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Abstract. Cell therapy for Parkinson’s disease (PD) is aimed to replace the degenerated midbrain dopamine (mDA) neurons
and restore DA neurotransmission in the denervated forebrain targets. A limitation of the intrastriatal grafting approach, which
is currently used in clinical trials, is that the mDA neurons are implanted into the target area, in most cases the putamen,
and not in the ventral midbrain where they normally reside. This ectopic location of the cells may limit their functionality
due to the lack of appropriate afferent regulation from the host. Homotopic transplantation, into the substantia nigra, is now
being pursued in rodent PD models as a way to achieve more complete circuitry repair. Intranigral grafts of mDA neurons,
derived from human embryonic stem cells, have the capacity to re-establish the nigrostriatal and mesolimbic pathways in
their entirety and restore dense functional innervations in striatal, limbic and cortical areas. Tracing of host afferent inputs
using the rabies tracing technique shows that the afferent connectivity of grafts implanted in the nigra matches closely that of
the intrinsic mDA system, suggesting a degree of circuitry reconstruction that exceeds what has been achieved before. This
approach holds great promise, but to match the larger size of the human brain, and the 10 times greater distance between
substantia nigra and its forebrain targets, it may be necessary to find ways to improve the growth capacity of the grafted mDA
neurons, pointing to a combined approach where growth promoting factors are used to enhance the performance of mDA
neuron grafts.
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Transplantation of midbrain dopamine (mDA)24

neurons derived from pluripotent stem cells are cur-25

rently being explored in clinical trials in patients26

with Parkinson’s disease (PD) with the aim to restore27

DA neurotransmission in the DA depleted striatum28

[1, 2]. The current approach has an obvious limita-29

tion in that the cells are ectopically implanted in the30

DA target area rather into the substantia nigra where31

they normally reside (see Fig. 1A). It is clear from32

both experimental studies and studies in patients that33

the ectopic, intrastriatal transplants are spontaneously34
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active and release DA in a tonic, physiological man- 35

ner. Although this is sufficient to provide significant 36

improvement in motor function, not all aspects of the 37

DA deficiency syndrome seen in DA lesioned ani- 38

mals and PD patients are well restored in this grafting 39

paradigm [3, 4]. 40

This raises the question whether mDA neuron 41

grafts placed homotopically, in the substantia nigra 42

(Fig. 1B), would be able to provide more extensive 43

restoration of the damaged nigro-striatal circuitry and 44

thus more complete functional recovery. This was for 45

a long time considered unrealistic due to the long dis- 46

tance between nigra and striatum and the complexity 47

of the afferent connectivity that would have to be 48

restored. The initial attempts made along this line 49
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Fig. 1. Dopamine (DA) neuron transplantation seeks to replace the lost midbrain DA neurons and restore DA neurotransmission in the
DA-depleted striatum. In the clinical trials conducted so far the DA neurons are transplanted into the striatum (A), i.e., the area where DA is
released. This ectopic location of the cells may limit their functionality due to the lack of appropriate afferent regulation from the host. In the
alternative approach discussed here the cells are implanted homotopically into the substantia nigra (B), i.e., the site where the nigrostriatal
DA neurons normally reside, making it possible to achieve more complete restoration of efferent and afferent graft-host connectivity.

were also discouraging. Promising progress, how-50

ever, has been made during the last decade, revealing51

a remarkable ability of pre-specified neuronal precur-52

sors to integrate into host circuitry and extend axons53

over large distances in the adult brain, illustrated, in54

particular, by the highly specific connectivity that has55

been achieved from neocortical neuron precursors56

implanted into lesioned neocortex in rodents [5–8].57

Similar promising results have been obtained using58

intranigral transplants of human fetal or embryonic59

stem cell (hESC) derived mDA neurons.60

EARLY STUDIES61

In studies performed in the 1990s, the perfor-62

mance of intranigral grafts of fetal rat mDA neurons63

were explored in unilaterally 6-hydroxydopamine (6-64

OHDA) lesioned rats. The neurons were seen to65

survive well but the extension of tyrosine hydrox-66

ylase (TH) positive axons toward the striatum was67

very limited or entirely absent. Interestingly, how-68

ever, the intranigral grafts had significant functional69

impact even in the absence of striatal connectivity,70

seen as a recovery of both drug-induced and sponta-71

neous motor behavior, such as forelimb stepping and72

movement initiation time [9, 10].73

These findings highlighted the often-neglected fact74

that DA released locally from dendrites act to regu-75

late GABA release via activation of DA D1 receptors76

located on GABAergic terminals in the pars reticu-77

lata. In rodent models at least, DA produced in the78

nigra contributes to the functional effect of systemic79

L-DOPA, adding to the effects elicited in the striatum80

[11]. Inspired by these findings Mendez et al. [12]81

used a combination of intraputaminal and intranigral 82

grafting in four PD patients. Although these patients 83

showed very good clinical outcome, and good sur- 84

vival of both the intranigral and intraputaminal grafts, 85

the design of the study and the limited number of 86

patients did not allow any conclusion as to the relative 87

contribution of the intranigral grafts. 88

RECONSTRUCTION OF THE 89

NIGRO-STRIATAL AND MESOLIMBIC 90

PATHWAYS 91

During the last decade the introduction of new and 92

more powerful axonal tracing techniques has led to 93

a revival of the intranigral grafting approach. Using 94

dissected fetal ventral mesencephalon (VM) from 95

GFP reporter mice, Gaillard et al. [13] and Thomp- 96

son et al. [14] were the first to show reformation of 97

a complete and functional nigrostriatal pathway in 98

6-OHDA lesioned mice from mDA neurons grafted 99

into the nigra. Subsequently, even more extensive 100

forebrain connectivity from neurons grafted to the 101

nigra in 6-OHDA lesioned rodents has been obtained 102

using fetal human and hESC-derived mDA neurons 103

[15–18]. The specificity of graft-to-host connectivity 104

observed in these studies is quite remarkable: Cellu- 105

lar markers indicate that both major types of mDA 106

neurons, A9 and A10, are contained in these grafts, 107

and their projections are quite similar to those of the 108

endogenous counterparts, resulting in dense innerva- 109

tions of striatal, limbic and cortical areas normally 110

innervated by the mDA neurons (Fig. 1B). This out- 111

growth pattern is clearly cell-type specific: intranigral 112

grafts of hESC-derived glutamatergic neurons with 113
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a forebrain phenotype innervate cortical and ventral114

forebrain areas but avoid completely the caudate-115

putamen [15, 18].116

Interestingly, the areas innervated by ectopic117

intrastriatal mDA neuron grafts [14, 19] match118

quite well those innervated by the intranigral grafts119

(Fig. 1B), showing that the targeting is independent120

of the location of the cells. The outgrowing axons121

are clearly able to seek out their appropriate targets122

from any direction, suggesting the presence of highly123

specific axon guidance and target recognition mecha-124

nisms in the DA-denervated forebrain. This is further125

supported by the observation that the extension of126

axons from intranigral fetal mDA neuron grafts is127

almost completely blocked if the intrinsic projection128

is left intact [14].129

Tests of drug-induced and spontaneous motor130

behaviors indicate that the newly established con-131

nections are functional and restored gradually over a132

period of 3–4 months, which matches well the time-133

course of axonal outgrowth and generation of axonal134

terminals in the striatal target area [16, 18]. Recov-135

ery of DA neurotransmission is further supported136

by studies using chemogenetic tools (DREADDs),137

applied initially to intrastriatal grafts [20, 21], and138

more recently also to the study of hESC-derived139

mDA neurons grafted to the nigra [18]. In both cases140

DREADD-induced inhibition of the grafted mDA141

neurons was shown to reverse the graft induced motor142

recovery, an effect shown also using optogenetic143

silencing [22]. DREADD-induced activation induced144

the opposite effect, i.e., a further enhancement of the145

graft-induced functional improvement. In the study146

by Chen et al. [21], this enhancement effect was147

blocked by pretreatment with DA receptor antago-148

nists. These data show that intranigral mDA neuron149

grafts are as functional as cells grafted to the striatum.150

In both cases, functional recovery is critically depen-151

dent on the recovery of DA neurotransmission in the152

innervated forebrain targets, although it is possible153

that DA released locally in the nigra may contribute154

as well (see above).155

Similar to fetal VM grafts, the hESC-derived grafts156

also contain non-DA neurons. Their axons, visualized157

using a combination of TH and human NCAM anti-158

bodies, project like the TH-positive ones to wide and159

partially overlapping areas of the forebrain [14, 23,160

24]. Their projection pattern is similar to the mid-161

brain GABA and glutamate neurons that normally162

reside in the VTA. Around 45% of the neurons in163

the VTA are known to be non-dopaminergic, most164

of them GABAergic or glutamatergic [24–26]. Like165

the DA neurons, they project widely to the forebrain, 166

and in rats and mice, the VTA projections to several 167

limbic and cortical areas are more than 50% non- 168

dopaminergic [27], which is in line with the TH and 169

non-TH innervations we see in limbic and cortical 170

regions in transplanted animals [14, 15]. It seems 171

likely therefore that this mixed composition, which is 172

an essential feature of VTA also in the human brain 173

[27], is retained also in the hESC-derived transplants. 174

TRACING OF HOST-TO-GRAFT 175

CONNECTIVITY 176

Previous electrophysiological and optogenetic 177

studies have shown that grafted fetal mDA neurons 178

are spontaneously active and receive both excita- 179

tory and inhibitory inputs from the host [22, 28, 180

29], but it was the introduction of the monosynap- 181

tic rabies tracing technique that made it possible to 182

investigate the origins and extent of host afferents 183

in their entirety. In this method the grafted cells are 184

equipped, prior to grafting, with the TVA receptor 185

(for selective infection of the pseudotyped rabies 186

vector) and the rabies glycoprotein (which allows 187

spread retrogradely across the synapse). This allows 188

the fluorescent label in the pseudotyped rabies vec- 189

tor to be transferred selectively from the graft to all 190

host (and graft) neurons synapsing onto the grafted 191

cells. Using this approach, it has been possible to 192

map and compare the afferent inputs to grafts placed 193

in either their normal, homotopic, location in the 194

nigra, or ectopically in the striatum, allowing also 195

a direct comparison with the pattern of afferents to 196

the endogenous midbrain DA neurons [15, 18, 30]. 197

These studies show that the afferent connectivity 198

of intranigral grafts is strikingly similar to that of 199

the endogenous midbrain DA neurons, with major 200

inputs from the striatum (GABAergic projection neu- 201

rons), sensorimotor cortex (glutamatergic CTIP2+
202

and SATB+ projection neurons), and external globus 203

pallidus (GABAergic pallido-nigral projection neu- 204

rons), as well as from the central amygdala, bed 205

nucleus of the stria terminalis, lateral and periven- 206

tricular hypothalamus, and dorsal raphe [15, 16, 18]. 207

The afferents to intrastriatal grafts originate to a 208

large extent from the same host brain areas, striatum, 209

sensorimotor cortex and external globus pallidus in 210

particular, but they are also different: The intrastriatal 211

grafts receive abundant afferents from the parafasci- 212

cular and mediodorsal thalamus, which are absent 213

from the intranigral grafts, and fewer inputs from 214
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Fig. 2. Intranigral grafting is attractive as a way to achieve more complete circuitry repair, more refined functional regulation of the grafted
neurons, and more widespread reinnervation of the DA-deficient forebrain areas. The use of this approach in the human brain, however, is
a challenge due to the 10-fold greater length of the human DA system (A), compared to the one in the rat brain (B). This may require a
combined therapeutic approach where growth promoting factors are used to increase the growth capacity of the grafted mDA neurons.

hypothalamus and caudal brainstem, which innervate215

the intranigral grafts, as is the case also for the host216

mDA neurons [15, 18, 31].217

The close-to-normal efferent and afferent connec-218

tivity of the intranigral grafts indicates a remarkable219

degree of circuitry reconstruction that far exceeds220

what has been possible to achieve with ectopic intras-221

triatal grafts. Nevertheless, the extent of afferent222

inputs to intrastriatal grafts is intriguing and chal-223

lenges the common view that the functional impact224

of ectopically placed DA neuron grafts is mediated by225

autoregulated, tonic activity in the absence of normal226

regulatory inputs. Despite their ectopic location the227

intrastriatal grafts receive excitatory and inhibitory228

inputs from cortical, striatal and pallidal neurons that229

are known to regulate the function of the endoge-230

nous nigral DA neurons. It seems possible that the231

intrastriatal grafts could receive inputs, via branching232

collaterals, from functionally appropriate subtypes of 233

excitatory (cortical) and inhibitory (striatal and palli- 234

dal) neurons in the host. In support of this idea, Adler 235

et al. [15] could show that the synaptic inputs to intras- 236

triatal grafts are derived, at least in part, from the same 237

cortical, striatal and pallidal neurons that innervate 238

the host substantia nigra. 239

CLINICAL PERSPECTIVE 240

The impressive results obtained in rodent models 241

raise the question whether intranigral transplantation 242

should be explored also in patients. This approach 243

is attractive, not only as a way to achieve more 244

complete circuitry repair and more refined func- 245

tional regulation of the grafted neurons, but also as a 246

way to obtain more widespread reinnervation of the 247
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Table 1
Take home message

• Grafts of stem cell derived dopamine neurons transplanted
homotopically into the substantia nigra, rather than
ectopically into the striatum offer the possibility
for more complete circuitry repair.

• The close-to-normal efferent and afferent connectivity
of the intranigral grafts points to a remarkable degree of
circuitry reconstruction that far exceeds what has been
possible to achieve with ectopic intrastriatal grafts.

• Despite their ectopic placement the intrastriatal
dopamine neurons grafts receive excitatory and inhibitory
afferents from relevant areas of the host brain allowing
modulation of the graft-induced functional impact on
motor behavior.

• Intranigral grafting is attractive, not only as a
way to achieve more refined functional regulation of the
grafted neurons, but also as a way to obtain more widespread
reinnervation of the dopamine-deficient limbic and
cortical areas.

• Scale up to the 10-fold larger size of the
nigrostriatal system in the human brain is a major
challenge and may require a combined approach where
the growth capacity of the dopamine neurons is increased
by simultaneous administration of growth factors,
such as GDNF.

DA-deficient forebrain areas. In contrast to intras-248

triatal grafting where expansion of innervation into249

additional forebrain targets, such as caudate nucleus,250

nucleus accumbens and prefrontal cortex, requires an251

increased number of implantation sites (thus more252

needle tracts), the intranigral approach would make253

it possible to obtain widespread reinnervation from a254

single implantation site. Since the progressive loss255

of DA innervation in limbic and cortical areas is256

likely to contribute to the development on non-motor257

symptoms—as suggested by the improvements in258

sleep, fatigue, mood and cognition obtained with259

continuous intestinal L-DOPA infusions [32, 33]260

—it seems possible that the intranigral grafting261

approach, resulting in reinnervation of both striatal,262

limbic, and cortical territories, could have a broader263

impact on PD symptoms than grafts limited to the264

striatum.265

The scale up to the much larger human brain is a266

challenge, however. The nigrostriatal pathway in the267

rat is about 4–5 mm long, and the maximum exten-268

sion of axons that has been observed from intranigral269

grafts, reaching anteromedial frontal cortex in the270

rat, is about 8–9 mm. In humans, the distance from271

the nigra to the rostral parts of the caudate/putamen272

and nc. accumbens is about 6–7 cm, and a further273

1–2 cm to the anteromedial frontal cortex, i.e., around274

10 times larger than in the rat (Fig. 2). To match275

the larger size of the human brain, therefore, it may276

be necessary to find ways to improve the growth 277

capacity of the grafted mDA neurons. Efforts along 278

this line have been focused on the combination with 279

growth factors (GDNF in particular) [14, 34, 35] 280

and/or chemoattractants such as Netrin-1 [34, 36, 281

37]. A recent study from the Thompson/Parish lab 282

is particularly promising in this regard, showing a 283

prominent growth-stimulating effect of GDNF on 284

grafted hESC-derived mDA neurons, resulting in an 285

increased reinnervation of remote targets (such as 286

the perirhinal and cingulate cortex), accompanied by 287

accelerated functional recovery [38]. This points to 288

the possibility of a combined therapeutic approach 289

where neurotrophic/growth attractant factors are used 290

to increase the performance of intranigrally grafted 291

mDA neurons. Such a dual approach, if success- 292

fully developed, may have the additional advantage 293

in helping to preserve what is left of the intrinsic DA 294

system and thereby providing additional support to 295

the efficacy and long-term clinical outcome of DA 296

neuron grafts. In a future scenario, maximal long- 297

term impact of a fully circuit-integrated intranigral 298

mDA neuron graft would be achieved when used in 299

combination with a protective intervention blocking 300

the progression of the underlying disease. 301

ACKNOWLEDGMENTS 302

We thank Bengt Mattsson for excellent help with 303

the preparation of the figures. 304

CONFLICT OF INTEREST 305

AB has no potential conflict of interest. MP is the 306

owner of Parmar Cells AB and co-inventor of the 307

U.S. patent application 15/093,927 owned by Bio- 308

lamina AB and EP17181588 owned by Miltenyi 309

Biotec. 310

REFERENCES 311

[1] Kim TW, Koo SY, Studer L (2020) Pluripotent stem cell 312

therapies for Parkinson disease: Present challenges and 313

future opportunities. Front Cell Dev Biol 8, 729. 314

[2] Parmar M, Grealish S, Henchcliffe C (2020) The future of 315

stem cell therapies for Parkinson disease. Nat Rev Neurosci 316

21, 103-115. 317

[3] Barker RA, Barrett J, Mason SL, Bjorklund A (2013) Fetal 318

dopaminergic transplantation trials and the future of neural 319

grafting in Parkinson’s disease. Lancet Neurol 12, 84-91. 320

[4] Bjorklund A, Parmar M (2020) Neuronal replacement as a 321

tool for basal ganglia circuitry repair: 40 years in perspec- 322

tive. Front Cell Neurosci 14, 146. 323



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

6 A. Björklund and M. Parmar / Dopamine Cell Therapy

[5] Espuny-Camacho I, Michelsen KA, Linaro D, Bilheu A,324

Acosta-Verdugo S, Herpoel A, Giugliano M, Gaillard A,325

Vanderhaeghen P (2018) Human pluripotent stem-cell-326

derived cortical neurons integrate functionally into the327

lesioned adult murine visual cortex in an area-specific way.328

Cell Rep 23, 2732-2743.329

[6] Falkner S, Grade S, Dimou L, Conzelmann KK, Bonhoef-330

fer T, Gotz M, Hubener M (2016) Transplanted embryonic331

neurons integrate into adult neocortical circuits. Nature 539,332

248-253.333

[7] Gronning Hansen M, Laterza C, Palma-Tortosa S, Kvist G,334

Monni E, Tsupykov O, Tornero D, Uoshima N, Soriano335

J, Bengzon J, Martino G, Skibo G, Lindvall O, Kokaia Z336

(2020) Grafted human pluripotent stem cell-derived cortical337

neurons integrate into adult human cortical neural circuitry.338

Stem Cells Transl Med 9, 1365-1377.339

[8] Linaro D, Vermaercke B, Iwata R, Ramaswamy A, Libe-340

Philippot B, Boubakar L, Davis BA, Wierda K, Davie K,341

Poovathingal S, Penttila PA, Bilheu A, De Bruyne L, Gall D,342

Conzelmann KK, Bonin V, Vanderhaeghen P (2019) Xeno-343

transplanted human cortical neurons reveal species-specific344

development and functional integration into mouse visual345

circuits. Neuron 104, 972-986 e976.346

[9] Mukhida K, Baker KA, Sadi D, Mendez I (2001)347

Enhancement of sensorimotor behavioral recovery in348

hemiparkinsonian rats with intrastriatal, intranigral, and349

intrasubthalamic nucleus dopaminergic transplants. J Neu-350

rosci 21, 3521-3530.351

[10] Winkler C, Bentlage C, Nikkhah G, Samii M, Bjorklund A352

(1999) Intranigral transplants of GABA-rich striatal tissue353

induce behavioral recovery in the rat Parkinson model and354

promote the effects obtained by intrastriatal dopaminergic355

transplants. Exp Neurol 155, 165-186.356

[11] Robertson HA (1992) Dopamine receptor interactions:357

Some implications for the treatment of Parkinson’s disease.358

Trends Neurosci 15, 201-206.359

[12] Mendez I, Sanchez-Pernaute R, Cooper O, Vinuela A, Fer-360

rari D, Bjorklund L, Dagher A, Isacson O (2005) Cell type361

analysis of functional fetal dopamine cell suspension trans-362

plants in the striatum and substantia nigra of patients with363

Parkinson’s disease. Brain 128, 1498-1510.364

[13] Gaillard A, Decressac M, Frappe I, Fernagut PO, Prestoz365

L, Besnard S, Jaber M (2009) Anatomical and functional366

reconstruction of the nigrostriatal pathway by intranigral367

transplants. Neurobiol Dis 35, 477-488.368

[14] Thompson LH, Grealish S, Kirik D, Bjorklund A (2009)369

Reconstruction of the nigrostriatal dopamine pathway in the370

adult mouse brain. Eur J Neurosci 30, 625-638.371

[15] Adler AF, Cardoso T, Nolbrant S, Mattsson B, Hoban372

DB, Jarl U, Wahlestedt JN, Grealish S, Bjorklund A,373

Parmar M (2019) hESC-derived dopaminergic transplants374

integrate into basal ganglia circuitry in a preclinical mo-375

del of Parkinson’s disease. Cell Rep 28, 3462-3473 e3465.376

[16] Cardoso T, Adler AF, Mattsson B, Hoban DB, Nolbrant S,377

Wahlestedt JN, Kirkeby A, Grealish S, Bjorklund A, Parmar378

M (2018) Target-specific forebrain projections and appro-379

priate synaptic inputs of hESC-derived dopamine neurons380

grafted to the midbrain of parkinsonian rats. J Comp Neurol381

526, 2133-2146.382

[17] Grealish S, Diguet E, Kirkeby A, Mattsson B, Heuer A,383

Bramoulle Y, Van Camp N, Perrier AL, Hantraye P, Bjork-384

lund A, Parmar M (2014) Human ESC-derived dopamine385

neurons show similar preclinical efficacy and potency to386

fetal neurons when grafted in a rat model of Parkinson’s387

disease. Cell Stem Cell 15, 653-665.

[18] Xiong M, Tao Y, Gao Q, Feng B, Yan W, Zhou Y, Kotsonis 388

TA, Yuan T, You Z, Wu Z, Xi J, Haberman A, Graham 389

J, Block J, Zhou W, Chen Y, Zhang SC (2021) Human 390

stem cell-derived neurons repair circuits and restore neural 391

function. Cell Stem Cell 28, 112-126 e116. 392

[19] de Luzy IR, Niclis JC, Gantner CW, Kauhausen JA, Hunt 393

CPJ, Ermine C, Pouton CW, Thompson LH, Parish CL 394

(2019) Isolation of LMX1a ventral midbrain progenitors 395

improves the safety and predictability of human pluripotent 396

stem cell-derived neural transplants in parkinsonian disease. 397

J Neurosci 39, 9521-9531. 398

[20] Aldrin-Kirk P, Heuer A, Wang G, Mattsson B, Lundblad 399

M, Parmar M, Bjorklund T (2016) DREADD modulation 400

of transplanted DA neurons reveals a novel parkinsonian 401

dyskinesia mechanism mediated by the serotonin 5-HT6 402

receptor. Neuron 90, 955-968. 403

[21] Chen Y, Xiong M, Dong Y, Haberman A, Cao J, Liu H, Zhou 404

W, Zhang SC (2016) Chemical control of grafted human 405

PSC-derived neurons in a mouse model of Parkinson’s dis- 406

ease. Cell Stem Cell 18, 817-826. 407

[22] Steinbeck JA, Choi SJ, Mrejeru A, Ganat Y, Deisseroth 408

K, Sulzer D, Mosharov EV, Studer L (2015) Optogenet- 409

ics enables functional analysis of human embryonic stem 410

cell-derived grafts in a Parkinson’s disease model. Nat 411

Biotechnol 33, 204-209. 412

[23] Niclis JC, Gantner CW, Hunt CPJ, Kauhausen JA, Dur- 413

nall JC, Haynes JM, Pouton CW, Parish CL, Thompson 414

LH (2017) A PITX3-EGFP reporter line reveals connec- 415

tivity of dopamine and non-dopamine neuronal subtypes in 416

grafts generated from human embryonic stem cells. Stem 417

Cell Reports 9, 868-882. 418

[24] Song B, Cha Y, Ko S, Jeon J, Lee N, Seo H, Park KJ, Lee 419

IH, Lopes C, Feitosa M, Luna MJ, Jung JH, Kim J, Hwang 420

D, Cohen BM, Teicher MH, Leblanc P, Carter BS, Kor- 421

dower JH, Bolshakov VY, Kong SW, Schweitzer JS, Kim 422

KS (2020) Human autologous iPSC-derived dopaminergic 423

progenitors restore motor function in Parkinson’s disease 424

models. J Clin Invest 130, 904-920. 425

[25] Breton JM, Charbit AR, Snyder BJ, Fong PTK, Dias EV, 426

Himmels P, Lock H, Margolis EB (2019) Relative contri- 427

butions and mapping of ventral tegmental area dopamine 428

and GABA neurons by projection target in the rat. J Comp 429

Neurol 527, 916-941. 430

[26] Taylor SR, Badurek S, Dileone RJ, Nashmi R, Minichiello 431

L, Picciotto MR (2014) GABAergic and glutamatergic effer- 432

ents of the mouse ventral tegmental area. J Comp Neurol 433

522, 3308-3334. 434

[27] Root DH, Wang HL, Liu B, Barker DJ, Mod L, Szocsics 435

P, Silva AC, Magloczky Z, Morales M (2016) Gluta- 436

mate neurons are intermixed with midbrain dopamine 437

neurons in nonhuman primates and humans. Sci Rep 6, 438

30615. 439

[28] Fisher LJ, Young SJ, Tepper JM, Groves PM, Gage 440

FH (1991) Electrophysiological characteristics of cells 441

within mesencephalon suspension grafts. Neuroscience 40, 442

109-122. 443

[29] Sorensen AT, Thompson L, Kirik D, Bjorklund A, Lind- 444

vall O, Kokaia M (2005) Functional properties and synaptic 445

integration of genetically labelled dopaminergic neurons in 446

intrastriatal grafts. Eur J Neurosci 21, 2793-2799. 447

[30] Adler AF, Bjorklund A, Parmar M (2020) Transsynaptic 448

tracing and its emerging use to assess graft-reconstructed 449

neural circuits. Stem Cells 38, 716-726. 450

[31] Grealish S, Heuer A, Cardoso T, Kirkeby A, Jonsson M, 451

Johansson J, Bjorklund A, Jakobsson J, Parmar M (2015) 452



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

A. Björklund and M. Parmar / Dopamine Cell Therapy 7

Monosynaptic tracing using modified rabies virus reveals453

early and extensive circuit integration of human embryonic454

stem cell-derived neurons. Stem Cell Rep 4, 975-983.455

[32] Antonini A, Poewe W, Chaudhuri KR, Jech R, Pickut B,456

Pirtosek Z, Szasz J, Valldeoriola F, Winkler C, Bergmann457

L, Yegin A, Onuk K, Barch D, Odin P, co-investigators458

Gs (2017) Levodopa-carbidopa intestinal gel in advanced459

Parkinson’s: Final results of the GLORIA registry. Parkin-460

sonism Relat Disord 45, 13-20.461

[33] Kamel WA, Al-Hashel JY (2020) LCIG in treatment of non-462

motor symptoms in advanced Parkinson’s disease: Review463

of literature. Brain Behav 10, e01757.464

[34] Ghosh B, Zhang C, Ziemba KS, Fletcher AM, Yurek DM,465

Smith GM (2019) Partial reconstruction of the nigrostriatal466

circuit along a preformed molecular guidance pathway. Mol467

Ther Methods Clin Dev 14, 217-227.468

[35] Wang Y, Tien LT, Lapchak PA, Hoffer BJ (1996) GDNF469

triggers fiber outgrowth of fetal ventral mesencephalic grafts

from nigra to striatum in 6-OHDA-lesioned rats. Cell Tissue 470

Res 286, 225-233. 471

[36] Lin L, Isacson O (2006) Axonal growth regulation of fetal 472

and embryonic stem cell-derived dopaminergic neurons by 473

Netrin-1 and Slits. Stem Cells 24, 2504-2513. 474

[37] Jasmin M, Ahn EH, Voutilainen MH, Fombonne J, Guix C, 475

Viljakainen T, Kang SS, Yu LY, Saarma M, Mehlen P, Ye K 476

(2021) Netrin-1 and its receptor DCC modulate survival and 477

death of dopamine neurons and Parkinson’s disease features. 478

EMBO J 40, e105537. 479

[38] Gantner CW, de Luzy IR, Kauhausen JA, Moriarty N, Niclis 480

JC, Bye CR, Penna V, Hunt CPJ, Ermine CM, Pouton CW, 481

Kirik D, Thompson LH, Parish CL (2020) Viral delivery of 482

GDNF promotes functional integration of human stem cell 483

grafts in Parkinson’s disease. Cell Stem Cell 26, 511-526 484

e515. 485


