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Abstract
Dopamine (DA) neurons derived from human embryonic stem cells (hESCs) are a promising unlimited

source of cells for cell replacement therapy in Parkinson's disease (PD). A number of studies have

demonstrated functionality of DA neurons originating from hESCs when grafted to the striatum of

rodent and non-human primate models of PD. However, several questions remain in regard to their

axonal outgrowth potential and capacity to integrate into host circuitry. Here, ventral midbrain (VM)

patterned hESC-derived progenitors were grafted into the midbrain of 6-hydroxydopamine-lesioned

rats, and analyzed at 6, 18, and 24 weeks for a time-course evaluation of specificity and extent of

graft-derived fiber outgrowth as well as potential for functional recovery. To investigate synaptic

integration of the transplanted cells, we used rabies-based monosynaptic tracing to reveal the origin

and extent of host presynaptic inputs to grafts at 6 weeks. The results reveal the capacity of grafted

neurons to extend axonal projections toward appropriate forebrain target structures progressively

over 24 weeks. The timing and extent of graft-derived dopaminergic fibers innervating the dorsolat-

eral striatummatched reduction in amphetamine-induced rotational asymmetry in the animals where

recovery could be observed. Monosynaptic tracing demonstrated that grafted cells integrate with

host circuitry 6 weeks after transplantation, in a manner that is comparable with endogenous mid-

brain connectivity. Thus, we demonstrate that VM patterned hESC-derived progenitors grafted to

midbrain have the capacity to extensively innervate appropriate forebrain targets, integrate into the

host circuitry and that functional recovery can be achieved when grafting fetal or hESC-derived DA

neurons to the midbrain.
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1 | INTRODUCTION

Stem cell therapy for Parkinson's disease (PD) is rapidly moving

towards clinical trial (Barker, Parmar, Studer, & Takahashi, 2017). Sev-

eral recently published studies have demonstrated maturation and

function of dopamine (DA) neurons derived from human pluripotent

stem cells (hPSCs) after transplantation (Chen et al., 2016; Grealish

et al., 2014; Kikuchi et al., 2017; Kirkeby et al., 2012; Kriks et al.,

2011; Steinbeck et al., 2015). With few exceptions, these studies have

been conducted after ectopic, intrastriatal graft placement in rodents
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and primates—mimicking the graft placement in clinical trials con-

ducted with fetal ventral midbrain (VM) tissue (Barker, Drouin-Ouel-

let, & Parmar, 2015). These studies clearly demonstrate the ability of

stem cell-derived DA neurons to release DA and restore motor func-

tions in animal models of PD with an efficacy and timing comparable

to primary human fetal cells.

An important predictor of successful graft function in patients is

the ability of the grafted DA neurons to reinnervate the denervated

striatum in the host brain (Li et al., 2016). A critical step in developing

effective stem cell-based transplantation therapies is to better under-

stand the innervation capacity of the transplanted cells, as well as the

extent of afferent inputs from the host, with the aim of re-establishing

connectivity that is similar to healthy endogenous circuitry. The ability

of hPSC-derived neurons to extend axons across large distances suffi-

cient to reinnervate the human brain has been modeled experimen-

tally using intrastriatal transplantation in non-human primates (Kikuchi

et al., 2017; Morizane et al., 2017; Wakeman et al., 2017). Transplan-

tation of VM patterned progenitors into the ventral midbrain of rat

models of PD–that is, the site where these cells normally reside–

offers an interesting alternative model to explore outgrowth capacity

and specificity in greater detail. We have previously shown that intra-

nigral grafts of human embryonic stem cell (hESC)-derived VM pro-

genitors, like their fetal counterparts, can extend axons over long

distances to reinnervate distant forebrain targets (Grealish et al.,

2014; Wictorin, Brundin, Sauer, Lindvall, & Bjorklund, 1992).

In this study, we further develop this approach to transplant VM

patterned hESC-derived neural progenitors to the midbrain of a rat

model of PD to assess temporal aspects of long-distance fiber out-

growth and graft integration. Using three-dimensional (3D) brain

reconstruction of the distribution of graft-derived fibers, we assessed

target-specific innervation along the nigrostriatal pathway (NSP) and

the medial forebrain bundle (MFB) toward target forebrain structures.

These target structures include the dorsal striatum (the prime target

of A9 nigral neurons), as well as targets of the A10 neurons of the

ventral tegmental area (VTA), that is, nucleus accumbens (NAc), sep-

tum and medial prefrontal cortex (PFC). Rabies-based monosynaptic

tracing has already provided a more comprehensive identification of

normal inputs to DA neurons in the VTA and substantia nigra (SN) in

the intact brain (Beier et al., 2015; Faget et al., 2016; Lerner et al.,

2015; Menegas et al., 2015; Watabe-Uchida, Zhu, Ogawa, Vaman-

rao, & Uchida, 2012), and we now use this technique to map the ori-

gins and extent of synaptic inputs to graft-derived neurons and

determine how hESC-derived neurons integrate into the host brain

when grafted into their normal anatomical location, the midbrain.

The results demonstrate that while the transplanted neurons pro-

gressively innervate their normal target structures over 6 months,

they have been contacted by appropriate presynaptic host neurons

already by 6 weeks after grafting. Analysis of behavioral recovery sug-

gests that the timing of graft-mediated functional recovery after intra-

nigral grafting corresponds to the time of arrival of graft-derived

axonal innervation in the correct target structures, rather than that of

the establishment of presynaptic partners from the host, which also

matches the timing of behavioral recovery reported in other studies

where the cells are transplanted to the striatum (Brundin et al., 1986;

Lelos et al., 2016).

2 | METHODS

2.1 | Research animals

Adult (<180 g) female, athymic “nude” rats were purchased from Har-

lan Laboratories (Hsd:RH-Foxn1rnu) and housed in individual ventilated

cages with ad libitum access to food and water, under a 12-hr light/

dark cycle. Adult (<1 year) male, athymic “nude” rats (Crl:NIH-

Foxn1rnu) were purchased from Charles River as hosts for the human

fetal midbrain tissue. Female adult (225–250 g) Sprague–Dawley rats

were purchased from Charles River and housed as described above

but in standard caging. All procedures were conducted in accordance

with the European Union Directive (2010/63/EU), follow 3R princi-

ples, and were approved by the local ethical committee for the use of

laboratory animals and the Swedish Department of Agriculture

(Jordbruksverket).

2.2 | Experimental overview

All rats received a unilateral injection of 6-hydroxydopamine to the

MFB, and the efficacy of lesion was confirmed by amphetamine-

induced rotations 4 weeks later.

Sprague–Dawley rats were used as recipients for transplantation

experiments lasting 18 weeks or less. These animals were immuno-

suppressed with daily injections of cyclosporine (10 mg/kg/day, intra-

peritoneally; Apoteksbolaget, Sweden), starting 2 days prior to

transplantation until the end of the experiment to prevent graft rejec-

tion. Athymic nude rats were used as recipients for transplantation

experiments lasting >18 weeks.

2.2.1 | Temporal profiling of graft-derived fiber outgrowth

For temporal assessment of graft-derived fiber outgrowth, all animals

(n = 30) received a transplant of hESC-derived neurons into the mid-

brain and were allocated to three different groups pertaining to three

different graft survival time points: 6 weeks (n = 10), 18 weeks

(n = 10), and 24 weeks (n = 10).

Animals that died before the experimental endpoint were

removed from further analysis. Following perfusion and histological

analysis, only the animals with surviving grafts that were discretely

placed within the midbrain were included in the final analysis: 6 weeks

(n = 6), 18 weeks (n = 6), and 24 weeks (n = 5).

2.2.2 | Endogenous connectivity and host-to-graft tracing
experiments

To study endogenous connectivity in the midbrain, un-lesioned age-

and sex-matched Sprague–Dawley rats (n = 5) were injected in the

midbrain with lentivirus expressing the rabies helper construct. Four

weeks later, these animals received ΔG-rabies injection at the same

site and were perfused 7 days later. To assess host-to-graft connectiv-

ity at 6 weeks, animals (n = 10) were transplanted with hESC-derived

neurons expressing the rabies helper construct into the midbrain. ΔG-

rabies was injected at the site of transplantation after 5 weeks and

the animals were perfused 7 days later for histological analysis.
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2.3 | ΔG-rabies and lentivirus production

EnvA-pseudotyped ΔG-rabies was produced as described in Grealish

et al. (2015). Titers were 20–30 × 106 TU/ml and a working dilution

of 5% was used for injection in vivo. The construct for the tracing vec-

tor was purchased from Addgene (ID: 30195). High-titer preparations

of lentiviral particles were produced as previously described (Zufferey,

Nagy, Mandel, Naldini, & Trono, 1997). Titers were 3–9 × 108 U/ml

and a dilution of 20% was used for in vivo experiments.

2.4 | Differentiation of hESCs and transgene
expression

Human ESCs H9 (WA09, passage 31–45) and RC-17 (Roslin, passage

28) were patterned toward a ventral midbrain fate as described previ-

ously (Nolbrant, Heuer, Parmar, & Kirkeby, 2017) and used for asses-

sing graft outcome. For the tracing studies, hESCs were repeatedly

transduced with the tracing construct (Grealish et al., 2015), and the

cells were transduced again at day 4 and 11–15 of differentiation

using lentivirus vectors at a Multiplicity of infection (MOI) of 1.5.

2.5 | Human fetal tissue

Human fetal tissue was obtained from legally terminated embryos with

approval of the Swedish National Board of Health and Welfare in accor-

dance with existing guidelines including informed consent from women

seeking elective abortions. The gestational age of each embryo was

determined by measuring the crown-to-rump length and/or estimated

by ultrasound measurements. Embryos were then staged according to

weeks post-conception (p.c.). Fetal tissue was prepared and transplanted

as a semi-crude suspension, as described in Rath et al. (2013). Individual

embryos of 8 and 5.5 weeks p.c. were included in this study and trans-

planted into the midbrain of 6-OHDA lesioned athymic nude rats that

were perfused after 24 weeks (n = 6). Histological analyses from these

transplants were previously reported in Grealish et al. (2014).

2.6 | Amphetamine-induced rotations

Lesion-induced rotational bias was assessed by amphetamine chal-

lenge (intraperitoneal injection of 2.5 mg/kg of amphetamine; Apo-

teksbolaget, Sweden) and recorded over 90 min using an automated

system (Omnitech Electronics). Full body turns toward the side of the

lesion side were given positive values and turns to the opposite side

given negative values—and data expressed as net turns per minute.

Animals with a net score of five turns per minute or greater were con-

sidered to have successful lesions and were included in the behavioral

analysis in Figure 4k.

2.7 | Surgical procedures

All surgical procedures were performed under general anesthesia

using a solution of fentanyl and medetomdine (20:1) injected intraper-

itoneally (1 ml/kg; Apoteksbolaget, Sweden). Rats were rendered par-

kinsonian by unilateral injection of 6-hydroxydopamine into the right

MFB, with a volume of 4 μl at 20.6 mM to the following coordinates

relative to bregma: A/P -4; M/L -1.2; D/V (from dura) -7.5; tooth

bar -4.

Four weeks after 6-OHDA lesion, host rats received a total dose of

75,000 hESCs at day 16 of differentiation into the midbrain in a volume

of 2 μl, at a concentration 37,500 cells/μl, at a rate of 1 μl per minute

and diffusion time of 2 min, to the following coordinates relative to

bregma: A/P -5.2; M/L -2.3; D/V (from dura) -7; adjusted to flat head.

For fetal VM tissue transplantation, individual fetuses aged 5.5 or

8 weeks p.c. were dissociated in 20 μl and 1.5 μl per rat was trans-

planted to the following coordinates relative to bregma: A/P -4.6;

M/L -2.2; D/V (from dura) -7; tooth bar -2.4.

For host-to-graft monosynaptic tracing experiments, ΔG-rabies at

a dilution of 5% of the stock was injected in a volume of 2 μl, at a rate

of 0.5 μl per minute and diffusion time of 2 min, into the transplanta-

tion site: A/P -5.2; M/L -2.3; D/V (from dura) -7; adjusted to flat head.

For the mapping of endogenous midbrain connectivity, the tracing

lentiviral vector was injected into the midbrain in a volume of 2 μl, at

the following coordinates relative to bregma: A/P -5.2; M/L -2.3; D/V

(from dura) -7; adjusted to flat head. Four weeks later ΔG-rabies was

injected in volume of 2 μl at the same site.

2.8 | Immunohistochemistry

Prior to perfusion, rats were given terminal anesthesia with a lethal dose

of 60 mg/kg sodium pentobarbitone injected intraperitoneally

(Apoteksbolaget, Sweden). The animals were transcardially perfused with

physiological saline solution followed by ice-cold 4% paraformaldehyde.

Brains were post-fixed for 2 h in 4% paraformaldehyde, transferred to

25% sucrose for 48 hr and sectioned at a 35 μm thickness (1:8 series)

using a freezing microtome. Immunohistochemistry was performed on

free floating sections that were incubated with primary antibodies over-

night in 0.1 M KPBS solution containing 0.25% Triton-X and 5% serum

for the species specific to the secondary antibody. Sections were incu-

bated with secondary antibodies for 1 hr in the same solution. Secondary

antibodies coupled with biotin or conjugated with a fluorophore were

used for diaminobenzidine (DAB) or fluorescent detection, respectively.

All stained sections were mounted on gelatin-coated microscope slides.

DAB-developed sections were dehydrated in an ascending series of alco-

hols, cleared with xylene and coverslipped using DPX mountant. Fluores-

cent immunostainings were coverslipped using polyvinyl alcohol

mounting medium with DABCO (PVA-DABCO, Sigma-Aldrich, St. Louis,

Missouri, USA) and left to dry overnight.

A biotinylated tyramide signal amplification (TSA) protocol

(Adams, 1992) was used to boost detection of fluorescently labeled

human neural cell adhesion molecule (hNCAM) positive axons and

μ-opioid receptor (MOR) positive cell bodies. After labeling with pri-

mary antibodies, sections were incubated in biotinylated secondary

antibodies for 1 hr at room temperature, washed, and then incubated

with ABC solution for 30 min. Sections were washed, then incubated

with biotinyl tyramide (1:2,500 in KPBS containing 0.009% H2O2) for

30 min. hNCAM-stained sections were further amplified with a sec-

ond round of ABC and biotinyl tyramide incubation. Sections were

then fluorescently labeled by 2 hr incubation with fluorophore-

conjugated streptavidin (1:500). Finally, sections were washed and

mounted as described above.
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2.9 | Antibody characterization

The following primary antibodies were used: mouse monoclonal anti-

hNCAM (1:1,000 for DAB reactions, and 1:5,000 for TSA reactions;

Santa Cruz Biotechnology, Dallas, Texas, USA Cat# sc-106, RRID:

AB_627128), immunogen raised against CD56 positive cells of human

origin and recognizes band corresponding to hNCAM in western blot

of transfected 293T whole cell lysates (manufacturer information);

rabbit polyclonal anti-TH (1:1,000; Millipore, Burlington, Massachu-

setts, USA Cat# AB152, RRID: AB_390204), raised against denatured

tyrosine hydroxylase from rat pheochromocytoma, selectively labels a

single band at ~62 kDa in western blot of PC12 lysates (manufacturer

information); rabbit polyclonal anti-NeuN (1:1,000; Millipore, Burling-

ton, Massachusetts, USA Cat# ABN78, RRID: AB_10807945), raised

against Glutathione S-transferase-tagged recombinant mouse NeuN

N-terminal fragment, specificity evaluated by western blotting in

mouse brain nuclear extract (manufacturer information); mouse mono-

clonal anti-red fluorescent protein (RFP) (1:1,000; Abcam, Cambridge,

UK Cat# ab65856, RRID: AB_1141717), raised against recombinant

RFP protein expressed in Escherichia coli, positive control: recombi-

nant RFP protein (manufacturer information); goat polyclonal anti-

mCherry (1:1,000; SICGEN Cantanhede, Portugal Cat# AB0040-200,

RRID: AB_2333092), raised against purified recombinant peptide pro-

duced in E. coli, detects 29 kDa band in western blot of 293HEK cell

transfected with cds plasmid (manufacturer information); chicken anti-

green fluorescent protein (GFP) (1:1,000; Abcam, Cambridge, UK Cat#

ab13970, RRID: AB_300798), raised against recombinant full length

protein corresponding to GFP, positive control: ICC/IF of GFP-

transfected NIH3T3 cells (manufacturer information); guinea pig poly-

clonal anti-MOR (1:1,000; Millipore, Burlington, Massachusetts, USA

Cat# ab5509, RRID: AB_177511), recognizes C-terminus of rat MOR

corresponding to residues 384–398 (manufacturer information); rabbit

polyclonal anti-Barhl1 (1:500; NovusBio, Littleton, Colorado, USA

Cat# NBP1-86513, RRID: AB_11034569), developed against recombi-

nant Barhl1 protein, specificity verified on a protein array containing

target protein plus 383 other nonspecific proteins (manufacturer

information); rabbit polyclonal anti-5-HT (1:10,000; ImmunoStar,

Hudson, Wisconsin, USA Cat# 20080; RRID: AB_572263), raised

against serotonin coupled to BSA with paraformaldehyde, the antise-

rum demonstrated significant labeling of rat hypothalamus, raphe

nuclei, and spinal cord using indirect immunofluorescent and biotin/

avidin-horseradish peroxidase techniques (manufacturer information).

2.10 | Microscopy and quantifications

All brightfield images were captured using a Leica DMI6000B micro-

scope, while fluorescent images were acquired using a TCS SP8 laser

scanning confocal microscope. For hNCAM fiber density quantifica-

tions, an ImageJ (FIJI) macro was used to automatically apply a Gauss-

ian blur, set a local intensity threshold of a defined radius around each

pixel, and quantify the pixels within the threshold and regions of inter-

est defined with the aid of an atlas of the rat brain.

To assess the number of graft-derived dopaminergic fibers inner-

vating the dorsolateral striatum, one section per animal depicting the

same anatomical area (corresponding to +0.72 A/P relative to bregma

from the Paxinos and Watson atlas of the rat brain) was immunos-

tained with hNCAM (amplified with two rounds of TSA) and tyrosine

hydroxylase (TH). Identical anatomical regions were imaged at 20×

using the confocal microscope, and double positive (hNCAM+/TH+)

fibers per field were manually quantified in a blinded fashion.

2.11 | 3D brain reconstruction

The 3D template of the rat brain used in this study for mapping of fiber

outgrowth and ΔG-rabies traced neurons was built using a 3D software

(Cinema 4D), with structural proportions based on the Paxinos and Wat-

son rat brain atlas (Paxinos &Watson, 2005). For representation of graft-

derived fiber outgrowth an entire 1:8 series of hNCAMDAB stained sec-

tions were imaged and placed in the appropriate anatomical plane in the

3D brain template. The area covered by hNCAM+ outgrowth was then

mapped onto each anatomical plane with outgrowth in between sections

being extrapolated. Quantifications of graft volume and fiber outgrowth

were performed based on this 3D map using the same Cinema 4D soft-

ware. For the representation of host synaptic inputs to the graft, 1:8

series of mCherry DAB stained sections were used, with each dot repre-

senting the location of an mCherry+ neuron.

2.12 | Statistical analysis

All data are presented as mean � SEM. Statistical analysis was per-

formed with GraphPad Prism 6. Statistical tests and biological repli-

cates, representing individual animals are stated in the figures legends

or results. A significance level of α = 0.05 was set for all comparisons.

In Figure 4j, Kruskal–Wallis test was performed followed by

Dunn's multiple comparisons test to compare double hNCAM+/TH+

fibers at 6, 18, and 24 weeks. In Figure 4k, paired Student t-test was

used to assess graft-mediated recovery in amphetamine-induced rota-

tion asymmetry, 24 weeks after transplantation with fetal tissue.

3 | RESULTS

3.1 | hESC-derived neurons grafted to the midbrain
progressively extend axons to innervate appropriate
forebrain targets over the course of six months

To study the dynamics of graft-derived axonal outgrowth, hESCs were

patterned toward a VM fate in vitro as previously described (Nolbrant

et al., 2017) and transplanted into the midbrain of 6-OHDA lesioned

adult immunosuppressed or athymic (nude) rats. After 6, 18, or

24 weeks of graft maturation, the animals were sacrificed for histolog-

ical analysis (Figure 1a). The results show that transplanted VM pat-

terned neural progenitors can generate grafts rich in TH+ neurons that

survive long term after implantation into the midbrain (Figure 1b–b2),

and that the graft core does not increase in volume between 6 and

24 weeks (Figure 1c). For analysis of graft survival, size, and pattern

of fiber outgrowth, we performed a 3D virtual reconstruction of the

host brain using histological sections immunostained with antibodies

specific for hNCAM, that labels both human neuronal cell bodies and

fibers (Figure 1d–d2).
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Using the 3D reconstructed images, we estimated the area cov-

ered by hNCAM+ fibers at 12 evenly spaced levels along the antero-

posterior (A-P) axis (Figure 2a), comparing the different groups to

assess the temporal effects of fiber outgrowth along the MFB and the

NSP, as well as the progressive innervation of distant A9- and

A10-related forebrain target structures over the course of 24 weeks

(Figure 2b,c).

At 6 weeks, the majority of hNCAM+ fibers had entered the MFB

and NSP, reaching the posterior hypothalamus (Figures 1d and 2b,c—

corresponding to levels 4 and 5 in Figure 2a,c). At this timepoint,

scarce axonal fibers were detected in the caudal striatum (correspond-

ing to levels 6 and 7 in Figure 2a,c). Counterstaining of striatal gray

matter for NeuN revealed that hNCAM+ fibers were almost exclu-

sively confined to areas devoid of neuronal cell bodies (NeuN−) (white

arrow in Figure 2d). Indicating that the earliest graft-derived axons to

reach the striatum extended rostrally along white matter tracts. Analy-

sis of more rostral structures, including dorsolateral striatum, NAc,

and PFC, demonstrated an absence of significant graft-derived inner-

vation of more distant target structures (Figure 3a–d).

By 18 weeks, prominent hNCAM+ projections were seen to

extend along the entire caudo-rostral extent of the MFB, into NAc,

ventral striatum and septum—with some fibers reaching as far rostral

as the medial PFC and the olfactory bulb (Figure 1d1 and correspond-

ing to levels 7–11 in Figure 2a,c). At this stage dense hNCAM+ termi-

nal networks had developed in NAc and septum, as well as in part of

the medial PFC (Figures 2b and 3e–g), but we could detect only few

hNCAM+ axon terminals in dorsolateral striatum (Figures 2b and 3h).

Over the subsequent 6 weeks, we observed a marked expansion of

the hNCAM+ terminal network in the main A9 target, striatum, as well

as in the A10 targets NAc, ventral striatum, and septum (Figures 2b),

accompanied by an increased coverage of these structures by graft-

derived fibers (Figure 3i–l). At this timepoint (24 weeks), we could

observe an extensive ramification of hNCAM+ fibers into striatal

parenchyma (Figure 3l) that extend to striatal gray matter, as revealed

by NeuN counterstaining, (white arrowhead in Figure 2e). These find-

ings were confirmed by quantifying the density of fibers using auto-

mated image analysis in two of the principal A9 and A10 target

structures, striatum and NAc (Figure 2f ).

FIGURE 1 Temporal assessment of intranigral graft survival, differentiation, and axonal outgrowth. (a) Schematic overview of experimental time-plan of

the three experimental groups assessing fiber outgrowth at 6, 18, and 24 weeks post-transplantation in a 6-OHDA lesioned rat model. Location and size of
the transplant was confirmed using immunohistochemistry for tyrosine hydroxylase (TH) at 6 weeks (b), 18 weeks (b1), and 24 weeks (b2). (c) Quantification
of graft volume reveals no significant change in volume from 6weeks (n = 6), 18 weeks (n = 6), and 24 weeks (n = 5). (d) 3D representation of graft fiber
outgrowth, based on the extent of hNCAM immunohistochemistry at 6 weeks (d), 18 weeks (d1), and 24 weeks (d2). The needle represents the site of
intranigral transplantation. Scale bars: (b, b1, b2) = 200 μm. Hip = hippocampus; SNc = substantia nigra pars compacta; SNr = substantia nigra pars
reticulata; Str = striatum; TH = tyrosine hydroxylase; Tha = thalamus; Tx = transplant
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In summary, hESC-derived neurons placed in the midbrain pro-

gressively extend axons along the MFB and NSP, directed toward ana-

tomically appropriate forebrain targets. Over the course of 24 weeks,

we observed a progressively increased coverage of the forebrain areas

normally innervated by midbrain DA neurons, with extensive axonal

branching into the dorsal striatum (the prime target of the A9 nigral

neurons), as well as into NAc, ventral striatum, septum, and medial

PFC (targets of the A10 neurons in the VTA).

3.2 | Graft-derived dopaminergic innervation of
dorsolateral striatum is associated with reduction in
rotational bias

Specific dopaminergic (TH+) innervation targeted to dorsolateral stria-

tum is required for graft-mediated recovery of motor asymmetry in

the 6-OHDA rat model (Bjorklund, Dunnett, Stenevi, Lewis, & Iversen,

1980; Dunnett, Bjorklund, Schmidt, Stenevi, & Iversen, 1983). There-

fore, we proceeded to analyse the pattern of graft-derived dopami-

nergic outgrowth at 6 and 24 weeks after transplantation by co-

staining for TH and hNCAM, monitoring the presence of double posi-

tive fibers in three structures rostral to the graft: the NSP, and the

caudal and dorsolateral striatum.

Analysis of TH+ fiber loss in dorsolateral striatum showed that the

extent of lesion-induced forebrain DA denervation was similar at 6

(Figure 4c), 18 and 24 weeks (Figure 4f, i).

Histological analysis and quantification at 6 weeks showed sparse

hNCAM+/TH+ fibers coursing the NSP (Figure 4a), and a few pioneering

hNCAM+/TH+ axons were already found reaching into the caudal por-

tion of the striatum at this stage (Figure 4b). No graft-derived TH+ fibers

could be detected in the dorsolateral striatum at 6 weeks (Figure 4c) and

FIGURE 2 Progressive reinnervation of host forebrain target structures by graft-derived fibers. (a) 3D template of the host brain showing the

position of the 12 anterior/posterior levels (white circles labeled 1–12) used to measure graft-derived axonal outgrowth at 6, 18, and 24 weeks in
(c). (b) Quantification of the percentage of host target structure volume innervated by hNCAM+ fibers at 6 weeks (n = 6), 18 weeks (n = 6), and
24 weeks (n = 5) post-grafting, demonstrates the progressive ramification of hNCAM+ fibers over time. (c) Area innervated by hNCAM+ fibers at
12 selected anterior/posterior levels (as shown in (a)) at 6 weeks (n = 6), 18 weeks (n = 6), and 24 weeks (n = 5) shows continuous outgrowth
and progressive reinnervation of forebrain target structures over time. Immunostaining for hNCAM (green) and NeuN (blue) in the striatum
demonstrates that graft-derived fibers are confined to white matter tracts at 6 weeks (white arrow in (d)), expanding into a fiber network in the
striatal gray matter at 24 weeks (white arrowhead in (e)). (f ) Quantification of hNCAM+ fiber density in whole striatum and nucleus accumbens at
6 weeks (n = 6), 18 weeks (n = 6), and 24 weeks (n = 5) confirms progressive innervation of dopamine target areas over time. Scale bars: (d,
e) = 100 μm. cc = corpus callosum; GP = globus pallidus; Hip = hippocampus; Hyp = hypothalamus; NAc = nucleus accumbens; PFC = prefrontal
cortex; Rap = raphe nucleus; SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata; Sep = septum; Tha = thalamus;
vStr = ventral striatum
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FIGURE 3 Graft-derived reinnervation of A9 and A10 target structures. (a–d) Analysis of graft-derived innervation as revealed by hNCAM

immunohistochemistry 6 weeks post-transplantation, demonstrates no detectable graft fibers in PFC (b) and only few scattered axonal terminals
in NAc (c) and dorsolateral striatum (d). (e–h) At 18 weeks, hNCAM+ fibers were observed in the PFC (f ), with extensive graft-derived innervation
of the NAc (g). Individual hNCAM+ fibers can be detected in dorsolateral striatum (h) at this timepoint. (i–l) At 24 weeks, abundant hNCAM+

innervation was readily detectable in PFC (j) and NAc (k). At this timepoint, an extensive network of graft-derived axonal projections were
observed also in dorsolateral striatum (l). Black arrow in (b) and (j) denotes the lateral ventricle. Scale bars: (a, e, i) = 1 mm. (b–d, f–h, j–l) = 100
μm. Insets in (b–d, f–h, j–l) = 100 μm. ac = anterior commissure; DL = dorsolateral; fmi = forceps minor; LV = lateral ventricle; NAc = nucleus
accumbens; PFC = prefrontal cortex; Sep = septum; Str = striatum
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no behavioral recovery was observed at this stage (squares, Figure 4k).

At 18 weeks post-grafting, the appearance of graft-derived hNCAM+/

TH+ axonal projections in the dorsolateral striatum (Figure 4j) coincided

with a trend of reduction in the amphetamine-induced rotation scores

(triangles in Figure 4k). At 24 weeks, more hNCAM+/TH+ fibers were

present in the caudal and dorsolateral striatum (Figure 4e,f,j), and at this

timepoint two out of three animals showed recovery in rotation scores

(circles, Figure 4k). At this stage, double hNCAM+/TH+ fibers could also

be detected in other dopaminergic target structures, such as NAc and

cortex as previously described (Grealish et al., 2014). However, the over-

all distribution of hNCAM+/TH− fibers was more extensive than the

hNCAM+/TH+ fibers, reflecting the heterogenous composition of the

transplants.

A closer look at individual post-transplantation rotation scores from

the 24-week survival group revealed two distinct behavioral responses

elicited by the amphetamine challenge. One rat (black circle in Figure 4k)

showed no behavioral recovery (net score pre-transplantation = 13

turns/min; post-transplantation = 13 turns/min) and two rats (gray and

white circles in Figure 4k) exhibited a pronounced rotational bias attenu-

ation (gray circle: net score pre-transplantation = 7 turns/min, post-

transplantation = 1 turns/min; white circle: net score pre-transplanta-

tion = 6 turns/min; post-transplantation = 1 turns/min). Despite the

similarities between graft volume and placement, the rat that did not

recover (black circle in Figure 4k) revealed more limited hNCAM+/TH+

outgrowth directed toward the striatum suggesting that sufficient inner-

vation is necessary for behavioral recovery (Figure 4g–i).

This is supported by previous experiments using intrastriatal

transplantation of fetal and hESC-derived cells (Kirkeby et al., 2012;

Rath et al., 2013). Here, we confirmed these observations by assessing

rotational recovery in animals transplanted with human fetal VM tis-

sue. We have previously shown that fetal VM cells provide significant

innervation of the A9 target structures in a more extensive manner

than hESC-derived progenitors when analyzed at the same timepoint

(Grealish et al., 2014). Here, we analyzed graft-mediated functional

recovery data in the amphetamine-induced rotation test performed

on the animals transplanted with fetal VM tissue. This revealed that

grafts of human fetal VM tissue placed in the midbrain more consis-

tently normalized amphetamine-induced rotations by 24 weeks (dia-

monds, Figure 4k) compared to grafts of hESC-derived progenitors

(circles, Figure 4k), associated with a dense hNCAM+/TH+ innervation

of dorsolateral striatum (Figure 4l).

In summary, this data highlights that long-distance, target-specific

dopaminergic innervation to the dorsolateral striatum from human

VM progenitors of hESC or fetal origin coincides temporally with

graft-mediated normalization of rotational bias at 24 weeks.

3.3 | Monosynaptic tracing reveals early host-to-
graft connectivity

Monosynaptic tracing allows for unambiguous identification of first-order

inputs onto a defined starter population of neurons, by taking advantage

of the selective retrograde transsynaptic spread of rabies virus

(Wickersham et al., 2007). First, we used the system to create a reference

map of the endogenous connectivity of the neurons located in the rat

midbrain. For this purpose, a lentivirus expressing the rabies helper con-

struct under control of the human synapsin promoter that includes

histone-tagged GFP (for unambiguous identification of starter cells); TVA

receptor (required for selective primary infection with EnvA-pseudotyped

rabies); and rabies glycoprotein (required for transsynaptic spread of

glycoprotein-deleted [ΔG] rabies), was injected into the midbrain of naïve

Sprague–Dawley rats at the same coordinates used for transplantation.

Four weeks later, EnvA-pseudotyped ΔG-rabies was injected at the same

site to label synaptic inputs to starter neurons located in the area of the

midbrain corresponding to the graft site (Figure 5a). As evident from the

3D reconstruction (Figure 5b), the input neurons labeled are in agreement

with current knowledge of basal ganglia anatomy (Gerfen & Bolam, 2010)

and the pattern of afferent connectivity to the dopaminergic neurons of

the midbrain reported previously (Watabe-Uchida et al., 2012).

Next, we mapped the host presynaptic input to the grafted cells

6 weeks after transplantation. For that purpose, hESC-derived neu-

rons expressing the rabies helper construct were transplanted into the

midbrain. Five weeks post-transplantation EnvA-pseudotyped ΔG-

rabies encoding mCherry was injected at the transplant site to label

presynaptic inputs to the graft (Figure 5a). Hence, grafted starter neu-

rons expressed both GFP (green) and mCherry (red), while host neu-

rons making synaptic contact onto grafted neurons expressed

mCherry only. One week after ΔG-rabies injection the animals were

sacrificed for histological analysis.

FIGURE 4 Outgrowth of graft-derived dopaminergic fibers and related functional outcome. (a–c) Analysis of double positive hNCAM+/TH+ fibers

at different levels in the host brain at 6 weeks post-grafting revealed the presence of some graft-derived dopaminergic fibers coursing through
the cerebral peduncle/nigrostriatal pathway (a), reaching the caudal portion of the striatum (b). Despite the presence of lesion-spared endogenous
dopaminergic fibers (hNCAM−/TH+), no double positive fibers were detected in dorsolateral striatum at this stage (c). (d–f ) After 24 weeks,
dopaminergic fibers of graft origin were seen coursing along the cerebral peduncle/nigrostriatal pathway in large numbers (d), providing dense
innervation of the caudal striatum (e). Significant hNCAM+/TH+ innervation was readily detectable in dorsolateral striatum at this stage (f ). (g–i)
Analysis of graft-derived dopaminergic innervation in one animal in the 24-week group with no behavioral recovery showed few hNCAM+/TH+

fibers coursing via the cerebral peduncle/nigrostriatal pathway (g), with scattered fibers reaching the caudal striatum (h). Sparse double positive
fibers can be seen reaching dorsolateral striatum (i) in this animal. (j) Quantification of hNCAM+/TH+ positive fibers in dorsolateral striatum at
6 weeks (n = 5), 18 weeks (n = 5), and 24 weeks (n = 6) revealed a progressive increase in the density of graft-derived dopaminergic fibers in this
structure over time (Kruskal–Wallis, χ2(2) = 7.658, p < .01, Dunn's multiple comparisons test revealed a significant difference between the 6 and
24 week groups, p < .05). (k) Assessment of amphetamine-induced rotational bias pre- and post-transplantation revealed progressive graft-
mediated functional recovery at 6 weeks (n = 4; squares in (k)), 18 weeks (n = 4; triangles in (k)), and 24 weeks (n = 3; circles in (k)). Animals that
received grafts of human fetal midbrain tissue (n = 6; diamonds in (k)), demonstrated significant recovery (t5 = 4.743, p < .01) at 24 weeks post-
transplantation. (l) Analysis of graft-derived dopaminergic innervation of the dorsolateral striatum by fetal tissue transplants reveals several
hNCAM+/TH+ fibers (white arrow). Scale bars: (a, d, g) = 100 μm. (b, c, e, f, h, i) = 100 μm. (l) = 20 μm. * = p < .05; ** = p < .01;
CP/NSP = cerebral peduncle/nigrostriatal pathway; DL = dorsolateral
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The majority of transplanted GFP+ cells co-expressed mCherry,

indicating efficient infection of starter neurons by ΔG-rabies

(Figure 5d). At this timepoint, up to 37% of the starter neurons had

matured to the stage where TH is starting to be expressed

(Figure 5d–e2). Spatial reconstruction of the precise localization of the

mCherry positive neurons using a 3D model of the rat brain, based on

the Paxinos and Watson atlas (Paxinos & Watson, 2005) allowed us to

obtain a comprehensive overview of whole brain afferent connectivity

to the transplant (Figure 5c; see Methods for more details). At 6 weeks

post-transplantation, traced host neurons (GFP−/mCherry+) were

FIGURE 5 Synaptic host-to-graft integration revealed by monosynaptic tracing at 6 weeks matches endogenous connectivity. (a) Experimental

design for assessment of endogenous connectivity using monosynaptic tracing. LV-helper was used to generate starter neurons in midbrain and
mCherry expressing EnvA-pseudotyped ΔG-rabies was used as a retrograde transsynaptic tracer to map inputs to midbrain. (b) 3D representation
of endogenous synaptic inputs to midbrain of normal un-lesioned rats, as revealed by rabies tracing. Each dot represents a traced neuron
(mCherry+) in a 1:8 series of mCherry immunostained sections from a representative animal. (c) 3D representation of whole brain monosynaptic
inputs to grafted neurons at 6 weeks revealed a pattern of traced neurons similar to that obtained from the mapping of endogenous inputs to the
SN seen in (b). Histological analysis of transplants after 6 weeks revealed that a large proportion of grafted neurons expressed GFP and were
selectively infected by mCherry expressing rabies (d). A significant proportion of starter neurons (GFP+/mCherry+) also expressed TH (e, e1, e2).
(f ) Heat map representing the percentage of mCherry+ labeling in each defined host brain area, divided by the total number of traced neurons per
brain. Color grades represent different density of labeling, with associated values (3–18%) expressed in the legend. Data compiled from six
individual animals (n = 6). Analysis of traced neurons (mCherry+) in the host brain revealed extensive synaptic inputs to the grafted neurons
originating from structures such as somatosensory cortex (g), striatum (h), hypothalamus (i), and dorsal raphe nucleus (j). Scale bars: (d) = 100 μm.

(e, e1, e2) = 40 μm. (g–j) = 200 μm. Amg = amygdala; Caud str = caudal striatum; Ctx = cortex; DL str = dorsolateral striatum; GP = globus
pallidus; Hyp = hypothalamus; M ctx = motor cortex; PFC = prefrontal cortex; PVH = paraventricular hypothalamic nucleus; RN = raphe nucleus;
SColl = superior colliculus; SN = substantia nigra; Som ctx = somatosensory cortex; Str = striatum; Tha = thalamus; VM str = ventromedial
striatum; VTA = ventral tegmental area
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readily detected in different host structures throughout the brain,

including prefrontal and sensorimotor cortices (Figure 5f,g), striatum

(Figure 5f,h), hypothalamus (Figure 5f,i), subthalamic nucleus (see

Figure 6b), and dorsal raphe nucleus (Figure 5f,j). The overall pattern

of the ΔG-rabies labeled neurons traced from the grafted neurons

was similar in distribution to that obtained from the endogenous neu-

rons (compare Figure 5b,c), indicating early and extensive establish-

ment of anatomically appropriate synaptic inputs to the grafted

human neurons (Figure 5g–j).

The regional identity of traced neurons in selected structures

showing dense labeling (Figure 5f ) was confirmed by performing a

counterstain with NeuN to resolve anatomical boundaries (Figure 5g–

j) and by immunostaining of regional phenotypic markers, expressed

by neurons normally projecting to the DA neurons in the substantia

nigra (Smith et al., 2016; Watabe-Uchida et al., 2012), including MOR

in striatum (Figure 6a,a1), Barhl1 in the subthalamic nucleus

(Figure 6b,b1) and 5-HT in the dorsal raphe nucleus (Figure 6c,c1).

In summary, the results show that the grafted neurons in the mid-

brain receive presynaptic inputs from the host already at 6 weeks

after transplantation, and that the overall connectivity established at

this early timepoint matches well the pattern of intrinsic nigral affer-

ents, as described in the literature using this tracing method.

4 | DISCUSSION

Cell-based therapy for PD was pioneered over 25 years ago, yet it is

still at the stage of small-scale clinical trials due to the limited access

to standardized fetal donor tissue (Barker et al., 2015). Stem cells have

long been explored as an alternative cell source, and significant devel-

opments in the last decade now allow for the generation of an unlim-

ited number of appropriately patterned VM progenitors from

pluripotent stem cells (Steinbeck & Studer, 2015). For PD, several clin-

ical trials using VM progenitors derived from hPSCs are planned

(Abbott, 2014; Barker et al., 2017), and hPSC-derived DA neurons will

also serve as important tools for further development with the aim to

move from cell replacement to more complete circuit reconstruction.

In this study, we use hESC-derived VM progenitors transplanted to

the midbrain to better understand graft function, reinnervation capac-

ity, and anatomical integration of human DA neurons in the 6-OHDA

lesion model of PD.

Intranigral transplantation has been used previously to explore

the capacity of grafted dopaminergic neuroblasts to extend axons

over long distances toward their appropriate targets (Grealish et al.,

2014; Isacson et al., 1995; Thompson, Grealish, Kirik, & Bjorklund,

2009; Wictorin et al., 1992). Here, we used this strategy to study the

capacity of hESC-derived neurons to grow axons along the NSP and

FIGURE 6 Identification of the phenotype of traced host neurons. Immunostaining for specific phenotypic markers reveals the identity of host

inputs to graft. Labeled neurons in striatum co-expressed μ-opiod receptor (MOR) (a, a1), neurons in the subthalamic nucleus (STN) co-expressed
Barhl1 (b, b1), while those in the dorsal raphe nucleus (RN) co-expressed serotonin (5-HT) (c, c1). White arrow denotes double positive neurons
for mCherry and phenotypic marker. Scale bars: (a–c1) = 20 μm. STN = subthalamic nucleus; RN = rape nucleus; 5-HT = serotonin
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MFB and progressively innervate appropriate forebrain target struc-

tures over the course of 24 weeks. At 6 weeks post-grafting, out-

growing hNCAM+ fibers were seen to exit the graft in a rostral

direction and extend along the MFB and NSP. At this timepoint, a few

scattered axons were observed in the caudal striatum and NAc, but

none were found in other target areas in the forebrain. By 18 weeks,

we detected extensive innervation of A10 target structures including

ventral striatum, NAc, septum, and PFC, and at 24 weeks graft-

derived hNCAM+ fibers had expanded further to cover a large portion

of the dorsolateral striatum, the main target region for A9 DA

neurons.

As with fetal tissue preparations used in clinical trials, stem cell-

derived DA neurons consist of a mix of both A9 and A10 DA neuron

populations, and there is currently no method to identify or separate

these two populations at the progenitor stage. In agreement with this,

we have previously shown that long-distance axonal outgrowth from

the graft is directed toward both A9 and A10 target structures

(Grealish et al., 2014). Here, we observe at 18 weeks hNCAM+ fibers

reaching from the graft site to the PFC and olfactory bulb over a dis-

tance of >10 mm, which is sufficient to provide full innervation of the

putamen in human patients grafted with VM tissue (estimated at

5–7 mm from each graft deposit; Kordower et al., 1995). Interestingly,

even though the exact graft placement varied, the fiber outgrowth

pattern were similar. Thus, regardless of their dorsal/ventral location

in SNc or SNr, the outgrowing fibers could be seen reaching the MFB

and NSP and coursing toward appropriate forebrain target structures

in a similar manner.

Our time-course analyses show that 24 weeks of graft maturation

was required for the more extensive innervation of the dorsolateral

striatum, that is, the functionally relevant structure for motor control

in the parkinsonian rat brain. At this timepoint, we observed abundant

hNCAM+/TH+ projections of graft origin progressing via the MFB and

the NSP, providing a widespread innervation of the striatal paren-

chyma. At this stage, the presence of graft-derived dopaminergic fibers

in the dorsolateral striatum correlated with functional recovery in

some animals as assessed by amphetamine-induced rotations

(Bjorklund et al., 1980; Dunnett et al., 1983; Grealish et al., 2010).

When analyzing transplants of human fetal tissue grafted to the mid-

brain after 24 weeks, we observed efficient recovery in all animals

which also correlated with hNCAM+/TH+ projections in the dorsolat-

eral striatum at this point (Grealish et al., 2014). These data highlight

that the long-distance hNCAM+/TH+ fibers observed at 24 weeks

from transplants of hESC or fetal VM progenitors are capable of releas-

ing DA to a sufficient extent to normalize rotational bias, highlighting

this approach of intranigral grafting as a useful measure of reinnerva-

tion capacity now also with a functional read-out. The validity of this

approach is also highlighted by one animal in the 24-week group in

which the transplant failed to induce any reduction of rotational bias

despite similar graft placement, size, and TH+ neuron content as in the

animals where the grafts had a functional effect. A closer analysis of

this subject showed that the graft-derived fibers had failed to inner-

vate the dorsolateral striatum despite the presence of abundant out-

growth toward ventral striatum and NAc (Figure 4g–i).

The time-course of functional recovery seen here—with the first

signs observed at 18 weeks post-grafting and in some animals

showing a complete recovery at 24 weeks—is very similar to that

obtained with fetal-derived midbrain DA neurons transplanted to stri-

atum, where the recovery in amphetamine-induced rotation emerges

between 16 and 20 weeks post-grafting (Brundin et al., 1986; Lelos

et al., 2016). It also matches remarkably well with the time-course of

recovery in motor function (arm-hand movement and rigidity scores)

seen in a patient with grafts of fetal VM tissue (Lindvall et al., 1990).

Clinical observations of patients transplanted with VM tissue of fetal

origin reveals that grafted neurons continue to functionally mature

over the course of around 3 years (Kefalopoulou et al., 2014; Politis

et al., 2010). Postmortem analysis of brain tissue from these patients

suggest that fibers from grafted tissue extensively innervate the host

but remain confined to appropriate target structures (Li et al., 2016).

We have previously shown that the functional potency of hESC-

derived DA neurons is en par with that of their fetal counterparts

when transplanted to the striatum (Grealish et al., 2014). The current

data provide further support to the equivalence of the two cell types,

in terms of potency, and axonal growth capacity and dynamics, and

highlight the importance of the content of DA neurons of the A9 type

for graft-induced recovery of motor function in this PD model linked

to efficient reinnervation of the critical striatal target—as previously

demonstrated with transplants of rodent tissue (Grealish et al., 2010).

The host afferent inputs to the grafted neurons were established

early, already at 6 weeks post-grafting, at a time when the outgrowing

axons have yet to reach their final targets. Using monosynaptic tracing

of midbrain DA neurons in the DAT-Cre mouse, it has been shown

that both A9 and A10 DA neurons receive inputs from the striatum.

The A9 neurons also receive relatively strong excitatory inputs from

the somatosensory and motor cortices, as well as subthalamic nucleus,

whereas the A10 DA neurons in the VTA receive strong inputs from

the lateral hypothalamus (Watabe-Uchida et al., 2012). Using the

same ΔG-rabies tracing method to map the afferent connectivity to

the graft, we found substantial numbers of afferent neurons in the

prefrontal and sensorimotor cortices, striatum, hypothalamus, subtha-

lamic nucleus, and dorsal raphe nucleus already at 6 weeks post-trans-

plantation. The overall distribution of the connections established by

the host to the graft matches well the endogenous nigral afferent cir-

cuitry revealed by ΔG-rabies tracing (Watabe-Uchida et al., 2012), as

well as the neuroanatomy of A9 and A10 DA neurons known from

classic studies (reviewed in Gerfen & Bolam, 2010). However, despite

the extent of synaptic integration observed at 6 weeks, we did not

see any improvement of motor asymmetry in the amphetamine rota-

tion test at this early timepoint, which is consistent with previous find-

ings using fetal and hESC-derived VM progenitors (Brundin et al.,

1986; Kirkeby et al., 2012; Rath et al., 2013; Wakeman et al., 2017).

This finding supports the view that the primary driver of behavioral

recovery in DA-dependent behavioral tests is the directed outgrowth

and efficient reinnervation of appropriate forebrain targets rather than

the extent of host-to-graft synaptic integration.

In conclusion, we show that intranigral grafts of VM progenitors

have the capacity to extensively integrate into host circuitry and grow

axonal projections toward appropriate forebrain targets over time,

and that the functional recovery, as assessed by amphetamine-

induced rotations, matched both the timing and extent of A9 specific

graft innervation of the dorsolateral part of the striatum in the animals
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where recovery could be observed. Moreover, the range of afferent

inputs available to grafts placed in the midbrain, as observed here,

suggests that hESC-derived DA neurons grafted to the midbrain have

the capacity to go beyond simple DA neuron replacement to achieve

more complete circuitry repair.
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