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Dopaminergic Neurons Transplanted Using Cell-Instructive 
Biomaterials Alleviate Parkinsonism in Rodents
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Rishikesh U. Kulkarni, Evan W. Miller, Sanjay Kumar, and David V. Schaffer*

Cell replacement therapy (CRT) is a promising treatment for degenerative 
disorders, such as Parkinson’s disease (PD). However, CRT is in general 
hindered by poor graft survival, limited cell dispersion, modest cell integra-
tion, and delayed therapeutic efficacy. These challenges need to be addressed 
to enhance the clinical translation of CRT. Here, key bioactive factors that 
increase the survival and dispersion of human pluripotent stem cell-derived 
midbrain dopaminergic (mDA) neurons, the primary type of cells lost in PD, 
are identified. mDA neurons cotransplanted with survival and dispersion 
factors within a protective hyaluronic acid hydrogel, optimized for controlled 
factor release and cell spread, alleviate disease symptoms in PD model rats. 
Importantly, treatment benefits correlate with increased graft survival, disper-
sion, and integration. Optimally engineered cell-instructive transplantation 
platforms thus offer promise for enhancing CRT in PD and potentially a range 
of degenerative diseases or trauma.
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treatments that offer long-term efficacy, 
and as a result incurs a major personal 
and socioeconomic burden[2] with patients 
experiencing worsening symptoms for the 
≈10–20 remaining years of life after dis-
ease onset. New treatment strategies are 
therefore urgently needed.

Cell replacement therapy (CRT), which 
involves the implantation of cells to rees-
tablish lost functions, is in general a 
promising treatment strategy for degen-
erative diseases and traumatic injuries 
that involve the loss of specific cell popu-
lations.[3] For instance, the characteristic 
loss of striatum-projecting midbrain dopa-
minergic (mDA) neurons of the substantia 
nigra is linked to motor dysfunctions in 
PD.[1] Accordingly, previous clinical trials 
involving striatal transplantation of fetal-
derived dopaminergic tissue showed some 

improvement in motor function in a subset of patients and 
thus demonstrated the promise of CRT for PD.[4–6] However, 
this approach in general has been complicated by graft hetero-
geneity and limited reproducibility, the challenging supply of 
transplantable cells, and ethical considerations related to the 
fetal cell source.[7,8] Fortunately, human pluripotent stem cells 
(hPSCs), which have the potential for indefinite self-renewal 
and the capacity to generate most human cell types, are an 
attractive source of cells for CRT to build upon this early work.[9] 
The field has made major progress in the efficient and effective 
generation of defined populations of hPSC-derived mDA pro-
genitors for CRT,[10,11] and steps are underway toward clinical 
trials in human patients.[12,13] That said, several challenges 
remain.

First, transplanting heterogeneous populations of progenitor 
cells may lead to graft overgrowth,[14,15] or movement disor-
ders. Using postmitotic mDA neurons rather than progenitors 
may avoid this outcome, but these more mature, somewhat 
delicate cells suffer from low post-transplantation survival[14] 
due to factors including mechanical stress during harvest and 
transplantation.[16] Second, dispersion of the graft (i.e., move-
ment of grafted cells apart from one other and the injection 
site) may enable robust integration with and innervation of 
host tissues, which is critical for disease alleviation.[17] Addi-
tionally, nonuniformly dispersed grafts and the resulting unbal-
anced dopaminergic activity can induce adverse movement 
disorders such as dyskinesia in both preclinical and clinical 
studies.[18,19] Cells are often implanted in multiple locations 

Tissue Engineering

1. Introduction

Parkinson’s disease (PD)[1] is a debilitating, progressive, degen-
erative disorder that affects ≈10 million patients worldwide. 
PD leads to deterioration of motor and mental function, lacks 
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to aid their dispersal across the striatum, but this approach 
requires multiple injections and may still leave the majority 
of cells at the injection sites, as mDA neurons are typically 
not motile.[20] Exogenous cues may thus be necessary to pro-
mote graft dispersion. Finally, successful grafts must currently 
mature and integrate for several months within animal models 
before achieving the functionality required to alleviate disease 
symptoms,[10,11] and an analogous delay occurs in PD patients, 
who continue to experience motor and behavior dysfunction 
for years after cell transplantation before treatment benefits are 
realized.[21,22] For all of these reasons, approaches to enhance 
post-transplantation survival and dispersion of grafted neurons 
and thereby improve and accelerate treatment efficacy may ben-
efit clinical translation of CRT in PD.

Harnessing engineered biomaterials for transplantation 
could potentially enhance the postimplantation survival, disper-
sion, and integration of postmitotic mDA neurons to enable 
safe, rapid, overgrowth-free CRT. First, biomaterial scaffolds 
may physically protect against mechanical and inflammatory 
stress during and post-transplantation.[23] Additionally, incor-
poration of key biochemical cues within the biomaterial scaf-
fold—for example, neurotrophic factors to promote cell survival 
or motogenic factors to encourage cell migration—may both 
further enhance post-transplantation cell survival and aid in the 
dispersion of fragile, generally immotile postmitotic neurons. 
Such cue-mediated dispersion of stem cell-derived cells has not 
previously been attempted in a cell replacement therapy, and 
this may be a particularly valuable strategy to promote func-
tional graft integration in the CNS.

Here, we utilize cell-instructive biomaterial platforms to 
enhance the post-transplantation survival and dispersion of 
human embryonic stem cell (hESC)-derived mDA neurons. 
Specifically, we experimentally identified factors that dis-
persed hESC-derived mDA neurons and incorporated these 
factors into a hyaluronic acid (HA) based hydrogel to build a 
dispersion-inducing transplantation platform. Following mDA 
neuron generation in a scalable, thermoresponsive hydrogel,[24] 
cells were encapsulated into these hydrogels, implanted into 
PD model rats, and alleviated disease symptoms. Importantly, 
this symptomatic amelioration correlated with significantly 
increased mDA neuronal survival, dispersion, and host-tissue 
innervation. This transplantation strategy may thus facilitate 
clinical translation of regenerative therapy for PD, and addition-
ally holds promise for CRT in other diseases.

2. Results

2.1. Motogenic Factors Disperse hESC-Derived  
mDA Neurons on 2D Surfaces

We first identified biological factors that could increase cell 
motility and dispersion of hESC-derived neurons (Figure 1a). 
Several candidate factors generally associated with cell motility, 
migration, or axonal projection were selected for analysis:  
(1) scatter factor, or hepatocyte growth factor (SF/HGF),[25]  
(2) fibroblast growth factor (FGF-2),[26] (3,4) Ephrin-B1 
and Ephrin-B2,[27] and (5) glial derived neurotrophic factor 
(GDNF).[28] Ephrins in particular are well-known for their role 

in axonal guidance during central nervous system develop-
ment.[29] Furthermore, string pathway analysis, an open-source 
database-linked tool to assess molecular function based on lit-
erature evidence, confirmed that these molecules were broadly 
associated with neuronal projection, axon guidance, and cell 
migration (Table S1, Supporting Information).

We investigated whether these factors could disperse hESC-
derived postmitotic mDA populations, initially on 2D laminin-
coated surfaces. H1 hESCs were differentiated into mDA neurons,  
using the fully defined and scalable system based on the ther-
moresponsive poly(N-isopropylacrylamide)-co-polyethylene 
glycol (PNIPAAm-PEG)-material we recently reported[24] 
(Figure  1b). Notably, this approach generated mDA neurons 
with elevated levels of EN1, which has been linked to increased 
graft survival,[11] and FOXA2, which is associated with mDA 
development and long-term graft survival.[30,31] After 25 d of 
differentiation within the PNIPAAm-PEG gel, mDA clusters 
expressed FOXA2, LMX1A, and TH, demonstrating a region-
specific dopaminergic phenotype (Figure  1c–e).[10] Specifically, 
our previous analysis showed that ≈80% of these cells express 
FOXA2 and LMX1A (demonstrating a floor-plate-derived mid-
brain neural fate), ≈70% express the pan-neuronal marker 
TUJ1, and ≈40% express TH.[24] Subsequently, clusters were 
isolated and seeded on laminin-coated 2D surfaces for motility 
experiments. In an initial screening experiment, using Cell Pro-
filer software (as depicted in Figure  S1, Supporting Informa-
tion), we identified Ephrin-B2 (10 ng mL−1), HGF (20 ng mL−1), 
and GDNF (100 ng mL−1) as the most potent dispersion factors 
for mDA neurons, as they dispersed cells to a 5–10-fold greater 
extent than the other factors tested (Figure 1f). Factor concen-
trations used were similar in order of magnitude to values 
previously shown to disperse other neural cells.[25,26,28] We addi-
tionally verified that the dispersion factors did not affect the 
total number of cells (Figure S2, Supporting Information), for 
example, through altering proliferation rates or cell viability.

2.2. GDNF, Ephrin-B2, and HGF Disperse hESC-Derived mDA 
Neurons Encapsulated in 3D Hyaluronic Acid Gels In Vitro

To determine whether the results observed on 2D translated 
into a less spatially constrained and more brain-mimetic 3D 
environment, and to develop a transplantable platform to 
induce cell dispersion in vivo, we next investigated cell dis-
persion within a biomaterial. Specifically, we coencapsulated 
dispersion factors and cells in a transplantable biomaterial 
(Figure 2a) based on HA—a base material that has previously 
been used as both in vitro tissue models and cell transplanta-
tion scaffolds.[23,32,33] As a first step, we demonstrated that 
HA hydrogels functionalized with RGD, a cell adhesive pep-
tide,[34] and heparin, a glycosaminoglycan with high affinity 
for key neurotrophic factors,[35–37] supported culture of D25 
hESC-derived mDA neurons initially generated in PNIPAAm-
PEG (Figure 2b,c). Of note, both RGD and heparin have been 
extensively used before for their adhesive and factor-binding 
properties, respectively, to functionalize biomaterials.[34,38] The 
coexpression of TH, FOXA2, and LMX1A after 10 d in the 
HA-based biomaterial (D35) importantly demonstrates mainte-
nance of a midbrain-specific dopaminergic phenotype.[10]
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Next, we investigated whether soluble GDNF, Ephrin-B2, 
and HGF added to culture medium at levels that were active in 
2D (Figure  1e) could disperse mDA neurons encapsulated in 
the 3D HA biomaterial. Since material properties such as stiff-
ness (Figure 2d, and Figure S3a, Supporting Information) can 
affect migration in 2D[39] and 3D,[40] material crosslinking and 
thus stiffness were also varied. Ephrin-B2 (10 ng mL−1), GDNF 

(100 ng mL−1), and HGF (20 ng mL−1) dispersed HA-encapsu-
lated neurons (Figure  2e,f), as well as enhanced (p  < 0.0001) 
neurite outgrowth (Figure  2e,g), including TH+ neurites 
(Figure S3b–d, Supporting Information), with important impli-
cations for promoting graft–host tissue connectivity.[17] Fur-
thermore, HA-based hydrogels with the highest initial storage 
moduli tested (≈750 Pa) resulted in the highest levels of 
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Figure 1.  hESC-derived mDA neurons are dispersed by biological cues in vitro. a) Schematic for cell dispersion concept. b) Schematic for generating 
hESC-derived mDA neurons in thermoresponsive hydrogels, followed by investigating the effect of soluble dispersion factors on 2D laminin-coated 
surfaces. Representative immunocytochemistry of D25 hESC-derived mDA neurons showing coexpression of c) LMX1A (red) and FOXA2 (green), 
with nuclei labeled with DAPI (blue); of d) TH (red) and MAP2 (green), with nuclei labeled with DAPI (blue); and of e) TH (green), FOXA2 (red), and 
LMX1A (blue). Scale bars are 50 µm. f) Representative images of DAPI-labeled nuclei for mDA neurons incubated with soluble Ephrin-B2, HGF, or 
GDNF. Scale bars are 200 µm. g) Percentage increase in internuclear distances for hESC-derived mDA neurons treated for 2 d with soluble dispersion 
factors on 2D laminin-coated surfaces, relative to internuclear distances for untreated controls. Data are presented as mean ± SEM (n = 8 experiments, 
analyzing 5200 ± 100 cells per condition). * indicates p < 0.05 for Student’s unpaired t-test with respect to control untreated cells.
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Figure 2.  hESC-derived mDA neurons are dispersed by biological cues in 3D HA hydrogels. a) Schematic for cell dispersion concept. b) Schematic 
for investigating the effect of dispersion factors in 3D. c) Representative immunocytochemistry image showing HA-encapsulated D35 hESC-derived 
mDA neurons coexpressing TH (cyan), FOXA2 (red), and LMX1A (yellow), with nuclei labeled in blue. Scale bar is 100 µm. d) Schematic for gener-
ating HA gels with varying stiffness. e) Representative images showing mDA neurons treated with dispersion factors for 10 d in 750 Pa HA hydrogels. 
Top panels: Higher objective confocal images showing dispersed DAPI-labeled nuclei. Bottom panels: Lower objective images showing neurite exten-
sion, with cells stained for TUJ1 (red) and with DAPI (blue). Scale bar is 200 µm. f) Percentage increase in internuclear distances for hESC-derived 
mDA neurons treated for 10 d with soluble dispersion factors in HA gels of stiffness 200 Pa (orange), 350 Pa (blue), or 750 Pa (purple), relative to 
internuclear distances for untreated controls. Data are presented as mean ± SEM (n > 3). g) Average neurite length in hESC-derived mDA cultures 
treated with soluble dispersion factors in 750 Pa HA gels. Data are presented as mean ± SEM (n ≥ 3). h) Schematic for dispersion factors GDNF, 
HGF, and Ephrin-B2 incorporated within HA gels. i) Release kinetics of dispersion factors GDNF (orange), HGF (purple), and Ephrin-B2 (black) 
from 750 Pa HA gels. Data are presented as mean ± SEM (n = 3). j) Percentage increase in internuclear distances for hESC-derived mDA neurons 
treated with soluble dispersion factors individually or in combination for 10 d in 750 Pa HA gels (Combination), or for hESC-derived mDA neurons 
coencapsulated with all dispersion factors in 750 Pa HA gels (CR Combination) for 10 d, relative to internuclear distances for untreated controls. 
Data are presented as mean ± SEM (n > 6 experiments). ** indicates p < 0.01 and **** indicates p < 0.0001 for one-way ANOVA with Tukey’s test 
for multiple comparison.
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dispersion (Figure 2f), potentially due to increased cell traction 
in a stiffer material.[39] Stiffnesses higher than 750 Pa were not 
tested due to limitations in material injectability. In sum, more 
cells in the higher stiffness gels were dispersed over longer 
distances in the presence of the dispersion factors (Figure S3e, 
Supporting Information).

Next, we devised a platform that could continuously release 
encapsulated factors over at least two weeks to allow dispersion 
following transplantation in vivo. GDNF, HGF, and Ephrin-B2  
were incorporated during crosslinking of the HA-based hydro-
gels, and factor release was quantified over two weeks via 
ELISA. These dispersion factors (which have solvent-accessible, 
positively charged domains[41–43]) have the potential to be both 
electrostatically bound to heparin and physically encapsulated 
within the hydrogels (Figure  2h), leading to subsequent slow 
release from the material via diffusion and hydrogel degrada-
tion.[44] HGF and GDNF may additionally interact with hep-
arin.[45,46] Encapsulating 0.5 µg Ephrin-B2, 0.5 µg HGF, and 
1 µg GDNF into 30 µL HA-based hydrogels led to an initial 
burst release followed by slower release rates of ≈3 ng mL−1 d−1 
Ephrin-B2, ≈13 ng mL−1 d−1 HGF, and ≈30 ng mL−1 d−1 GDNF, 
respectively (Figure 2i).

Next, hESC-derived mDA progenitors were incorporated into 
these HA-based hydrogels, factors were added either during cell 
encapsulation or solubly to culture medium after cell encap-
sulation, and cell dispersion was measured. Individual factors 
induced dispersion (3% for GDNF, 10% for HGF, or 24% for 
Ephrin-B2 relative to untreated controls), and the dispersive 
effect was more pronounced (p  < 0.0001) when factors were 
combined (Combination, Figure 2j). Furthermore, even higher 
(p <0.0001) dispersion (35% increase relative to untreated con-
trols) was observed when all factors were coencapsulated with 
cells (CR Combination, Figure 2j).

2.3. hESC-Derived mDA Clusters Encapsulated in Dispersive  
HA Gels Improve Function in PD Model Rats

We next investigated whether hESC-derived mDA cells coen-
capsulated with dispersive factors in HA-based hydrogels could 
alleviate disease symptoms in a rat model of PD. mDA neu-
rons were generated (1) on common 2D platforms (Matrigel) 
(2D group, or 2D), (2) in 3D PNIPAAm-PEG and prepared as 
a suspension (3D group, 3D),[24] (3) in 3D PNIPAAm-PEG and 
encapsulated in HA gels without factors (3D + gel group, 3DG), 
or (4) in 3D PNIPAAm-PEG and encapsulated in HA hydrogels 
with factors (3D + gel + factors group, 3DGF). In addition, we 
hypothesized that the supportive environment provided by the 
functionalized HA gels would allow us to attempt transplanting 
considerably fewer cells, 100 000 postmitotic mDA neurons 
compared to 150 000–450 000 cells generally transplanted in 
these models,[10,47–50] and have them survive and functionally 
engraft. 100 000 cells in these four groups were thus striatally 
transplanted in 6-OHDA unilesioned PD model rats (Figure 3a), 
while in parallel using phosphate buffered saline (PBS) (sham) 
and cell-free gel with factors (gel+factors group, gel) as con-
trols. At the time of transplantation (D25 of differentiation), the 
fraction of TH+ cells generated on 2D and in 3D were 20 and 
35%, respectively, consistent with our previous report.[24]

After transplantation, we monitored animals monthly for 
five months in a blinded manner using two standard tests for 
motor function in PD: apomorphine-induced rotation[51] (rota-
tion tests; Figure  3b) and the cylinder test for forelimb aki-
nesia[52] (Figure 3c). Briefly, in the rotation test, intraperitoneal 
injections of a dopamine agonist such as apomorphine stim-
ulates the sensitized dopamine receptors in the lesioned stri-
atum of unilaterally lesioned PD models, leading to contralat-
eral (with respect to the lesioned side) rotations that serve as a 
quantitative measure of pathology. In the cylinder test, quanti-
fying reduced usage of the contralateral forelimb in unilaterally 
lesioned animals offers an additional measure of disease.

The 2D cell cohort did not improve in the rotation tests 
relative to sham surgery animals, and only showed increased 
usage of the contralateral forelimb at the 12-week time-point 
(Figure  3b,c). Consistent with prior reports,[10,47,48] higher cell 
numbers transplanted at an earlier time-point (of differentia-
tion) may be needed to achieve more than the transient motor 
improvement observed here with 2D cells. In contrast, as 
early as 4–8 weeks post-transplantation we observed reduced 
(p < 0.05) apomorphine-induced rotations for the 3D, 3DG, and 
3DGF cohorts (Figure  3b) demonstrating rapid alleviation of 
disease symptoms. However, at subsequent time-points 3D-dif-
ferentiated cells without material (3D) performed poorly on the 
rotation test and showed increased contralateral forelimb usage 
only at 12 weeks after transplantation (Figure 3c). For 3DG, how-
ever, improvement in forelimb akinesia was maintained until 
16 weeks after transplantation, but performance on the rotation 
test deteriorated sooner. In stark contrast, 3DGF demonstrated 
improved motor function for the entire duration of the study, 
outperformed all the other treatment groups by the end of five 
months, and achieved nearly complete recovery of contralateral 
forelimb function after only eight weeks post-transplantation 
(Figure 3b,c). Furthermore, these results persisted for the dura-
tion of the five-month experiment (Figure S4, Supporting Infor-
mation). Since gel+factors without cells (gel) showed no benefit 
at any time-point, the combined delivery of mDA neurons and 
factors coencapsulated in HA-based hydrogels was key in allevi-
ating disease symptoms in this PD rat model.

Finally, amphetamine-induced rotation[54] (Figure  S5a, 
Supporting Information) and stepping tests[54] (Figure  S5b, 
Supporting Information) analysis of motor function five 
months post-transplantation confirmed the superior perfor-
mance of 3DGF.

2.4. Functionalized HA Hydrogels Enhanced Post-Transplantation 
Survival, Phenotype Maintenance, Integration, and Dispersion 
of 3D Generated hESC-Derived mDA Neurons

We histologically examined the various treatment groups five 
months post-transplantation, specifically graft survival, cell phe-
notype, neuronal connectivity, and dispersion. Surviving human 
nuclear antigen-positive (HNA+) striatal grafts were seen in 
all cell-based treatment groups (Figure 4a–d). On average,  
≈1500 HNA+ and ≈2300 HNA+ cells survived for 2D and 3D, respec-
tively, out of 100 000 cells transplanted (Figure 4e). In contrast,  
we noted higher survival in groups with cells encapsulated in  
HA-based hydrogels (i.e., 3DG and 3DGF), with ≈6100 and 
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www.afm-journal.dewww.advancedsciencenews.com

1804144  (6 of 13) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

≈4800 HNA+ cells surviving respectively out of 100 000 cells 
transplanted (Figure 4e).

Importantly, we found the highest fraction of TH+/FOXA2+ 
neurons, the cells relevant for disease alleviation,[10] in 3DGF 
(Figure  4f–i, and Figure  S6, Supporting Information). Specifi-
cally, out of the surviving cells, 75% were TH+ in the 3DGF 
group, significantly and substantially higher (p  < 0.05) than 
the 19% TH+, 20% TH+, and 13% TH+ cells observed for the 
2D, 3D, and 3DG groups, respectively. The significant dif-
ference in the fraction of TH+ cells between 3DG and 3DGF 
suggests that inclusion of neurotrophic dispersion factors 
was crucial for long-term preservation of the mDA phenotype 

in vivo. The maturation and maintenance of region-specific 
phenotype within the 3DGF graft was further confirmed by 
the coexpression of TH and GIRK2, a hallmark potassium 
channel protein marker of A9-type mDA neurons (Figure  S7, 
Supporting Information). Additionally, we found <1% Ki67+ 
proliferative human cells five months post-transplantation, 
thereby demonstrating a lack of graft proliferation consistent 
with a safer graft (Figure  S8a, Supporting Information). We 
also found no immune response around the graft area at this 
time-point, with similar levels of Iba1+ host microglia and no 
CD68+ host macrophages (Figure S8b, Supporting Information) 
compared to an uninjured rat striatum (Figure S8c, Supporting 
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Figure 3.  Transplantation of hESC-derived mDA neurons coencapsulated with dispersion factors into 6-OHDA unilesioned PD model rats rapidly allevi-
ates disease symptoms and outperforms alternative treatment groups. a) Schematic representing the six different groups used for in vivo experiments. 
b) Apomorphine-induced contralateral rotations; rotation data for each animal are normalized to its respective pretransplantation rotation value.  
c) Fraction of right (contralateral) paw touches in the cylinder test. Dashed red line shows level for full recovery. Groups presented here are: sham 
(gray), 2D (orange), 3D (yellow), 3D gel (green), 3D gel + factors (purple), and gel (olive). Data are presented as mean ± SEM for n = 6 animals for 
each treatment group, and n = 5 animals for controls. Statistical analysis was performed separately for each time point using one-way ANOVA with 
Tukey’s test for multiple comparisons; group means within each time point sharing a letter label are part of the same statistical group with p > 0.05; 
group means within each time point that do not share a letter label are statistically different p < 0.05.
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Information). In contrast, higher numbers of microglia and 
macrophages were seen in the suspension cell grafts without 
scaffolds (Figure S8d, Supporting Information).

We next investigated whether the cell-instructive biomate-
rial led to increased dispersion and innervation in vivo. First, 
measuring internuclear distances of grafted cells indeed 
showed that incorporating dispersion cues (3DGF) increased 
(p  < 0.005) dispersion relative to all other treatment groups 
(Figure 5a,b, and Figure  S9, Supporting Information). Spe-
cifically, 3DGF showed an average internuclear distance 
of 14 µm, which is 1.5–2-fold higher compared to unaided 
migration in the other treatment groups (Figure  5b). At a 
gross morphological level, 3DGF grafts were observed to span 
across multiple histological sections (Figure  S10, Supporting 
Information), with dense TH neurite innervation at the graft 
periphery (Figure  S11, Supporting Information). Specifically 
investigating the effect of dispersion factors on host tissue 
innervation, NCAM (Figure 6a–f) and STEM121 (Figure 6g–j) 
staining demonstrated denser levels of neurite outgrowth at 
the 3DGF graft periphery relative to 3DG. Importantly, we also 
found 3DGF grafts to be significantly more spread out relative 
to 3DG (p < 0.05) (Figure 6k).

To promote functional recovery, grafted cells should ide-
ally form synaptic connections with the surrounding neuronal 
architecture,[17] emulating the synaptic connections of endoge-
nous nigral projection neurons with their striatal targets.[55,56] In 
accordance, we noted human TH+ neurons expressing human 
synaptophysin (hSYP) in all treatment groups (Figure  5c, and 
Figure  S12a–c, Supporting Information). This synaptophysin 
expression also occurred in close proximity to DARPP32+ 
medium spiny neurons (MSNs) in the 3DGF group, suggesting 
connectivity between grafted neurons and the surrounding 
striatum (Figure  5d). Importantly, a higher level of hSYP was 
detected in the graft periphery for 3DGF grafts, relative to the 
other treatment groups (Figure  5d,e, and Figure  S12d–f, Sup-
porting Information), indicating increased synapse formation. 
Rapid synaptic integration may be facilitated by higher maturity 
of transplanted cells. Using voltage-sensitive fluorescent dyes 
to monitor spiking activity[57]—a hallmark of neuronal matu-
ration—we observed that 80% of 3D-generated neurons fired 
action potentials at D31 of differentiation in vitro (Figure S13, 
Supporting Information). Such functionally mature neu-
rons may integrate with the host neuronal architecture faster, 
and lead to rapid alleviation of disease symptoms. Thus, the 
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Figure 4.  HA hydrogels with incorporated dispersion factors mediated increased survival and phenotype maintenance of cotransplanted hESC-derived 
mDA neurons at 20 weeks post-transplantation relative to other treatment groups. a–d) Representative images of HNA+ cells (green) in surviving 
striatal grafts for each of the treatment groups. Scale bars are 500 µm. e) Quantification through immunohistochemistry showing the average number 
of total and TH+ cells surviving for each treatment group: 2D (orange), 3D (yellow), 3DG (green), and 3DGF (purple). Data are presented as mean ± 
SEM from n = 5 animals per group. * indicates p < 0.05 for one-way ANOVA with Dunnett’s test for multiple comparisons. Absence of brackets denotes 
no statistical significance, with p > 0.05. f–i) Representative images of HNA+ cells (red) within grafts coexpressing TH (green) and FOXA2 (blue) for 
each of the treatment groups 2D, 3D, 3DG, and 3DGF, respectively. Scale bars are 50 µm.
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integration of many surviving TH+/FOXA2+ neurons may 
contribute to the rapid functional improvements mediated by 
3DGF relative to the other treatment groups.

3. Discussion

Biomaterial platforms promise to increase the efficacy of 
CRT,[23,58] and incorporation of bioactive ligands into these 
scaffolds can promote additional important functions such as 
cell motility. We engineered a biologically functionalized, HA-
based hydrogel, and the resulting cell transplantation platform 
enhanced the survival and dispersion of transplanted hESC-
derived mDA neurons and resulted in the alleviation of dis-
ease symptoms in a PD rat model. The biomaterial platform 
developed here may also enhance the efficacy of cell types 
other than mDA neurons, such as medium spiny neurons 
or oligodendrocyte precursor cells (OPCs). Post-transplan-
tation survival or dispersion of non-neuronal cells such as 

OPCs could be similarly enhanced using the appropriate 
encapsulated factors.

Identification and enhancement of graft properties that 
alleviate disease symptoms can enable better transplantation 
strategies.[11] For PD therapy, to date the number of surviving 
TH+ cells has been among the most important criteria for graft 
success.[11] In addition, extensive innervation of host tissue has 
also recently been identified as an important factor for achieving 
functional recovery.[17] Graft spreading is also beneficial, as local 
hotspots of TH+ grafts have led to movement disorders such 
as dyskinesias.[19] Here, we observed both robust TH+ cell sur-
vival and dispersion, evidence for synapse formation with sur-
rounding host neurons, and behavioral recovery. To correlate 
the observed trends in behavior with the various histological 
parameters, we plotted the data from each behavior test against 
each histological measure for every animal for statistical assess-
ment (Figure  S14, Supporting Information). Generally, the 
overall number of grafted cells, TH+ cells, and dispersion all cor-
related with reduced apomorphine and amphetamine-induced 
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Figure 5.  hESC-derived mDA neurons transplanted with dispersive hydrogels demonstrate enhanced synaptic integration and dispersion at 20 weeks 
post-transplantation. a) Representative images of dispersed HNA stained human nuclei (green) for 3DGF. Scale bars 50 µm. b) Average internuclear 
distance among grafted cells for each of the different treatment groups: 2D (orange), 3D (yellow), 3DG (green), and 3DGF (purple). Data are presented 
as mean ± SEM for n = 5 animals/group. c) Representative immunohistochemistry images showing STEM121-labeled human cells coexpressing TH 
(green) and hSYP (blue). d) Representative images showing STEM121 labeled human cells (red) expressing human synaptophysin (hSYP, shown in 
blue) in close proximity to host DARPP32+ striatal neurons (green). e) Quantification of human synaptophysin levels in neighboring host tissue for 
each of the treatment groups: 2D (orange), 3D (yellow), 3DG (green), and 3DGF (purple). ** indicates p < 0.01 for one-way ANOVA with Dunnett’s 
test for multiple comparisons. Absence of brackets denotes no statistical significance, with p > 0.05.
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rotations as well as increased use of the contralateral forelimb. 
Interestingly, on average behavioral improvement correlated 
most with the level of dispersion (R2  = 0.22), followed by the 
number of surviving TH+ cells (R2  = 0.15). Future preclinical 
experiments with larger cohorts of animals may further validate 
the interesting trends noted here.

CRT strategies that provide rapid treatment benefits fol-
lowing transplantation will be especially attractive for clinical 
translation. Typically for PD patients, treatment benefits from 
CRT are only noticeable at ten months to two years or longer 
after transplantation.[21,22] This slow onset is mirrored in pre-
clinical models, where animals show significant behavioral or 
motor improvements starting several months post-transplanta-
tion,[10,47,48] and one potential cause is that transplanted stem 
or progenitor cells likely need to mature further into func-
tional mDA neurons in vivo before producing dopamine and 
connecting to surrounding neurons. Here, encapsulation within 
a HA-based scaffold functionalized with neurotrophic and dis-
persive factors mediated survival, dispersion, and integration of 

3D-generated mDA neurons that were transplanted at a higher 
level of maturity relative to neurons commonly generated on 
2D.[24] That is, the combination of factors, material, and postmi-
totic neurons mediated faster alleviation of disease symptoms 
in this PD animal model (Table S3, Supporting Information).

A mechanistic understanding of the dispersion phenomenon  
demonstrated here may benefit future applications of 
this strategy. We found that HGF, Ephrin-B2, and GDNF  
dispersed hESC-derived mDA neurons in vitro and in vivo. HGF 
may promote neuronal migration in general through binding 
c-MET,[25] a receptor expressed in mDA neurons.[59] Likewise, 
GDNF likely promotes neuronal outgrowth and migration 
through GFRα1,[28] again a receptor reportedly expressed on 
mDA neurons.[59,60] However, while Ephrin-B2 in soluble form 
may promote neurite outgrowth,[61] and while ephrin ligands 
in general are known for roles in short-range axon repul-
sion,[62] its dispersive effect has not been noted previously and 
warrants further investigation. Additionally, GDNF has been 
strongly linked to mDA neuronal survival,[62] and Ephrin-B2 
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Figure 6.  Dispersion factors mediate increased neurite outgrowth and graft innervation at 20 weeks postimplantation. a) Representative brain section 
showing NCAM-DAB stained striatal 3DGF graft; b) inset from (a) showing full graft; c) inset from (b), showing dense innervation at the graft periphery. 
d) Representative brain section showing NCAM-DAB stained striatal 3DG graft; e) inset from (d) showing the full graft; f) inset from (f) showing limited 
innervation with few neurites at the graft periphery. Representative image showing STEM121 stained graft for g) 3DGF or h) 3DG graft. i) Inset from 
(g) showing high density of neurites extending >300 µm from the 3DGF graft periphery. j) Inset from (h) showing sparse neurite outgrowth from the 
3DG graft. k) Quantification of total innervated area at the graft center from STEM121 stained sections, normalized to the total number of surviving 
cells. Data are presented as mean ± SEM for n = 4 animals/group. * indicates p < 0.05 for Student’s unpaired t-test.
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and GDNF have been associated with axonogenesis.[27,63] The 
combinatorial dispersive, axonogenic, and survival activities of 
these factors may thus have enhanced the post-transplantation 
fate of grafted cells. Additional candidate or unbiased screens 
may identify other proteins, peptides, or small molecules that 
could further enhance the dispersive effect.

Immunosuppression, though routinely used with CRT in the 
clinic, has long been a topic of debate.[64] While some preclin-
ical studies demonstrate long-term immunosuppression to be 
indispensable for graft survival,[64] others find it unnecessary.[65] 
In support of the latter point of view, in our experiments, we 
did not find post-transplantation cell survival to be affected by 
the duration of immunosuppression (Figure  S15, Supporting 
Information). Notably, some studies have reported that pro-
longed immunosuppression[66] leaves the host vulnerable to 
side effects including organ malfunction[67] and opportunistic 
infections.[68] Thus, strategies to enhance graft survival without 
prolonged immunosuppression may be beneficial.

We noted improvements in motor function for 3DGF-grafted 
PD rats (Figure 3), which correlated not only with high levels of 
synaptic integration (Figure 5), but perhaps most importantly, 
also with significantly higher levels of innervation (Figure  6). 
Neurite extension and innervation may be further enhanced 
in the future by exploring a larger parameter space (e.g., ini-
tial scaffold stiffness, scaffold degradation rate, amount and 
duration of factor release) when constructing the transplan-
tation scaffold. The modular platform design utilized here 
could enable exploration of additional parameters including 
functionalities such as degradable linkers for enhanced scaf-
fold biodegradability[69] or thermoresponsive polymer compo-
nents for in situ gelation.[70] Furthermore, long-term, tunable 
factor release from coencapsulated microparticles may enable 
a persistent dispersive, survival, and axonogenic effect.[71] A 
more degradable scaffold and a longer-term supply of disper-
sion and axonogenic cues may especially enhance host-tissue 
innervation. By demonstrating that an engineered material can 
enhance treatment efficacy, this work sets a precedent for such 
future research.

In conclusion, we have developed a transplantation strategy 
to enhance cell replacement therapy for PD. Transplantation of 
hESC-derived mDA neurons coencapsulated with dispersion 
factors in optimized cell-instructive HA-based hydrogels signifi-
cantly improved treatment and alleviated disease symptoms in 
a PD rat model. These outcomes correlated with neuron sur-
vival, innervation, and graft dispersion. This engineered mate-
rial may in general advance clinical translation of regenerative 
medicine for degenerative disorders or trauma.

4. Experimental Section
hESC Culture and Differentiation: H1 hESCs were cultured on 

Matrigel (Corning) coated surfaces using supplemented E8 medium 
(Invitrogen), or in 3D PNIPAAm-PEG hydrogels (Mebiol; Cosmobio) 
using supplemented E8 medium and ROCK inhibitor (10 × 10−6 m) 
(Selleckem), as previously described.[24] Cells were differentiated 
to mDA neurons using previously established dual SMAD inhibition 
protocols,[10,47] on Matrigel surfaces or as encapsulated in Mebiol.[24]

Immunocytochemistry: Immunocytochemistry was performed as 
previously described.[24] Briefly, cells were washed with 1× PBS and  

fixed with paraformaldehyde (PFA) (4%) (MilliporeSigma) for 15 min 
at room temperature (RT). Cells were then blocked with bovine serum 
albumin (BSA) (2%) and donkey serum (5%) and Triton X 100 (0.1 w/v%) 
(MilliporeSigma), and stained with primary antibody solution overnight 
(on 2D) or for 48 h (in 3D hydrogels) at 4 °C with gentle rocking. Cells 
were then washed with 1× PBS, and incubated with secondary antibody 
solution for 2–4 h at RT with gentle rocking. Antibodies were used as 
listed in Table S1 (Supporting Information). Images were taken using a 
Zeiss AxioObserver fluorescent microscope, or a Zeiss LSM710 confocal 
microscope.

HA hydrogels: Hyaluronic acid (Lifecore Biomedical) and heparin 
(MilliporeSigma) were functionalized with dibenzocyclocyne (DBCO, 
Sigma) using EDC-NHS (MilliporeSigma) chemistry as previously 
described.[72] Azide-modified RGD (0.5 × 10−3 m) containing peptide 
(Azide-KGSGRGDSP, Genscript) and heparin-DBCO (0.07 w/v%) 
was incorporated with HA-DBCO. For cell encapsulation, hESC-
derived mDA neurons were mixed with the HA formulation and rapid, 
bio-orthogonal gelation initiated with PEG-diazide (0.07 mol% of 
HA-DBCO) (Creative Pegworks) using strain-promoted azide–alkyne 
cycloaddition (SPAAC).[73] For factor incorporation, dispersion factors 
at the appropriate concentrations were mixed with the HA formulation, 
with or without cells, before gelation with PEG-diazide. To attain 
gels of differing stiffness, the HA-DBCO weight fraction was varied 
within the gel formulations. The shear and loss moduli of resulting 
gels were measured using oscillatory shear rheology on a rheometer 
(Anton-Parr).[74]

Release Kinetics: HA gels with incorporated GDNF, HGF, and 
Ephrin-B2 were seeded in 24-well transwells in a 24-well plate 
immediately after initiation of gelation by adding PEG-diazide. 
After incubating for 10 min at 37 °C to ensure complete gelation 
(although gelation was typically complete in <5 min at RT), one wash 
was performed with 1 mL 1× PBS with BSA (0.1%) to remove free, 
unencapsulated factors, followed by a second 5 min wash with 1× PBS 
(1 mL) with BSA (0.1%). The factor-loaded gel was then incubated 
with 1× PBS (1 mL) with BSA (0.1%) (200 µL on the gel, and 800 µL 
in the bottom compartment) at 37 °C. At predesignated time-points, 
the solution was completely removed and replenished with fresh 
1× PBS with BSA (0.1%). To reduce evaporation, 1× PBS was added 
to surrounding wells and the plate was parafilm-wrapped. Collected 
supernatant at each time-point was stored at −20 °C.

Subsequently, ELISA was performed to determine the amount of 
factors released over time. Toward this end, first Maxisorb plates were 
coated overnight with gentle rocking on an orbital shaker at 4 °C with 
the appropriate capture antibodies at the following concentrations 
in 1× PBS: for HGF, anti-HGF MAB694 (2 µg mL−1) (R&D systems), 
for GDNF, anti-GDNF MAB212 (2 µg mL−1) (R&D systems), and for 
Ephrin-B2, anti-His antibody MA121315 (1 µg mL−1) (Fisher). Next, 
wells were blocked with BSA (5 w/v%) in 1× PBS (300 µL) for 2 h at 
RT with gentle rocking. Wells were then washed three times with 
Tween-20 (0.05 v/v%) (Fisher) in 1× PBS (300 µL) (PBST) for 5 min 
each at RT with gentle rocking. Subsequently, to generate the standard 
curves for absorbance versus protein concentration, the relevant protein 
(HGF, GDNF, or Ephrin-B2) in 1× PBS (100 µL) with BSA (0.1%) 
was added at the appropriate concentration, or to quantify released 
proteins in the supernatant, the supernatant solution (100 µL) was 
added. Protein standards or supernatant was incubated for 2 h at RT 
with gentle rocking, followed by three 5 min washes with PBST. Next, 
the appropriate detection antibodies in 1× PBS—biotinylated goat IgG 
BAF294 (R&D system) (100 µL, 0.1 µg mL−1) for HGF, biotinylated 
goat IgG BAF212 (R&D systems) (100 µL, 0.1 µg mL−1) for GDNF, and 
rabbit anti-Ephrin-B2 sc-15397 (Santa Cruz Biotechnology) (100 µL, 
0.2 µg mL−1) for Ephrin-B2—was added for a 2 h incubation at RT 
with gentle rocking, followed by three 5 min washes with PBST. For 
Ephrin-B2 detection, the wells were next incubated with biotinylated goat 
anti-rabbit antibody 111-065-003 (Jackson) (100 µL, 0.1 µg mL−1) in 1× 
PBS for 2 h at RT with gentle rocking, followed by three 5 min washes. 
Next, wells were incubated with HRP-streptavidin (Invitrogen) (100 µL 
at a 1:10 000 dilution) in 1× PBS for 30 min at RT with gentle rocking, 
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followed by three 5 min washes. Finally, following a 10 min incubation 
with 3,3′,5,5′-trimethylbenzidine (TMB) (MilliporeSigma) (100 µL) at RT 
with gentle rocking protected from light, the absorbance at 630 nm was 
measured using a spectrophotometer. Alternatively, the reaction may be 
quenched with sulfuric acid (MilliporeSigma) (100 µL, 0.1 n) and the 
absorbance measured at 450 nm.

Dispersion: For dispersion on 2D, D25 hESC-derived mDA neurons 
generated in Mebiol (Cosmobio) were harvested and seeded on culture 
wells coated with laminin (20 µg mL−1) (Invitrogen). mDA neuronal 
cultures at this stage were fed with Neurobasal medium (Invitrogen), 
supplemented with B27 (1:50) (Invitrogen) and Glutamax (1:100) 
(Invitrogen). For dispersion in 3D, D25 hESC-derived mDA neurons 
generated in Mebiol (Cosmobio) were harvested and seeded in HA 
hydrogels. 2 d postseeding, appropriate dispersion molecules were 
introduced at the following concentrations that are similar to values in 
previous work: HGF (Peprotech) (20 ng mL−1),[25] FGF-2 (Peprotech) 
(20 ng mL−1),[26] Ephrin B1 (produced as previously described[75]) 
(10 ng mL−1), Ephrin-B2 (produced as previously described[75]) 
(10 ng mL−1), and GDNF (Peprotech) (100 ng mL−1).[28] For the controlled 
release 3D gels, D25 hESC-derived mDA neurons were encapsulated within 
HA gels with the appropriate amount of dispersion factors (1 µg GDNF, 
0.5 µg Ephrin-B2, and 0.5 µg HGF in a 30 µL HA gel). At predetermined 
time-points cells were fixed, stained for immunocytochemistry and 
imaged using a Zeiss AxioObserver fluorescent microscope for 2D, or 
using a Zeiss LSM710 confocal microscope for 3D.

To assess the effect of dispersion factors on total cell numbers, 
D25 hESC-derived mDA neurons seeded on laminin-coated surfaces 
were treated with GDNF (100 ng mL−1), EphrinB2 (10 ng mL−1), HGF 
(20 ng mL−1), or all three factors in combination.

For quantification of dispersion, images were analyzed using a 
customized workflow using modules in Cell Profiler software (cellprofiler.
org). Briefly, cell nuclei in images were identified using “Identify 
primary objects” module, and subsequently internuclear distances 
were measured using “Measure object neighbor” module (Figure  S1, 
Supporting Information).

Voltage-Sensitive Dye-Based Imaging: D31 H1 hESC-derived mDA 
neurons generated in pNIPAAm-PEG hydrogels and seeded on 
laminin-coated coverslips were labeled with voltage-sensitive dyes 
dsVF2.2(OMe).Cl (500 × 10−9 m),[57] and images were acquired with a 
W-Plan-Apo 63×/1.0 objective (Zeiss) and OrcaFlash4.0 sCMOS camera 
(sCMOS, Hamamatsu) and analyzed as previously described.[76]

In Vivo Transplantation: All stem cell procedures and procedures 
in animals were performed following NIH guidelines for animal care 
and use and were approved by the UC Berkeley Animal Care and Use 
Committee (ACUC), the Committee for Laboratory and Environmental 
Biosafety (CLEB), and the Stem Cell Research Oversight committee 
(SCRO).

Prior to transplantation, 6-OHDA unilesioned Sprague-Dawley rats 
(Charles River) were assessed using apomorphine-induced contralateral 
rotation as described below. Only rats that demonstrated on average 
>6 net ipsilateral rotations min−1 for at least 50 min were used in the 
study.

H1 hESCs were differentiated to mDA neurons on Matrigel-
coated surfaces or in 3D PNIPAAm-PEG hydrogels for 25 d. Cells 
were then harvested from each platform using ice-cold PBS and 
pipet mixed to generate small clusters (50–100 µm sized). Cells 
were centrifuged and resuspended in B27 supplemented Neurobasal 
medium (2D and 3D groups), in HA hydrogels functionalized with 
RGD and heparin (3D gel group), or in HA hydrogels functionalized 
with RGD, heparin, and dispersion factors (3D gel+factors group) 
at 20 000 cells µL−1. Immediately before loading the injection 
needle with hydrogel-encapsulated cells prior to implantation, PEG-
diazide was added to initiate gelation. Cells (100 000 in 5 µL) were 
implanted into the striatum of isoflurane anesthetized 200–250 g 
adult female 6-OHDA unilesioned Sprague-Dawley rats (Charles 
River) (at stereotaxic coordinates AP: +1.0, ML: −2.5, DV: −5.0) at a 
manually controlled injection rate (1 µL min−1) using a 10 µL syringe 
with a 22s Gauge Point Style 4 needle with a 30° angle (Hamilton).  

As controls, PBS (sham group) or HA hydrogels functionalized with 
RGD, heparin, and dispersion factors (gel group) were used. Six 
animals were assigned per group. Cyclosporine (10 mg kg−1) was 
injected intraperitoneally daily starting 24 h before surgeries and until 
four weeks post-transplantation.

Behavior Assays: Motor function in rats was monitored using 
a standard battery of tests which included apomorphine-induced 
rotation,[51] amphetamine-induced rotation,[53] cylinder test for forelimb 
akinesia,[52] and stepping test for forelimb akinesia[54] as previously 
described, in a double-blind manner. Apomorphine-induced rotation 
and cylinder test for forelimb akinesia were performed starting one 
week before transplantations, and subsequently once every month for 
five months post-transplantation. Amphetamine-induced rotation and 
stepping test for forelimb akinesia were performed five months post-
transplantation. Briefly, apomorphine (0.05 mg kg−1) (MilliporeSigma) 
in deionized (DI) water with sodium metabisulfite (0.1 w/v%) 
(MilliporeSigma) was injected intraperitoneally, and net contralateral 
rotations recorded for 60 min using a Rotometer and Fusion 
software (Omnitech). Similarly, for amphetamine-induced rotations, 
amphetamine (5 mg kg−1) (MilliporeSigma) in DI water was injected 
intraperitoneally, and net ipsilateral rotations quantified for 90 min using 
a Rotometer and Fusion software (Omnitech). For the cylinder test, rats 
were placed in tall, transparent cylinders and allowed to freely explore, 
and the number of weight-bearing right or left forepaw touches to the 
sides of the cylinder were recorded for 15 min, or until 30 total forepaw 
touches. For the stepping test, rats with hindlimbs manually restrained 
were gently dragged across a 1 m flat surface in ≈20 s, in alternating 
forward and reverse directions for a total of six trials per animal, and 
the number of right and left forepaw touches recorded. Researchers 
recording the behavior data were blind to the identity of the treatment 
groups at all times.

Immunohistochemistry: Five months after cell implantations, animals 
were transcardially perfused with 4% PFA (MilliporeSigma). Brains were 
harvested and incubated in 4% PFA (MilliporeSigma) overnight, and 
transferred into a 30% (w/v) sucrose (MilliporeSigma) solution the 
following day.

After sufficient dehydration, brains were sliced into sections 
(40 µm thick) using a freezing microtome. Primary antibodies diluted 
in primary blocking buffer (5% donkey serum, 2% BSA, 0.1% Triton 
X 100 (MilliporeSigma)) at concentrations listed in Table S2 (Supporting 
Information) were incubated with the brain sections for 72 h with gentle 
rocking at 4 °C. Following incubation, brain sections were rinsed once 
with Triton (0.2%) in PBS and washed three times with Triton (0.1%) in 
PBS, followed by a 4 h incubation with appropriate secondary antibodies 
diluted in PBS with BSA (0.2%). 4,6-diamidino-2-phenylindole (DAPI) 
was added 30 min before the end of secondary antibody incubation 
period. Brain sections were subsequently washed with PBS and mounted. 
A Zeiss Axioscan Z1 automated slide scanner, a Zeiss AxioObserver 
fluorescent microscope, and a Zeiss LSM710 confocal microscope were 
used for imaging, and Zen 2.0 software or ImageJ was used for analysis.

For TH-DAB and NCAM-DAB staining, 40 µm sections were washed 
three times in TBST (0.05% v/v Tween20 in Tris-buffered saline) with 
gentle rocking. Sections were then treated with Triton X (0.1%) and 
hydrogen peroxide (0.6%) in TBST for 40 min at room temperature. 
Subsequently, following three washes in TBST, sections were blocked 
in goat serum (10%) for 1 h at room temperature, followed by an 
overnight incubation at 4 °C with rabbit primary antibodies diluted in 
TBST with goat serum (1%). The next day, sections were washed four 
times in TBST, and then incubated for 1 h with biotinylated goat-anti-
rabbit secondary antibody (Jackson Immunolabs) diluted in TBST with 
1% goat serum. Sections were then washed four times with TBST, and 
incubated with ABC solution (Vector Laboratories) for 40 min at room 
temperature. Next, sections were washed four times with TBST and once 
with Tris (0.1 m pH 7.4). 3,3′-Diaminobenzidine (DAB) (MilliporeSigma) 
in Tris (0.1 m, pH 7.4) was used to stain sections for 5 min, followed 
by four washes in Tris (0.1 m, pH 7.4). Sections were then mounted on 
slides, and dried overnight. The next day, mounted slides were cleaned 
by dipping in Citrisolv (Thermofisher Scientific), dried, and cover-slipped  
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with Entellan (MilliporeSigma). A Zeiss Axioscan Z1 automated slide 
scanner was used for imaging, and Zen 2.0 software was used for 
analysis.

The percentage of cell survival was quantified using the cell 
counter feature on ImageJ, following Abercrombie’s method 
as previously described.[77] All cells positive for HNA and TH 
were counted from zoomed-in pictures originally acquired at 5× 
magnification on the Zeiss Axioscan slide scanner, of every fifth brain 
section spanning the injection site (≈8 sections across ≈50 total 
sections). The total number of HNA and TH positive cells were then 
extrapolated from these counts. Furthermore, all HNA positive cells 
were counted from three representative sections for each rat brain, 
and imaged at 20× magnification on the Zeiss AxiObserver. Cells 
double positive for TH/HNA and FOXA2/HNA were then quantified 
in these images.

Average fluorescence intensity from human synaptophysin expression 
in regions of interest within the grafts or in peripheral host tissues 
was quantified in ImageJ. Representative images from at least four 
different animals for each of the treatment groups were used in the 
quantification.

Graft dispersion was quantified using the Cell Profiler workflow, as 
described above, on representative images of HNA+ grafts from all 
animals in each treatment group.

Innervation in the 3DGF and 3DG groups was quantified by 
measuring the total area covered by human neurites in the rat striatum 
at the coronally central graft section. Representative images from four 
different animals for each group were used in the quantification.

Statistics: All statistics were performed using Prism software 
(GraphPad). In Figure  1e, dispersion was analyzed using two-tailed 
unpaired t-test. All other analyses were performed using one-way 
ANOVA with Tukey’s test for multiple comparisons, or Dunnet’s test for 
multiple comparison for select groups.

There are no data with mandated deposition.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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