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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disorder. We have previously developed a disease-in-
a-dish model for familial PD using induced pluripotent stem cells (iPSCs) from two patients carrying the p.A53T a-synuclein
(aSyn) mutation. By directed differentiation, we generated a model that displays disease-relevant phenotypes, including
protein aggregation, compromised neurite outgrowth, axonal neuropathology and synaptic defects. Here we investigated the
in vivo phenotypes of iPSCs, derived from one patient, after transplantation in a lesion mouse model established by unilateral
intrastriatal 6-hydroxydopamine injection in the immunosuppressed NOD/SCID strain. Immunohistochemistry revealed that
despite the disease-related characteristics that mutant cells displayed when maintained up to 70 days in vitro, they could
survive and differentiate in vivo over a 12-week period. However, some differences were noted between patient-derived
and control grafts, including a significant rise in a«Syn immunoreactivity that might signal a first step towards pathology.
Moreover, control-derived grafts appeared to integrate better than PD grafts within the host tissue extending projections
that formed more contacts with host striatal neurons. Our data suggest that the distinct disease-related characteristics which
p-A53T cells develop in vitro, may be attenuated or take longer to emerge in vivo after transplantation within the mouse
brain. Further analysis of the phenotypes that patient cells acquire over longer periods of time as well as the use of multiple
iPSC clones from different patients should extend our current proof-of-concept study and provide additional evidence for
in vivo disease modeling.

Keywords Dopaminergic neurons - In vitro disease modeling - Cell transplantation - 6-OHDA striatal lesions - Motor
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Introduction

The groundbreaking technology of human induced pluri-
potent stem cells (hiPSC) has opened up new prospects for
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of affected neurons, respectively termed Lewy bodies and
Lewy neurites, which are mainly composed of a-synuclein
(aSyn). This is a small pre-synaptic protein whose physi-
ological function is still under investigation, yet its patho-
logical involvement in PD is widely accepted [53]. aSyn
is the major sporadic PD linked gene [51], whereas point
mutations [36] and multiplications [5] of the locus cause an
autosomal dominant form of the disease, often character-
ized by early onset and a generally severe phenotype. The
best-studied aSyn mutation is p.A53T (G209A in the SNCA
gene), first identified in families of Italian and Greek ances-
try [22, 34, 37]. Other PD-associated monogenic mutations
include the genes PINK1, Parkin, LRRK2, DJ-1, ATP13A2
and VPS35 [38]. Although the majority of PD cases are
sporadic, studies on familial forms that are clinically and
neuropathologically similar to sporadic PD have assisted in
gaining insights into PD etiopathology.

In recent years the advent of hiPSC has provided a valu-
able means for modeling PD in vitro using cellular systems
derived from patient cells [4, 6, 7, 14, 23, 29, 31, 33, 40,
43-45, 48, 52]. Thus a number of studies have shown dis-
ease-relevant characteristics in patient hiPSC-derived neu-
rons in vitro that include increased sensitivity to oxidative
and nitrosative stress [4, 33, 43], mitochondrial deficits [6,
43, 44], axonal defects and synaptopathy [23, 45]. Neverthe-
less, whether the vulnerability of hiPSC-derived PD neurons
is also retained in an in vivo setting after transplantation in
the rodent brain, has been addressed in a limited number of
studies. In an initial study, engrafted neurons generated from
sporadic PD patients were shown to survive in vivo in the
6-hydroxydopamine (6-OHDA) model of PD in rats, even
though only few donor-derived neurons projected their axons
towards the dopamine-depleted host striatum [11]. These
observations were recently confirmed in a primate model of
PD where sporadic PD patient hiPSC-derived neurons sur-
vived and extended neurites into the host striatum [17]. This
effect was consistent regardless of whether the cells were
derived from patients with idiopathic PD or from healthy
individuals [18]. Surprisingly similar studies using hiPSC-
derived neurons from patients with familial forms of PD
have lagged behind, despite the large number of mutation-
carrying hiPSC lines that have been generated for in vitro
disease modeling. In the only study reported so far, hiPSC-
derived neurons carrying the LRRK2-G2019S mutation
were found to survive in vivo in the mouse brain, but also to

up-regulate aSyn which is believed to be a first step towards
induction of pathology [13].

Here we sought to investigate the phenotype of p.A53T-
patient-derived neurons in vivo vis-a-vis control neurons
derived from a healthy individual after transplantation in
a 6-OHDA lesion mouse model developed in the immuno-
suppressed NOD/SCID strain. We have recently reported
the generation and characterization of a “disease-in-a dish”
model of hiPSC-derived neurons from PD patients carry-
ing the p.A53T-aSyn mutation [23]. In this model, com-
prising dopaminergic, GABAergic and glutamatergic cells,
p-A53T-neurons display a number of disease-associated
features, including protein aggregation, compromised neu-
ritic outgrowth and contorted or fragmented axons with
swollen varicosities containing aSyn and Tau. Moreover,
mutant neurons show disrupted synaptic connectivity and
widespread transcriptional alterations in genes involved
in synaptic signaling. Interestingly, small molecules that
target aSyn and prevent its aggregation [60] could rescue
the impaired synaptic connectivity and axonal neuropathol-
ogy of p.A53T neurons, providing a direct link between the
identified disease-associated phenotypes and pathological
aSyn [23]. Here we further explored the in vitro proper-
ties of these p.A53T-hiPSC derived from one patient and
a healthy control, differentiated to the dopaminergic line-
age, and investigated if they could survive and differentiate
after transplantation in the host brain. We demonstrate that
patient cells start to display initial pathological character-
istics in vivo over a 12-week period and provide proof-of-
concept that this approach may be useful for in vivo disease
modeling.

Experimental Procedures
Dopaminergic Differentiation of Human iPSCs

The PD patient-derived p.A53T-hiPSC and healthy donor
control lines used in this study were generated and char-
acterized as previously described (Table 1; Kouroupi et al.
[23]). For dopaminergic differentiation a floor-plate induc-
tion protocol was applied [25] with minor modifications.
Immediately preceding differentiation, hiPSC colonies were
dissociated into a single cell suspension using accutase (Life
Technologies) and were plated (40,000 cells per cm?) on

Table 1 Cell line information
used in the present study
regarding donor age at

sampling, gender and Control SNCA-WT
reprogramming method

iPSC lines genetic mutation Age of skin Reprogramming method Reference
biopsy/gender
43, Male OSKM? retrovirus Kouroupi et al. [23]
PD SNCA-G209A 51, Male OSKM retrovirus Kouroupi et al. [23]

40ct3/4, Sox2, K1f4 and c-Myc
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matrigel (BD Biosciences) in DMEM/ F12 medium contain-
ing 15% knockout serum replacement (KSR), 2 mM Glu-
tamax and 10 mM p-mercaptoethanol. Floor-plate induction
was performed by addition of LDN193189 (100 nM, Stem-
gent), SB431542 (10 mM, Tocris), SHH C24II (100 ng/ml,
R&D), purmorphamine (2 mM, Stemgent), FGF8 (100 ng/
ml, R&D) and CHIR99021 (CHIR; 3 mM, Stemgent) as
summarized in Fig. la. On day 5 of differentiation (5 days
in vitro, DIV), KSR medium was gradually changed to N2
medium (25%, 50%, 75%). On 11 DIV, the medium was
changed to Neurobasal/B27/Glutamax (Invitrogen) sup-
plemented with BDNF (brain-derived neurotrophic factor,
20 ng/ml; R&D), GDNF (glial cell line-derived neurotrophic
factor, 20 ng/ml; R&D), TGFf3 (transforming growth factor
type p3, 1 ng/ml; R&D), ascorbic acid (0.2 mM, Sigma),
dibutyryl cAMP (0.5 mM; Sigma-Aldrich), and DAPT
(10 mM; Tocris) for 9 days (differentiation medium). At 20
DIV, cells were dissociated using accutase and replated at
high density (300,000 cells per cm?) on dishes pre-coated
with polyethylenimine (PLE; 15 mg/ml; Sigma-Aldrich)/
laminin (1 mg/ml)/ fibronectin (2 mg/ml) in differentiation
medium until the desired maturation stage.

Magnetically Activated Cell Sorting (MACS)
of PSA-NCAM-Positive Cells

For enrichment in PSA-NCAM-positive immature neurons,
hiPSC-derived cells driven to differentiate to the dopamin-
ergic lineage were incubated at 28 DIV with 10 mM Y27632
(ROCK inhibitor) for 1 h to prevent cell death. MACS was
performed according to the manufacturer’s instructions
(Miltenyi Biotech). Accutase-dissociated cells were treated
with 1% BSA followed by incubation with anti-PSA-NCAM
magnetic Microbeads (Cat. Number 130-092-966) for
15 min at 4 °C. After extensive washing, the cell suspen-
sion was loaded on the separation column (MS column)
attached to a magnetic stand. Labeled cells were retained and
after removal of the column from the magnetic separator,
they were eluted with differentiation medium, counted and
replated. After 2 days (30 DIV) cells were either analyzed
by immunofluorescence and RT-qPCR or were dissociated
to single cell suspension for transplantation. Some cultures
were maintained in differentiation medium for longer peri-
ods of time and were analyzed by immunofluorescence,
electrophysiology and calcium imaging at the indicated time
points. Cultures grown for more than 50 DIV were replated
on a mouse astrocyte feeder layer [23].

RNA Isolation, cDNA Synthesis and qPCR

Total RNA was extracted from cell pellets using the TRIzol
Reagent (Life Technologies). Following digestion with
DNase I, 1 pg of total RNA was used for first strand cDNA

synthesis with the ImProm-II Reverse Transcription System
(Promega) according to the manufacturer’s instructions.
Quantitative PCR analyses were carried out in a Light
Cycler 96 (Roche) Real time PCR detection system using
KAPA SYBR FAST gPCR Master Mix (KapaBiosystems).
The housekeeping gene GAPDH was used as a reference.
The primers used are listed in Supplementary Table 1.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich)
for 20 min at room temperature. Samples were blocked with
0.1% Triton X- 100 (Sigma-Aldrich) and 5% donkey serum
in PBS for 30 min and were subsequently incubated with
primary antibodies (listed in Supplementary Table 2) at
4 °C overnight, followed by incubation with appropriate
secondary antibodies (Molecular Probes, Thermo Fisher
Scientific) conjugated to AlexaFluor 488 (green), 546 (red)
or 647 (blue), for 2 h at room temperature. Coverslips were
mounted with ProLong Gold antifade reagent containing
DAPI (Cell Signaling). Digital images were acquired using a
Leica TCSSP8 confocal microscope (LEICA Microsystems)
and analyzed using Image] software (NIH). Protein aggre-
gates were detected with the PROTEOSTAT Aggresome
Detection Kit (Enzo) [49] followed by immunolabeling
for either DCX or TH. As positive control for the assay we
treated healthy iPSC-derived neurons with either DMSO or
the proteasome inhibitor MG-132 (10 uM) for 6 h or 18 h
and visualized sequestered fluorescently labeled protein
cargo (not shown). For quantification, the number of aggre-
gates per cell in DCX+ or TH+ neurons was counted using
Imagel] on twenty randomly selected fields from two inde-
pendent experiments. Quantification is shown in a box with
whisker plot, where the line inside the box represents the
median, while the bars outside the box represent the mini-
mum and maximum values (spread) of all data. Analysis and
quantification of TH axon degeneration was performed as
previously described [23]. Briefly, the number of TH+ spots
in fragmented axons was counted using ImageJ on twenty
randomly selected fields and the ratio between the number
of spots and the total TH+ staining area was designated as
TH axon degeneration index.

6-OHDA Lesioned Mice and Cell Transplantation

All animal procedures were performed in strict compliance
with the European and National Laws for Laboratory Ani-
mal Use (Directive 2010/63/EU and Greek Law 56/2013),
according to FELASA recommendations for euthanasia and
the Guide for Care and Use of Laboratory Animals of the
National Institutes of Health. All protocols were approved
by the Institutional Animal Care and Use Committee of the
Hellenic Pasteur Institute (Animal House Establishment
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Code: EL 25 BIO 013) and the License No 5677/25-09-
2012 for experimentation was issued by the Greek authori-
ties (Veterinary Department of Athens Prefecture). The
preparation of this manuscript was made in compliance with
ARRIVE guidelines for reporting animal research. Male
NOD.CB17-Prkdcscid/NCrHsd mice 9-10 weeks old were
anesthetized using gaseous isoflurane (2-5% in 2:1 O,:N,)
and received 2 X 1 pl unilateral stereotactic injections of
4 pg/ul 6-hydroxydopamine (6-OHDA, Sigma) dissolved in
physiological saline containing 0.02% ascorbic acid. Infu-
sions were delivered over 1 min via a 30 gauge stainless
steel cannula. Lesions were made in the right mid-striatum
(AP=+0.5 mm to bregma, ML=+ 1.8 mm, DV = —-3.0
and — 3.5 mm). The cannula was left in place for a further
2 min, before being slowly removed. The wound was cleaned
and closed with sutures. Animals were monitored daily and
for the following 10 days received subcutaneously 0.5 ml of
0.9% saline/ glucose solution to prevent dehydration. Behav-
ioral tests were performed 14 days after the lesions, when
the animals had fully recovered.

Three weeks after 6-OHDA injection PSA-NCAM-
enriched cells from control or PD hiPSC lines were stereo-
tactically transplanted in mice. Cells were dissociated with
accutase and re-suspended in cold HBSS (Invitrogen) at a
density of 100,000 cells/ul. Mice received 2x 1 ul cells at
the same coordinates that the lesions were made at a rate of
0.5 ul/min.

Behavioral Analysis

Rotational asymmetry was analyzed at 2, 7, 11 and 15 weeks
after 6-OHDA lesioning, using a spontaneous activity test
(drug-free asymmetry) and after intraperitoneal (i.p) injec-
tion of amphetamine (4 mg/kg; drug-induced asymmetry).
Spontaneous activity test. Limb-use asymmetry was esti-
mated as follows. A transparent cylinder was placed on a
piece of transparent plastic to visualize stepping move-
ment from underneath and overall movement from above.
The right hindlimb was marked in order to distinguish left
from right steps. Sessions were videotaped for 3 min and
scored offline to evaluate the number of steps taken by each
limb [ipsilateral and contralateral (the impaired paw), fore-
limb and hindlimb]. The ratio of ipsilateral to contralateral
steps was calculated for the forelimbs and hindlimbs [10].
Amphetamine test. Amphetamine-induced ipsilateral rota-
tions increase in response to a unilateral lesion. Mice were
injected i.p. with 10 mg/kg of d-amphetamine sulphate and
were left for 10 min to acclimatize in a plastic box. Rota-
tional activity was measured over a 30 min period [59] and
data were expressed as net ipsilateral minus contralateral
turns. Mice with > 5 net ipsilateral turns were used for
transplantation and were analyzed by immunocytochemistry

after a further 12 weeks (mice that received control-derived
grafts: n=235; mice that received PD-derived grafts: n=3).

Immunohistochemistry

Animals were perfused intracardially with 0.9% saline solu-
tion and 4% paraformaldehyde (pH 7.4). Perfused brains
were either cryopreserved in 30% sucrose and frozen in
OCT compound for obtaining cryostat 20 um-sections [24]
or were embedded in 4% agarose and sectioned (40 um) on a
vibrating microtome (Leica), serially collected. Slices were
blocked with 0.1% Triton X-100 (Sigma—Aldrich), 2 mg/
ml BSA and 1.5% donkey serum in PBS for 3 h and were
subsequently incubated with primary antibodies (Supple-
mentary Table 1) at 4 °C either overnight for cryostat sec-
tions or for 3 nights for vibrating microtome sections, fol-
lowed by incubation with appropriate secondary antibodies
(Molecular Probes, Thermo Fisher Scientific) conjugated
to AlexaFluor 488 (green), 546 (red) or 647 (blue). Sec-
tions were mounted on slides with ProLong Gold antifade
reagent containing DAPI (Cell Signaling). Digital images
were acquired using a Leica TCSSP8 confocal microscope
(LEICA Microsystems) and analyzed using ImageJ software
(NIH). For quantification of the graft area as well as the
percentage of cells positive for the different markers, 3-5
slices from each animal were analyzed.

Image Processing and Quantification
of Fluorescence Intensity

For the evaluation of the expression levels of human aSyn,
single channel stacks of confocal images were acquired
under the same settings (constant gain and offset values,
63 X objective, 4 X averaging, 2048 x 2048 pixel resolution,
and 1-um step size). Tile scans were acquired to include
the total graft areas. Quantification of fluorescence intensity
was performed using ImagelJ software by a blind observer,
after free-hand selection of the graft area on the maximum
projection image as the region of interest (ROI) and setting
the threshold at a constant value. The number of thresh-
olded pixels per graft area (um?) were averaged from single
images of the confocal stack. Three mice were analyzed in
each group and the values from 2 sections were averaged
per mouse.

Quantification of Graft-Derived Human
Synaptophysin (HSYP) Contacts

on DARRP32-Positive Striatal Medium Spiny
Neurons of the Host

The quantification was performed as follows: 5 digital

images (63X lens, zoom x 3, constant gain and offset val-
ues, 4 X averaging, 2048 x 2048 resolution, 0.5 um step size)
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were acquired at the graft-host tissue interphase. Within
every image, 4 representative regions of interest (ROI) were
selected and the number of contacts between HSYP and
DARPP32 was counted by a blind observer. Because simul-
taneous quantification of HSYP and human nuclei or human
cytoplasmic antigen was not possible due to the fact that all
antibodies were raised in mice, to minimize differences aris-
ing from variations in the number of grafted neurons per ani-
mal we took special care to perform measurements only at
the graft-host tissue interphase and in representative regions
of interest (ROI) with similar synaptophysin immunofluores-
cence intensity. Five control-derived and three PD-derived
animals were analyzed and the values from 2 sections were
averaged per mouse.

Electrophysiology

Patch-clamp recordings were performed as previously
described [23]. Whole-cell voltage clamp recordings were
made from hiPSC-derived neurons at 55-60 DIV. The phar-
macological inhibitors tetrodotoxin (TTX; final concentra-
tion 1 uM) and tetraethylammonium (TEA; 10 mM) were
applied to block voltage-gated sodium and potassium chan-
nels, respectively. Data were acquired at room temperature
(22-24 °C) using an EPC9 HEKA amplifier and an ITC-16
acquisition system with a patchmaster software (HEKA).
Data analysis was performed using OriginPro 8 (OriginLab
Software).

Calcium Imaging

At 55-60 DIV hiPSC-derived neurons were incubated with
culture medium containing 3 uM Fluo-3 (Molecular Probes)
for 30 min at 37 °C. After washing with extracellular solu-
tion (mM: 140 NaCl, 2.8 KCI, 2 CaCl,, 4 MgCl,, 20 HEPES,
10 glucose, pH 7.4-7.5), cells were placed into fresh extra-
cellular solution and equilibrated in the microscope chamber
at 5% CO,, 70-75% humidity, 37 °C for 30 min. Cells were
excited at 488 nm with a fluorescein isothiocyanate (FITC)
filter; the fluorescence signals were recorded at 10 frames/
sec using a fluorescence Olympus Time lapse IX81 Cell-
R microscope. From each field, 20-30 cells were selected
for analysis of Ca>* responses using ImageJ software. The
amplitude of fluorescence signals for each region of interest
(ROI) was presented as relative fluorescence changes (DF/F)
after background subtraction. The Ca" transient frequency
and amplitude were counted manually over a 5-min period.

Statistical Analysis
All in vitro experiments were replicated at least three

times and data from parallel control and PD cultures
were acquired. The in vivo data were obtained from two
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independent experiments. All data represent mean + standard
error of the mean (SEM). Statistical analysis was performed
in Microsoft Office Excel 2013. In each case, comparisons
between the two groups (control and PD) were performed
using the Student’s t-test or the Mann—Whitney Test as
indicated. Probability values less than 0.05 (P <0.05) were
considered significant.

Results

Dopaminergic Differentiation and Characterization
of PSA-NCAM Enriched PD Cultures

Several hiPSC differentiation protocols have been devel-
oped to improve dopaminergic neuron specification and
their in vivo performance, particularly in terms of avoiding
cellular overgrowth [20, 25, 45, 54, 62]. In this study, we
reasoned that an enriched population of neuronal cells differ-
entiated to the dopaminergic lineage, consisting of progeni-
tors and early neurons with restricted proliferative capacity,
would be appropriate for transplantation studies [8, 11, 17,
54]. To this end, we applied a floor plate induction protocol
[25] to differentiate a previously generated p.A53T-hiPSC
(PD) line by comparison to a healthy donor (control) line
[23] towards the dopaminergic lineage (Fig. 1a). At the end
of floor plate induction (11 DIV), LMX1A/FOXA2-positive
dopaminergic precursors were derived (Suppl. Fig. 1). At
this stage practically all cells were LM X1A-positive floor
plate precursors and approximately half were also FOXA2-
positive in agreement with a dopaminergic fate (percent-
age of FOXA2-positive cells: control 44.01 +5.67%, n=3;
PD 48.63 +£7.32%, n=3). Engraftable neurons are obtained
with this protocol after 25 DIV [25]. To avoid cellular over-
growth, further enrichment in PSA-NCAM-positive neu-
ronal cells was achieved by MACS isolation on the basis
of PSA-NCAM immunoreactivity at 28 DIV (Fig. 1a). Two
days later at 30 DIV, sorted cells were analyzed by immu-
nofluorescence for the immature neuronal markers PSA-
NCAM and Doublecortin (DCX) (Fig. 1b). Quantification
(Fig. 1c) revealed that 60-73% of the cells in the culture
expressed PSA-NCAM and 53-65% expressed the immature
neuronal marker DCX with no statistically significant dif-
ferences between control and PD (For PSA-NCAM: control
73.06+£6.89% n=4; PD 60.88 +10.26% n=5; P=0.341. For
DCX: control 65.60+7.15% n=4; PD 53.57+12.06% n=35;
P=0.397). A similar number of cells in the two types of
culture expressed the neuronal lineage marker BIII-Tubulin
(TUJI1, control 67.35+9.41% n=4; PD 63.29+14.19%
n=35; P=0.812). The number of neurons positive for the
dopaminergic neuronal marker tyrosine hydroxylase (TH)
was approximately 10% (control 10.85+0.97% n=3; PD
9.86 +2.84% n=4; P=0.724), which is not surprising as
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cells are still at an immature differentiation state at this time
point [25] (Fig. 1d, e). A significant proportion of Nestin
positive neural progenitors were also present, more in PD
cultures, without statistical significance as compared to
controls (control 34.17 +11.54%, n=3; PD 62.36 + 14.14%;
n=3; P=0.197) (Fig. 1f, g), indicating an overlap between
the Nestin- and PIII-Tubulin-positive populations. Prolifer-
ating Ki-67 positive cells were less than 10% in both cul-
tures (control 7.16 +3.73% n=4; PD 9.8 +5.04%; n=3,
P=0.683).

RT-qPCR confirmed mRNA expression of the dopamin-
ergic lineage markers FOXA?2 (early progenitors), NURR1
(late progenitors) and TH (mature neurons) (Fig. 1h) whilst
other neuronal markers, including MAP2 (neuron-specific
marker), GAD67 (GABAergic neuron marker) and VGLUT]1
(glutamatergic neuron marker) were also detected. Overall
no marked differences were apparent between PD and con-
trol cultures at 30 DIV, either by immunofluorescence or
RT-qPCR analysis.

Appearance of Degenerative Phenotypes
in Prolonged Cultures of PD Neurons

Morphological Alterations

Because the differentiation protocol we used in this study
was different from that we previously reported in [23],
before proceeding to in vivo transplantation we addressed
the phenotype of PD cultures maintained for longer peri-
ods of time in vitro. When cells were analyzed between 45
and 70 DIV, degeneration signs became apparent. First we
noted that DCX-positive cells, which constituted approxi-
mately one-third of the total population in both cultures at
47 DIV, exhibited morphological differences between con-
trol and PD. PD DCX positive cells had significantly more
primary neurites per cell (Fig. 2a, b; control 2.42 +0.04
and PD 3.38+0.16, n=3 per group; *P=0.029) and an
increased number of secondary branches per cell (Fig. 2a).
Moreover, intracellular protein aggregates were detected
in PD DCX-positive neurons at 70 DIV, as indicated with
a fluorescence-based assay for detection of aggregated
protein cargo (Fig. 2c and quantification of the number of
aggregates per DCX +cell in Fig. 2d; Mann—Whitney Test,
control median 0.00, n=265 and PD median 5.00, n=173;
*#*%*%P <(0.00001) Additionally mutant TH-positive cells,
which formed a dense network at 70 DIV, displayed dys-
trophic neurites with swollen varicosities that quite often
ended up in fragmented processes (Fig. 2e and quanti-
fication of the TH axonal degeneration index in Fig. 2f;
Student’s t-test, control 3.22 +0.81 and PD 43.34 +7.41,
n =20 randomly selected fields for each condition;
*#*%%%P =(.00003). These features were accompanied by
detection of intracellular protein aggregates in PD cells

(Fig. 2g and quantification in Fig. 2h; Mann—Whitney Test,
control median 1.00, n=167; PD median 6.00, n=155;
*#*%%P <(0.00001). Immunofluorescence indicated that
aSyn was also upregulated in PD cultures (Suppl. Fig. 2A,
B). Thus our analysis revealed new phenotypes in p.A53T-
neurons related to the morphology of DCX™ cells, and
defective neuropathological characteristics similar to those
previously reported, including increased aSyn immuno-
reactivity, presence of protein aggregates and dystrophic
neurites [23].

Electrophysiological Recordings

Because of the neuropathological features noted above,
we asked if there were also functional differences between
control and PD cultures. Whole-cell patch-clamp record-
ings were performed to assess the functional maturation of
hiPSC-derived neurons between 55 and 60 DIV (Fig. 3).
Voltage-clamp recordings demonstrated the presence of
transient inward sodium currents and sustained outward
potassium currents (representative traces are shown in
Fig. 3a) that could be blocked by the Na,-blocker TTX
(1 uM) and K,-blocker TEA (10 mM), respectively
(Fig. 3a). Current—voltage relationship curves show the
activation of voltage-gated sodium and potassium channels
(Fig. 3b, c). For control and PD hiPSC-derived neurons the
passive and active membrane properties were compared.
The mean input resistance was 1.011 £0.186 GQ (n=14)
and 1.711+0.397 GQ (n=9), respectively (Fig. 3d). Rest-
ing membrane potential was —57.14 +5.34 mV (n=14)
and —74.44 +£9.59 mV (n=9) respectively (Fig. 3e). In
agreement with our previous observations [23], we did
not observe statistically significant differences on active
and passive membrane properties between control and PD
cells.

Dysregulated Calcium Activity in PD Neurons

We next assessed the integrity of the PD neuronal network
using calcium imaging for the first time in these cells, to
measure spontaneous Ca>' transients at 55-60 DIV. We
observed significantly more spontaneous Ca’* transients
in PD as compared to control cultures (Fig. 3f, g; con-
trol 0.01 +£0.002, n=20; PD 0.04 +£0.003, n=33; ****
P=2.51x107'%) with significantly larger mean amplitude
(Fig. 3h; control 1.70+0.21, n=22; PD 2.33 +0.15, n=35;
* P=0.02). As calcium dynamics regulate neurite growth
and synaptic connectivity [16, 26, 61], our data suggest
that the observed alterations in calcium signaling should
impact on, and explain, the morphological phenotypes of
PD neurons.
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Fig.2 Pathological phenotypes of hiPSC-derived PD neurons in pro-
longed cultures. a Representative images in upper and at higher mag-
nification in lower panels, illustrating the more branched morphol-
ogy of DCX-positive cells in PD versus control cultures at 47 DIV. b
Quantification of the number of total neurites per DCX-positive cell
(control 2.42+0.04 and PD 3.38+0.16, n=3; *P=0.029). ¢ At 70
DIV protein aggregates (aggresomes, red) are detected throughout
in PD cultures and intracellularly in DCX-positive cells (green), but
not in control cells. d Quantification of protein aggregates in DCX-
positive cells (Mann—Whitney Test; control median 0.00, n=265 and
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PD median 5.00, n=173; ****P<0.00001). e Immunostaining for
TH at 70 DIV shows PD neurites with swollen varicosities (upper
panel) that end up in fragmented processes (lower panel). f Quanti-
fication of axon degeneration index in arbitrary units. Data represent
mean + SEM (Student t-test, control 3.22+0.81 and PD 43.34+7.41,
n=20 randomly selected fields for each condition; ****P=0.00003).
g Intracellular protein aggregates detected in PD TH-positive neu-
rons at 70 DIV. Scale bars, 10 pm. h Quantification of protein aggre-
gates in TH-positive cells (Mann—Whitney Test; control median 1.00,
n=167; PD median 6.00, n=155; ****P <0.00001)
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Induction and Characterization of a 6-OHDA
Lesion Model in Inmunodeficient Mice Reveals
Spontaneous Recovery of Motor Function

To investigate the in vivo phenotype of PSA-NCAM-
enriched hiPSC-derived cells at 30 DIV, we developed a
6-OHDA lesioned mouse model in the NOD/SCID strain
that supports xenograft survival [12]. Indeed previous stud-
ies have shown that lesions increase the survival and inte-
gration of transplanted cells within the host brain [2]. Even
though our aim was to use this lesion model as a means for
sustaining graft survival, and not for therapeutic purposes,
we considered necessary to characterize its properties for the
duration of the experiment. A unilateral lesion was induced
by intrastriatal injection of 6-OHDA in 9-10 week old mice
and the resulting functional deficit was confirmed 2 weeks
later using drug-induced and drug-free behavioral analysis
(Fig. 4a—c). Amphetamine-induced rotational asymmetry
was assessed over a 15-week period (Fig. 4a). Surprisingly,
although 6-OHDA injection led to significantly increased
ipsilateral turns per min at 2 weeks post injection (6-OHDA
8.64 +0.76; n=16; saline 0.48 +0.72 turns per min;
n=13; #*¥P=225x 107%), ipsilateral turns were notably
decreased over time. At 7 weeks, turns in the 6-OHDA group
were 3.93 +0.43 per min (n=35) versus 0.78 + 1.02 per min
in the saline group (n=6), *P=0.025. Finally, at 11 and 15
weeks values were not substantially different between the
two groups (11 weeks: 6-OHDA 2.82+0.71 turns, n=06;
saline 1.09+0.79 turns, n=5, P=0.138; and 15 weeks;
6-OHDA 0.47 +0.39 turns, n=6 and saline —0.32 +0.87
turns, n=4, P=0.453).

Spontaneous forelimb and hindlimb activity was also
measured at the same time points (Fig. 4b, c). Preference
for ipsilateral steps was significantly higher in the 6-OHDA
group as compared to the saline group at 2 weeks (fore-
limbs: 6-OHDA 1.63 +0.10 ipsi/contralateral steps per min,
n=12; saline 1.07 +0.06, n=6; ***P =0.0002; hindlimbs:
6-OHDA 2.68 +0.29, n=10; saline 1.07+0.24, n=6;
**%P =0.0007) with the difference leveling out thereafter
both for forelimbs (at 7 weeks: 6-OHDA 0.94+0.03 n=4;
saline 1.06+0.03, n=4; *P=0.037; at 11 weeks: 6-OHDA
0.86+0.05, n=4; saline 1.03+0.07, n=4; P=0.091; at
15 weeks 6-OHDA 0.94 +0.06, n=4; saline 1.13 +0.06,
n=4; P=0.065) and hindlimbs (at 7 weeks: 6-OHDA
1.44+0.17, n=5; saline 1.05+0.31, n=4; P=0.328; at
11 weeks: 6-OHDA 1.32+0.21, n=15; saline 1.03+0.14,
n=4; P=0.289 and at 15 weeks 6-OHDA 1.15+0.16,n=5;
saline 0.85+0.19, n=4, P=0.258). These analyses revealed
a spontaneous behavioral recovery in the lesioned animals,
which impeded assessment of functional improvement fol-
lowing transplantation.

At the immunohistochemical level, loss of TH-positive
neurons in the substantia nigra was validated at 3 weeks

post-lesioning (Fig. 2d). A 65.5% loss was observed (Fig. 4e;
saline 100 +6.03%, n=3; 6-OHDA 34.51 +4.84%, n=3;
*#P=0.0011) which resulted in an extensive striatal dopa-
minergic denervation (Fig. 4f). Although loss of TH-pos-
itive neurons in the substantia nigra remained stable over
15 weeks (60.2% loss, saline 100+ 16.61%, n=3, 6-OHDA
39.83+0.7%, n=3; *P=0.022), striatal dopaminergic rein-
nervation was observed (Fig. 4f), in agreement with the
concurrent behavioral recovery. Our data indicate extensive
sprouting of undamaged TH fibres within the ipsilateral
striatum or/and a probable cross-hemispheric compensatory
mechanism [9], and highlight the limitations of using the
NOD/SCID 6-OHDA model in therapeutic transplantation
paradigms.

In Vivo Engraftment of hiPSC-Derived PD Cells

To investigate their phenotypic characteristics in vivo, con-
trol and PD hiPSC-derived PSA-NCAM-enriched cells (30
DIV) were transplanted 3 weeks after 6-OHDA injection
and immunohistochemical analysis followed after another
12 weeks (Fig. 5a). Analysis of grafted animals was per-
formed by immunohistochemistry. Both control and PD
cells managed to survive in the host striatum, as indi-
cated by human-specific cytoplasmic marker staining, and
formed well-defined grafts without signs of cellular over-
growth (Fig. 5b). Quantification of the grafted area (mean
area in um? from 3 to 7 sections/animal) and the number
of human nuclei (HuNu) per section (mean number from
3 to 5 sections/animal) revealed non-significant differences
between control and PD grafts (Fig. 5d; graft area: con-
trol 164.48 +83.52x 10* um?, n=5; PD 76.68 +15.7 x 10
pmz, n=3; P=0.359; and Fig. 3e; HuNu/ section: con-
trol 543.66 +182.14, n=5; PD 279.06 + 180.33, n=3;
P =0.349). The host immunological response was also
investigated at 12 weeks post-transplantation by immuno-
fluorescence. Control and PD grafts were surrounded by host
Ibal-positive macrophage/microglial cells (Suppl. Fig. 3A)
whilst activated CD68-positive macrophage/microglia had
infiltrated within the grafts in similar numbers between con-
trol and PD (Suppl. Fig. 3B, C; control 129 +21.44, n=5;
PD 156 +50.17, n=3; P=0.653). Such CD68-positive acti-
vated cells were not evident outside the grafts.

Further immunohistochemical analysis at 12 weeks
showed that many of the grafted cells were TUJ1-positive
neurons (Fig. Se, f; control 37.59 +13.44%, n=5; PD
19.09+0.28%, n=3; P=0.241), few were TH-positive
dopaminergic neurons (< 1%) whilst a subpopulation still
expressed the neural progenitor cell marker Nestin (Fig. 51,
j; control 32.64 +5.81%, n=5; PD 44.72+10.68%, n=3;
P=0.394). The expression of the immature neuronal marker
DCX was significantly higher in PD derived grafts as com-
pared to control (Fig. 5g, h; control 16.07 £0.89%, n=5;
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«Fig. 3 Electrophysiological properties and spontaneous calcium tran-
sients in control and PD neurons. a Representative traces of voltage
clamp recordings showing fast inward currents followed by long-
lasting outward currents, due to voltage steps in 10 mV increments.
The inset shows a high magnification view of the inward current. Fol-
lowing initial recording, cells were perfused with 1 uM TTX to block
Na* currents and with 10 mM TEA (tetracthylammonium) to block
K* currents. b, ¢ The mean current—voltage relations of inward Na*
currents [Iy,y), (b)] and outward K* currents [Tkcv)> (©)] under basal
conditions show no difference between control and PD neurons. Pas-
sive membrane properties: d membrane input resistance (Rm) and e
resting membrane potential (Vrest) show no difference between con-
trol and PD neurons. f Representative Fluo-3 traces of spontaneous
Ca’*- transients (A.U.=arbitrary units), normalized to the average
response from the first 40 s of recording. g PD neurons displayed a
higher frequency (Hz) of Ca>* spikes (control 0.01+0.002, n=20;
PD 0.04+0.003, n=33; *##* P=251x107'% and h larger spike
amplitude (sec) (control 1.70+0.21, n=22; PD 2.33+0.15, n=35; *
P=0.02)

PD 47.28 +2.88%, n=3; **P=0.009). Astrocytic differen-
tiation was not detected in the grafted cells (not shown).
Interestingly, using an antibody against the human protein
we noted extensive aSyn immunoreactivity in PD grafts
whilst control grafts exhibited much lower aSyn (Fig. 6a).
Quantification revealed significantly increased aSyn immu-
nofluorescence intensity in PD-derived grafts as compared
to control-derived grafts (Fig. 6b; control 36.744 +16.825
pixels/ um?, n=3; PD 207.389 +28.466 pixels/ um?, n=3;
*P=0.014), indicating a first step towards induction of
pathology. Human aSyn immunoreactivity was not detected
outside the grafts, suggesting no spreading to host cells at
this time point.

Despite the rather limited differentiation of human neu-
rons at 12 weeks in vivo, application of a human-specific
antibody against the synaptic vesicle protein synaptophysin
(HSYP), showed widespread immunoreactivity through-
out the grafts (Fig. 7a). Double labeling for HSYP and
DARPP32 that marks the host striatal medium spiny neu-
rons, revealed an intercalated control graft-to-host inter-
phase as opposed to the sharp boundaries demarcating the
PD graft-to-host interphase (Fig. 7b). This suggests that
control grafts may integrate better in the host tissue. In sup-
port, quantification of HSYP™ contacts onto DARPP32"
neurons in the graft interphase revealed that PD derived
cells formed significantly less contacts than control (Fig. 7c;
150.6+21.39, n=5; PD 85.07 £ 14.73, n=3;*P =0.045).

Discussion

A decade ago improved neurodegenerative disease mod-
eling was largely dependent on the development of novel
animal models in an effort to recapitulate more faithfully
human pathology. Nowadays disease modeling can be per-
formed in a human setting and in a patient-specific manner

using hiPSC-derived systems. Despite limitations aris-
ing from patient variability, experimental design and data
interpretation, the use of hiPSCs has been instrumental in
uncovering new disease phenotypes and tracking cellular
responses to drugs (for review see Taoufik et al. [55]). To
date a large number of hiPSC-based models have been devel-
oped by directed differentiation of patient-derived hiPSCs
to the appropriate neuronal phenotypes. Especially for PD,
attempts have largely focused on the generation of midbrain
dopaminergic neurons with the prospect of utilizing them for
transplantation therapies [8, 17, 54]. As a result several pro-
tocols have been developed with varying efficiency, whilst
not all hiPSC clones are capable to differentiate equally well
to a particular neuronal population, in this case into dopa-
minergic cells, even when the same protocol is used [25,
30, 46, 54].

Along this course, we generated several hiPSC lines
from two patients with familial PD, carrying the p.A53T
aSyn mutation. We thus developed a robust PD model
characterized in vitro by protein aggregates, severe axonal
neuropathology and defective synaptic connectivity [23].
Importantly, these disease-related characteristics could be
reverted by small molecules that target aSyn and prevent
its aggregation. In the absence of isogenic gene-corrected
control lines, the protective effects of these small molecules
provide a direct link between the disease-associated pheno-
types and pathological aSyn [23]. The aim of the present
study was to investigate the phenotype of these cells in vivo
after transplantation in the mouse brain and investigate if
the vulnerability of hiPSC-derived PD neurons is retained
in an in vivo setting or whether it might be rescued under the
supportive influence of the host environment. To this end,
we directed p.A53T-hiPSC and corresponding control lines
[23] to differentiate to the dopaminergic lineage by apply-
ing an efficient floor plate induction protocol that yielded
approximately 50% LMX1a/FOXA2-positive progenitors at
11 DIV, a percentage compatible with previous reports [54].
To remove unwanted cells that might cause graft overgrowth,
we performed an enrichment in PSA-NCAM-expressing
cells, which is known to result in a neuronal population with
constrained proliferation potential and enhanced transplanta-
tion efficacy [19, 27, 39]. This work is the first description
of an in vivo assessment of patient-derived cells carrying
the p.A53T mutation, with the limitation that a single clone
from a patient and a control were used. It therefore repre-
sents a proof-of concept study of the survival and behavior
of the mutant cells in the lesioned striatum of immunocom-
promised mice. Ultimately, the generation and use of iso-
genic gene-corrected lines should offer a more solid basis
for in vivo modeling of p.A5S3T pathology.

Because in the current study we applied a different dif-
ferentiation protocol to that previously reported in [23],
we deemed necessary to assess the emergence of disease

@ Springer



Neurochemical Research (2019) 44:1475-1493

1486
A Amphetamine test B Forelimb spontaneous activity C Hindlimb spontaneous activity
4
12 2| en - SALINE
: 10 | *rex £ 45 £ 5 | Y% -+ 6-OHDA
E 8 EE" EE
2 ¢ 8 Sos 83
2 e ' o
0 T 0 0
5 5 0 1% 20 0 5 10 15 20 0 5 10 15 20
) weeks post injection weeks post injection weeks post injection
D ) SALINE 6-OHDA
Ipsilateral Contralateral Ipsilateral Contralateral

|[ 3 weeks

15 weeks

E TH neuron loss F SALINE 6-OHDA
< 120 Ipsilateral Contralateral Ipsilateral Contralateral
[/ 2 2 .
§ %100
S 80
2 £ e g
+ O s,k * g
I O 4 g
5l i
Xa 2
0
2w 15w
(/2]
[l sAuNE x
[}
[ ] 6-OHDA =
w

Fig.4 Behavioral and immunohistochemical characterization of the
6-OHDA lesion model in NOD/SCID mice. a Amphetamine-induced
rotational asymmetry in 6-OHDA- and saline-injected control mice.
Data (turns/min) represent mean+SEM (6-OHDA 8.64+0.76;
n=16; saline 0.48 +0.72 turns per min; n=13; ****P=2.25x 1078 at
2 weeks; 6-OHDA 3.93+0.43, n=5; saline 0.78+1.02 turns per
min, n=6; *P=0.025 at 7 weeks). b, ¢ Spontaneous forelimb (b)
and hindlimb (c) activity showing ipsilateral versus contralateral paw
preference (forelimbs: 6-OHDA 1.63+0.10 ipsi/contralateral steps
per min, n=12; saline 1.07 £0.06, n=6; ***P=0.0002 at 2 weeks;
6-OHDA 0.94+0.03 n=4; saline 1.06+0.03, n=4; *P=0.037 at 7
weeks; hindlimbs: 6-OHDA 2.68+0.29, n=10; saline 1.07+0.24,
n=6;***P=0.0007 at 2 weeks). d Representative confocal images

@ Springer

of coronal midbrain sections immunostained for TH (from —2.74 to
—3.06 mm from bregma) at 3 and 15 weeks after saline or 6-OHDA
injection. A marked reduction of TH' neurons is evident in the ipsi-
lateral side of 6-OHDA lesioned mice at both time points. Quanti-
fication is shown in (e) (65.5% loss of TH neurons, n=3 per group
**P=0.0011 in 2 weeks, 60.2% loss, n=3 per group *P=0.0224 at
15 weeks). Scale bar, 500 um. f Representative confocal images of
coronal striatal sections showing TH innervation (+0.945 mm from
bregma, next to injection level) at 3 and 15 weeks after saline or
6-OHDA injection. Denervation at 3 weeks followed by re-inner-
vation at 15 weeks is apparent in the ipsilateral side of 6-OHDA
lesioned animals. Scale bar, 500 um
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Fig.5 In vivo engraftment

of iPSC-derived control and
PD cells. a Schematic draw-
ing of the time course of the
in vivo experiment. Cells were
stereotactically transplanted

2 days after MACS enrich-
ment (30DIV), as illustrated
in Fig. 1. b Immunostain-

ing for the human-specific
cytoplasmic antigen (green) in
control and PD-derived grafts.
Nuclei are shown in blue.
Scale bar, 100 um. ¢ Quanti-
fication of graft area (control
164.48 +83.52x 10> um?,
n=5; PD 76.68 +15.7x 10°
um?, n=3; P=0.359) and

d quantification of human
nuclei (HuNu/section) (con-
trol 543.66+182.14, n=5;
PD 279.06 +180.33, n=3;
P=0.349). e Double immu-
nostaining for HuNu (green)
and TUJ1 (red); f Quantifica-
tion of TUJ1*/ HuNu™ cells
out of total HuNu* cells
(control 37.59 + 13.44%, n=5;
PD 19.09 +£0.28%, n=3;
P=0.2406). g Double immu-
nostaining for HuNu (green)
and DCX (red); h Quantifica-
tion of DCX*/ HuNu* cells
out of total HuNu* cells
(control 16.07 +0.89%, n=5;
PD 47.28 +2.88%, n=3; **
P=0.0091). i Double immu-
nostaining for HuNu (green)
and Nestin (red); j Quanti-
fication of Nestin™/ HuNu™*
cells out of total HuNu™ cells
(control 32.64+5.81%, n=5;
PD 44.72+10.68%, n=3;
P=0.3936). Total nuclei (of
host tissue and graft) are shown
in blue (DAPI staining). Scale
bar (e, g, i), 10 um. Data repre-
sent mean + SEM
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Fig.6 Increased a-synuclein
(aSyn) expression in grafted
iPSC-derived PD neurons. a
Representative images of striatal
sections from mice that received
control or PD-derived grafts,
labeled for human aSyn (green,
top panel; same fields: white
lower panel). Host DARPP32*
medium spiny neurons are
stained in red and nuclei are
shown in blue (DAPI staining).
Increased levels of aSyn immu-
noreactivity are clearly detected
in PD-derived grafts. Scale

bar, 100 um. The insets in the
lower panel are shown at higher
magnification in (i, ii; aSyn,
white). Scale bar in the insets,
25 pm. b Quantification of aSyn
fluorescence intensity in control
and PD-derived grafts (control
36.744 + 16.825 pixels/ um?,
n=3; PD 207.389 +28.466 pix-
els/pmz, n=3; *P=0.014). Data
represent mean + SEM
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Fig.7 Human synaptophysin
immunoreactivity in PD and
control-derived grafts in con-
junction with DARP32 immu-
noreactivity of host medium
spiny neurons. a Low power
view of control and PD-derived
grafts immunostained for
human synaptophysin (HSYP;
white). Scale bar, 100 um. b At
higher magnification (insets in
a), double labeling for HSYP
(white) and DARPP32 (red)
indicates better integration of
control-derived grafts within
the host tissue. An intercalated
control graft-host interphase is
evident versus a sharply demar-
cated PD graft-host interphase.
Arrows depict possible synaptic
contacts between grafted cells
and host neurons (also shown
at higher magnification). Scale
bars, 10 um. ¢ Quantification
of HSYP/DARPP32 contacts
per section in control and PD-
derived grafts (150.6 +21.39,
n=5; PD 85.07+14.73,
n=3;*P=0.045). Data repre-
sent mean+ SEM
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phenotypes in our cultures. in vitro characterization revealed
similar profiles between control and p.A53T cells at the
time of their transplantation (30 DIV) in 6-OHDA lesioned
immunodeficient mice. However in more prolonged cultures
up to 70 DIV, PD cells displayed significant morphologi-
cal and functional alterations. This analysis uncovered both
novel and previously identified defective phenotypes. In par-
ticular, we showed here for the first time that DCX-positive
neurons showed abnormal neurite patterning with increased
primary and secondary branching. Moreover, TH-positive
neurons exhibited distorted and fragmented neurites indica-
tive of neurodegeneration, as previously reported [23]. DCX
is a microtubule-associated protein known for its involve-
ment in neuronal migration and, more particularly, in the
maintenance of bipolar shape in migrating neurons [21].
DCX is also important for proper dendritic development
and remodeling [50]. Interestingly, it has been shown that
DCX-positive immature neurons with LRRK?2 deficiency,
a gene associated with monogenetic PD, exhibit extended
neuritic development and more complex arborization [35],
a phenotype similar to our current observations.

Intracellular protein aggregates were detected here in
mature TH-positive neurons leading to overt degenerative
traits, in agreement with our previous observations [23] and
other reports [43, 44]. Interestingly though, protein aggre-
gates could also be seen in immature DCX-positive cells,
suggesting that pathology starts a lot earlier than anticipated
and is not confined to mature neurons. It is possible that
sequestration of aggregation-prone proteins may initially
represent a cytoprotective effect in response to cellular
stress, eventually leading to degeneration of more mature
TH-positive cells.

Emerging evidence suggests that a number of underlying
mechanisms in neurodegenerative diseases are closely linked
to neuritic maintenance, synaptic transmission and neuronal
connectivity. Our electrophysiological analysis showed simi-
lar active and passive membrane properties between control
and PD cells, in agreement with our previous observations
[23]. Yet calcium imaging in p.A53T-neurons that was per-
formed here for the first time, revealed higher frequency and
amplified calcium transients, which is likely to impact on
the identified phenotypes of p.A53T cells. It is known that
calcium oscillations play critical roles in neuronal develop-
ment and differentiation affecting neurite outgrowth and the
formation of synaptic connections [42, 58]. Previous studies
have shown calcium dysregulation in hiPSC-derived neu-
rons from PD patients carrying the LRRK2 G2019S muta-
tion [47] or mutations in the PD-linked gene GBA1 [46] as
well as in hiPSC-derived neurons from patients with fron-
totemporal lobar degeneration tauopathy [15]. The observed
altered network activity, along with the aberrant neurite
branching observed in PD neurons, are in line with a defect
in synaptic maturation and plasticity [32].
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We next addressed whether the in vitro observed vulner-
ability of p.A53T neurons would be retained in vivo. The
6-OHDA lesion that results in loss of nigral dopamine neu-
rons has been first established in rats as a PD model [57] and
later in mice due to development of a large number trans-
genic mouse models for PD studies [3, 41, 56]. The major-
ity of studies engaging differentiated derivatives of human
pluripotent stem cells for transplantation use immunosup-
pressed rodent models where integration and functionality
are assessed both histologically and behaviorally. Our data
from two different tests for evaluation of motor activity in
the 6-OHDA lesioned NOD/SCID mice were rather unex-
pected. In both tests a significant restoration of behavioral
deficits occurred spontaneously in mice without transplan-
tation. We postulate the occurrence of extensive sprouting
of undamaged dopaminergic fibers within the ipsilateral
striatum or/and a cross-hemispheric contribution of dopa-
minergic fibers originating from the contralateral substantia
nigra. Contrary to the long-standing belief that dopamine
neurons project unilaterally, a recent study has demonstrated
that dopamine neurons have cross-hemispheric projections
with functional significance [9]. Most interestingly, and in
support of our findings, the authors of this study showed that
in animals with a unilateral 6-OHDA lesion, contralateral
projections could be stimulated with amphetamine to evoke
dopamine release in the lesioned striatum, raising concerns
when using this experimental approach to evaluate the effi-
cacy of transplanted cells in pre-clinical studies.

Subsequently we focused on immunohistochemical
analysis of the graft and the surrounding host environment.
Assessment of the graft at 12 weeks after transplantation
suggested that both control and PD cells survived and could
differentiate to a similar extent despite the pathological fea-
tures that these cells displayed in vitro. One difference we
noted was an increased number of DCX-positive cells in
PD grafts, suggesting that PD neurons might be stalled at
this immature differentiation state, an observation that might
account for their compromised ability to extend neurites and
form contacts with host neurons. Considering the limited
numbers of TH-positive neurons present in both control
and PD grafts it is desirable to examine in future studies
longer time points, exceeding 6 months after transplanta-
tion, which is a challenging task taking into consideration
the increased mortality rate of the 6-OHDA lesioned NOD/
SCID mice. Long-term studies are also needed to clarify
whether the elevation in a«Syn immunoreactivity seen in PD
grafts (this study with p.AS3T-aSyn grafts and [13] with
LRRK2-G2019S grafts) - a phenotype that cannot be attrib-
uted to their more immature state - would eventually result
in a pathological phenotype with formation of protein aggre-
gates in mature neurons. Another issue is whether p.A53T
pathology can spread from the graft to the host environment.
Cell to cell seeding of aSyn and transmission of pathology
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from patient to healthy human neurons has been recently
observed in vitro [43]. Whether this may also occur in vivo
remains to be seen. We speculate that graft-to-host transmis-
sion may require longer to emerge. An alternative possibility
is that differences between human and mouse may prohibit
aSyn transmission across species.

Despite similarities, the observed differences between
control and PD grafts should not be overlooked as they may
be intensified overtime affecting their integration within the
tissue. Control-derived grafts tended to intermingle more
efficiently at 12 weeks with the host tissue whilst PD grafts
retained sharply demarcated boundaries. This was accompa-
nied by a decreased number of PD graft-derived projections
onto host medium spiny neurons. This may be explained
either by an increased permissiveness of the host tissue to
healthy human neurons or by the compromised ability of
human PD neurons to form synaptic contacts in vivo as has
been previously shown for these cells in vitro [23]. Under
this light, further analysis of the phenotypes that patient cells
acquire over longer periods of time as well as the use of
multiple iPSC clones from different patients should extend
our current proof-of-concept study and provide additional
evidence for in vivo disease modeling.
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