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Functional reconstruction of the basal
ganglia neural circuit by human striatal
neurons in hypoxic-ischaemic injured brain

Xiaoli Ji,>! Yingying Zhou,>*" Qinqin Gao,? Hui He,** Ziyan Wu,? Ban Feng,”
Yuting Mei,! Yan Cheng,' Wenhao Zhou,* Yuejun Chen®*” and Man Xiong®

TThese authors contributed equally to this work.

Perinatal hypoxic-ischaemic encephalopathy is the leading cause of neonatal death and permanent neurological def-
icits, while the basal ganglia is one of the major nuclei that is selectively and greatly affected in the brains of hypoxic-
ischaemic encephalopathy patients, especially in severe cases. Human embryonic stem cell-derived neurons have
shown great potential in different types of brain disorders in adults. However, it remains unknown whether and
how grafted human embryonic stem cell-derived neurons can repair immature brains with hypoxic-ischaemic en-
cephalopathy.

Here, by administrating genetically labelled human embryonic stem cell-derived striatal neural progenitors into the
ipsilateral striatum of hypoxic-ischaemic encephalopathy-injured mice, we found that the grafted cells gradually
matured into GABA spiny projection neurons morphologically and electrophysiologically, and significantly rescued
the area loss of hypoxic-ischaemic encephalopathy-injured brains. Intriguingly, using immunohistochemical stain-
ing combined with enhanced ascorbate peroxidase-based immunoelectron microscopy and rabies virus-mediated
trans-synaptic tracing, we show that the grafts start to extend axonal projections to the endogenous target areas (glo-
bus pallidus externa, globus pallidus internus, substantia nigra), form synapses with host striatal, globus pallidus and
nigra neurons, and receive extensive and stable synaptic inputs as early as 2 months post-transplantation.
Importantly, we further demonstrated functional neural circuits re-established between the grafted neurons and
host cortical, striatal and substantial nigra neurons at 3-6 months post-transplantation in the hypoxic-ischaemic en-
cephalopathy-injured brain by optogenetics combined with electrophysiological recording. Finally, the transplanted
striatal spiny projection neurons but not spinal GABA neurons restored the motor defects of hypoxic-ischaemic en-
cephalopathy, which were reversed by clozapine-N-oxide-based inhibition of graft function.

These findings demonstrate anatomical and functional reconstruction of the basal ganglia neural circuit including
multiple loops by striatal spiny projection neurons in hypoxic-ischaemic encephalopathy-injured immature brains,
which raises the possibility of such a cell replacement therapeutic strategy for hypoxic-ischaemic encephalopathy in
neonates.
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Introduction

Despite recent improvements in perinatal and neonatal intensive
care medicine, hypoxic-ischaemic encephalopathy (HIE) remains
the leading cause of mortality and long-term neurological sequelae,
such as mental retardation, cerebral palsy and lifelong cognitive
and motor disabilities in neonates.”™ Stem cell-based therapies
hold great promise as potential novel treatments to restore brain
function after HIE.® Transplantation of different types of multipo-
tent stem cells, such as mesenchymal stem cells and umbilical
cord blood stem cells, have been shown to have preliminary posi-
tive effects in animal models.® However, the therapeutic effects
of these donor cells are thought to stem from the bystander effects
with possible mechanisms, including neuroprotection and immu-
nomodulation.'® Evidence of cell replacement therapy by human
pluripotent stem cell (hPSC)-derived neurons, especially neural cir-
cuit repair by grafted neurons, which is probably the most promis-
ing strategy to restore functionality efficiently and long-term in the
injured immature brain, is virtually lacking.

During neonatal hypoxic-ischaemic injury, an insufficient sup-
ply of oxygen (hypoxia) and/or poor blood flow (ischaemia) reaching
a particular area of the newborn brain leads to a large number of
neuronal deaths triggered by the activation of various neurotoxic
molecules and death pathways."'*'? Previous MRI and post-
mortem studies have demonstrated selective vulnerability and
neuronal loss in the sensorimotor cortex, basal ganglia, thalamus
and brain stem in infants with severe HIE.»>'* The lesion severity
of the basal ganglia, where the striatum is the major nucleus, was
found to be strongly associated with the severity of motor impair-
ment in full-term infants with HIE.»>® On the other hand, in HIE
animal models, striatal GABA spiny projection neurons, which
make up 95% of all striatal neurons and project to both the globus
pallidus (GP) and the substantia nigra (SN), but not GABA interneur-
ons, appear to be severely affected.’”*® This evidence strongly indi-
cates the great potential of striatal GABA spiny projection neurons
as therapeutic target cells to restore the functionality of neonates
with HIE.

Currently, brain region-specific human neural progenitor cells
(hNPCs), such as cortical or striatal neural progenitors (SNPs),
have been successfully differentiated from hPSCs.’*?' These

hNPCs have been proven to differentiate into functional neurons
and incorporate into adult host cortical neural circuitry to regulate

motor behaviour in stroke mice???3

or restore target tissue activity
in Huntington’s disease animals.* We have recently reported that
transplanted hPSC-derived dopaminergic neurons anatomically
and functionally repaired the nigra-striatal circuit of Parkinson’s
disease animals.”® These studies indicate the neural circuit repair-
ing capacity of hPSC-derived neural progenitors in the adult dis-
eased brain. Nevertheless, the high plasticity of the immature
brain and massive neuronal loss accompanied by extensive astro-
cyte activation causing enhanced production of axonal regener-
ation inhibition molecules such as chondroitin sulphate
proteoglycans®®?’ and late onset of apoptosis entangled with
microglial activation and macrophage invasion lasting for several
weeks in the HIE-injured immature brain provide a more compli-
cated microenvironment for the survival and integration of grafted
human cells in the host brain in comparison with others.?%2°
Given the striatum is the main input nucleus receivings excita-
tory afferents from the cortex and forming the origin of indirect
(striatum to globus pallidus externa, GPe) and direct (striatum to
globus pallidus internus, GPi, and SN) pathways, two major path-
ways of basal ganglia circuit involved in motor control,*® repair-
ment of this circuit is probably the best way to rescue motor
defects in HIE patients. Here, we found obvious ipsilateral striatal
neuron loss accompanied by motor function impairment in an
HIE-injured mouse. By transplantation of striatal neural progeni-
tors derived from human embryonic stem cells (hESCs) into the stri-
atum of HIE-injured mouse brains, we found that the grafted cells
largely differentiated into striatal GABA spiny projection neurons
and significantly rescued the area loss of HIE-injured brains. More
importantly, these grafted spiny projection neurons projected to
the striatal endogenous target regions GP (GPe, GPi) and SN (sub-
stantia nigra reticulate, SNr, and substantia nigra compacta, SNc),
formed synaptic connections with host neurons and received ex-
tensive synaptic inputs from host neurons, thereby reconstructing
the indirect and direct pathways of basal ganglia anatomically.
Furthermore, the grafted neurons functionally incorporated into
the host basal ganglia neural circuit and rescued the motor deficits
of HIE-injured animals in the long term. Our data demonstrate for
the first time that the anatomy and function of damaged basal
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ganglia neural circuits in the HIE-injured brain can be recon-
structed by transplantation of striatal spiny projection neurons,
which provides strong evidence for stem cell replacement therapy
for the treatment of hypoxic-ischaemic immature brain injury.

Materials and methods

hESCs [line WAQ9 (WiCell), passages 20-40] and gene editing cell
lines from hESCs were maintained on a feeder layer of irradiated
mouse embryonic fibroblasts (MEFs) in hESCs medium consisting
of Dulbecco’s modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F-12), 1xGlutaMAX, 1xnon-essential amino acids (NEAA)
and 0.1 mM B-mercaptoethanol (reagent information is given in
Supplementary Table 1).

H9 hESCs were pretreated with rho-kinase (ROCK) inhibitor (0.5 uM),
digested into single cells by TrypLE™ Express Enzyme and then elec-
troporated with the appropriate combination of Cas9 plasmids,
sgRNA and donor plasmids in 500 pl of electroporation buffer
(5mM KCl, 5mM MgCl,, 15 mM HEPES, 102.94 mM Na,HPO, and
47.06 mM NaH,PO,, pH=7.2) using the Gene Pulser Xcell System
(Bio-Rad) at 250 V and 500 mF in a 0.4 cm cuvette (Phenix Research
Products). Cells were then seeded onto MEFs in six-well plates in
MEF-conditioned embryonic stem cell (ESC) culture medium (CM).
Seventy-two hours later, puromycin (0.5mg/ml) or G418 (50-
100 mg/ml) was added to the CM for selection for 2 weeks.
Individual clones were picked up after drug selection, and the inte-
gration of the transgene was identified by genomic PCR. For the gen-
eration of iCre, mCherry, ChR2-EYFP and hM4Di-mCherry knock-in
hESCs, the iCre, mCherry, ChR2-EYFP or hM4Di-mCherry expression
cassette was inserted into the AAVS1 locus of H9 hESCs.

Striatal neural progenitors were differentiated from hESCs with a
modified protocol following a previous report.?’ Briefly, hESCs on
MEFs (5-6 days after passaging) were digested into small clumps
with dispase and cultured with ESC medium without basic fibro-
blast growth factor (bFGF) in a T25 flask for 3 days to form embry-
onic bodies (EBs). The cultured medium was changed every day.
From Day 4 to Day 6, EBs were induced to neuroepithelium with
SB431542 (2 uM) and DMH-1 (2 uM) in neural induction medium
(NIM) including DMEM/F-12, 1x N2 supplement and 1x NEAA. On
Day 7, neural spheres were attached to six-well plates in NIM con-
taining 5% foetal bovine serum for 20 h, then the medium was
changed with NIM every other day until Day 10. From Day 10 to
Day 15, SAG (0.2 pM), which is an agonist of the sonic hedgehog
pathway, was added to the NIM medium. On Day 16, the neural ro-
settes on six-well plates were blown off slightly with 1 ml tips and
cultured with ROCK inhibitor (0.5 uM), SAG (0.2 uM) and 1xB27 in
a T25 flask. From Day 17 to Day 26, cells were kept in 25 ml flask
feeding with NIM (0.2 uM SAG), which was changed every other
day. To generate spinal GABA neurons, all procedures are the
same as the differentiation of striatal neural progenitors except
0.1 uM retinoic acid (RA) was added into the NIM from Day 10 to
Day 23.%! For neuron maturation in vitro, neurospheres were disso-
ciated with Accutase at Day 27 and then placed onto polyornithine-
and matrigel-coated coverslips in neural differentiation medium
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(NDM), including Neurobasal™ medium, 1xN2 supplement,
1xB27, supplemented with brain-derived neurotrophic factor
(BDNF, 20 ng/ml), glial-derived neurotrophic factor (GDNF, 10 ng/
ml), insulin-like growth factor 1 (IGF1, 10 ng/ml), cylic adenosine
monophosphate (CAMP, 1uM), ascorbic acid (AA, 200 uM) and
Compound E (0.2 pM). The coverslips are fixed for immunostaining
after maturation for 2 weeks.

This study was conducted in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals, and all pro-
tocols were approved by the Shanghai Committee on Ethics in the Care
and Use of Laboratory Animals. Animals were maintained on a 12-h
light/12-h dark cycle and had free access to food and water throughout
the study. The HIE model was induced in the mouse at postnatal Day 7,
as described previously.* Briefly, the left common carotid artery of se-
vere combined immunodeficiency (SCID) mice was isolated, double li-
gated with 5-0 surgical silk and then occluded permanently under
isoflurane anaesthesia. The surgical procedure was performed in less
than 5 min. After being returned to the dam to recover for 2 h, pups
were exposed to hypoxia at 36.5-37.0°C thermostat, which perfused
with a humidified gas mixture (8% oxygen in nitrogen) for 30 or
60 min. Sham-control animals underwent the same procedures with-
out occlusion of the artery. To assess brain injury in SCID mice, mice
were euthanized 7 days post-HIE surgery. Animals were perfused
transcardially with 0.9% saline followed by 4% paraformaldehyde
(PFA) for fixation. After sequential dehydration in 20 and 30% sucrose,
30-um brain sections were obtained by a microtome and stored at —20°
C in cryoprotectant solution for further experiments. For cresyl violet
(CV) staining, brain slices (30 um) were placed on gelatine-coated glass
slides and baked for 2 h at 37°C. Then, brain slices were dehydrated in
75%, 85%, 95% (twice) and 100% (twice) ethanol for 8 min for each step,
followed by immersion in 95%, 85%, 75%, 50% ethanol for 3 min for
each step. After a quick rinse in distilled water, the brain slices were
immersed in CV staining solution for 10-15 min. Then, the stained
slices were quickly rinsed in 75%, 85%, 95% (0.3% glacial acetic acid)
and 100% (twice) ethanol. After the transparent process by soaking in
ethanol/xylene (1:1) and xylene (twice) for 10 min for each step, slices
were sealed with neutral resin. To assess the brain area loss caused by
HIE injury, CV-stained sections (every sixth section) were imaged by a
20x objective with an Olympus microscope (Olympus VS120). Brain
area loss was measured by ImageJ and calculated as the (area of
contralateral hemisphere — area of ipsilateral hemisphere) x 100% /
area of contralateral hemisphere).

Striatal or spinal neural progenitors were digested into very small
clusters at Day 32 and kept in NIM medium for another 2 days,
and then small clusters of neural progenitors were transplanted
at Day 34. Briefly, animals were randomly grouped and placed
into a stereotaxic apparatus 2 weeks after HIE surgery. Two micro-
litres of cell suspension in artificial cerebrospinal fluid (ACSF) con-
taining 1x B27, BDNF (20 ng/ml), and ROCK inhibitor (0.5 uM) was
stereotaxically injected into the ipsilateral dorsal striatum using a
needle affixed to a syringe pump at the following coordinates (AP:
+0.8 mm; ML: +1.7 mm; DV: —3.2 mm from dura). The injection pro-
cedure took 10 min. Age-matched mice that underwent the same
HIE procedure but received ACSF only served as controls.

For immunohistochemical staining, brain slices were incu-
bated in blocking solution (10% donkey serum and 0.3% Triton
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X-100 in Dulbecco’s PBS (DPBS) ) for 1 h and then incubated with
primary antibodies including hNCAM, GABA, DARPP32, CTIP2,
GFAP, SST, CR, Ki67 and hN (antibody information is given in
Supplementary Table 1) at 4°C for 1-3 nights. The unbound pri-
mary antibodies were washed with DPBS. For fluorescent immu-
nostaining, slices were incubated with corresponding
fluorophore-conjugated secondary antibodies for 1h at room
temperature. Nuclei were stained with Hoechst 33342 and slices
were mounted in Fluoromount-G. Images were acquired using a
Nikon TIE A1l plus confocal microscope. For diaminobenzidine
(DAB) staining, slices were incubated with biotinylated secondary
antibodies for 1 h and then incubated with avidin-biotin peroxid-
ase for 1 h at room temperature. Immunoreactivity was observed
with DAB-reaction product. For quantification of the human fibre
density, we selected three representative coronal planes for each
brain region, bregma -0.34 mm, -0.46 mm, —0.58 mm for GPe;
bregma -1.22mm, -1.34mm, -1.46mm for GPi; bregma
-2.92 mm, -3.08 mm, -3.16 mm for SNc and SNr according to
the mouse brain atlas. Brightfield images of the DAB staining
were captured by a 20x objective with an Olympus microscope
(Olympus VS120).

Coronal brain slices (300 um) were prepared from animals at 2 and 6
months post-transplantation (MPT) wusing a vibratome (Leica
VT12008S). Slices were incubated in solution containing oxygenated
(95% O, and 5% CO,) ACSF containing (in mM): 124 NacCl, 4.4 KCl, 2
CaCl,, 1 MgS04, 25 NaHCO3, 1 NaH,PO, and 10 glucose at room tem-
perature for 60 min. Current and voltage signals were recorded by
an Axon 700B amplifier (Axon). Current and optogenetic
stimulation-induced action potentials (APs) of grafted cells were re-
corded in current clamp mode. Electrodes were filled with a solu-
tion containing (in mM): 120 K-gluconate, 5 NaCl, 1 MgCl,, 0.2
EGTA, 10 HEPES, 2 Mg-ATP, 0.1 Na3-GTP and 10 phosphocreatine
disodium, adjusted to pH 7.2 with HCl. APs were detected in re-
sponse to depolarizing currents (0-100 pA, step 10 pA, duration
400 ms) or blue light illumination (470 nm, 2 ms, 5 Hz, duration
1000 ms 1.5 mW/mm?) in current clamp mode. The spontaneous
excitatory postsynaptic currents (SEPSCs), spontaneous inhibitory
postsynaptic currents (sIPSCs) and optogenetic stimulation of
channelrhodopsin 2 (ChR2)-expressing inputs were recorded in
voltage clamp mode. Electrodes were filled with a solution contain-
ing (in mM) 112 Cs-Gluconate, 5 TEA-Cl, 3.7 NacCl, 0.2 EGTA, 10
HEPES, 2 Mg ATP, 0.3 Na;GTP and 5 QX-314 (adjusted to pH 7.2
with CsOH). Optogenetic stimulation of ChR2-expressing inputs
was achieved with wide-field illumination using a blue LED
(470 nm, 2 ms, 1.5mW/mm?. Data were analysed offline with
Clamfit and MiniAnalysis. In all cases, biocytin (0.4%) was added
to the internal solution to identify the morphological properties
of the recorded cells.

For rabies-mediated tracing experiments, 200 nl adeno-associated
virus (AAV) expressing Cre-dependent TVA and tdTomato with a
nuclear location signal (NLS-tdTomato) [AAV-DIO-TVA-2A-NLS-
tdTomato, titre 1.29 x 10'? genome copies (gc)/ml] and 200 nl AAV
expressing Cre-dependent rabies glycoprotein [AAV-DIO-G (DIO,
double-floxed invertedorientation; G, glycoprotein), titre 1.29x
10" gc/ml] were coinjected into the grafted site (AP: +0.8 mm; ML:
+1.7 mm; DV: —3.2 mm from dura) of HIE mice 1 or 5 months after
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transplantation. Three weeks later, EnvA-pseudotyped and
G-deleted rabies virus-tagged enhanced green fluorescent protein
(EGFP) (RVAG-EGFP, 400 nl, titre 2x 108 pfu/ml) was injected into
the same site. One week later, the mice were perfused and sliced
coronally. To quantify presynaptic inputs to graft from different
brain regions of the ipsilateral, serial slices (30 um, every fourth)
of total brain without staining were captured directly by a 20x ob-
jective with a fluorescence microscope (Olympus VS120). The out-
line of brain areas and the distribution of the traced neurons were
manually labelled using Photoshop software according to the
mouse brain atlas. Quantification and comparison of the percent-
age of ipsilateral inputs were done by a blinded counter. Some brain
slices were performed immunohistochemistry staining to elucidate
the cell identity.

A total of 400 nl AAV expressing Cre-dependent (DIO) enhanced as-
corbate peroxidases 2 (APEX2) with a nuclear export signal
(AAV-DIO-APEX2-NES, titre 9.86 x 10" g/ml) was injected into the
grafted site (AP: +0.8 mm; ML: + 1.7 mm; DV: —3.2 mm from dura)
of HIE-injured mouse brains at 5 MPT. Three weeks later, the
mice were prepared for immunoelectron microscopy. Briefly, ani-
mals were perfused transcardially with 0.9% saline and then fixed
with 4% PFA combined with 0.8% glutaraldehyde. Brain slices
(100 um) were sectioned by a vibratome, fixed in the abovemen-
tioned fixative for 4 h and then reacted with DAB solution to reveal
sites of peroxidase activity. The slices were rinsed with 0.1 M ice-
cold Tris-HCl (pH =7.40) and fixed with 1% OsO, for 1 h. Then, the
slices were rinsed in 0.1 M phosphate buffer, dehydrated in 50%,
70%, 80%, 90% and three steps of 100% ethanol followed by propyl-
ene oxide and embedded in Epon. To identify the APEX2-labelled
synapses, ultrathin sections were cut and counterstained with
lead citrate and uranyl acetate. Ultrathin sections were mounted
on grids, examined and photographed using a transmission elec-
tron microscope JEM-100CX (JEOL). Synapses were defined by the
presence of synaptic vesicles in a presynaptic terminal, a postsy-
naptic density in postsynaptic structure and synaptic cleft.

For neural differentiation in vitro, to quantify the population of
GABA/Meis2, DAPPP32 and GABA/CTIP2-immunopositive cells, at
least four randomly chosen images from coverslips were manually
counted by a blinded counter using ImageJ software. Neural differ-
entiation experiment was replicated for three times and data. For in
vivo graft characterization, serial sections (30 um, every sixth sec-
tion between 1.20 mm and —0.20 mm from the bregma) from the
graft were used to stain by GABA, DARPP32, CTIP2, GFAP, SST, CR,
Ki67, hN for stereological quantification. The graft was outlined
and captured by a 20x objective with Nikon TIE A1l plus confocal
microscope. Single- or double-stained cells were counted manually
by a blinded counter with Image]. For quantification of the human
fibre optical density, images of human neural cell adhension mol-
ecule (hNCAM) fibres were acquired by a Nikon TIE A1l plus con-
focal microscope. The optical density of hNCAM" fibres in the GP
and SN of the mouse brain was measured by a blinder counter using
Image] following the automated threshold. All data are presented
as mean + SEM.
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Three behavioural tests were chosen to evaluate the motor recov-
ery of HIE mice at 2, 4 and 6 MPT. For the chemical-control behav-
ioural test, animals were recorded 20 min after intraperitoneal
injection of clozapine-N-oxide (CNO; 4mg/kg, Biomol
International) or saline. All animals needed to adapt in the behav-
iour room for 30 min before recording. All behavioural tests were
conducted by investigators blind to the mouse treatments.

An individual mouse was placed in a transparent glass and re-
corded by a camera for 5min. The ipsilateral and contralateral
paw touching the wall of the cylinder was counted. The minimum
touch number is 20 in total 5 min video were collected. Videos were
analysed by investigators blind to the groups. The data were ex-
pressed as the percentage of ipsilateral touches to total touches.

Individual mice were placed in a plastic open-field chamber (40 cm
x40 cm x40 cm), and the distance covered was tracked and ana-
lysed using the Ethovision video tracking system (from Noldus
Information Technology). Activities were recorded for 10 min un-
der normal conditions of lighting. Quantitative analysis was done
on total distance.

An accelerating Rotarod (Med Associates Instruments) was used to
test motor coordination. All animals were pretrained for three con-
secutive days in order to reach a stable performance. On Day 1, mice
were trained on the rotating rod at speed of 5 rpm in a period of
300 s three times. On Day 2 and Day 3, mice were trained on rod ac-
celerating from 5 to 40 rpm within 60 s in a period of 300 s three
times. A formal test was performed from the fourth day. The time
each mouse stayed on the rotating rod was recorded, and the aver-
age duration from three repeated tests of each animal was used for
data analysis.

SPSS version 20.0 was used for statistical analysis. The results were
analysed using Student’s t-test, one-way ANOVA or two-way
ANOVA followed by Tukey’s multiple comparison test. *P <0.05,
P <0.01, *™P < 0.001 were considered to be significant.

Data that support the findings of this study are available from the
corresponding author on reasonable request.

Results

To test hESC-based cell therapy for HIE-injured immature brains,
we designed an experimental procedure, as shown in Fig. 1A. To
generate an HIE model using SCID mice, we investigated 30 min
and 1h durations of hypoxic exposure, which will affect animal
survival and the severity of brain injury after ligation of the left
common artery at postnatal Day 7. The results showed that 1 h of
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hypoxic exposure caused high mortality (66 +9.0%) with massive
brain tissue loss (Supplementary Fig. 1A-C), while 30 min of hypox-
ic exposure resulted in moderate mortality (28.27 +2.85%;
Supplementary Fig. 1A) with relatively intact brain structures but
obvious shrinkage of the ipsilateral brain tissue (Fig. 1B and C).
Statistical data of CV staining displayed 60.23+2.71% ipsilateral
brain area loss in 1h hypoxic exposure animals in contrast to
39.47 +8.29% in 30 min animals (Supplementary Fig. 1F). Thus, we
chose 30 min of hypoxic exposure to generate an HIE model in
SCID mice in the following studies. Interestingly, further assess-
ment of CV staining slices indicated that HIE brain injury induced
a significantly larger area loss in the ipsilateral striatum (39.04 +
3.23%) than in the cortex (21.19 + 4.37%; Fig. 1F). The neuronal stain-
ing by NeuN and statistical analysis revealed obvious loss of neu-
rons in the ipsilateral striatum (ipsi, white dotted lines and
magnified rectangles in subpanel a, 777.08+90.01) compared to
the contralateral (contra, white dotted lines and magnified rectan-
gles in subpanel b, 2316.58 +412.09) in the HIE-injured brain (Fig. 1D
and E). In addition, we observed dramatic astrogliosis by glial fibril-
lary acidic protein (GFAP) (ipsi: 139.26 +32.80, contra: 39.07 + 10.40;
P <0.05) and microglial/macrophage activation by ionized calcium
binding adapter molecule 1 (Iba-1) (ipsi: 196.86+45.70, contra:
51.81+14.51; P<0.05) in the ipsilateral brain (Supplementary
Fig. 1D, E, G and H), indicating characteristics of an HIE-injured
brain.*® Overall, we successfully generated an HIE model with
SCID mice, which showed obvious area and neuronal loss in the
ipsilateral striatum.

We then differentiated hESCs into SNPs with a modified proto-
col based on a previous report.”’ Immunohistochemical staining
and statistical data showed that 91.24+1.03% of cells costained
for GABA and Meis2 6-7 weeks after neural differentiation and mat-
uration in vitro, suggesting striatal GABAergic neurons. A total of 90
+0.87% of cells were stained with DARPP32, a striatal GABA spiny
projection neuron marker (Fig. 1G and H). In addition, we found
that 60.62+3.99% of cells were colabelled by GABA and CTIP2,
which is an essential transcription factor for striatal GABA neurons
(Fig. 1G and H). Few ChAT" neurons (0.87% + 0.14%) and GFAP" cells
(0.54% +0.10%), no neural progenitors (SOX2") or oligodendrocytes
(04") were detected at this stage in this neural differentiation sys-
tem (Supplementary Fig. 2E and F). Further qPCR analysis revealed
ASCL1, DLX2 and GSX2, specific genes for lateral ganglionic emi-
nence neural progenitors, were highly expressed in SNPs and
then gradually decreased in mature neurons (Supplementary Fig.
2B). We also observed gradually increased genes for GABAergic neu-
rons (GABRA1 and GAD67), striatum GABA neuron-specific tran-
scription factor CTIP2, and characteristic genes for spiny
projection neurons (DRD1 and TAC1 for the D1 subtype, DRD2 and
PENK for the D2 subtype) during neural differentiation and matur-
ation (Supplementary Fig. 2C and D). These results confirmed suc-
cessful acquisition of striatal spiny projection neurons from
hESCs with high purity.

To explore whether hESC-derived SNPs could survive and ma-
ture in the HIE-injured brain, we transplanted those neural pro-
genitor cells that show high expression of neural progenitor
marker SOX2 but not any ESC markers such as OCT4, NANOG and
SSEA-4 into the ipsilateral striatum 2 weeks after HIE surgery
(Supplementary Fig. 2A). Grafts were identified by immunofluores-
cent staining of GABA or DARPP32 with human nuclei hN or hN/
CTIP2 at 2 and 6 MPT, respectively (Fig. 1I and K). Data quantifica-
tion and analysis revealed that 34.48 +3.03% of transplanted cells
were GABA-positive and 27.88 +1.85% were DARPP32-positive at 2
MPT, and this ratio increased to 78.94 + 1.65% for GABA and 70.81
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+2.58% for DARPP32 at 6 MPT (Fig. 1]). Of note, most of the grafted
GABA or DARPP32 immunopositive neurons coexpressed CTIP2 at
6 MPT (Fig. 1K, right). Only a small population of grafted neurons ex-
pressed somatostatin (SST) (4.54% + 0.59%) and calretinin (CR) (5.03
+0.43%) for GABA interneuron, and GFAP (5.98 +0.75%) for astro-
cyte. Less than one per cent of grafted cells stained with Ki67, sug-
gesting very few proliferated cells in the grafts at 6 MPT
(Supplementary Fig. 2G and H). These data strongly support that
grafted SNPs survive, differentiate and mature into striatal GABA
spiny projection neurons successfully in the HIE-injured brain.
More importantly, the grafted cells repopulated the injured stri-
atum and significantly reduced the area loss of the total ipsilateral
brain (17.61 + 2.95%), ipsilateral striatum (31.87 + 3.90%) and ipsilat-
eral cortex (13.94 + 1.94%) compared to the ACSF control (total ipsi-
lateral area loss: 30.36 + 5.33%, striatum: 54.70 + 3.49%, cortex: 29.58
+5.31%) at 6 MPT, supporting hESC-derived SNPs as a potential cell
source with great therapeutic effects for HIE-injured brains.

To further explore the functional maturation of the grafted human
SNPs, mCherry or ChR2-EYFP was knocked into the AAVS1 locus of
hESC (Fig. 2A) to specifically manipulate grafted cells after trans-
plantation. The electrophysiological properties of transplanted
cells were recorded at different time points (2, 6 MPT) by whole-cell
patch-clamp recordings. Both current- or blue light-induced APs
(Fig. 2B and C) and spontaneous action potentials (sAPs; Fig. 2D)
showed few spikes by 2 MPT, suggesting functional immaturity of
grafted cells. However, the grafted cells displayed sustained re-
sponses to current or blue light stimulation and intensive sAP
with higher peak firing rates (Fig. 2E-G), which was revealed by stat-
istically significant (P <0.01) increases in spike numbers (Fig. 2H)
and the light-induced AP ratio (Fig. 2I) at 6 MPT (100%) in contrast
to 2 MPT (56 + 14%). Moreover, grafted cells showed higher mem-
brane capacitance (Cm; 2 MPT: 47.92 +3.34 pF, 6 MPT: 70.46 + 8.29
pF; P<0.01) and lower membrane resistance (Rm; 2 MPT: 2392.04
+376.40 MQ, 6 MPT: 457.10 + 96.22 MQ; P <0.001) and higher resting
membrane potential (RMP; 2 MPT: —46.65 +3.62 mV, 6 MPT: —58.57 +
1.37 MQ; P<0.01) at 6 MPT than at 2 MPT (Fig. 2J-L). These data sug-
gest that grafted cells become functionally active and mature in the
HIE-injured striatum. Interestingly, the repetitive and
non-equidistant spikes displayed by current-induced APs
(Supplementary Fig. 3A-D) closely resemble those of endogenous
striatal spiny projection neurons in mice,** indicating identity of
the grafted cells. No significant differences in amplitude, threshold
or half-width suggested similar properties of current-induced sin-
gle APs between 2 and 6 MPT (Supplementary Fig. 3E-G).

Targeted axonal outgrowth is essential for the reconstruction of da-
maged neural circuits. Thus, we tested the axonal projection of the
grafted SNPs derived from the hESCs-mCherry line (Fig. 3A).
Compared to the contralateral, we found that many human fibres
stained by hNCAM or mCherry appeared in endogenous striatal tar-
gets GPe, GPi and substantial nigra, including SNc and SNr, in the
ipsilateral HIE-injured brain at 2 MPT (Fig. 3B and C). Few fibres ap-
peared in non-target areas, such as the cortex and contralateral
brain, suggesting high specificity of axon projection from the
grafted SNPs in HIE-injured brains (Fig. 3B and C). To investigate

X.Jietal.

the dynamic process of graft-derived neurite extension, we exam-
ined axonal outgrowth from the graft in GP (GPe and GPi) and SN
(SNr and SNc) at 1, 2 and 6 MPT. The immunostaining results
(Fig. 3D and E) showed that the hNCAM"* fibres presented in the ip-
silateral GP and SN of HIE-injured brain as early as 1 MPT, and then
the human fibres gradually increased at 2 MPT and peaked by 6
MPT. The quantification of the area covered by hNCAM" fibres re-
vealed a similar optical density of human fibres at 1 and 2 MPT,
then significantly increased at 6 MPT (P<0.01) in the ipsilateral
GPe and GPi (Fig. 3F and G). However, for SN including SNc and
SNr, the brain region far away from the graft, very few hNCAM* fi-
bres appeared at 1 MPT, and they were dramatically elevated from 2
MPT (P <0.05) until 6 MPT (P <0.05 for SNc, P<0.01 for SNr), com-
pared with the earlier time points (Fig. 3H and I). These data display
dynamic and successful projection of axons from grafted human
SNPs to endogenous striatal targets with high specificity, suggest-
ing anatomical reconstruction of the basal ganglia neural circuit
by human SNPs in HIE-injured brains.

To further investigate whether the grafted neurons could integrate
into the host neural circuit, we performed double immunostaining
of the human-specific presynaptic marker synaptophysin (hSYN)
with host neuronal markers. The representative images show obvi-
ous GABA™ synaptic puncta in the striatum, GP (GPe and GPi) and
TH* synaptic puncta in the nigra, indicating the formation of synap-
ses between grafted and host neurons (Fig. 4B-E). To specifically ob-
serve synaptic connectivity between grafts and hosts with high
resolution, we transplanted SNPs differentiated from hESC lines
that genetically express Cre recombinase (iCre) in the AAVSI site
(Fig. 4A). Five months after transplantation, the grafted cells were
infected with Cre-dependent AAV expressing a peroxidase deriva-
tive, APEX2, which label the cytoplasm of the grafted cells with
high electron density while retaining a high-quality ultrastruc-
ture®; thus, the synaptic vesicles of grafted neurons could be clear-
ly detected in presynaptic terminals. One month later, DAB
immunostaining combined with electron microscope data showed
axon terminals from the grafted neuron with multiple presynaptic
vesicles form typical synapses with host dendritic spines, soma and
axon terminals in the ipsilateral striatum and GP (GPe and GPi) of
HIE-injured brain (Fig. 4F-H). Importantly, we observed axon term-
inals projecting from striatal grafts form synapses with host den-
drite spines and axon terminals in the ipsilateral nigra of
HIE-injured brains (Fig. 41). Taken together, grafted hESC-derived
striatal neurons establish synaptic connections with host neurons
including proximal and distal striatal targeting brain regions, sug-
gesting reconstruction of the host basal ganglia neural circuit ana-
tomically in HIE-injured brains.

To further explore whether the grafted neurons form host-to-graft
synaptic connections and their upstream origins, we used mono-
synaptic tracing based on ‘modified’ EnvA-pseudotyped
glycoprotein-deleted rabies virus combined with the Cre-loxP
gene expression system to map direct inputs to grafted neurons
(Fig. 5A). We transplanted SNPs derived from the hESC-iCre line
into the ipsilateral striatum of HIE mice. One or five months after
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Figure 2 Neuronal activity of grafted neurons in the ipsilateral striatum of the HIE-injured brain. (A) The strategy for electrophysiological recording of
grafted human neurons. (B-G) Typical traces of injection current- (B and E) or blue light- (C and F) induced AP and spontaneous AP (D and G) of grafted
neurons 2 and 6 MPT. The numbers in the upper right corner represent the numbers of neurons showing AP among recorded cells. (H) The current
(0-100 pA, step 10 pA, duration 400 ms) induced spike numbers of grafted neurons 2 MPT (n=12) or 6 MPT (n=9). (I) Quantification of the AP ratio showed
a significantly increased response to blue light stimulation at 6 months (n=11) compared to 2 months (n=11) after cell transplantation. (J-L) Statistical
data show increased membrane capacitance (n=14 for 2 months, n=7 for 6 months) (J), decreased membrane resistance, recorded cell number (n=13
for 2 months, n=6 for 6 months) (K) and increased resting membrane potentials (n=12 for 2 months, n=11 for 6 months) of grafted neurons at 6 MPT
compared with 2 MPT. (L). n=3 independent experiments. Data are presented as the mean + SEM. Student’s t-test, **P <0.01, **P <0.001. AP = action
potential; Cm = membrane capacitance; CPu = caudate putamen; Rm = membrane resistance; RMP = resting membrane potential.

cell transplantation, AAV expressing the Cre-dependent TVA (the
receptor of engineered surface protein EnvA which originates
from the avian leukosis virus) with a nuclear location signal
(AAV-DIO-TVA-2A-NLS-tdTomato) and AAV expressing a
Cre-dependent rabies glycoprotein (G) (AAV-DIO-G) were co-
injected into the graft site to express TVA and G specifically in the
transplanted cells. Then, EnvA-pseudotyped and G-deleted rabies
virus tagged EGFP (RVAG-EGFP) was injected into the same area 3
weeks later to infect TVA-expressing grafted neurons
(tdTomato*). Thus, the grafted cells coexpressing EGFP and
tdTomato are the starter cells, and expression of G in these cells en-
ables RVAG-EGFP to spread trans-synaptically to their upstream
presynaptic input cells, which will express EGFP only.*®
Representative images showed that tdTomato was expressed
only in transplants of HIE-injured brains at 2 or 6 MPT, suggesting
the specificity of the rabies tracing system (Fig. 5B). The starter cells
were identified by coexpression of TVA-tdTomato and EnvA-GFP
(tdTomato™/GFP*), and they were also positive for GABA and hN
(Fig. 5C). The starter cells were only found in the injected site and

could be easily distinguished from traced neurons in intratrans-
plants or brain regions away from the graft (tdTomato™/EGFP?).
Serial section immunostaining revealed monosynaptic traced
EGFP" host neurons distributed in multiple areas of the
HIE-injured brain as early as 2 MPT (Fig. 5D), suggesting early
host-to-graft synaptic HIE-injured brain.
Immunofluorescent staining showed that grafted striatal neurons
receive synaptic inputs mostly from the cortex (M2, M1, S1), which
expresses CTIP2, SATB2, BRN2 and TBR1, suggesting synaptic con-
nectivity between graft and host excitatory neurons from different
cortical layers (Supplementary Fig. 4A and B). The host-to-graft syn-
aptic inputs also come from GPe neurons expressing parvalbumin
(PV), midbrain SNc neurons expressing TH, thalamus including
ventral posterolateral/posteromedial thalamic nucleus (VPL/VPM),
parafascicular thalamic nucleus (PF), mediodorsal thalamic nu-
cleus (MD) and hindbrain including dorsal raphe (DR) (Fig. 5D and
E and Supplementary Fig. 4A and B), indicating extensive synaptic
inputs from these brain regions to grafted spiny projection neu-
rons, which are strikingly similar to the circuits of their endogenous

inputs in the
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Figure 3 Axonal outgrowth of grafted striatal neurons in the HIE-injured brain. (A) The strategy for visualization of axon projection from grafted neu-
rons in HIE-injured mice. (B) Immunohistochemical staining of hNCAM for human neurons with serial sections from HIE-injured mouse brains grafted
with human SNPs 6 months after transplantation. Scale bar =500 pm. (C) Representative images show axonal projections from the intrastriatal grafted
neurons stained by mCherry in the ipsilateral and contralateral substantia nigra of HIE-injured mouse brains. Boxed areas are magnified in a-d. Scale
bar=>50 pm. (D and E) Immunostaining of hNCAM shows axons from grafted neurons to the GPe, GPi, SNc and SNr of HIE-injured brain at 1, 2 and 6 after
cell transplantation. Scale bar =50 pm. (F-I) Quantification of hNCAM" fibres present in GPe, GPi, SNc and SNr. n=4 mice in each group. Data are repre-
sented as the mean + SEM. One-way ANOVA, Tukey’s multiple comparison test, *P <0.05, **P <0.01.

counterpart.?” To investigate how the map of host-to-graft synaptic
inputs would change at a longer time after cell transplantation, we
further detected synaptic inputs from host to graft 6 MPT.
Interestingly, we found that the distribution and proportion of
GFP-labelled neurons in most brain regions were similar except in
the VPL/VPM and DR between 2 and 6 MPT (Fig. 5E), suggesting ex-
tensive and stable host-to-graft synaptic connections at very early
stage after human SNP transplantation in HIE-injured brains.
Together, these data strongly suggest precise re-establishment of
anatomical basal ganglia neural circuits by hESC-derived SNPs in
HIE-injured brains.

To investigate whether the grafted neurons could functionally inte-
grate into the host neural circuitry, SNPs derived from
hESC-mCherry were transplanted into the ipsilateral striatum of
the HIE-injured brain, and sIPSCs or sEPSCs of the transplanted
cells were recorded by patch clamp electrophysiology at 2 and 6
MPT, respectively (Fig. 6A). A total of 100% (8/8) of grafted neurons
showed abundant sIPSCs or sEPSCs with high density by 6 MPT
(Fig. 6C), while only 50% (9/18) were recorded with few sIPSCs or
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SEPSCs by 2 MPT (Fig. 6B), suggesting gradual integration of grafted
cells into neural networks in the HIE-injured brain. The statistical
data showed dramatically increased frequencies of sEPSCs (P<
0.05; Fig. 6D) and sIPSCs (Fig. 6F) at 6 MPT (1.99+0.58 Hz for
SEPSCs; 4.85+1.47 Hz for sIPSCs) compared to 2 MPT (0.51+
0.29 Hz for sEPSCs; 0.62 +0.43 Hz for sIPSCs). Plotting of a cumula-
tive distribution of sEPSCs and sIPSC intervals is shown in Fig. 6H
and J. Interestingly, the amplitude of sIPSCs significantly increased
(P<0.01) at 6 MPT (19.36 +1.70 pA) in contrast to 2 MPT (12.43+
0.93 pA,; Fig. 6G), while the sEPSCs showed no changes between
these two groups (Fig. 6E). However, the cumulative fraction of
sIPSCs and sEPSCs both showed an obviously higher amplitude at
6 than at 2 MPT (Fig. 6I and K). The recorded human neurons
were confirmed by biocytin, which was co-labelled with mCherry
(Supplementary Fig. 5A). No significant differences in the half-
width, rise time or decay time of SEPSCs or sIPSCs were observed
at 2 and 6 MPT (Supplementary Fig. 5C-H).

To further explore whether the activities of transplanted cells
could be regulated by host cortical neurons, we injected an AAV
virus expressing ChR2 fused with EYFP under the control of the hu-
man synapsin promoter into the motor cortex (M1 and M2) at 5 MPT
(Fig. 6A). One month later, many ChR2-EYFP-expressing axon term-
inals from the cortical M1 and M2 regions were observed around the
intrastriatal grafted cells (Supplementary Fig. 5B). After blue light
stimulus, approximately 83% of transplanted cells (10/12) were re-
corded with induced EPSC, which was completely blocked by the
AMPA receptor antagonist CNQX, indicating glutamatergic pre-
synaptic inputs from host to graft (Fig. 6L). The amplitude of EPSC
is shown in Fig. 6M. The electrophysiological recorded cell was cost-
ained by biocytin and mCherry surrounded by many EGFP* axons,
confirming grafted human neurons in the striatum and axon pro-
jections from cortical ChR2-expressing host neurons
(Supplementary Fig. 5B). Furthermore, the paired pulse ratio (PPR),
which is the ratio of the amplitude of the second response to that of


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac358#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac358#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac358#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac358#supplementary-data

622 | BRAIN 2023: 146; 612-628 X.Jietal

AAV-DIO-TVA-
2A-NLS-tdTomato
& AAV-DIO-G  RVAG-EGFP

A
AAVS1
{ Host neuron
( " W, Traced host neuron
) i i - - -7 3
Cell Transpl. AAV injection
and Rabies tracing
B

2 Mon-Graft 6 Mon-Graft c

§
[1+]
£
)
o
=
D
=
o
=
(4]
c
c
=
©
E 30-
) . = 2 Mon
Il 6 Mon

N
o
1

% ipsilateral inputs
5

o
|

S1 M2 M1 Cg FrA Al 82 GP BA MD CMVPLVPMPF PO SNc DR

Figure 5 Synaptic inputs from host to graft by rabies tracing in HIE-injured brain. (A) Strategy for tracing synaptic inputs to grafted cells in the ipsi-
lateral striatum of the HIE-injured brain. (B) Representative images show EGFP- and tdTomato-expressing neurons in the grafts. Scale bar=500 pm.
(C) Immunohistochemical staining show the starting cells (arrowheads) coexpress tdTomato, EGFP, GABA and hN in the graft. Scale bar =50 pm. (D)
Serial sections from HIE-injured brain grafted with SNPs show traced host neurons (EGFP*/tdTomato") distribute in extensive brain regions of the ip-
silateral side 2 and 6 MPT. Scale bar =500 um. (E) Quantification of ipsilaterally labelled inputs to grafted human SNPs at 2 and 6 MPT. n=4-5 mice in each
group. Data are presented as the mean + SEM. Student’s t-test, *P < 0.05. Al = agranular insular cortex; BA = basal amygdaloid nucleus; Cg = cingulate cortex;
CM = central medial thalamic nucleus; DR = dorsal raphe; GP = globus pallidus; FrA = frontal association cortex; M1 = primary motor cortex; M2 = secondary
motor cortex; MD = mediodorsal thalamic nucleus; MO = medial orbital cortex; PF = parafascicular thalamic nucleus; PO = posterior thalamic nucleus; S1 =
primary somatosensory cortex; S2 = secondary somatosensory cortex; SNc = substantia nigra reticular part; VPL/VPM = ventral posterolateral/posterome-

dial thalamic nucleus.



Human neurons reconstruct neural circuit

Y e

AAvsf . -.

hESCs line SNPs Cell Transpl.
B Cc
2 Mon ‘ 9/18
Lol <
sIPSCs " g-
SEPSCs W 55
| o
D —5- E
g- o i A .
4 ‘ o 20- .
5 . E
331 ., 2154 o L
3 [}
L 27 E 10-
[&] Q
D 1 i
21 3 2 s
w w
@ - [ 0-
H 2 Mon 6 Mon | 2 Mon 6 Mon
512 512
@ 0.9 ® 0.9
1y 1™
's 0.6 o 06
e ——2Mon S ——2 Mon
% 0.3 —6Mon ® 0.3 ——6 Mon
E 0.0 g 0.0
00T az123 £ %% 10 20 30 40
© Interval (s) d Amplitude (pA)
L M -100-
Light induced EPSC - .
o<« -80- .
wa P
i}
~ o2 -60-
l/ S3
235 40
= E
- -1 m< -20
g 4
+CNQX 50 ms 0-

BRAIN 2023: 146; 612-628 |

623

AAV-hSyn-ChR2-EYFP

1nfected host cells
/‘/§0§'

Y
Grafted cells

F__ 15- G =
= 15 " 40
< ~3 %
Y @ 30
2 10- . 3 ‘ .
S =
.4 . E- 20+ 3
S L ]
W 5- <
Q * Q B
172] w 19
o o
e CI
2 Mon 6 Mon K 2 Mon 6 Mon
§ 1.2 612
-t -
@ 0.9 ® 0.9
Lol 153
= 0.6 = 0.6
_g ’ ——2 Mon .g ’ ——2 Mon
T 03 ——6Mon & 0.3 ——6 Mon
z 0.0 F 0.0
E' 07142128355'0 20 40 60 80
= Interval (s) < Amplitude (pA)
N 0 1_5—
912
1.0 .
j & .2
} 2#EPSC a
15l EPSC 0-5-
<
- - a
-3
b soms 0.0

Figure 6 Synaptic regulation of grafted striatal neurons in the HIE-injured brain. (A) The strategy for whole-cell patch-clamp recording of synaptic
regulation from the host striatum or cortex to intrastriatally grafted striatal neurons. (B and C) Typical traces of SEPSCs and sIPSCs from grafted neurons
at 2 and 6 MPT. The numbers in the upper right corner represent the numbers of neurons showing spikes of sIPSCs and sEPSCs among recorded cells.
(D-G) The frequency (D and F) and amplitude (E and G) of sEPSCs and sIPSCs at 2 (n=9 for sEPSCs, n=9 for sIPSCs) and 6 MPT (n=7 for sIPSCs, n=8 for
SEPSCs) are plotted. (H-K) Cumulative distributions of the interevent intervals (H and J) and amplitude (I and K) of sEPSCs and sIPSCs for (B) and (C),
respectively. (L and M) Typical traces of single pulse-induced EPSCs in grafted cells responding to optogenetic activation of host cortical neurons
from M1 and M2 brain regions 6 MPT (top), which are blocked by CNQX (bottom). The amplitude of light-induced EPSC is plotted in (M) (n=10). (N)
Typical traces of paired pulse-induced EPSCs in grafted cells responding to optogenetic activation of host cortical neurons in M1 and M2 at 6 MPT
(top), which are blocked by CNQX (bottom). (O) The paired pulse ratio (PPR=2nd EPSC/1st EPSC) is plotted (n=9). Data are presented as the mean+

SEM, *P <0.05, P <0.01.

the first, was also tested in grafted neurons upon light stimulation.
By giving a paired pulse of two consecutive stimulations, 75% of the
grafted cells (9/12) were recorded with PPR (Fig. 6N, top). The second
peak amplitude is smaller than that of the first (Fig. 6N, top) which
the PPR is 0.67 +0.07 (Fig. 60), suggesting established plasticity of
grafted neurons in the HIE-injured brain. The paired pulse

disappeared after CNQX treatment, suggesting an AMPA receptor-
dependent postsynaptic response of grafted neurons (Fig. 6N,

bottom).

Together, these results indicate functional integration of intras-
triatal grafted neurons into striatal and corticostriatal neural cir-

cuits in the HIE-injured brain.
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To test whether the grafted neurons could regulate the activity of
host neurons, we transplanted SNPs derived from the
hESC-ChR2-EYFP line into the ipsilateral striatum of HIE mice and
recorded the response of the host neurons to blue light stimulus
on the grafted neurons at 2 and 6 MPT. First, we performed whole-
cell patch-clamp recordings on host striatal neurons at 2 and 6 MPT
(Fig. 7A-C). The statistical data showed that approximately 83% of
host neurons (15/18) showed light-induced IPSC with 64.35+
17.11 pA amplitude at 2 MPT (Fig. 7B and G), which then significant-
ly increased to 135.30 + 24.80 pA with 100% (13/13) responses of host
neurons to graft cells by 6 MPT (Fig. 7C and G), indicating progres-
sive establishment of intrastriatal neural networks and successful
graft-to-host synaptic regulation in the ipsilateral striatum of the
HIE-injured brain. The recorded host cells were stained by biocytin
but not EGFP, suggesting host neurons of the striatum
(Supplementary Fig. 6E). In addition, the blue light-induced IPSC
was completely blocked by the GABAR antagonist PTX, indicating
GABAergic presynaptic currents from the graft (Fig. 7B and C, bot-
tom). Striatal GABA neurons derived from the hESC-mCherry line
were used as the control for optogenetic activation of grafted cells
in the striatum of HIE-injured mice (Supplementary Fig. 6A), which
showed properties of mature neurons but no APs evoked by blue
light illumination at 6 MPT (Supplementary Fig. 6B-D).

Notably, we also investigated evoked IPSCs of host dopamin-
ergic neurons in the SNc, the long-range targeted host neurons of
the intrastriatal transplanted spiny projection neurons. By blue
light stimulation of ChR2-EYFP-expressing axon terminals
(Fig. 7D), we found obvious light-induced IPSCs as early as 2 MPT,
although the amplitude was relatively low (20.23 + 3.69 pA; Fig. 7E
and H), suggesting early formed axon projections and appropriate
synaptic outputs from the striatal graft to their targeted host neu-
rons. Then, the amplitude significantly increased to 81.16+
14.41 pA by 6 MPT (P <0.01; Fig. 7F and H), indicating functional in-
tegration of grafted neurons into the striatal-nigra neural circuit of
the HIE-injured brain. In the SNc, we can see obvious EGFP-positive
fibres that projected from striatal grafted human neurons dis-
persed around the recorded dopaminergic neurons stained by bio-
cytin and TH (Supplementary Fig. 6F).

Taken together, these data strongly suggested that transplanted
human striatal neurons establish functional intrastriatal and stri-
atal-nigra neural circuits in HIE-injured brains.

In HIE-injured patients, the impairment of the basal ganglia neural
circuit is mostly associated with motor deficits.'® To further inves-
tigate whether hESC-derived SNPs could rescue the motor beha-
viours of animals with HIE injury in the long term, we
transplanted the ipsilateral striatum of HIE mice with
hESC-derived SNPs or spinal GABA neural progenitors (SGNPs),
which will differentiate into spinal GABA interneurons,®' as control
cells. In addition, we also used HIE-injured mice transplanted with
ACSF and sham (surgery without artery ligation and hypoxia) ani-
mals as control of cell therapy and HIE mouse models, respectively.
Then, animals were subjected to motor activity-related behavioural
tests, including cylinder, open field and rotarod tests, at 2, 4 and 6
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MPT to determine whether the motor behavioural defects were cor-
rected in each group (Fig. 8A). In the cylinder test, which reflects
forelimb akinesia, HIE mice grafted with SNPs (***P <0.001) signifi-
cantly reduced preferential ipsilateral touches to nearly 50% (the le-
vel in sham animals) as early as 2 MPT until 6 MPT but not for
animals that received SGNPs or ACSF (Fig. 8B). For the open field
test, which reveals limb movements during locomotion, the total
distance covered by HIE-injured mice was significantly increased
over time by intrastriatal SNPs transplantation (P <0.001) but not
by SGNPs or ACSF treatment (Fig. 8C). In addition, motor coordin-
ation and balance assessed by the rotarod test also exhibited obvi-
ously increased latency on the rotarod in HIE-injured animals
grafted with SNPs but not SGNPs or ACSF (Fig. 8D). Representative
images showed a large number of human cells (hN*) stained by
GABA but not DARPP32 distributed in the ipsilateral striatum of
HIE-injured mice at 6 MPT (Supplementary Fig. 7A and B), indicating
maturation of hESC-derived spinal GABA neurons in host striatum.
Few cell bodies but not neuron fibres were present in the SNc and
SNr of the SN, suggesting migration of the grafted spinal GABA neu-
rons from the striatum (Supplementary Fig. 7C and D).

To determine whether the improved motor function of
HIE-injured mice was graft-dependent, we transplanted SNPs de-
rived from hESCs-hM4Di-mCherry, an engineering inhibitory
DREADD,* or hESCs-mCherry as a control into the ipsilateral stri-
atum of HIE-injured mice (Fig. 8E). The statistical data of the cylin-
der test showed that CNO but not saline treatment significantly
increased the preferential ipsilateral touches of mice grafted with
hM4Di-SNPs (P <0.01), which then returned to the control level
48h after CNO withdrawal (P<0.05), suggesting graft activity-
dependent behavioural changes in HIE-injured mice. CNO treat-
ment had no effect on ipsilateral touches in mice that received
SNPs expressing mCherry (Fig. 8F). In the open field test, CNO treat-
ment significantly decreased the total distance covered by mice
grafted with hM4Di-SNPs compared to saline treatment or CNO
withdrawal (P <0.05), but not in animals grafted with Cherry-SNPs
(Fig. 8G), indicating graft-dependent improvement of animal motor
functions. Together, these data strongly indicated that motor defi-
cits in HIE-injured mice could be rescued in the long term by intras-
triatal transplantation of spiny projection neurons but not spinal
GABA neurons and graft-dependent behavioural recovery in
HIE-injured animals.

Discussion

Here, we showed hESC-derived SNPs survived and matured into
striatal spiny projection neurons in HIE-injured brains, and we first
proved the high feasibility and long-term therapeutic efficiency of
hESC-derived striatal neural progenitors in immature HIE-injured
brains, including neuronal survival and differentiation, axon pro-
jections and synapse formation, neural circuit reconstruction and
functional restoration.

Currently, hypothermia treatment is the only clinically estab-
lished intervention following neonatal HIE. However, almost half
of all cooled infants still die or suffer from long-lasting neurological
impairments because of the short time window (within 6 h) and
limited effects, particularly in some 139
Transplantation of neural progenitor cells or neural stem cells to
treat HIE has been much explored, and while most of them focused
on the therapeutic effects of transplanted cells in short term in HIE
mice, the underlying mechanisms have been poorly investigated.
Some studies showed that transplanted neural progenitors can

severe cases.
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Figure 7 Grafted striatal neurons regulate the activities of host neurons from the striatum and nigra of HIE-injured brains. (A) Schematic diagram
showing the whole-cell patch-clamp recording of host striatal neurons. (B and C) Typical traces of blue light-induced IPSC of striatal host cells respond-
ing to optogenetic activation of grafted cells at 2 months (B) and 6 months (C) after transplantation. The induced IPSC is blocked by PTX (bottom). (D)
Schematic diagram showing the whole-cell patch-clamp recording of host cells in the SNc. (E and F) Typical traces of blue light-induced IPSCs in nigral
host cells responding to optogenetic activation of axonal terminals from grafted neurons at 2 months (E) and 6 months (F) after transplantation. (G and
H) The amplitude of light-induced IPSC in the striatal (G) (n= 15 for 2 months, n=13 for 6 months) or nigra (H) (n=15 for 2 months, n=8 for 6 months)
host neurons are plotted. Data are presented as the mean + SEM. Student’s t-test, *P <0.05, **P <0.01.

secrete multiple factors, modify microglial response® or enhance
axonal sprouting of host neurons. However, the causal roles of
these effects in the functional recovery of HIE model animals
have not been demonstrated. In the current study, we showed
that transplanted striatal progenitor cells can specifically project
to their cognate brain regions including GPe, GPi and SN (Fig. 3)
and receive innervation from host neurons in multiple brain areas
(Fig. 5) in a pattern similar to their endogenous counterparts.”” We
further demonstrated that transplanted striatal neurons can form
functional synaptic connection with host neurons both pre- and
postsynaptically (Figs 6 and 7). Finally, by modulating graft activity
with chemogenetic tools, we demonstrated that the functional re-
covery of HIE model mice depends on the graft activity. These re-
sults explicitly suggest that transplanted striatal spiny projection
neurons can reconstruct specific circuits that account for the func-
tional recovery of HIE model animals.

Previously, donor cells with unclear regional identity or fate po-
tentials were used,”*'™** meaning the therapeutic outcomes varied
among different studies. Some transplanted cells even containing
undifferentiated ESCs or immature ectoderm,** which probably ex-
plains why model animals injected with these donor cells devel-
oped local tumors.*’ In the study, we used
fate-committed striatal GABA neural progenitors without any

current

embryonic stem cell markers (Supplementary Fig. 2A), which can
efficiently differentiate into DAPP32" striatal GABA projection neu-
rons (90%) in vitro or after transplantation in vivo (Fig. 1). We also
showed that transplantation of striatal GABA neural progenitors
but not spinal GABA neural progenitors can specifically project
and rescue the motor deficits of HIE-injured mice in the long term
(Fig. 8). These results suggest that the identity of transplanted neur-
onal cells determines their axonal projection specificity and func-
tionality. We hypothesize that transplantation of fate-committed
neural progenitor cells with proper identity is essential for recon-
structing certain damaged circuits with specificity.

Although stem cell-based replacement therapy shows great po-
tential by neural circuit reconstruction in adult disease models
such as Parkinson’s disease®® and Huntington’s disease,?* it has
rarely been studied in immature brain with HIE injury before.
Here, we found that striatal grafted SNPs send axons as early as 1
month to endogenous target areas after cell transplantation in
HIE-injured brains, similar to the SNPs grafted in adult
Huntington’s disease mouse brains,?* indicating intrinsic cell prop-
erties probably determine the targeted projection of grafted human
neurons.”>* After axon extension, grafted neurons should form
synaptic connections with host neurons. In HIE-injured brains,
the grafted SNPs receive synaptic inputs from extensive brain
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regions, similar to their endogenous counterparts,®” by 2 MPT. disease model mice.?* As similar human neural progenitors were
However, only cell transplantation sites where the synaptic inputs transplanted, these results suggest that extrinsic but not intrinsic
stem from the grafted neurons were observed in Huntington’s cell determinants affect the formation of synaptic connections
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between grafted human neurons and host neurons. However, what
exactly determines neural circuit restoration in the injured brain
still needs to be explored. Many previous studies have shown that
the initial growth and guidance of axons are mostly regulated by
genetically predetermined programmes, while the late steps of syn-
apse and neuronal connectivity formation and neural circuit inte-
gration are influenced by neurotrophin and neuron-glia activation
during brain development,*®*” which indicates that different mi-
croenvironments of the host brain may affect formation of synaptic
connection during neural circuit regeneration in diseased brains.
Intriguingly, we found that brain regions of the afferent synapticin-
puts to the graft did not differ between 2 and 6 MPT, indicating that
stable synaptic connections formed at 2 MPT. However, these new-
ly formed synaptic connections do not functionally mature, as re-
vealed by significantly lower host-to-graft SEPSCs and sIPSCs at 2
than at 6 MPT, suggesting sequential but not synchronous estab-
lishment of synaptic connections between transplanted human
neurons and host cells in the HIE-injured brain.

In the current study, we mainly tested and proved
proof-of-principle for the treatment of neonatal HIE by grafting
hESC-derived striatal neurons in a HIE mouse model. From a clinic-
al perspective, hESCs and their differentiated derivatives express
low levels of HLA molecules,”®* the major determinant of im-
munogenicity in stem cell therapy, suggesting probably minor im-
mune response after cell transplantation in vivo. Besides,
hESC-derived neural progenitors have been approved for clinical
trials in the USA and China>®*' These studies suggest
hESC-derived SNPs could be a proper cell type for stem cell therapy
of HIE. However, the use of hESCs may confront potential ethical is-
sues in some countries, and personalized iPSC-derived neural pro-
genitors have been proved effective in the treatment of some
neurological diseases without detectable immune rejection in clin-
ical studies of human participants.®*°3 Further investigation about
therapeutic effects of striatal neural progenitors derived from iPSCs
in the treatment of HIE need to be done in the future.
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