (Bregma 1.545 mm), Fimbria (Bregma —0.955 mm) and to a
lesser extent in hippocampus, thalamus and hypothalamus (Bregma —2.155 mm). No labeling was observed in
substantia nigra (Bregma —2.78 mm). A labeling was observed in corpus callosum and in some contralateral
lateral areas (a). Scale bars =50 um. (ACAv) Anterior cingulate area ventral part; (aco) Anterior commissure,
olfactory limb; (ACB) Nucleus accumbens; (CC) corpus callosum; (HIP) Hippocampal region; (IG) Induseum
griseum (supra-callosum gyrus); (Fi) Fimbria; (HY) Hypothalamus; (PIR) Piriform area; (pm) Principal
mamillary tract; (PAG) Periaqueductal gray; (V3) Third ventricle; (VL) Lateral ventricle; (PC) Posterior
commissure; (TH) Thalamus; (si) Substantia innominata; (Ipsi) Ipsilateral; (Contra) Contralateral.

cell environment®. To our knowledge, there has not been any comparative study on spinogenesis so far. It should
be noted that the initial in vitro differentiation steps which were carried out before transplantation in previous
studies**?® may have modified the outcome of maturation processes of grafted human precursors at NPC stages.

In order to characterize our method further, we analyzed the axonal projections. We did not observe any
graft boundaries initially, suggesting a full integration of human cells within the host brain. For ventricular injec-
tion, we showed that the GFP-positive human cells could migrate from the ventricular zone, project their axons
towards the cortical target regions and along the rostral migratory stream towards the olfactory bulbs (Fig. 2). For
cortical injection, the axon elongation was targeted towards more specific ipsilateral structures including motor
cortex, striatum, thalamus, hypothalamus and hippocampus. The pattern of axonal projections was similar to
that observed by other authors using human ESC-derived neurons®. Our data show that axonal projections may
arise from distinct cortical layers. However, under our experimental conditions and at this stage of analysis, a
less intense labeling was observed within the contralateral cortex. This may be due to the presence of low density
of fibers within corpus callosum (Fig. 3), a structure connecting the two hemispheres.

The second objective of the present study was to take a further step towards understanding the consequences
that are associated with SHANK3 mutations. Recent reports by Schafer et al. indicate that the events which
occur during early brain development, specifically from the stage of NPC, may contribute to the pathogenesis
of ASD*. Since SHANK3 is expressed in the human fetal brain as early as 35 weeks post-conception (Brain-
Span, https://www.brainspan.org/rnaseq/search/index.html), it is reasonable to assume that in addition to its
synaptic role, it may play other earlier functional roles after its cellular expression. Schafer et al. have shown an
aberrant neurodevelopmental growth dynamic in maturing neurons derived from the iPSC of several patients
with ASD, triggered by an altered chromatin accessibility'’. In a second set of experiments, we analyzed the role
of a SHANK3 mutation in vivo to determine if transplanted neuronal precursors mutated in SHANK3 respond
to endogenous guidance cues from host brain, and if they behave differently as they do in vitro in culture. We
selected a patient with severe autistic traits from our previous study, who presented a frameshift mutation in
SHANK3 which leads to a premature STOP codon'. For an accurate comparison of phenotypes within cortical
transplants, we co-transplanted NPC derived from a CTR individual and those from the patient with ASD. We
had initially checked for identical levels of fluorescence between GFP-positive (CTR) and mCherry-positive
(CTR) cells. We then quantified the densities of cells with either green or red fluorescence within each transplant
and found no significant difference. CTR and ASD neurons displayed a mixed homogeneous distribution within
the transplant with no visible boundaries with host cortical cell layers. We analyzed the development and matu-
ration of transplants at 30 days post-injection which is reported to be a sufficient period for the development of
cortical and subcortical projections®' and a stage at which the early events can be observed. Several morphometric
studies have shown a reduction in neuronal size in the neocortex of patients with ASD*. We used the approach
which has been developed by Lingley et al. to specifically map neuronal soma size to identify the differences
between neuronal cell populations®. By applying the same color code and by ranging neurons within the same
size categories, we were able to evaluate the distribution of the soma size of human grafted CTR and ASD neu-
rons within the host cortex. Our results show a reduction in soma areas in grafted ASD neurons as compared
to CTR neurons. This phenotype was specifically observed for somas with areas that were smaller than 40 um?.
In agreement with our results, other authors have recently reported a reduction in cell soma size in cultured
iPSC-derived neurons under SHANK3 knockdown conditions and during the early stages of maturation®*.
We did not observe any difference in cell morphology between human ASD cells transplanted alone or with the
control cells. This indicates that the presence of CTR cells does not modify the survival of ASD cells under our
experimental conditions. These data are in accordance with those we obtained using separate cultures of CTR
and ASD cells'. We did not detect any increase in caspase-3 labeling in ASD neurons as compared with CTR
neurons. These data suggest that at early stages of neuronal development and maturation, the reduction in cell
soma size is neither a consequence of apoptotic events with neuronal death, nor a consequence of the existence
of deleterious experimental conditions. In addition, it has been reported that vascularization of transplanted
human cerebral organoids reduces cell apoptosis®'. We have also reported a strong vascularization of transplants
from NPC by two-photon imaging®. This suggests that vascularization may have a strong protective effect as
well. We also observed a decrease in the densities of cortical axonal projections from ASD neurons as compared
to CTR neurons, as illustrated for the infra-limbic and piriform cortical areas. Our data are in agreement with
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«Figure 4. Co-transplantation of control and mutated human NPC within newborn mouse cortex. (a)
Schematic representation of lentiviral constructs for transduction of NPC with either the GFP (green
fluorescence) or the mCherry (red fluorescence) proteins using a human cytomegalovirus promoter (CMVp).
(b) Comparative distribution of mCherry and GFP labeled CTR cells within cortical transplant. (c) Left:
Comparative fluorescence proportions of mCherry and GFP labeled CTR cells among several graft sub areas
(the number of values is indicated in the graph). Data are presented using a Box and whiskers graph with plotted
“min” and “max” and median values. Mean values are also indicated as “+”. Statistical analysis was performed
using a Wilcoxon signed rank test to compare medians to the theorical value “50”. p values are indicated in the
graph. Right: Graphic camembert illustrating the percentages of mCherry-labeled control cells and of GFP-
labeled control cells. Similar data were obtained between 2 transplants from 30-day old mice. (d, e) confocal
images of isolated human pyramidal neurons after transplantation of CTR (green) and ASD (red) NPC from
30-day old mice. (f) Representative axonal projections of human GFP-labeled CTR neurons and mCherry-
labeled ASD neurons in the piriform cortex (left panel) and in the infralimbic cortex (right panel) at 30 days
after transplantation. Image credit: Allen Institute. Scale bar =50 pum.

those of Pagani et al. who recently reported a defective short-range cortico-cortical wiring in a mouse model
presenting a homozygous loss of the Shank3B isoform'”. In contrast to our previous in vitro results, we did not
observe any significant difference in morphological parameters of dendrites and spines from transplanted CTR
and ASD neurons. Since SHANK3 is known to play a crucial role in both synaptic development and function,
our results suggest that compensatory changes may occur under in vivo conditions, as was recently observed
in Shank3 knock-out mice having partial deletions of exons*’. Other authors also reported unexpected levels of
complexity and modularity of SHANK3 functions in vivo using mouse models**. Our findings confirm that a
heterozygous mutation in SHANK3 associated with a reduced SHANK3 expression' may significantly dysregulate
some initial properties of neuronal development and maturation, at least with respect to cortical neurons. The
fact that we did not observe any modification in morphological parameters of dendritic spines under in vivo
situations as compared to in vitro models, supports the hypothesis of diverse layers of complexity in the function
of SHANKS3, as well as its isoforms and the other members of SHANK family. These observations are also in
line with the diversity of phenotypes, including the lack of behavioral effects that are observed in heterozygous
Shank3 mouse models which have been developed**?>.

In conclusion, as compared to in vitro studies, the humanized chimeric mouse models offer the possibility
to better understand the role of human mutations that are associated with ASD and provide the opportunity to
visualize the neuronal phenotypes in more details.

Methods

We confirm that all methods were carried out in accordance with relevant guidelines and regulations. We also
confirm that the experimental protocols were approved by the named institutions. Informed consents were
obtained from all subjects as detailed in our previous study’.

Production of human pluripotent stem cells and their derivation into NPC. The production of
iPSC, their characterization, commitment to the neural lineage and derivation of stable NPC were performed
according to Boissart et al.'°. For the control iPSC lines, we used GM04603 and GM01869 from Coriell Biorepos-
itory (Coriell Institute for Medical Research, Camden, NJ, USA). We also used the line PB12, which we described
in our previous study. The NPC obtained from the three control individuals for this study were referred to as
“C1+C2+C3” in the present study. Briefly, 6-well culture plates with glass coverslips were coated under the
flow hood with 0.01% poly-ornithine solution diluted to 1/6 in DPBS. After an overnight exposure at 37 °C, the
coverslips were washed three times with DPBS. Then we added the laminin stock solution of 1 mg/ml, which
was diluted 500 times in DPBS and incubated the coverslips for at least 4 h. at 37 °C. The NPC were then plated
at the density of 50,000 cells/cm? in the 6-well culture plates with the glass coverslips in 3 ml of culture medium.
The culture medium consisted of 500 ml of DMEM/F-12 mixed with 500 ml of Neurobasal medium and supple-
mented with 2 vials (5 ml each) of N2 supplement, 2 vials (10 ml each) of B27 supplement, 10 ml of Penicillin-
Streptomycin (Penicillin=10,000 units/ml and Streptomycin= 10,000 units/ml), 1 ml of 50 mM 2-mercaptoe-
thanol Stock solution and laminin (1/500), as described previously'. After removal of culture medium, fresh
N2B27 medium containing 2 pg/ml of fresh laminin solution was added to keep the neurons attached on the
glass coverslips and to avoid clumping. Medium was changed every 3 days.

For the in vivo transplantation into newborn mice, we used NPC derived from the GM04603 control indi-
vidual (CTR) and from the “AUN291_3/L1142V{s*153” ASD patient as representative samples from our previous
study’. The patient for this study carried a de novo frameshift mutation which leads to a premature STOP codon.
The pedigree of the family carrying the L1142Vfs*153 mutation as well as the clinical features of the patient are
presented elsewhere!>.

Lentiviral transduction. NPC were labeled either by transduction with a CMV-GFP-lentivirus (green flu-
orescence) or with a CMV-mCherry-lentivirus (red fluorescence) as described in Gouder et al.!. Lentiviral vec-
tors were prepared according to a published protocol®. The map of the CMV vector is detailed in Fig. 4a. NPC
were transduced with 99.5 ng of lentivirus in a 6-well culture plate filled with 500 pl of fresh culture medium for
3 h. The volume was completed to 2 ml and incubated for the next 48 h, and then rinsed with culture medium.
For co-transplantation, transduced NPC were initially purified by FACS in order to inject equivalent levels of
green or red fluorescence intensities within cells. Labeled NPC were amplified using the same culture medium
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< Figure 5. Quantitative analysis of morphological parameters of dendrites and dendritic spines from the
neurons of transplanted control individual and ASD patient NPC. (a) Confocal image of a cortical transplant
at different magnification. Scale bar =100 pm (left panel), Scale bar =50 pm (middle and right panels). (b)
Schematic representations of each parameter evaluated using Imaris 9.2 software. (c) Classification and
measurement of soma areas. (d) Measurement of morphological parameters of dendrites and dendritic spines.
Dendrite segments are endowed with four categories of spines classified as: Filopodia (pink color), Long Thin
(blue color), Stubby (red color) and Mushroom (green color). Number of neuronal dendrites is indicated in the
graph. Data are presented using a Box and whiskers graph with plotted “min” and “max” and median values.
Mean values are also indicated as “+”. Statistical analysis was performed using a Mann-Whitney test. For the
measurement of spine deviation angle, the statistical analysis was performed using a Wilcoxon signed rank
test to compare medians to the theorical value “90” In all cases, p values are directly indicated in the graph.
*p<0.001; **p<0.01.

described above supplemented with brain-derived neurotrophic factor (20 x 10~ pg/ml), epidermal growth fac-
tor (10 x 107> pg/ml) and fibroblast growth factor (10 x 10~ pg/ml), then aliquoted in cryotubes using FBS with
DMSO (10%) and frozen in liquid nitrogen. Eight to 10 days before transplantation, labeled NPC were thawed,
plated and amplified using the same supplemented culture medium described above. Culture steps of NPC are
detailed in Figure S1. Products and suppliers are listed in Table S1.

Intracerebral transplantation. Cultured NPC were dissociated and resuspended in DPBS (10° cells/ul)
before transplantation according to D’Alessio et al.?*. GFP-labeled cells were transplanted into either the motor
cortex or into the lateral ventricle of immunodeficient NOD/SCID mice (Charles Rivers Laboratory), at postna-
tal day 1-day 2. Pups were first locally anesthetized using a lidocaine gel. The head of newborn pups was gently
held horizontally between the operator’s fingers. Bregma was used as a visible landmark to localize the injection
site. We used the published coordinates Dorso-Lateral =+ 1 mm, Antero-Posterior=—-1 mm, depth=-1 mm to
target the cortex, or depth=-2 mm to target the ventricle®. Two pl of resuspended cells were injected slowly
using a Hamilton syringe (Hamilton, 65460) unilaterally. The syringe needle was set for injecting at 1- or 2-mm
depth and was kept in the pups’ brain for 30 s following the injection before it was removed. The injection itself
was done over 1 minute. This protocol was approved by the Institut Pasteur Ethics Committee and the French
“Ministére de 'Education Nationale, de la Recherche et de I'Innovation” under reference APAFiS #20686. The
accuracy of injection was monitored by immunofluorescence labeling of GFP-labeled transplants, after brain
slicing at different periods post-injection. All pups per litter were injected and their survival was evaluated at
60%. Only the mice which presented well-defined GFP-labeled transplants within the same cortical areas were
kept for further analysis. The co-transplantation of equal numbers of CTR and ASD cells was monitored by
initial cell counting and immunofluorescence labeling of the distinct cell populations. Brains with small number
of labeled transplanted cells were excluded from our analysis, even though they presented similar phenotypes.

Immunofluorescence. Immunofluorescence analysis on brain sections was performed at 30 and 50-days
post-transplantation according to our previously described protocol with slight modifications™. Animals
received a lethal dose of a mixture of Ketamine (Imalgen®, 100 mg/kg, Merial) and Xylazine (Rompun®, 10 mg/
kg, Bayer), and were transcardially perfused with 15 ml of DPBS, followed by 50 ml ice-cold paraformaldehyde
(PFA 4%) in 0.1 M phosphate buffer (pH 7.4). Brains were dissected and post-fixed overnight at 4 °C in 4% PFA.
Fifty um coronal sections were obtained using a vibratome (Leica Biosystems, VT1000S), collected in 24-well-
culture plates, and stored in DPBS at 4 °C until use. Briefly, the free-floating sections were rinsed twice in PBS
(pH 7.4) and then incubated in DPBS solution containing 0.5% Triton X-100 and 10% serum at room tempera-
ture (RT) for 30 min to block nonspecific binding. Primary antibodies, diluted in blocking solution, were added
overnight at 4 °C. The list of primary and secondary antibodies with their respective dilutions is presented in
Table S2. In order to improve the labeling of the whole spine morphology, immunofluorescence labeling was
performed using either an anti-GFP antibody or an anti-mCherry antibody in permeabilized conditions. An
additional incubation with DAPI diluted in DPBS was performed for 10 min at room temperature.

Image quantitative analysis. We have previously reported a stepwise protocol for imaging of dendritic
spines after immunofluorescence in a video journal®. Briefly, confocal imaging was performed using a confocal
laser-scanning microscope with a 40X oil NA =1.3 objective, a 488 nm laser for GFP excitation, and a 555 nm
laser for mCherry excitation. A Z spacing ranging from 150 to 300 nm was used for Z-stack acquisitions. A semi-
automatic tracing of dendrites and automated segmentation of spines was performed using the Filament Tracer
module of Imaris 9.5 software (Bitplane AG, Ziirich). Spine categories were defined by their morphology as fol-
lows: Stubby: length <1 pm; Mushroom: Length (spine) <3 pm and Max width (head) > mean width (neck) x 2;
Long thin: Mean width (head) > Mean width (neck); Filopodia-like: length <4 um (no head). For the quantifica-
tion of cell soma areas of transplanted cells, Z-stacks were acquired under the same microscopic parameters.
Soma size areas were measured using Fiji software.

Statistics. Statistical analysis was performed using GraphPad Prism Version 6 software (GraphPad, San
Diego, California, USA). Statistical analyses are reported in each figure legend. 95% confidence levels have been
used.
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Information file).

Received: 20 March 2020; Accepted: 17 July 2020
Published online: 07 August 2020

References

1.

2.

11.

12.
13.

14.
15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Gouder, L. et al. Altered spinogenesis in iPSC-derived cortical neurons from patients with autism carrying de novo SHANK3
mutations. Sci. Rep. 9, 94 (2019).

Durand, C. M. et al. Mutations in the gene encoding the synaptic scaffolding protein SHANKS3 are associated with autism spectrum
disorders. Nat. Genet. 39, 25-27 (2007).

. Leblond, C.S. et al. Meta-analysis of SHANK mutations in autism spectrum disorders: a gradient of severity in cognitive impair-

ments. PLoS Genet. 10, e1004580 (2014).

. Phelan, M. C. et al. 22Q13 deletion syndrome. Am. J. Med. Genet. 101, 91-99 (2001).
. Tabet, A.-C. et al. A framework to identify contributing genes in patients with Phelan-McDermid syndrome. NPJ Genom. Med.

2,32(2017).

. Alexandrov, P. N, Zhao, Y., Jaber, V., Cong, L. & Lukiw, W. J. Deficits in the proline-rich synapse-associated Shank3 protein in

multiple neuropsychiatric disorders. Front. Neurol. 8, 1-7 (2017).

. Bozdagi, O. et al. Haploinsufficiency of the autism-associated Shank3 gene leads to deficits in synaptic function, social interaction,

and social communication. Mol. Autism 1, 15 (2010).

. Pega, J. et al. Shank3 mutant mice display autistic-like behaviours and striatal dysfunction. Nature 472, 437-442 (2011).
. Jiang, Y. H. & Ehlers, M. D. Modeling autism by SHANK gene mutations in mice. Neuron 78, 8-27 (2013).
. Durand, C. M. et al. SHANK3 mutations identified in autism lead to modification of dendritic spine morphology via an actin-

dependent mechanism. Mol. Psychiatry 17, 71-84 (2012).

Shcheglovitov, A. et al. SHANKS3 and IGF1 restore synaptic deficits in neurons from 22q13 deletion syndrome patients. Nature
503, 267-271 (2013).

Bidinosti, M. et al. CLK2 inhibition ameliorates autistic features associated with SHANKS3 deficiency. Science 351, 1-8 (2016).
Darville, H. et al. Human pluripotent stem cell-derived cortical neurons for high throughput medication screening in autism: a
proof of concept study in SHANK3 haploinsufficiency syndrome. EBioMedicine 9, 293-305 (2016).

Yi, E et al. Autism-associated SHANKS3 haploinsufficiency causes Ih channelopathy in human neurons. Science 352, aaf2669 (2016).
Pfaender, S. et al. Zinc deficiency and low enterocyte zinc transporter expression in human patients with autism related mutations
in SHANK3. Sci. Rep. 7, 1-15 (2017).

Boissart, C. et al. Differentiation from human pluripotent stem cells of cortical neurons of the superficial layers amenable to
psychiatric disease modeling and high-throughput drug screening. Transl. Psychiatry 3, €294 (2013).

Pagani, M. et al. Deletion of autism risk gene Shank3 disrupts prefrontal connectivity. J. Neurosci. 39, 5299-5310 (2019).
Nagode, D. A. et al. Abnormal development of the earliest cortical circuits in a mouse model of autism spectrum disorder. Cell
Rep. 18,1100-1108 (2017).

Schafer, S. T. et al. Pathological priming causes developmental gene network heterochronicity in autistic subject-derived neurons.
Nat. Neurosci. 22, 243-255 (2019).

Espuny-Camacho, I. et al. Pyramidal neurons derived from human pluripotent stem cells integrate efficiently into mouse brain
circuits in vivo. Neuron 77, 440-456 (2013).

Ballout, N. et al. Development and maturation of embryonic cortical neurons grafted into the damaged adult motor cortex. Front.
Neural Circuits 10, 1-12 (2016).

Michelsen, K. A. et al. Area-specific reestablishment of damaged circuits in the adult cerebral cortex by cortical neurons derived
from mouse embryonic stem cells. Neuron 85, 982-997 (2015).

D’Alessio, R. et al. Long-term development of human iPSC-derived pyramidal neurons quantified after transplantation into the
neonatal mouse cortex. Dev. Biol. 461, 86-95. https://doi.org/10.1016/j.ydbio.2020.01.009 (2020).

Urban-Ciecko, J. & Barth, A. L. Somatostatin-expressing neurons in cortical networks. Nat. Rev. Neurosci. 17, 401-409 (2016).
Arenallo, J. I, Benavides-Piccione, R., Defelipe, J. & Yuste R. Ultrastructure of dendritic spines: correlation between synaptic and
spine morphologies. Front. Neurosci. 1, 131-143 (2007).

Vitrac, A. & Cloéz-Tayarani, I. Induced pluripotent stem cells as a tool to study brain circuits in autism-related disorders. Stem
Cell Res. Ther. 9, 1-7. https://doi.org/10.1186/s13287-018-0966-2 (2018).

Wegiel, J. et al. Brain-region-specific alterations of the trajectories of neuronal volume growth throughout the lifespan in autism.
Acta Neuropathol. Commun. 2, 28 (2014).

Lingley, A. J., Bowdridge, J. C., Farivar, R. & Duffy, K. R. Mapping of neuron soma size as an effective approach to delineate dif-
ferences between neural populations. J. Neurosci. Methods 304, 126-135 (2018).

Kathuria, A. et al. Stem cell-derived neurons from autistic individuals with SHANK3 mutation show morphogenetic abnormalities
during early development. Mol. Psychiatry 23, 735-746. https://doi.org/10.1038/mp.2017.185 (2018).

Huang, G. et al. Uncovering the functional link between SHANK3 deletions and deficiency in neurodevelopment using iPSC-
derived human neurons. Front. Neuroanat. 13, 23 (2019).

Daviaud, N,, Friedel, R. H. & Zou, H. Vascularization and engraftment of transplanted human cerebral organoids in mouse cortex.
eNeuro 5, 1-18 (2018).

Jin, C. et al. Unexpected compensatory increase in Shank3 transcripts in Shank3 knock-out mice having partial deletions of exons.
Front. Mol. Neurosci. 12,228 (2019).

Wang, L. et al. An autism-linked missense mutation in SHANKS3 reveals the modularity of Shank3 function. Mol. Psychiatry https
://doi.org/10.1038/s41380-018-0324-x (2019).

Wang, X. et al. Altered mGluR5-Homer scaffolds and corticostriatal connectivity in a Shank3 complete knockout model of autism.
Nat. Commun. 7, 11459 (2016).

Drapeau, E., Dorr, N. P, Elder, G. A. & Buxbaum, J. D. Absence of strong strain effects in behavioral analyses of Shank3-deficient
mice. Dis. Model. Mech. 7, 667-681 (2014).

Avale, M. E. et al. Interplay of 2% nicotinic receptors and dopamine pathways in the control of spontaneous locomotion. Proc.
Natl. Acad. Sci. USA 105, 15991-15996 (2008).

Gouder, L. et al. Three-dimensional quantification of dendritic spines from pyramidal neurons derived from human induced
pluripotent stem cells. J. Vis. Exp. https://doi.org/10.3791/53197 (2015).

SCIENTIFIC REPORTS |

(2020) 10:13315 | https://doi.org/10.1038/s41598-020-70056-4


https://doi.org/10.1016/j.ydbio.2020.01.009
https://doi.org/10.1186/s13287-018-0966-2
https://doi.org/10.1038/mp.2017.185
https://doi.org/10.1038/s41380-018-0324-x
https://doi.org/10.1038/s41380-018-0324-x
https://doi.org/10.3791/53197

www.nature.com/scientificreports/

Acknowledgements

The authors are thankful to the Clinical Investigation Center of Robert Debré hospital for assistance with patient
recruitment and to Dr. Alexandra Benchoua who performed the initial iPSC reprogramming. The French Min-
istry of Education and the LabEx BioPsy provided the funding for AV’s PhD. Other funding for this study were
provided by grants from the French National Research Agency ANR (ANR-13-SAMA-0006; SynDivAutism), the
Bettencourt-Schueller Foundation, the Cognacq Jay Foundation, the Fondamental Foundation and the Fondation
pour la Recherche Médicale “FRM Equipe 2019”. We gratefully acknowledge the UtechS Photonic Bioimaging
(Imagopole), C2RT, Institut Pasteur, supported by the French National Research Agency (France Biolmaging;
ANR-10-INSB-04; Investments for the future). We also gratefully acknowledge the help of Image Analysis Hub
of the Institut Pasteur for this work. NINDS Repository sample numbers corresponding to the sample used in
this study is GM04603 (“4603”).

Author contributions

I.C.-T, UM., and T.B. conceived the study. A.V,, S.P, N.L., and M.B. performed the experiments. C.R. contributed
to the experimental design. A.V drew the images. J.-P.B. contributed to critical discussion and data interpretation.
I.C.-T and A.V. drafted and edited the manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70056-4.

Correspondence and requests for materials should be addressed to I.C.-T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13315 | https://doi.org/10.1038/s41598-020-70056-4


https://doi.org/10.1038/s41598-020-70056-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A chimeric mouse model to study human iPSC-derived neurons: the case of a truncating SHANK3 mutation
	Anchor 2
	Anchor 3
	Results
	Dendritic spine morphogenesis under in vitro and in vivo conditions. 
	Mapping of axonal projections of transplanted neurons and immunofluorescence studies. 
	Co-transplantation of GFP- and mCherry-labeled NPC and neuronal phenotypic analysis at early stages of maturation. 

	Discussion
	Methods
	Production of human pluripotent stem cells and their derivation into NPC. 
	Lentiviral transduction. 
	Intracerebral transplantation. 
	Immunofluorescence. 
	Image quantitative analysis. 
	Statistics. 

	References
	Acknowledgements


