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Cell therapy in animal models of Parkinson’s disease 
(PD) is effective after intrastriatal grafting of dopamine 
(DA) neurons, whereas intranigral transplantation of 
dopaminergic cells does not cause consistent behav-
ioral recovery. One strategy to promote axonal growth 
of dopaminergic neurons from the substantia nigra (SN) 
to the striatum is degradation of inhibitory components 
such as chondroitin sulphate proteoglycans (CSPG). An 
alternative is the guidance of DA axons by chemotropic 
agents. Semaphorins 3A and 3C enhance axonal growth 
of embryonic stem (ES) cell–derived dopaminergic neu-
rons in vitro, while Semaphorin 3C also attracts them. 
We asked whether intranigral transplantation of DA neu-
rons, combined with either degradation of CSPG or with 
grafts of Semaphorin 3–expressing cells, towards the 
striatum, is effective in establishing a new nigrostriatal 
dopaminergic pathway in rats with unilateral depletion 
of DA neurons. We found depolarization-induced DA 
release in dorsal striatum, DA axonal projections from 
SN to striatum, and concomitant behavioral improve-
ment in Semaphorin 3–treated animals. These effects 
were absent in animals that received intranigral trans-
plants combined with Chondroitinase ABC treatment, 
although partial degradation of CSPG was observed. 
These results are evidence that Semaphorin 3–directed 
long-distance axonal growth of dopaminergic neurons, 
resulting in behavioral improvement, is possible in adult 
diseased brains.

Received 30 August 2012; accepted 24 March 2013; advance online  
publication 4 June 2013. doi:10.1038/mt.2013.78

INTRODUCTION
Parkinson’s disease (PD) is produced after degeneration of sub-
stantia nigra (SN) dopamine (DA) neurons (A9 group) with 
concomitant dopaminergic denervation of the dorsal striatum. 
Ectopic grafts of human DA neurons isolated from developing 
ventral mesencephalon into the caudate-putamen (striatum) ben-
efit patients under certain conditions.1,2 In animal models of PD, 

intrastriatal grafting of DA neurons differentiated from wild-type 
and transgenic embryonic stem (ES) cells as well as inducible plu-
ripotent stem cells, improves motor performance for extended 
time periods,3–6 restores DA release together with DA transporter 
binding and suppresses DA receptor super-sensitivity.4 Although 
transplanted DA neurons extend processes beyond the graft core 
and establish synaptic contacts with the host striatum,3 DA somata 
are outside the SN, thus precluding their regulation by neural cir-
cuits in the midbrain. Grafting of DA neurons in the adult SN did 
not improve motor alterations in parkinsonian rats because axons 
were unable to reach the dorsolateral striatal region.7–9

The adult mammalian brain is largely inhibitory for axonal 
growth due to the presence of inhibitors such as chondroitin sul-
phate proteoglycans (CSPG) and other extracellular matrix or 
myelin components.10 One strategy to allow axonal extension of 
grafted neurons is degradation of such inhibitors; an alternative is 
to use chemotropic molecules that specifically attract the axons of 
DA neurons. During establishment of the dopaminergic nigrostri-
atal pathway, some class 3 Semaphorins (Sema3) are expressed in 
regions traversed by DA axons en route to reach the striatum.11–14

Sema3 proteins are secreted and their actions are mediated 
through activation of receptors containing Neuropilins (Nrp) 
and plexins.15,16 Sema3A was initially described as a chemo-
repellent that also causes axonal growth cone collapse of sensory 
neurons.17,18 Knockout mice for Sema3A show abnormal sensory 
innervation and defective cerebral cortex.19 In developing cerebro-
cortical explants, Sema3A is repulsive for axons,20,21 but attractive 
to apical dendrites.21 Such opposing effects are explained by dif-
ferential local signaling in dendrites21 and the axon.22 Sema3C is 
attractive for cortical axons20 and has been involved in hemisphere 
crossing of commissural axons through the corpus callosum.23

In midbrain explants growing in collagen gels, Sema3-
transfected human embryonic kidney (HEK) 293 cells had dif-
ferential effects on DA neurons: Sema3A and Sema3C induced 
axonal growth, whereas Sema3C attracted DA axons as well.11 
These responses to Sema3 are also present in axons of dissociated 
DA neurons isolated from developing ventral mesencephalon or 
differentiated in vitro from mouse ES cells in collagen gel assays.24 
Seventy-seven percent of DA neurons differentiated in vitro from 
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mouse ES cells express Nrp1, whereas Nrp2 is present in 48% of 
Tyrosine Hydroxylase (TH)-positive neurons; these proportions 
of Nrp1+ and Nrp+ neurons are very similar to those found in 
dopaminergic neurons isolated from the developing midbrain.24 
The effects of Sema3 on DA axons in this in vitro system are medi-
ated by Nrp receptors, because only Nrp+ axons were responsive. 
Furthermore, in ES cell–derived DA neurons, Sema3 effects were 
blocked by incubation with Nrp-neutralizing antibodies.24

In this study, we report that cografting of DA neurons in 
the SN with Sema3C-expressing cells along a straight trajectory 
to the striatum produced significant behavioral recovery in rats 
with unilateral depletion of DA neurons, similar to DA neuron 
striatal grafting. The observed improvement after cografting was 
concomitant with striatal DA release and the establishment of 
new synaptic contacts between the SN and the dorsal striatum, 
evidenced by immunohistochemistry and retrograde labeling.

Figure 1 Intrastriatal grafting of mouse embryonic stem (ES) cells differentiated to dopamine (DA) neurons cause behavioral recovery in 
pharmacological and non-pharmacological tests. (a) Undifferentiated ES cells express the pluripotency markers Oct4 and Sox2. (b) ES cell–derived 
neural precursors are positive for Nestin and Engrailed1 (En1). (c) During stage 5, neurons labeled with β-tubulin-III are present, and 27 ± 3% of these 
are tyrosine hydroxylase (TH)-positive, indicating differentiation to DA neurons. Nuclear staining with Hoechst 33258 is shown in a–c. Scale bar = 30 
µm. (d) Half a million ES cells–differentiated in vitro to DA neurons were grafted in the lesioned dorsal striatum of 6-OHDA–injected hemiparkinsonian 
adult rats as shown in the scheme. (e–h) Behavioral recovery was monitored for 45 days. Pharmacological and non-pharmacological behavioral tests 
showed, as previously reported, that grafted animals improved significantly. (e) Apomorphine-induced rotations decreased in grafted animals 45 
days after grafting compared with the sham group. Accordingly, (f) adjusting step, (g) forelimb placing, and (h) cylinder tests showed a significant 
recovery in the grafted group 45 days after grafting. *P < 0.05. (i) Representative composition of a graft 45 days after transplantation decorated with 
anti-TH antibodies in the area depicted in a. Scale bar = 100 µm.
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RESULTS
Transplantation of ES cell–derived DA neurons in the 
striatum causes behavioral recovery
We differentiated mouse wild-type ES cells to DA neurons 
by a protocol described previously3,4,25 (Figure 1a–c). The 
effect of grafts in behavioral recovery of parkinsonian traits 
was assessed in adult young rats lesioned with 6-hydroxyDA 
(6-OHDA) in one cerebral hemisphere (Figure 1d). Injection 
of 6-OHDA causes an acute depletion of striatal DA. This PD 
animal model has been widely used to test several strategies 
aimed to restore DA levels and behavioral alterations, but lacks 
the aging  component associated to development of sporadic 
Parkinson in humans. As reported,3,4 striatal transplantation of 
5 × 105 ES-derived neurons (in which close to 30% are dopa-
minergic) induced behavioral improvement in apomorphine-
induced rotations and in non-pharmacological motor tests 
 (Figure  1e–h; Table 1). The observed improvement in these 
behavioral assessments was used as reference for intranigral 
grafting. TH-positive neurons were present within the graft 45 
days after transplantation (Figure 1i).

Partial degradation of CSPG is not sufficient to allow 
growth of DA axons from the SN to the striatum
We asked whether DA neuron transplantation in the SN, com-
bined with degradation of CSPG, is sufficient to direct dopami-
nergic axonal growth to the striatum. Degradation of CSPG by 
Chondroitinase ABC (ChABC) has allowed axonal regeneration 
and plasticity in the spinal cord.26,27 To test whether degradation 
of CSPG permits DA axons to grow from SN to striatum, we per-
formed transplantation of lesioned animals with 3.3 × 105 ES cell–
differentiated DA neurons (to use the same cell suspension for 
striatal grafting, but in a smaller volume) in a 60° angle to reach 
the SN pars compacta, followed by application of ChABC along a 
straight line towards the striatum (encompassing cerebral cortex, 
striatum, internal capsule, thalamus, and zona incerta), either as a 
single bolus (data not shown) or in repeated injections at different 
days (Figure 2a,b).

On the day of surgery, ChABC was injected at 0.01 U/μl in 6 
applications of 0.5 μl each, retracting the injector 0.5 mm every 
time. At days 3, 6, 9, 12, and 15 after grafting, six additional 
ChABC injections were made per session, but since the injector 
was 0.5 mm shorter every time, these applications started closer to 
the striatum. Every injection at the indicated days consisted of 3 μl 
of ChABC solution encompassing 2.5 mm. Behavioral evaluations 
were performed during 45 days. Neither axonal growth nor overt 
behavioral recovery was detected, although a significant differ-
ence in the stepping test was observed (Figure 2c–f; Table 1). As 
a control, ChABC application was made in the absence of nigral 
grafts (sham + ChABC). Additional controls included injections 
of ChABC vehicle, in the absence of enzyme or grafts, to ana-
lyze the expression of CSPG at the injection trajectory from the 
nigra to the striatum. One week after vehicle administration, we 
found that reactivity for Glial Fibrillary Acidic Protein is closely 
associated with the presence of full forms of CSPG detected with 
antibody CS-56 (data not shown). After 45 days, CS-56 immuno-
reactivity is still present in animals that did not receive ChABC 
(Figure 2g). Ta
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Animals that received ChABC, with or without graft, were 
sacrificed and their brains analyzed at 7 weeks after surgery. 
Administration of ChABC in the described scheme, regardless of 
DA neuron grafting, caused partial digestion of CSPG as evidenced 

by the appearance of labeling with the 2B6 antibody that recog-
nizes hydrolyzed CSPG forms (Figure 2h), and a parallel decrease 
in full-CSPG forms (Figure 2i). Furthermore, in ChABC-
treated animals, full and partially hydrolyzed forms of CSPG are 

Figure 2 Partial degradation of chondroitin sulphate proteoglycans (CSPG) through a nigrostriatal trajectory does not provide functional 
recovery after dopamine (DA) neuron transplantation in the substantia nigra (SN). (a) Diagram of the stylets of decreasing length used for injec-
tion of Chondroitinase ABC (ChABC) at the indicated days. (b) Schematic representation of the trajectory for transplantation and further administra-
tion of ChABC. The head of animals was tilted 60° and grafting was performed with mouse ES cell–derived DA neurons in the SN. On days 0, 3, 6, 9, 
12 and 15 after transplantation, 0.03 U of ChABC divided in six applications going towards the striatum at 0.5 mm intervals, were made. After grafting 
and ChABC treatment, animals did not recover when tested in the (c) rotational (e) forelimb placing, or (f) cylinder tests when compared with the 
control group. (d) A significant (*P < 0.05) recovery is observed in the adjusting step test. (g) As a control, injections of ChABC vehicle were made, 
and the brains of these animals were analyzed after 45 days. We found the presence of full forms of CSPG recognized by antibody CS-56 associated 
with Glial Fibrillary Acidic Protein (GFAP) immunoreactivity at the injection trajectory. In contrast, administration of ChABC in the described scheme 
caused partial digestion of CSPG, as evidenced by the appearance of labeling with the 2B6 antibody, that recognize (h) hydrolyzed CSPG forms, and 
(i) a parallel decrease in full-CSPG forms. Furthermore, in ChABC-treated animals, (j) full and partially hydrolyzed forms of CSPG are colocalized. Scale 
bar (g–j) = 50 µm. After 45 days of grafting, (k) tyrosine hydroxylase (TH)-positive neurons were present in the SN and (l) these neurons express the 
A9 dopaminergic marker Girk2. Nuclei were stained with Hoechst 33258. Scale bar (k–l) = 30 µm.
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colocalized, indicating that ChABC degraded CSPG, albeit not 
completely (Figure 2j). After 45 days of grafting, dopaminergic 
TH-positive neurons were present (Figure 2k) and express the 
specific marker for A9 DA neurons GIRK2 (Figure 2l). Although 
intranigral grafts contained DA neurons, and ChABC degraded 
CSPG, at least partially, no recovery was observed. We did not 
find any GIRK2-positive cells in the lesioned side of sham ani-
mals, ruling out a regenerative effect of ChABC on DA neurons.

Transfected HEK293 cells secrete Sema3 proteins 
when grafted in rat brains
A similar paradigm, but substituting ChABC treatment with grafts 
of HEK293 cells transfected with expression vectors for Sema3A 
or Sema3C,24 according to National Institutes of Health guidelines 
for recombinant DNA, was then tested (Figure 3a). After intra-
nigral grafting of DA neurons, HEK293 cells were transplanted 
in six deposits (7000 cells each) separated by 500 µm as shown 
in Figure 3a. To identify grafted HEK293 cells in the rodent 
brain, we used antihuman nuclei (HuNu) antibodies (Figure 3b), 
which also labeled cultured transfected HEK293 cells and mock- 
transfected control cells in the brain (Supplementary Figure 
S1). One week after cografting transfected cells and DA neurons, 
specific immunostaining with antibodies for either Sema3A or 
Sema3C was apparent within HEK cells and in surrounding areas 
close to transfected cells (Figure 3b–f), whereas the brains of 
lesioned rats without transplantation (data not shown), or grafted 
with mock-transfected HEK293 cells were devoid of Sema3A 
and Sema3C staining (Supplementary Figure S1). Sema3C and 

Sema3A detection with this punctate pattern is consistent with 
previous reports.28,29 Only a few transplanted dopaminergic neu-
rons are shown in these images (Figure 3d,f).

Cografting of transfected HEK cells with intranigral 
transplantation of DA neurons results in behavioral 
recovery of hemiparkinsonian rats
Behavioral and histological evaluations were performed on 
lesioned rats 45 days after intranigral transplantation of ES 
cell–derived DA neurons, either alone or in combination with 
Sema3- or mock-transfected HEK293 cells as shown in Figure 3a. 
DA neuron transplantation alone did not induce behavioral 
improvement, nor did the combination of mock-transfected 
HEK293 cells with DA neurons (Figure 4a–d; Table 1). In con-
trast, intranigral DA neuron grafting together with Sema3A, but 
especially with Sema3C, produced significant benefit in pharma-
cological and spontaneous motor tasks (Figure 4a–d; Table 1). 
Additional controls consisting of transplantation of HEK293 cells 
transfected with either Sema3A or Sema3C, in the absence of DA 
neurons, had no effect on the motor deficits of lesioned animals 
(Supplementary Figure S2; Table 1).

Cografting of Sema3-expressing cells with intranigral 
DA neurons causes DA release in the dorsal striatum
Intrastriatal grafting of DA neurons into hemiparkinsonian rats 
causes depolarization-induced DA release in the dorsolateral 
striatum in vivo.4 We measured striatal extracellular DA concen-
trations by bilateral microdialysis in parkinsonian animals, after 

Figure 3 Transfected HEK293 cells secrete Sema3C or Sema3A in vivo. (a) Diagram showing the transplantation sites for HEK293 cells (blue 
circles) and the location of subsequent panels. (b) In animals that received Sema3C-transfected grafts, HEK293 cells were identified with the antihu-
man nuclei (HuNu) antibody, and Sema3C immunoreactivity was detected 1 week after grafting. (c–f) Detection of (c,d) Sema3A and (e,f) Sema3C 
in the (c,e) injection path, and close to the substantia nigra (SN), where (d,f) grafted TH-positive cells were present 1 week after transplantation. The 
non-transplanted contralateral hemispheres of these rats did not show any labeling with Sema 3A nor 3C antibodies (data not shown), and Sema3C 
was absent in rats grafted with mock-transfected HEK293 cells (Supplementary Figure S1). Nuclei were marked with Hoechst 33258. Scale bar in 
b applies to b–f = 50 µm.
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receiving striatal grafts of DA cells, or nigral cotransplants of DA 
neurons and HEK293 cells. The non-lesioned striatum of all ani-
mals showed a significant potassium-stimulated DA release when 
compared with basal levels (Figure 5a). Consistent with previous 
work,4 DA release was detected after striatal grafting of ES cell–
derived DA neurons, albeit at significantly lower levels than those 
observed in non-lesioned conditions. Intranigral transplantation 
of DA cells together with Sema3A- or Sema3C-transfected cells 
resulted in DA release above basal concentrations, but below intra-
striatal graft levels (Figure 5a,b). For the lesioned hemisphere that 
received intranigral DA neurons and mock-transfected HEK293 
cells, depolarization-induced striatal DA release was undetectable 
(Figure 5a).

Establishment of new dopaminergic synaptic 
communication assessed by retrograde tracing in 
Sema3C-grafted animals
To observe DA processes, we performed TH staining in lesioned 
rats grafted intranigrally in combination with Sema3C-expressing 
cells, and compared them with the normal nigrostriatal path-
way present in non-lesioned conditions and with control ani-
mals receiving intranigral grafts plus mock-transfected cells. In 
sagittal sections, the typical morphology of SN and the medial 
forebrain bundle was apparent (Figure 5c). In sharp contrast, 
lesioned rats that received DA neurons together with mock-
transfected cells (Figure 5d) had some TH-positive neurons in 
the SN, but presented dramatic decreases of TH immunoreactiv-
ity in the striatal area, as well as in the medial forebrain bundle. 
After cografting of DA neurons and Sema3C-transfected cells, 

we found dopaminergic somata in the SN and TH+ neuronal 
processes extending towards the striatal region (amplified in the 
superior inset of Figure 5e). The presence of TH in a straight line 
from the SN to the striatum in the Sema3C group strongly sug-
gests re-innervation rather than regeneration or protection of the 
natural nigrostriatal pathway. This brain section is shown because 
re-innervation of the striatum was more evident, although at this 
plane of section there were fewer grafted dopaminergic somata in 
the SN (compare the graft region of Figure 5e with the density of 
DA neurons in Figure 7b,c,e). Importantly, the observed recov-
ery after intranigral grafting with Sema3C-transfected cells was 
independent of the presence of dopaminergic somata in the stria-
tum, ruling out migration of TH-positive neurons from the SN 
to the striatal area (Figure 5e). To estimate the degree of striatal 
re-innervation, we measured TH immunoreactivity in the groups 
represented by Figure 5d,e and related them to the non-lesioned 
control (Figure 5c), set arbitrarily as 100%. Following normaliza-
tion, the intranigral graft combined with mock-transfected cells 
resulted in a significant decrease to 12.4 ± 0.6% of control (mean 
± SEM, n = 3; P < 0.0001). Intranigral transplantation of DA 
neurons and Sema3C-transfected cells resulted in a significant 
increase in TH reactivity in the striatum to 55.8 ± 2.8% of control 
(mean ± SEM, n = 3; P < 0.0001 relative to intranigral grafting plus 
mock-transfected cells).

Synaptic contacts can be studied with retrograde tracers that are 
taken up by the axon and transported to the soma of the neuron. 
Fluoro-gold (FG) has been extensively used because is preserved 
after fixation and does not interfere with immunohistochemistry.30 
FG does not penetrate intact axons and has been used to detect 

Figure 4 Cotransplantation of dopamine (DA) neurons with Semaphorin 3–expressing cells elicits functional recovery. (a) Cografts of DA 
neurons in the SN with transfected HEK293 cells caused significant behavioral recovery after apomorphine challenge. (b) In keeping with this, the 
adjusting step test showed significant improvement when either Sema3A or Sema3C were combined with intranigral DA neuron grafts. (c) Forelimb 
placing and (d) cylinder tests revealed that Sema3C, together with DA neurons, were effective in reverting motor deficits in hemiparkinsonian ani-
mals. *P < 0.05 and **P < 0.01 versus DA neurons only and also versus DA neurons plus mock-transfected HEK293 cells.
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Figure 5 Striatal dopamine (DA) release and formation of a new dopaminergic pathway between the substantia nigra (SN) and the striatum 
after intranigral grafting combined with Sema3C-expressing cells. (a) In vivo DA release measured by microdialysis. Non-lesioned striatum pre-
sented DA concentrations significantly above baseline (red) after stimulation with high potassium. Intrastriatal grafts as well as intranigral DA neuron 
grafts combined with transfected cells (Sema3A or Sema3C) also showed DA release after depolarization. Grafts of DA neurons plus mock-transfected 
HEK293 cells did not release DA. (b) Representative electrofluorograms for basal and depolarization-induced levels in non-lesioned conditions, and 
after DA neuron + Sema3C-transfected HEK293 cografts. (c) Composition showing the intact nigrostriatal pathway, including the medial forebrain 
bundle (MFB). Scale bar = 100 µm. (d) Composite photograph showing a representative lesioned rat that received DA neurons in the SN and mock-
transfected cells. Note the drastic decrease in tyrosine hydroxylase (TH) reactivity in the striatal area and the loss of staining in the MFB. Scale bar = 
200 µm. (e) Low-power composition of a rat that received DA neurons and Sema3C-expressing cells, analyzed by TH staining 45 days after grafting. 
Dopaminergic somata are localized in the SN and absent from the striatal area. TH+ processes can be observed close to the striatum in the upper inset; 
this condition also increased striatal TH immunoreactivity. Scale bar = 50 µm. *P < 0.05 and ***P < 0.001.
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monosynaptic contacts between the SN and striatum after DA neu-
ron grafting.31 To establish whether intranigrally transplanted DA 
neurons extended axons to reach the dorsal striatum, we performed 
injections of FG in two striatal sites. In non-lesioned hemispheres 
of hemiparkinsonian rats, TH+ somata in the SN labeled with this 
retrograde marker were detected 3 days after injection (Figure 6a). 
In lesioned animals without grafted DA neurons, the number of 
TH+ cells that were also FG+ decreased notably (Figure 6b). In 

animals with nigral grafts of DA neurons combined with Sema3C-
transfected cells, we found a considerable number of TH+/FG+ neu-
rons in the SN (Figure 6c), indicating that axons of transplanted 
DA neurons had projected to the dorsal striatum. The distribu-
tion of TH immunoreactivity in the neuronal soma is not homo-
geneous and stains preferentially the contours of the cells, but the 
vast majority of FG+ cells are dopaminergic, as shown in the inset 
of Figure 6c. In sharp contrast, animals that received DA neurons 

Figure 6 Establishment of synaptic contacts between the dopaminergic somata in the substantia nigra (SN) and the striatal region, assessed 
by Fluoro-gold (FG) injection in Sema3C animals. Two striatal FG injections were made 3 days before euthanasia, and FG/TH detection was per-
formed. (a) Composition showing TH+ somata in SN after injection of FG in the non-lesioned striatum. The inset shows a magnification of dopami-
nergic cell bodies. (b) A lesioned non-grafted animal showed a significant decrease in numbers of TH/FG double-positive cells in the SN. (c) TH/FG 
detection 45 days after intranigral grafting combined with Sema3C-transfected cells. The inset shows a magnification of dopaminergic cell bodies 
positive for FG. The vast majority of FG-positive cells are also dopaminergic, although TH immunostaining marks preferentially the contours of cells. 
(d) Only a few neurons are double-positive in a rat the received intranigral transplantation + mock-transfected HEK cells. The orthogonal projections 
show colocalization of TH and FG. (e) Representative image of a rat that received Sema3C-transfected cells in the absence of dopamine (DA) neu-
rons (only Sema3C). Note that the number of TH-positive neurons is smaller than in c and d. (f) Quantification of TH+/FG+ neurons in the SN of (a) 
non-lesioned, (b) lesioned, (c) intranigral graft of DA neurons + Sema3C-transfected cells, (d) intranigral grafting + mock-transfected, and (e) only 
Sema3C-transfected HEK groups. Scale bar (a–e) = 30 µm. *P < 0.05 compared with remaining groups. TH, tyrosine hydroxylase.
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+ mock-transfected HEK cells (Figure 6d) or Sema3C-transfected 
HEK cells in the absence of DA neurons (Figure 6e) have very few 
TH+/FG+ neurons. Stereological quantification of TH+/FG+ cells in 
the SN revealed significant differences between the DA neuron + 
Sema3C condition, in comparison with the remaining experimen-
tal groups (Figure 6f). The number of FG+ DA neurons in the non-
lesioned condition is in agreement with previous studies.32

Intranigral grafts contain midbrain DA neurons and 
its survival rate is similar to that found in striatal 
grafts
To confirm the identity of DA neurons grafted in the SN, we 
detected the expression of mesencephalic (Pitx3) and A9 (GIRK2) 
DA neuron markers among the surviving TH+ cells in the SN. 
Differentiated DA neurons express Pitx3 in vitro (Figure 7a) and 
are positive for both Pitx3 and the potassium channel GIRK2 
after intranigral grafting (Figure 7b–d). An example of surviving 
grafted dopaminergic neurons in the SN is shown in Figure 7e. 
Stereological counting of intranigrally or intrastriatally grafted 
dopaminergic neurons was performed. The number of surviving 
TH+ neurons in the striatum (see Figure 1i) was 43% higher than 
that found in intranigral grafts (Figure 7f), consistent with the 
51% higher number of implanted DA neurons in the former type 
of graft, showing similar survival rates in both regions. We did 
not find uncontrolled growth of HEK293 cells in agreement with 
previous work.33 No teratomas were present in striatal or nigral 
DA neuron grafts, in line with previous studies, where animals 
that received ES cell–derived DA cells in the striatum were free of 
teratomas 32 weeks after grafting.4

DISCUSSION
Our results show that DA axon guidance can be achieved using 
class 3 Semaphorins in the lesioned adult mammalian brain, with 
behavioral improvement comparable with that of the current 
gold-standard, intrastriatal transplantation of DA cells. Intranigral 
transplantation of DA neurons combined with secreted Sema3 
proteins caused significant recovery in pharmacological and 
spontaneous motor tests, a finding that correlated with DA release 
in the dorsal striatum and with anatomical connections of TH+ 
axons from the SN to the striatum in hemiparkinsonian rats. 
Recovery was observed only when DA neurons were cografted 
with Sema3-expressing cells, as neither type of graft by itself was 
effective; DA neurons cografted with mock-transfected cells did 
not elicit behavioral recovery, thus ruling out non-specific effects 
by HEK cells.

Our first approximation was to degrade CSPG by ChABC 
administration after nigral transplantation. Application of ChABC 
has been shown to promote plasticity and regeneration of axons27 and 
functional restoration of respiration, when combined with a periph-
eral nerve auto graft, in the damaged spinal cord.26 Unfortunately, 
axons of grafted DA neurons did not follow the path of hydrolyzed 
CSPG in hemiparkinsonian rats, although only partial degradation 
of CSPG was detected along the needle tract 45 days after grafting. 
No overt behavioral recovery was achieved by this combinatorial 
strategy but we found a significant recovery in the number of steps 
of the lesioned forelimb. It is noteworthy that systemic apomorphine 
by itself has been reported to improve the stepping test in lesioned 
rats.9 Although we do not know the reason for the aforementioned 
recovery, we speculate that repeated testing of apomorphine-induced 

Figure 7 Expression of dopaminergic markers before and after intranigral transplantation, and quantification of surviving dopamine (DA) 
neurons in nigral and striatal grafts after 45 days. (a) DA neurons at day 6 of stage 5 express tyrosine hydroxylase (TH) and Pitx3. (b) Coexpression 
of TH and GIRK2 in DA neurons in the substantia nigra (SN) of a rat that received cografts of ES cell–derived neurons and Sema3C-transfected cells. 
(c) Intranigrally grafted TH-positive neurons also expresses Pitx3. Scale bar (a–c) = 30 µm. (d) Quantification of the proportion of TH+ neurons that 
express Pitx3 or GIRK2 in the SN, 45 days after transplantation. (e) Localization and representative image of nigral grafts stained with TH. Scale bar 
= 50 µm. (f) The number of surviving DA neurons after 45 days was quantified by stereological counting in the SN after intranigral grafts, or in the 
striatum after intrastriatal transplantation (see Figure 1i). No significant differences were found in intranigral dopaminergic transplantation com-
bined with either Sema3A or Sema3C, and therefore these groups were pooled. Note that striatal grafts received 5 × 105 cells, whereas nigral grafts 
consisted of 3.3 × 105 cells, and therefore similar survival rates of DA neurons were found in both regions.
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rotational behavior might be causing some benefit, but only when 
combining intranigral grafting with ChABC, because intranigral 
neurons alone did not improve the stepping test (Figure 4b).

Interestingly, interactions of Semaphorins with different 
components of extracellular matrix can have opposing effects: 
membrane-anchored Sema5A is attractive when interacting with 
heparan sulphate proteoglycans to guide diencephalic axons; in 
contrast, when Sema5A interacts with CSPG, a repulsive effect is 
observed. Repulsion of such axons by Sema3F is unaffected after 
Heparinase treatment, suggesting that interaction of soluble class 
3 Sema with heparan sulphate is not required for repulsion.34

In the combinatorial strategy described here, we did not find 
TH-positive somata in the striatum, and therefore the recovery 
cannot be ascribed to DA neuron migration from the SN. In agree-
ment, DA neurons exposed to Sema3-transfected HEK293 aggre-
gates in vitro did not migrate, and only showed axonal responses.24 
Sema3 proteins have been shown to influence migration of adult 
oligodendrocyte precursor cells: Sema3F attracted these cells in 
vitro and caused mobilization of precursors to the demyelinat-
ing areas caused by lysophosphatidylcholine administration in 
the spinal cord in vivo. Sema3A, on the other hand, was shown to 
be repulsive for pre-oligodendrocytes in vivo and Nrp1Sema− mice, 
which possess a modified Nrp1 receptor that cannot be activated 
by Sema3A, showed increased levels of precursors after demyelin-
ation, suggesting a negative role of Sema3A upon oligodendrocyte 
precursors recruitment. These effects were independent of cell 
proliferation and apoptotic cell death.35 Regarding the effects of 
Sema3A on neuronal populations different from mesencephalic 
DA neurons, it has been reported that is repellent to several types 
of developing motor axons,36 and interferes with regeneration of 
axons after adult spinal cord transection.37

Recently, several groups described the regeneration of the 
nigrostriatal pathway in hemiparkinsonian rodents. Rats partially 
lesioned and treated with a D3 DA receptor agonist had increased 
numbers of newborn TH+ neurons in the SN. Behavioral recov-
ery in rotational and paw reaching tests were reported; although 
this treatment increased retrograde labeling from striatum to SN, 
no evidence of newborn TH+ neurons labeled with FG in the SN 
was provided.38 In two similar articles, mice were injected uni-
laterally with 6-OHDA in the SN, and grafted in the same region 
with fetal mesencephalic tissue. These animals showed anatomical 
reconstitution of dopaminergic meso-striatal pathway, and recov-
ery in drug-induced rotational tests,39,40 which are not as strin-
gent as non-pharmacological evaluations. In one case, DA lesions 
were partial and the innervation was observed mostly in ventral 
striatum; furthermore, over expression of GDNF enhanced TH+ 
outgrowth to the thalamus and sprouting to the globus pallidus, 
and it was only under such conditions that behavior was signifi-
cantly improved.40 The main differences between these studies and 
our results are that we used ES cells–derived DA neurons, evalu-
ated both pharmacological and spontaneous motor test to moni-
tor recovery, detected DA release in a large area of the striatum 
through microdialysis, and found synaptic connections by FG 
labeling. The evidence from all these tests reveals DA innervation 
of the striatum from the SN.

There are two major subgroups of midbrain dopaminergic 
neurons: A9 neurons in the SN pars compacta and A10 neurons 

in the ventral tegmental area. In addition to their different ana-
tomical localization, their axons project to distinct targets: A9 
neurons innervate the dorsolateral striatum and A10 cells contact 
the ventral striatum, nucleus accumbens and cortical areas. Pitx3 
knockout mice lack A9 (i.e., GIRK2+) DA neurons in the mes-
encephalon41 and suspensions of differentiated ES cells enriched 
in Pitx3-expressing neurons induce recovery of parkinsonian rats 
after intrastriatal grafting.42 Recent experiments show that A9 DA 
neurons are required to elicit behavioral improvement and effi-
cient re-innervation of the dorsolateral striatum with TH+ fibers 
in hemiparkinsonian rats.43 Interestingly, in animals that recov-
ered after ectopic striatal transplantation, GIRK2+ neurons were 
found predominantly in the periphery of the grafts,44 suggesting a 
higher ability of these DA neurons to establish synaptic contacts 
with the host tissue. Our results show the presence of DA neu-
rons with mesencephalic (Pitx3-positive) and a lower proportion 
of A9 (GIRK2+) dopaminergic cells in the SN after transplanta-
tion; these DA neurons re-innervate the dorsolateral region of the 
lesioned striatum, the region normally innervated by endogenous 
DA neurons.

The use of mesencephalic fetal donor tissue has a fundamen-
tal limitation for the clinical use of DA neuron grafts in PD due 
to the scarcity of DA neurons from donors and to the inability 
of neural precursors from this brain area to preserve dopaminer-
gic potential after expansion.45 ES cells are regarded as promising 
in regenerative medicine as they overcome the limitations of cell 
number and stable DA differentiation potential. In addition, these 
cells have the important advantage of being more amenable to 
genetic manipulation. The clinical use of human ES cell–derived 
neurons, however, will require not only the optimization of DA 
neuron enrichment protocols and the complete elimination of 
teratoma-forming cells prior to grafting, but also the development 
of efficient strategies to guide axons of intranigrally grafted neu-
rons to the striatum. Our study constitutes an important step in 
that direction although preferable protocols are expected to use 
cell-free systems to deliver the guidance cues to the grafted brain. 
Moreover, further studies involving different approaches to those 
used here, are required in this line of research to assess the effec-
tive integration of grafted DA neurons into functional circuits to 
ensure that they are also innervated correctly in the midbrain and 
are thus capable of physiologically regulated DA release.

In conclusion, we describe conditions to promote DA axonal 
growth after intranigral grafting that allowed the establishment of 
new terminals in the host striatum, resulting in behavioral recov-
ery of adult hemiparkinsonian rats. Taken together, our results 
constitute proof-of-principle that directed long-distance axonal 
growth of grafted DA neurons, combined with neurotropic mol-
ecules is possible. These findings reinforce the idea that stem cell–
based strategies can be effective to restore input to striatal neurons, 
normalizing information flow through a damaged motor circuit.

MATERIALS AND METHODS
In vitro differentiation of ES cells to DA neurons. We used R1 mouse ES 
cells, which have been proved to produce DA neurons.3,4,25 The differentia-
tion procedure was performed as reported.46 Briefly, undifferentiated ES cells 
expressing the pluripotent markers Oct4 and Sox2 (stage 1; Figure 1a) were 
cultured on gelatin-coated tissue culture plates in the presence of 1000 U/ml 
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of leukemia inhibitory factor (Merck Millipore, Billerica, MA) in Knockout 
DMEM medium (Gibco, Carlsbad, CA) supplemented with 15% ES cell–
tested fetal bovine serum (Wisent, Quebec, Canada). To induce forma-
tion of floating embryoid bodies (EB’s, stage 2), cells were dissociated with 
Trypsin solution (Gibco) and plated onto bacterial dishes in the presence of 
leukemia inhibitory factor. EB’s were cultured for 4 days and then seeded 
onto adherent tissue culture plates. Enrichment of Nestin-positive cells 
(stage 3) was initiated in serum-free Insulin-Transferrin-Selenite medium 
(Gibco) supplemented with 5 µg/ml Fibronectin (Invitrogen, Carlsbad, 
CA). After 9–11 days of culture, cells were dissociated with Trypsin and 
seeded on dishes or glass coverslips precoated with 15 µg/ml poly-l-or-
nithine (Sigma, St Louis, MO) and 1 µg/ml Fibronectin in N2 medium 
(Gibco) containing 10 ng/ml fibroblast growth factor 2, 100 ng/ml fibroblast 
growth factor 8 and 100 ng/ml of human Sonic Hedgehog (growth factors 
from R&D Systems, Minneapolis, MN) during 4 days to form DA precur-
sors (stage 4). At this stage, a high proportion of cells (>93%) express the 
neural stem cell marker Nestin (Figure 1b). Differentiation (stage 5) was 
induced by growth factor withdrawal and feeding with N2 medium with 
200 µmol/l ascorbic acid for 3 days for grafting or for 6–8 days for terminal 
differentiation analysis. The yield of DA neurons with this procedure was 
27 ± 3%, in agreement with previous work.25,46

Immunocytochemistry and immunohistochemistry. Standard immuno-
cytochemical procedures were carried out using described protocols.25 
The procedure, antibody distributors, and used dilutions are listed in 
Supplementary Materials and Methods.

6-OHDA lesion, apomorphine-induced rotational test and striatal trans-
plantation. Lesion, striatal transplantation, and behavioral evaluations were 
made as described.3,4 Surgical procedures were approved by the local Animal 
Care and Use Committee and complied local (NOM-062-ZOO-1999) and 
international guidelines (Animal Welfare Assurance A5281-01). Adult 
female Wistar rats that were at least 2 months old (230–250 g) were housed 
with a 12-hour light–dark cycle and room temperature at 22 ± 2 °C with free 
access to water and food. Briefly, rats were placed in an airtight anesthesia 
chamber supplied with 3% sevoflurane (Abbot Laboratories, Abbott Park, 
IL) in 95% O2–5% CO2 gas mixture. To minimize stress, rats were mini-
mally handled and maintained with inhaled anesthetic (0.5–1.5% sevoflu-
rane). Rats were injected with 8 µg of 6-hydroxyDA (6-OHDA; Sigma) in 
the left medial forebrain bundle with the following stereotactic coordinates 
relative to bregma: antero-posterior (AP), −1.0 mm; lateral (L), 1.5 mm; 
ventral (V), −7.5 mm. Fifteen days after injection, apomorphine (1 mg/kg, 
s.c.)-induced rotations were quantified over 60 minutes, and animals were 
classified as lesioned when they had more than seven contralateral turns per 
minute. Lesioned animals that received sham surgery showed an increase 
in apomorphine-induced rotations after 45 days, in agreement with previ-
ous work.47 Hemiparkinsonian rats were grafted in the dorsal striatum with 
mouse ES cells–derived TH-positive neurons differentiated as described 
above. At day 3 of stage 5, cells were trypsinized and resuspended at a 
density of 167,000 viable cells per µl. Three microliter of cell suspension 
containing 0.5 × 106 viable cells were grafted into the lesioned dorsolateral 
striatum with the following coordinates: AP, 0.0 mm; L, 3.0 mm; V, −5.5 mm. 
Cell suspension was injected in three deposits separated by 0.5 mm (n = 12). 
In sham animals (n = 7), 3 µl of N2 medium was injected with the same 
coordinates. All animals were immunosuppressed daily with cyclosporine 
A (10 mg/kg; Neoral, Novartis, East Hanover, NJ) starting 24 hours before 
grafting. An experimenter blind to the treatment of each animal evaluated 
apomorphine-induced rotations every 2 weeks, although only results 45 
days after grafting are shown. Results are represented as percentage of pre-
graft values in all rotational graphs. The mean values ± SEM for the rota-
tional test before normalization, are presented in Table 1.

Non-pharmacological behavioral tests. To assess more natural behavior, 
we conducted the following tests; all these evaluations were made blinded 
to the experimental treatment of animals.

Adjusting step test: This evaluation was performed as described.9 The rat 
is held with one hand, holding and lifting the hindlimbs, and then moved 
laterally (0.9 m in 5 seconds) close to the surface of a table. Each forelimb 
was independently evaluated by counting the number of adjusting steps on 
the table surface. The value of the lesioned forelimb was normalized with 
the number of steps registered for the non-lesioned paw in these trials, and 
represented in the graphs as percent of non-lesion value for each group. 
Table 1 includes the average number of steps for each forelimb before per-
centage calculation, before and after grafting.

Forelimb placing test: The rat was held in the air over a table, leaving the 
forelimbs free. The animal was then lowered allowing the tactile whiskers 
of each side independently to touch gently the table edge. The number of 
contacts of each upper limb with the table after the sensory stimulation 
was quantified in 10 trials, and these were considered successful responses. 
The percentage of successful contralateral (lesioned) use is represented 
relative to non-lesion side, which served as the baseline activity.48 Pre- and 
postgraft mean values for both forelimbs are listed in Table 1.

Cylinder test: The exploratory activity was analyzed by filming each animal 
in a transparent acrylic cylinder (35 cm diameter by 40 cm high) for 7–10 
minutes, depending on the frequency of vertical movements. Contacts of 
each forelimb with cylinder walls when rearing were recorded, and the 
percentage of lesioned side use, relative to the non-lesioned limb was cal-
culated.3 The mean (± SEM) number of contacts for both forelimbs before 
and after grafting is summarized in Table 1.

Chondroitinase ABC administration in the trajectory from SN to the 
striatum. A strategy to avoid axonal growth inhibition was tested trying to 
promote DA axon extension from the SN to the striatum by transplanting 
DA neurons in the nigra and implanting a cannula in the skull of lesioned 
rats to sequentially perform injections of Chondroitinase ABC (ChABC) 
solution to degrade CSPG, with stylets of decreasing length (each one being 
smaller 0.5 mm from the previous) at days 0, 3, 6, 9, 12, and 15 after graft-
ing. With this scheme, ChABC was applied closer to the striatum in the 
last injection. The heads of hemiparkinsonian rats were tilted 60° to graft 2 
µl containing 0.33 × 106 differentiated ES cells per animal in the SN of the 
lesioned side, as represented in Figure 2a, using the following stereotactic 
coordinates relative to bregma: AP, 3.5 mm; L, 2.4 mm; V, −13 mm. These 
coordinates reached the SN pars compacta. In the same surgery, a stent was 
implanted in the skull to allow injections of ChABC on the following days. 
Seven control (Sham + ChABC) and 7 experimental (intranigral grafting + 
ChABC) rats were studied.

Cografting of DA neurons with cells expressing Sema3A or Sema3C. To 
express Sema3A or Sema3C, HEK293 cells were transfected with FuGene 
reagent (Roche, Indianapolis, IN) with 1 μg/μl of expression vectors con-
taining the mouse coding sequence of these Semaphorins; cells were 
then cultured for 24 hours, detached from the culture plate with Trypsin, 
counted and grafted alone or together with differentiated ES cells. DA neu-
rons were dissociated at days 2–3 of stage 5 and resuspended at 1.67 × 105 
cells/μl. HEK293 cells were loaded in the injection needle and then DA 
neurons were taken up separated from HEK cells by a small air bubble. A 
single deposit (2 μl) of 3.3 × 105 ES cell–derived DA neurons was made in 
the SN of the lesioned hemisphere of parkinsonian animals; DA cells were 
allowed to settle for 5 minutes and then six deposits of 7 × 103 HEK293 cells 
(0.5 μl each) were made, starting at −12.5 mm ventral, and retracting the 
needle 0.5 mm every time, covering 2.5 mm in direction to the striatum, 
as depicted by the blue circles in Figure 3a. We decided to use this num-
ber of HEK293 cells because we previously observed that such amount has 
optimal effects on DA axon outgrowth in vitro.24 Consistent with previous 
work, grafts of up to 1 × 105 HEK cells in the brain did not produce adverse 
effects.33 Functionality of these grafts was monitored by pharmacological 
and non-pharmacological tests. DA neurons alone in the SN, DA neurons 
plus mock-transfected HEK cells, or Sema-transfected HEK cells in the 
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absence of ES cell–derived neurons did not cause recovery (see Figure 4 
and Supplementary Figure S2). As shown in Table 1, pregraft values of 
lesioned animals did not differ between all analyzed groups. We analyzed 
the following number of animals: intranigral grafting without HEK293 cells 
(n = 8), DA neurons plus mock-transfected HEK cells (n = 8), Sema3A-
transfected HEK cells without DA neurons (n = 4), Sema3C-transfected 
HEK without DA neurons (n = 7), DA neurons plus Sema3A-transfected 
cells (n = 5), and DA neurons plus Sema3C-transfected cells (n = 15).

Microdialysis and DA quantification. Microdialysis experiments were 
performed at 7 weeks after transplantation to measure DA release in the 
dorsal striatal region4 of animals grafted in the striatum or cografted with 
DA neurons in the SN and Sema-transfected cells. The sample was ana-
lyzed to calculate the concentration of DA, according to a standard of 
known concentration as described.49 After 1 hour of probe stabilization 
with Hanks solution, three basal samples were collected and DA release 
was stimulated with isosmotic Hanks balanced salt solution containing 56 
mmol/l KCl (high potassium) through a 4-mm microdialysis membrane. 
DA quantification was made using a capillary electrophoresis system 
(Beckman Coulter, Brea, CA; P/ACE MDQ with laser-induced fluores-
cence; argon lamp of 488 nm and interference filters for 590 and 520 nm). 
The fluorogenic derivatization reagent, 3-(2-furoyl)quinoline-2-carboxal-
dehide (FQ) was from Molecular probes (Eugene, OR). For storage, FQ (10 
mmol/l) was dissolved in methanol, aliquots were dispensed, and solvent 
was then removed under vacuum for 1 hour at room temperature. The 
dried FQ was stored at −20 °C and was directly used in the derivatiza-
tion reaction without further treatment. This derivatized sample (5 µl) was 
injected and the resulting electropherogram was analyzed to calculate the 
concentration of DA. Basal levels in the groups did not differ and therefore, 
all of them were pooled to represent the baseline shown in Figure 4a.

Analysis of striatal TH expression. The intensity of TH immunoreactivity 
in the striatal area was quantified using Image J 1.40 software (Research 
Services Branch, National Institute of Mental Health, Bethesda, MD). The 
striata of 3 non-lesioned animals were used to establish the control value. 
Three rats that received intranigral dopaminergic neurons and mock-
transfected cells were assessed and the results are expressed as percentage 
of control. A group of three animals that received intranigral grafts com-
bined with Sema3C-transfected cells was also measured.

Stereological counting. Animals were perfused with 0.9% saline and then 
with 4% paraformaldehyde in phosphate-buffered saline. Brains were 
recovered and cryo-protected with 30% sucrose. Slices of 40 µm were 
obtained in a cryostat and immunostained with anti-TH antibodies for DA 
neuron counting. Every 5th section was quantified, and the total number 
of DA neurons was calculated by multiplying the number of TH+ neurons 
per slice by the number of slices that contained grafted cells.3,4,50

Retrograde tracing. Animals received bilateral intrastriatal injections of 
the retrograde fluorescent tracer FG (Fluorochrome, Denver, CO) into two 
sites in the dorsolateral striatum (2% solution in 0.9% saline; 0.1 µl/site) at 
a rate of 0.1 µl/minute, with the aid of a quintessential stereotaxic injector 
(Stoelting, Wood Dale, IL). The coordinates were AP, 1.3 mm; L, 2.5 mm; 
V, −5.5 mm for site 1, and AP, −0.9 mm; L, 3.5 mm; V, −5.5 for the second 
injection spot. Three days later, the rats were euthanized and their brains 
recovered for TH immunohistochemistry and FG detection.

Statistical analysis. Results are expressed as mean ± SEM. Statistical analysis 
was made by ANOVA followed by Fisher’s test. GB-STAT Version 7.0 pro-
gram (Dynamic Microsystems, Silver Spring, MD) was used for calculation 
of probability values.

SUPPLEMENTARY MATERIAL
Figure S1. HEK293 cells can be identified by expression of human 
nuclei (HuNu) antigen both in vitro and in vivo.

Figure S2. Transplantation of Sema3-transfected cells in the absence 
of DA neurons had no effect on behavioral recovery.
Materials and Methods.
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