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Remote control of induced dopaminergic
neurons in parkinsonian rats
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Direct lineage reprogramming through genetic-based strategies enables the conversion of differentiated
somatic cells into functional neurons and distinct neuronal subtypes. Induced dopaminergic (iDA) neurons
can be generated by direct conversion of skin fibroblasts; however, their in vivo phenotypic and functional
properties remain incompletely understood, leaving their impact on Parkinson’s disease (PD) cell therapy
and modeling uncertain. Here, we determined that iDA neurons retain a transgene-independent stable phe-
notype in culture and in animal models. Furthermore, transplanted iDA neurons functionally integrated into
host neuronal tissue, exhibiting electrically excitable membranes, synaptic currents, dopamine release, and
substantial reduction of motor symptoms in a PD animal model. Neuronal cell replacement approaches will
benefit from a system that allows the activity of transplanted neurons to be controlled remotely and enables
modulation depending on the physiological needs of the recipient; therefore, we adapted a DREADD (designer
receptor exclusively activated by designer drug) technology for remote and real-time control of grafted iDA
neuronal activity in living animals. Remote DREADD-dependent iDA neuron activation markedly enhanced
the beneficial effects in transplanted PD animals. These data suggest that iDA neurons have therapeutic poten-
tial as a cell replacement approach for PD and highlight the applicability of pharmacogenetics for enhancing

cellular signaling in reprogrammed cell-based approaches.

Introduction

The differentiated cell state has been traditionally considered irre-
versible and insensitive to epigenetic modifications. Nevertheless,
in contrast with this classical view, accumulating evidence indi-
cates that cell identity relies on a dynamic gene expression pro-
gram that multiple physiological or pathological events might
substantially alter (1-3). Pioneering work by Yamanaka and col-
leagues (4, 5) first illustrated how the genome of somatic cells is
still highly responsive to the action of lineage-specific transcrip-
tion factors (TFs) up to a full reestablishment of the pluripotency
traits in adult cells. The induced pluripotent stem (iPS) cells can
then be converted into different functional neuronal subtypes,
offering unprecedented opportunities for cell-based therapies
and disease modeling (6-11). Cell replacement therapy is particu-
larly promising for diseases in which cell loss is relatively selective.
A prototypical illness in this group is Parkinson’s disease (PD),
which is characterized by the loss of dopaminergic (DA) neurons
that are located in the substantia nigra pars compacta and that
specifically project to the striatum (12-14). The consequent loss
of dopamine availability in striatal tissue is responsible for the
motor impairments that severely affect PD patients. Embryonic
stem cell/iPS cell-derived (ES/iPS-derived) DA neurons have been
efficiently obtained from mouse and human cells and show effi-
cacy when transplanted into PD animal models, alleviating motor
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symptoms (15-20). Nevertheless, the use of pluripotent-derived
cells may lead to the generation of tumors whenever the differen-
tiation procedure is not properly controlled (19-21).

An alternative method for the efficient generation of neuronal
cells is direct lineage genetic reprogramming, which enables the
direct conversion between 2 distinct somatic cell identities, bypass-
ing the pluripotent stage. Vierbuchen et al. (22) first demonstrated
the direct conversion of murine dermal fibroblasts into functional
induced neuronal cells (iNs) through the forced expression of the
factors ASCL1, BRN2, and MYT1L. The iNs can be produced from
the conversion of human fibroblasts, a process enhanced by includ-
ing additional TFs or microRNAs (23-26). During brain develop-
ment, multiple genetic programs specifying DA neurons take place.
Taking advantage of this knowledge (27-29), approaches for direct
reprogramming have been developed to generate this particular
neuronal subtype. We and others have presented minimal sets of
neurodevelopmental TFs that are effective in converting mouse
and human skin fibroblasts into functional induced DA (iDA) neu-
rons (25, 30-32). Starting from mouse fibroblasts, the combined
action of only Ascll, Nurrl, and Lmx1a (ANL) efficiently generates
iDA neurons. On the other hand, human fibroblasts have proved
more resistant to conversion into iDA neurons, suggesting the need
for additional factors and improved culture conditions (25, 33).

Induced neurons acquire a distinct neuronal morphology,
express a wide repertoire of neuron-specific genes, and present
sophisticated functional properties including an electrically excit-
able membrane, synaptic activity, and neurotransmitter synthesis
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and release (26, 34-36). However, most of these studies have been
conducted in vitro, and the phenotypic and functional stability
of these cells after in vivo transplantation into the brain has not
been directly assessed. In particular, what remains unknown is
the degree to which the reprogrammed neurons functionally inte-
grate into the host neuronal circuits and modulate their activity
through this newly established connectivity. Obtaining such vali-
dation is crucial to verifying the reprogrammed neuronal state in
a physiological setting and directly testing their functional cor-
respondence with native brain neurons. Gaining full knowledge
of their in vivo properties is necessary for devising appropriate
approaches to maximize their therapeutic potential.

Here, we demonstrate that iDA neurons acquire a trans-
gene-independent neuronal phenotype, maintaining all of their
functional properties even after long-term engraftment in the
brain tissue. This phenotypic stability is fully preserved, even
when iDA neurons are transplanted into lesioned neural tissue.
Furthermore, we combined neuronal reprogramming with the
pharmacogenetic control of electrical properties and neurotrans-
mitter release of the transplanted iDA neurons using DREADD
(designer receptors exclusively activated by designer drug) technol-
ogy (37, 38). DREADD:s are mutated muscarinic receptors that are
unresponsive to their endogenous ligand acetylcholine, while pre-
senting a high potency for the pharmacologically inert molecule
clozapine-N-oxide (CNO) (38, 39).

We showed that grafted iDA neurons significantly attenuated
the motor impairments typical of PD rodents. Of importance, we
could modulate the functionality remotely by peripheral CNO
administration, thus potentiating the beneficial effects of these
grafted iDA neurons. The combination of reprogramming and
chemogenetic technologies proved to be useful for designing an
innovative cell transplantation approach in a PD model, exerting
efficient and noninvasive functional control of the grafted neu-
ron’s beneficial response.

Results

Transgene-independent functional stability of the reprogrammed
neuronal state. We previously reported that fibroblast-repro-
grammed iDA neurons maintain their neuronal phenotype
after transgene silencing over time (30). However, it was not
determined whether neuronal and synaptic functional activities
were also irreversibly gained upon cell fate conversion. A similar
concern remains for most of the other reprogrammed neuronal
subtypes. Thus, we transduced mouse embryonic fibroblasts
(MEFs) from TH-GFP transgenic animals with a mixture of doxy-
cycline-inducible (dox-inducible) lentiviruses expressing the 3
reprogramming genes Ascll, Nurrl, and Lmxla (ANL, as noted
above). After 4 days of dox induction, TH-GFP* cells were FACS
sorted and replated on a culture of rat primary hippocampal neu-
rons (Figure 1A). From day 8 onward, dox was removed from the
culture medium, and TH-GFP* neurons were assessed for mor-
phological and functional traits at 21 days in vitro (DIV). In this
culture system, complete transgene silencing occurs 3 days after
dox withdrawal (30). The 21-DIV iDA neurons exhibited a dif-
ferentiated morphology (Figure 1B). Synaptotagmin 1* (SYT1")
and HOMERI1" puncta were easily detectable along TH-GFP*
neurites, indicating the establishment and long-term mainte-
nance of pre- and postsynaptic contacts, respectively (Figure 1,
C and D). Of interest, the vesicular monoamine transporter pro-
tein 2 (VMAT2; NCBI: SLC18A2) was enriched in the synaptic
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contacts along the TH-GFP" fibers, confirming the monoamin-
ergic identity of these neurons (Figure 1E).

To gain further evidence regarding the functionality of these syn-
apses, we took advantage of the fluorescent false neurotransmitter
FFNS511, whose specific binding to the vesicular monoamine trans-
porters enables optical imaging of presynaptic terminal activity (40).
Importantly, we detected numerous FFNS511* puncta along TH-GFP*
fibers, indicating the presence of active presynaptic terminals com-
petent in neurotransmitter uptake and release (Figure 1F). iDA neu-
rons were then subjected to patch-clamp recordings to directly test
their functional properties. These neurons could fire trains of action
potentials (APs) when stimulated by current injection, and a large
portion of them showed robust rhythmic discharges at a regular and
sustained pace (Figure 1G). Furthermore, iDA neurons exhibited
robust spontaneous synaptic activity that was blocked by the AMPA
receptor antagonist NBQX (Figure 1H). These results demonstrate
that iDA neurons irreversibly adopt the reprogrammed neuronal
state by 8 days of transgene expression and show stable functional
properties of spontaneous firing of APs and robust synaptic activity.

We then tested the gene expression levels of cardinal molecules
of DA neuronal fate and biochemical synthesis after transgene
removal on a pure population of FACS-sorted iDA cells (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI74664DS1). Despite the fact that iDA neu-
rons have low levels of Pitx3 and Foxa2 transcripts, they showed
elevated expression levels of Foxal, Enl, and En2, comparable to
those observed in freshly isolated TH-GFP* E13.5 primary DA
neurons (Supplemental Figure 1). Moreover, Th and Vmat2 gene
expression was equivalent in both neuronal cell types, while Ddc
and Dat (NCBI: SLC6A3) expression levels were not as high in
reprogrammed cells compared with those in primary DA neurons
(Supplemental Figure 1). Altogether, these data suggest that iDA
neurons can stably acquire the expression of cardinal genes of DA
midbrain regional specification, although 2 important molec-
ular codes, Pitx3 and Foxa2, remained at low levels, at least in in
vitro cultures. Of note, the expression of critical components of
dopamine synthesis, release, and uptake was strongly induced and
maintained after DA neuronal conversion.

Stability of iDA neuronal identity after transplantation in vivo. Despite
the notion that direct neuronal reprogramming can represent a
valuable method for generating transplantable neurons, the prop-
erties of induced neurons after in vivo transplantation have been
only partially analyzed thus far. Accordingly, we aimed to deter-
mine the transgene-independent stability of the reprogrammed
neuronal phenotype after in vivo transplantation upon transgene
withdrawal. To assess whether iDA neurons regress to the cell
type of origin (fibroblasts) after in vivo transplantation and in the
absence of dox, we devised a double-reporter cell-tracing strategy
that consisted of labeling reprogrammed TH-GFP* neurons with
a constitutively expressed tdTomato reporter. This system enables
tracing of the TH-GFP' neurons independently of their repro-
grammed neuronal fate and can identify them even in situations
in which they would revert to a fibroblast phenotype. Thus, the
DIV 4-induced TH-GFP" cells were separated by the remaining
nonreprogrammed fibroblasts by FACS sorting and then replated
and transduced with a lentivirus expressing the tdTomato reporter
under the constitutive ubiquitin promoter.

In these conditions, 90% of TH-GFP* cells expressed tdTomato
before they were engrafted into the striatum of 3-week-old immu-
nodeficient Rag2~/~ Ilrg"Vi-null mice. We then divided the trans-
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Morphological and functional stability of the reprogrammed state of iDA neurons in vitro. (A) Scheme showing the experimental procedures for
coculturing iDA cells and primary hippocampal neurons in the absence of dox. iDA neurons were FACS sorted on day 4 and directly plated onto
primary cell cultures. From day 8, dox was removed, and cells were left in culture until day 21, when morphological and functional analyses were
performed. LV, lentivirus. (B—D) Immunocytochemical analysis of iDA neurons in vitro after dox withdrawal. iDA neurons exhibited a differenti-
ated morphology and long projections, with SYT1 and HOMER1+ puncta located along neurites. (E and F) Immunodetection of VMAT2 and its
functional assessment on iDA neurons through FFN511. (G) Current-induced and spontaneous trains of APs recorded in iDA neurons at 21 DIV.
(H) Spontaneous glutamatergic EPSCs at 21 DIV in iDA neurons recorded in voltage-clamp mode (Vh: —60 mV; top trace). After application of the
AMPA receptor antagonist NBQX (5 uM), the EPSCs were completely blocked (bottom trace). Inset shows an averaged EPSC in an expanded
time scale (n = 20 spontaneous events). Histograms show the distributions of the basic EPSC parameters. Scale bars: 50 um (B), 10 um (C-F).
Data shown in B—H are representative of 3 independent experiments performed on 6 samples.

planted mice into 4 experimental groups that received dox, respec-  mal group that did not receive dox showed a subset of tdTomato*-
tively, for 0, 6, or 12 days or for 5 weeks, at which pointall animals  transplanted cells that lost both neuronal morphology and
were sacrificed for analysis (Figure 2A). Immunohistochemical ~TH-GFP expression (Figure 2, B-Dj; arrows in D). Of note, tri-
analysis of the transplanted tissue in the first experimental ani- ple immunostaining revealed that tdTomato*TH-GFP- cells
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Analysis of the reprogrammed neuronal phenotype of iDA neurons in vivo at different times of dox administration. (A) Schematic representation of
lentiviral infection of iDA neurons before transplantation. Reprogrammed cells were FACS sorted on day 4 and replated at high density for tdTomato
lentiviral infection on day 5. iDA neurons were left in culture for 24 hours and then grafted into the striatum of Rag2-- llrgt™%i—null mice. (B-D)
Immunohistochemical assay of grafted iDA neurons after 6 days of dox exposure in vitro. Immunostaining reveals the presence of tdTomato*TH-
GFP- cells with fibroblast-like morphology. (E-G) tdTomato* cells were also positively stained for collagen |, confirming their regression to fibroblasts.
(H-J) Immunohistochemistry of grafted iDA neurons after 6 DIV plus 6 days in vivo of dox administration revealed the coexpression of both
tdTomato and GFP reporters. A comparable result was obtained by extending dox administration in vivo from 6 to 12 days (K—M). Scale bars:
100 um (B-D), 30 um (E-G), 100 um (H-M). B—M are representative images of 3 independent experiments performed on 3 mice per group.

expressed collagen I, indicating that this subset of iDA neurons
reverted to a fibroblast-like phenotype after grafting into the
brain parenchyma (Figure 2, E-G).

We then analyzed the transplanted site in the animal groups
that received dox for extended time periods (6 days, 12 days, or
5 weeks). In all cases, double staining for GFP and tdTomato
revealed complete coexpression of both reporters in all trans-
planted cells, showing a well-matured neuronal morphology
(Figure 2, H-M, and Supplemental Figure 2). These data demon-
strate that after sufficient induction of the transgenes, the iDA
neuronal phenotype becomes stable even upon transplantation
into the host brain parenchyma. Of importance, 12 days of dox
treatment (6 DIV followed by 6 days in vivo) were sufficient to
achieve a stable neuronal reprogrammed state, which persisted for
at least 5 weeks after brain transplantation.

Functional integration of the transplanted iDA neurons in the host
neuronal circuits. We then asked whether the neuronal repro-
grammed state could stably inherit the functional properties that
define a neuronal identity in an in vivo setting. Initially, we asked
whether transplanted iDA neurons establish enduring synaptic
contacts with the host neurons. We thus loaded iDA neurons with
the synaptic tracer wheat germ agglutinin (WGA) and assessed
its trans-synaptic uptake in the surrounding neurons. In partic-
ular, DIV 4-induced TH-GFP* cells were FACS sorted, replated,
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and transduced with a lentivirus constitutively expressing the
WGA (Figure 3A). Subsequently, TH-GFP-WGA double-positive
cells were either cocultured with primary mouse E14.5 ventral
telencephalic neurons or injected into the striatum of 3-week-old
immunodeficient Rag2~~ Ilrg"Vi-null mice (Figure 3G; n = 4).
For in vitro experiments, dox was withdrawn on day 8, while it
was administered for an additional 6 days after transplantation
into animals (Figure 3A). Of interest, the trans-synaptic trans-
fer of WGA was confirmed under both conditions by detection
of numerous WGA*TH-GFP- healthy cells that accumulated the
tracer in the cytoplasm surrounding the nucleus (Figure 3, B-F;
arrows in C, D, H, and I). Moreover, the in vitro experiments
showed that WGA*TH-GFP- cells colocalized with the GABAergic
marker GAD, proving that iDA neurons are able to make synaptic
contacts with GABAergic neurons (Figure 3, E and F). Accordingly,
the in vivo experiments proved that WGA*TH-GFP- cells colocalize
with the pan-neuronal marker NeuN, thus confirming that, also
in the host brain, iDA neurons establish functional synapses with
resident neurons (Figure 3,J and K).

We then sought to determine the intrinsic electrophysiological
properties of iDA neurons 5 weeks after transplantation into the
striatum of immunodeficient Rag2~/~ Ilrg"¥/'-null mice. Patch-
clamp recordings were performed in a whole-cell configuration on
TH-GFP" iDA neurons visually identifiable on brain slices (Figure 4,
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A and B). The identity of the recorded neurons was then confirmed
by filling the patched neurons with biocytin, followed by retrospec-
tive immunolabeling for GFP or TH, as shown in the representative
pictures in Figure 4, C-E. In voltage-clamp configuration, iDA neu-
rons showed robust Na* and K* currents in response to 10-mV step
changes in membrane potential (Vy,) (Figure 4F). In current-clamp
mode, iDA neurons displayed a physiological membrane potential
(-50 mV; n = 6) and responded to step current injections (50-150 pA,
500ms) by firing APs once thevoltage threshold was reached (Figure 4G).
Under these conditions, a single AP or a burst was followed by pro-
nounced firing inactivation; however, slow injection of a supra-
threshold current induced sustained AP firing (Figure 4H).

Finally, we tested whether grafted iDA neurons were synaptically
integrated into the host striatal network. Of interest, upon load-
ing of the fluorescent false neurotransmitter FFN511 onto trans-
planted brain slices, we detected numerous FFN511* puncta along
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(G) iDA neurons expressing WGA were also trans-
planted into the striatum of immunodepressed mice
(n = 4), and animals were kept alive for 5 weeks.
(H-K) Immunohistochemistry shows WGA+*GFP-
cells in the host tissue. These cells were also pos-
itive for NeuN, as shown in triple immunostaining,
thus proving the ability of iDA neurons to establish
synaptic connections with neighboring neurons
after grafting. Scale bars: 60 um (B), 20 um (C-F),
200 um (G), 20 um (H-K). B-K are representative
images from 3 independent experiments performed
on 4 mice per group.

TH-GFP" fibers, indicating the presence of functional presynap-
tic terminals competent in neurotransmitter uptake and release
(Figure 4I). Finally, we recorded spontaneous excitatory and inhib-
itory postsynaptic currents from TH-GFP* iDA neurons that were
blocked by the AMPA- and GABA receptor-specific antagonists
NBQX (5 uM) and gabazine (10 uM), respectively (Figure 4]). These
data are unprecedented, providing the first evidence to our knowl-
edge that neurons obtained through direct cell reprogramming
can establish and receive functional synaptic contacts and there-
fore integrate into the host circuitry. Overall, these results suggest
that iDA neurons transplanted into the striatum of healthy mice
retain the phenotype of electrically excitable cells and maintain
functional synaptic connections with neighboring neurons.
Long-term DA phenotypic stability of iDA neurons after transplanta-
tion into 6-hydroxydopamine—lesioned rats. Neuronal reprogramming
might provide a new opportunity for the straightforward genera-
Volume 124~ Number 7
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Figure 4
Functional integration of transplanted iDA
neurons. (A and B) Immunohistochemistry
of iDA neurons grafted into immunode-
pressed mice for electrophysiological
recordings. (C—E) High magnification of
a biocytin-filled reprogrammed neuron
immunostained for GFP. (F) Voltage-depen-
dent Na+* (negative-going) and K+ (positive-
going) currents in response to 10-mV steps
(starting from a V}, of =70 mV) in voltage-
clamp mode. Inset shows a magnified view
of the first portion of the traces. (G) Voltage
responses of an iDA neuron to hyperpo-
larizing and depolarizing current steps in
current-clamp mode. (H) Continuous AP
firing was induced by a slow suprathreshold
current ramp (~4 pA/second). (l) Assess-
ment of FFN511+ synaptic terminals on
transplanted TH-GFP+ iDA neuronal fibers
in brain slices. (J) Upper panel: sEPSCs
recorded at a V}, of =70 mV were blocked by
the extracellular application of 5 uM NBQX.
i Lower panel: sIPSCs recorded at a V, of
‘ 0 mV were blocked by the extracellular appli-
5 cation of 10 uM gabazine. Insets show aver-

R i aged EPSCs and IPSCs, respectively, in an

50 pA
B T e— 0 pA — - Zmy expanded time scale. Scale bars: 600 um
10 mV steps -10pA 50ms (A), 150 um (B), 50 um (C—E), 100 um (I).

I FFN511/TH-GFP J A-J are representative images of 3 inde-

+ NBQX

+ NBQX and gabazine

tion of neurons suitable for brain repair. Thus, we decided to chal-
lenge iDA neurons upon engrafting them into a lesioned brain
parenchyma. An extensive unilateral lesion of the nigrostriatal
pathway can be reliably achieved by a single stereotaxic injection
of 6-hydroxydopamine (6-OHDA) into the striatum. The extent of
the lesion can be verified postmortem by immunohistochemistry
for TH, as illustrated in Figure SA. For behavioral and functional
assays, the damage can also be assessed through subcutaneous
injection of the dopamine agonist apomorphine. In fact, apomor-
phine predominantly activates the denervated striatum on the
lesioned side, thus triggering a quantifiable rotational behavior. In
the present study, only animals performing more than 6 rotations
per minute were included in the behavioral analysis. For the trans-
plantation procedure, DIV 4-induced TH-GFP* cells were FACS
sorted and replated in high-density cultures before being grafted
into the 6-OHDA-lesioned striatum (Figure SA). A total of 5 x 10°
TH-GFP" cells were grafted into 2 independent sites of the lesioned
striatum, and dox treatment was discontinued 6 days after trans-
plantation for a total of 12 days of dox-dependent expression of
the reprogramming genes. To verify the long-term survival and
behavior of transplanted iDA neurons, the treated rats were kept

3220 The Journal of Clinical Investigation

e s R A

http://www.jci.org

pendent experiments performed on 3 mice
5pa and 6 cells (F-J).
2ms

710 pA

500 ms

s pA
2ms

W] 20 pA

05s

for 8 weeks before morphometric and functional inspection. DAB
immunohistochemistry on brain slices of engrafted animals high-
lighted a large cluster of GFP* cells in the transplantation site
that at higher magnification exhibited a mature neuronal mor-
phology (Figure 5, B and C). Of note, we observed an appreciable
fiber outgrowth extending long distances into the denervated host
striatal tissue and emerging from the grafted GFP* iDA neurons
(Figure 5D). Double immunolabeling showed that the majority of
grafted TH-GFP* iDA neurons expressed TH, VMAT2, and AADC,
thus confirming their phenotype (Figure 5, E-K, and Supple-
mental Figure 3). Moreover, a large number of iDA neurons were
immunostained for DAT, corroborating their specific DA identity
and terminal maturation (Figure SL and Supplemental Figure 2).
These data demonstrate that iDA neurons survive and entirely
preserve their reprogrammed neuronal phenotype for a long time
after engrafting into the lesioned brain tissue, independently of
transgene expression.

To gain evidence for the functionality of the grafted iDA neu-
rons, we tested their ability to produce and release dopamine.
Fast-scan cyclic voltammetry (FSCV) measurements on striatal
slices containing the graft revealed a significant increase in evoked
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Transplantation of iDA neurons in 6-OHDA-lesioned rats. (A) Before transplantation in parkinsonian rats, iDA neurons were FACS sorted
and separated from nonreprogrammed fibroblasts. Animals were kept alive for 8 weeks and then sacrificed for tissue processing. (B—D)
Immunohistochemistry shows a consistent cluster of GFP+ cells with an extended net of neurites innervating the host striatum. (E-L) Transplanted
cells retained their phenotype in vivo, as shown by the immunodetection of the dopamine markers TH, VMAT2, AADC, and DAT. (M) FSCV of
grafted parkinsonian rats revealed a significant increase of dopamine in iDA neuron—transplanted versus control-lesioned striatum. Data represent
the means + SEM (n = 3). ***P < 0.001, Student’s t test. Scale bars: 600 um (B), 30 um (C and D), 200 um (E-G), 100 um (H-J), 30 um (K and L).
B—M are representative images from 3 independent experiments performed on 3 rats per group.

dopamine release compared with levels detected in the denervated
striatal tissues (Figure SM). Taken together, these observations
indicate that the neuronal reprogrammed state is maintained
even after a long exposure to harsh pathological conditions that
severely affect and compromise local homeostasis.

iDA neurons are resistant to tumorigenic growth in vivo. To assess
tumorigenic potential, DIV 4-induced TH-GFP* cells were FACS
sorted, replated, and transplanted the following day into 3-week-
old immunodeficient Rag2~~ Ilrg"¥'-null mice, a strain that effi-
ciently supports xenograft survival with particular sensitivity to
rare tumorigenic cells (41). At 5 and 12 weeks after transplantation
of about 5 x 105 iDA neurons (n = 10), we tested the integration
and proliferation of the grafted cells. At both stages analyzed, we
observed a large graft of TH-GFP* transplanted cells with an elab-
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orated neuronal morphology and long processes extending into
the host neural tissue (Supplemental Figure 4, A and B). Despite
the large number of grafted cells, we could not identify tissue
overgrowth at the transplantation site (Supplemental Figure 4, A
and B). Accordingly, none of the transplanted iDA neurons were
positive for Ki67 or nestin, 2 markers associated with cell division
and the neural progenitor state, respectively (Supplemental Figure
4E; data not shown). By contrast, Ki67" cells were easily detect-
able in the striatal subventricular zone of the same sections, where
neurogenic processes were ongoing, confirming the quality of the
immunolabeling assays. Taken together, these data demonstrate
that reprogrammed DA neurons can survive for a long time in the
injection site without showing any sign of uncontrolled prolifera-
tive behavior or reverting to a progenitor neuronal state.
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Functional assessment of DREADD activity in iDA neurons in vitro. (A) Upper panels: Whole-cell patch clamp recordings of M3Dq iDA neurons
(A) and M4Di iDA neurons (B) at various times after vehicle and CNO (10 uM) application. Lower panels: time course of the normalized firing
rate (mean + SEM) as a function of time after vehicle (black circles) or CNO (red and blue circles) application (horizontal line). *P < 0.05, 2-way
ANOVA followed by post-hoc Bonferroni-Dunn tests. (C) Immunocytochemistry of M3Dq iDA neurons for mCherry and TH. Scale bar: 50 um.
(D) Representative HPLC chromatogram in a sample of M3Dq iDA neurons with and without CNO (10 uM) application. Bars show the estimated
concentration of dopamine in control and CNO-treated cells. **P < 0.005 by Student’s t test. Data shown in A—C are representative of 3 indepen-

dent experiments performed on at least 6 cells.

Generation and functional assessment of CNO-responsive M3Dq iDA
neurons. As described above, transplanted iDA neurons demon-
strated long-term survival, activity, and functional integration
into the host neural parenchyma. Next, we asked whether phar-
macological modulation of the activity of transplanted iDA neu-
rons is sufficient to influence the overall functionality of the host
neuronal network, thus eliciting detectable behavioral responses
in the grafted animals. To this end, we decided to combine the iDA
neuronal reprogramming with DREADD technology. Currently, 2
distinct forms of DREADDs have been designed to elicit opposite
effects on neuronal activity. The DREADD M4Di, coupled with
the inhibitory Gi protein, activates the G protein inward-rectify-
ing potassium channels in response to CNO and triggers mem-
brane hyperpolarization and inhibition of AP firing (38). On the
other hand, the DREADD M3Dgq, associated with the stimula-
tory Gq protein, elicits robust Ca?* mobilization and membrane
depolarization, thus increasing the firing rate (37). DREADD
receptor activity has been investigated in both non-neuronal and
neuronal cells (37, 38, 42). However, it is unknown whether DA
neuronal activity is responsive to DREADD-induced intracellular
signaling. To clarify this issue, we established primary neuronal
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cultures from E13.5 ventral midbrain tissue from TH-GFP trans-
genic mice. DIV 4 cultures were then transduced with lentiviruses
expressing either the M3Dq or the M4Di DREADD together with
the mCherry reporter (Supplemental Figure SA). When neuronal
maturation was achieved (14 DIV), we patch clamped double GFP-
mCherry* neurons to record their spontaneous neuronal activity
and its dependence on CNO stimulation. M3Dg-expressing DA
neurons responded to CNO treatment with a short delay and for
several minutes by strongly increasing their AP firing rate (Sup-
plemental Figure 5B). In contrast, CNO administration to M4Di-
expressing DA neurons caused a sudden arrest in AP firing that
also persisted for several minutes (Supplemental Figure 5C).

We then performed similar recordings using iDA neurons. In
particular, TH-GFP fibroblasts, reprogrammed with the ANL fac-
tor cockrail, were transduced with lentiviruses expressing either
M3Dq or M4Di together with the mCherry reporter. Most of the
reprogrammed iDA neurons showed bright mCherry expression,
enabling straightforward visualization of the double-positive
neurons (Figure 6C). At 14 DIV, patch-clamp recordings were
performed on iDA neurons to test CNO effects on their activity.
M3Dg-expressing iDA neurons responded to CNO treatment by
Number 7
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Figure 7

Functional assessment of DREADD activity in iDA
neurons in vivo. (A—C) Immunohistochemistry of
M3Dgq iDA neurons after grafting in Rag2-"- llrgtmWi—
null mice for mCherry and GFP. Scale bar: 30 um.
(D) Left: Representative cell-attached recording
showing the response of an M3Dq iDA neuron to bath
application of CNO (10 uM). The frequency of spon-
taneous firing was increased after CNO perfusion
(control 0.7 £ 0.3 Hz, CNO 5.1 + 2.4 Hz, washout
0.7 + 0.5 Hz). Right: Histogram shows the mean fir-
ing rate values (+ SEM) recorded for 3 to 4 minutes
before (Ctrl), during (+ CNO), and after (Washout)
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strongly increasing their rate of firing, which persisted for several
minutes after the initial challenge (Figure 6A). In contrast, M4Di-
expressing iDA neurons silenced their activity for an extended
period as soon as they were exposed to CNO (Figure 6B). DREADD
receptor signaling is therefore highly effective in modulating
neuronal activity in both native and reprogrammed DA neurons.
Strikingly, we found that iDA neurons and native DA neurons
showed responses to CNO closely resembling the amplitude and
timing of neuronal activity.

Sustained neuronal activity is sufficient to increase dopamine
production in native DA neurons (43). Thus, we wondered whether
M3Dg-expressing iDA neurons respond in a comparable way by
raising dopamine levels after sustained neuronal firing triggered
by CNO stimulation. To address this question, we stimulated
14-DIV M3Dq iDA neurons by CNO (10 uM) added to fresh cul-
ture medium for 10 minutes, harvesting them soon after, followed
by lysis and HPLC analysis of their intracellular dopamine content.
Of interest, dopamine levels were 3-fold higher after stimulation
with CNO, indicating that iDA neurons can respond to increased
neuronal activity by enhancing the intracellular synthesis of
dopamine (Figure 6D). By contrast, we could not detect a signifi-
cant variation in dopamine production after CNO stimulation of
M4Di-expressing iDA neurons (data not shown). This result is likely
because of the low kinetics in reducing dopamine synthesis, making
the detection of a significant decrease in neurotransmitter content
more challenging. For this reason, we performed the subsequent
functional analysis exclusively in M3Dgq-expressing iDA neurons.

Next, we asked whether the CNO stimulation of neuronal
activity was retained after long-term transplantation of M3Dg-
expressing neurons in vivo. To this aim, FACS-sorted TH-GFP*
cells expressing the M3Dq-DREADD receptor were transplanted
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into the striatum of immunodeficient Rag2~/~ Ilrg"V/-null mice.
We treated the grafted animals with dox for 6 additional days,
which was subsequently discontinued until the final time point of
analysis was reached 5 weeks after grafting. At this stage, TH-GFP-
mCherry double-positive iDA neurons were easily identified in the
transplanted sites and exhibited a well-matured neuronal mor-
phology with long fibers spreading in the host brain parenchyma
(Figure 7, A-C). We then patch clamped grafted M3Dq-express-
ing iDA neurons for electrophysiological recordings. Of note, iDA
neurons generated fast bursts of APs that continued for several
minutes upon CNO acute stimulation (n = 6) (Figure 7D). FSCV
measurements of transplanted brain slices also confirmed a sig-
nificant increase in evoked dopamine release upon CNO treat-
ment (Figure 7E). Altogether, these data confirmed that M3Dg-
expressing iDA neurons retain the ability to specifically respond to
CNO after integration into the host brain tissue with an increase
in electrical activity and dopamine production and release.

iDA neuron engraftments elicit behavioral rescue of 6-OHDA—lesioned
rats. Considering the evidence of functional integration of iDA
neurons into the host neuronal circuits, we wondered whether
the grafted cells could elicit a rescue in 6-OHDA-treated rats and
whether this rescue is tunable by the CNO-DREADD system. Rats
were subjected to unilateral 6-OHDA injections, and only those
displaying a consistent rotational behavior (>6 rotations/minute)
were selected for subsequent transplantations. DIV 6-induced
M3Dg-expressing TH-GFP* iDA cells were engrafted into 2 inde-
pendent sites of the lesioned striatcum of 6-OHDA-treated rats
(n = 10) for a total number of 5 x 10° cells (Figure 8A). In addition,
lesioned rats in a second group (n = 10) were engrafted with a simi-
lar number of ventral mesencephalon E13.5 DA neurons for direct
comparative purposes. Finally, lesioned animals in a third group
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Motor deficit assessment upon CNO administration to parkinsonian rats transplanted with iDA neurons. (A) Summary of the experimental
procedures for behavioral assays. Selected animals underwent transplantation of M3Dq iDA neurons, control fibroblasts (Sham), and primary
embryonic midbrain cells from TH-GFP mice (Embryonic DA neurons). (B—D) M3Dq iDA neurons and embryonic DA neurons promoted a sig-
nificant reduction in apomorphine-induced rotation scores that became more evident 8 weeks after grafting. Sham animals showed no recovery
of the parkinsonian phenotype. (C) CNO administration to animals produced a further amelioration that brought the animals’ performance
closer to that of animals that received primary DA neurons. (D) The number of rotations per minute 8 weeks after transplantation is given as the
means = SEM (n = 10). ***P < 0.001 versus the indicated groups; 1-way ANOVA followed by Bonferroni’s multiple comparison test. (E-G) Recovery
of motor impairment was also recorded in the stepping test that was performed with the same timing as that used for the apomorphine-induced
rotations. Animals with reprogrammed cells were able to sustain an improvement in the use of the contralateral forelimb that was significant
8 weeks after transplantation (E). Also in this behavioral test, CNO administration to grafted animals promoted an enhancement of performance
(F). (G) The number of adjusting steps 8 weeks after transplantation is given as the means + SEM (n = 10). ***P < 0.001 versus sham; 1-way
ANOVA followed by Bonferroni’s multiple comparisons test. Data shown in B—G are representative of 2 independent experiments performed on
at least 8 mice per group.

were transplanted with a similar number of TH-GFP fibroblasts, B and D). However, the implanted embryonic DA neurons led to

serving as transplanted sham controls (n = 8). We treated all ani-
mals with dox for 6 days after cell grafting and kept them under
cyclosporine-mediated immunosuppression for the entire dura-
tion of the experiment. We tested the graft-induced behavioral
recovery in the 3 groups of animals by counting the number of
rotations after an acute challenge with apomorphine (0.1 mg/kg)
for 60 minutes administered 4, 6, and 8 weeks after transplanta-
tion. Although transplanted sham controls did not exhibit any evi-
dent alteration in motor performance (blue in Figure 8, B and D),
animals with TH-GFP* iDA neurons showed a significant recovery
over time from apomorphine-induced behavior (green in Figure 8,
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an even more pronounced rescue of the rotational response (violet
in Figure 8, B and D). Thus, we found that grafted iDA neurons
induced a significant reduction in the asymmetric behavior evoked
by apomorphine in lesioned animals, but with less efficiency rel-
ative to native primary DA neurons in a side-by-side comparison.
An insufficient number of surviving iDA neurons could not be
identified as the main cause of the difference, because the numbers
of surviving cells were of the same order of magnitude for both
reprogrammed and native DA neurons by stereological counting
(3.5 £6 x 10*and 6.5 + 6 x 104 n = 4, respectively). In percentage
terms, the rate of surviving cells obtained from dissection of fetal
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tissue was 13%, whereas the survival of iDA neurons was 7%. These
quantifications are both in agreement with previous data reported
in the literature (18, 32, 44).

We then asked whether the CNO-DREADD system could
be directly exploited in vivo, with the aim of further enhancing
motor recovery dependent on the transplanted iDA neurons. This
approach relies on the known ability of CNO to easily cross the
blood-brain barrier when peripherally injected (42). Rats grafted
with M3Dgq-expressing iDA neurons or fibroblasts were subjected
to 1 daily injection of CNO for 3 days (1 mg/kg) before testing
of drug-induced turning behavior. Although we found that trans-
planted sham controls did not show any benefit from this treat-
ment, M3Dq iDA-grafted animals treated with CNO exhibited an
enhanced reduction in drug-induced rotational scores that became
very closely comparable to those achieved by primary embryonic
DA neurons (red in Figure 8, C and D).

As a second functional outcome of cell grafting, we used the
stepping test, which measures forelimb akinesia and does not
depend on pharmacological stimulation of the DA system. In this
case, we obtained a similar pattern of improvements (Figure 8,
E and G). Strikingly, in this test, we observed that an increased
motor recovery of the iDA neuron-transplanted animals matched
the response displayed by animals grafted with primary embry-
onic DA neurons (Figure 8, F and G). In summary, these results
demonstrate the feasibility of the cell reprogramming technology
to achieve an outcome comparable to that provided by primary DA
neurons and highlight the advantage of DREADD:s in specifically
stimulating neuronal activity in transplanted neurons and boost-
ing their therapeutic effects in a controllable fashion.

Discussion

This study is the first to our knowledge to focus on the properties
of grafted reprogrammed neurons and their ability to integrate
into transplanted neural tissue and exert a sustained and persis-
tent behavioral recovery in diseased animals. Most importantly,
this functional integration was achieved independently of trans-
gene expression once the reprogrammed state was stably acquired.

Seminal studies have reported that cell replacement-mediated
behavioral recovery in animal models of PD is achieved exclusively
when DA neurons with a midbrain origin are transplanted into the
striatum (44, 45). Midbrain DA neurons are molecularly distinct,
in particular for expression of the lineage-specific Pitx3, Foxal/2,
and Enl/2 genes. Nevertheless, iDA neurons did not express Pitx3
and Foxa2 at comparable levels; rather, they displayed a robust
expression of Foxal, Enl, and En2. Therefore, ANL-dependent
reprogramming enables the acquisition of some of the cardinal
molecular features of midbrain-regionalized DA neurons. Thus, it
was relevant to ask whether iDA neurons can stably integrate into
and functionally mature in the host striatal tissue and alleviate
parkinsonian motor deficits.

In this study, we generated evidence that neuronal conversion
can be fully reverted if transgene expression is not maintained
for a sufficient amount of time. In fact, we showed that TH-GFP*
cells exposed to only 6 days of dox treatment reverted back to
fibroblasts in morphology and to collagen expression after brain
transplantation. Longer exposure to dox, however, yielded a stable
fulfillment of the reprogrammed neuronal state and its pheno-
typic and functional features. In particular, the iDA neurons sta-
bly retained electrical excitability, synaptic currents, and dopamine
release after long-term transplantation in healthy as well as in
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lesioned neural tissues. Here, we provide what we believe to be the
first proof that reprogrammed neurons might successfully con-
nect with host neuronal circuits in a functional synaptic network
long after transplantation and dox treatment.

With this stable activity and functional integration, transplanted
iDA neurons led to a substantial amelioration of drug-induced
motor asymmetry in PD rats. Of note, significant recovery was also
achieved in the stepping test, which is a drug-independent behav-
ioral assay, and in a stringent read-out of the physiological levels
of endogenous dopamine (46). In a side-by-side comparison, how-
ever, the grafted iDA neurons resulted in a less effective recovery
than was observed in native embryonic DA neurons. In particular,
the initial motor asymmetry recovery was slower with induced ver-
sus native DA neurons. This outcome likely does not correlate with
differences in cell survival after transplantation, because stereolog-
ical counting showed a comparable number of surviving neurons.
The same magnitude of behavioral recovery was obtained when
dox was administered for the entire duration of the experiment
in a separate group of iDA neuron-transplanted rats (n = 4; data
not shown). These findings are consistent with previous results
obtained by Kim et al. (32). Therefore, we need to take into consid-
eration the possibility that iDA neurons are intrinsically less func-
tional after in vivo transplantation than their native counterparts.

We favor a different, but not necessarily alternative, explanation,
however. The use of 4 separate viruses to express the 3 reprogram-
ming genes and the tetracycline-controlled transactivator (tTA) in
the fibroblast cultures inevitably leads to a large heterogeneity at
the single-cell level regarding the integration of the transgenes and
their consequent expression levels. This extreme variability in trans-
gene expression undoubtedly has a major impact on the correct
acquirement of the biochemical and functional neuronal traits in
the converted fibroblasts. Even though our experiments were all
performed using a FACS-sorted purified TH-GFP* neuronal pop-
ulation selecting for a homogeneous source of reprogrammed
neurons, their relative functional performance could not be antic-
ipated. Consistent with this hypothesis, in our electrophysiologi-
cal recordings of in vitro cultures, we noted some variability in the
functional activity among TH-GFP* reprogrammed neurons (data
not shown). This issue will properly be resolved in the near future
by engineering multicistronic vectors for transgene delivery that
will ensure homogeneous gene expression levels with proper TF
stoichiometry. Similarly, this aspect is absolutely critical for gener-
ating high-quality iPS cells after fibroblast reprogramming (47, 48).

To confirm the functional integration of grafted iDA neurons
into the host parenchyma, we combined iDA neuronal repro-
gramming with DREADD technology. This system is powerful
for pharmacological manipulation of the neuronal activity and
has been applied so far to control the activity of brain neurons
in transgenic mice or virally infected cells (42). Significantly, we
showed here that this approach is also suitable for controlling the
behavior of transplanted neurons. In fact, it provided a mean for
the remote control of grafted neuronal activity over time, thereby
emphasizing the impact of these neurons on host neuronal cir-
cuits. Therefore, this approach can be further exploited to control
the disease-modifying activity of transplanted iDA neurons, and
our findings validate this technology for pharmacological control
of their firing activity. This concept is a fascinating one in PD
therapeutics, in which stringent control of dopamine release in
the denervated neural targets can exert highly beneficial effects
on the pathological symptoms.
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DREADD technology is particularly attractive in translational
research, because its effects are modulated by CNO, an orally
bioavailable drug that is pharmacologically inert with other recep-
tors and easily penetrates the blood-brain barrier (38). Thus, CNO
retains a high profile of safety and efficacy that is compatible with
its exploitation as a medical treatment. Notwithstanding, for
future potential biomedical applications, it has to be taken into
account that CNO catabolism implicates the generation of a small
amount of clozapine, a drug known to exert some side effects (49).

The present study relies on the powerful neuronal conversion
effect triggered by the forced expression of the ANL factor combina-
tion on mouse somatic cells. However, the same set of factors is less
proficient in reprogramming human cells (30). Additional dopa-
mine fate determinants are beneficial for increasing DA conversion
of human fibroblasts (33); however, using a greater number of fac-
tors inevitably leads to a more heterogeneously induced neuronal
population, hampering the subsequent in vivo functional analysis.
Eventually, the development of more amenable genetic elements or
improved epigenetic conditions might be more convenient for these
functional analyses. Thus, functional studies of human iDA neu-
rons similar to the study presented here will have to wait for further
improvement of the methodology for genetic conversion.

In conclusion, this work provides proof that direct cell repro-
gramming offers a method for obtaining stable and trans-
plantable DA neurons suitable for cell replacement in a PD ani-
mal model. Moreover, we show that DREADD technology can
be efficiently applied to control the output of reprogrammed
neurons. This combination will be of extreme interest for DA cell
replacement research and could pave the way for pharmacological
approaches aimed at exerting efficient and noninvasive control of
the grafted neuronal implant.

Methods

Animals. Mice and rats were maintained in the San Raffaele Scientific Insti-
tute’s animal facility. All animals were housed on a 12-hour light/12-hour
dark cycle with ad libitum access to food and water. Adult male CD rats
(200-250 g) and Rag2”/~ Ilrg™"* double-KO mice (20-22 g) were used as
graft recipients in these experiments, and TH-GFP mice were used for the
preparation of MEFs. 6-OHDA-lesioned rats were purchased from Char-
les River Laboratories and used as a PD model for behavioral tests and
histological analysis. Unilateral lesions of the substantia nigra in rats were
established by stereotaxic injection of 12 ug of 6-OHDA (3.6 mg/ml, in
0.2% ascorbic acid and 0.9% saline; Sigma-Aldrich) with the following ste-
reotaxic coordinates: AP, -1.5; ML, -1.8; DV, -8.5. The injection side was
determined using The Rat Brain in Stereotaxic Coordinates atlas by Paxinos
and Watson (50). Breeding pairs of TH-GFP mice (51) were provided by S.
Gustincich (SISSA, Trieste, Italy), and Rag2~~ Ilrg"V/' double-KO mice were
provided by P. Ghia (San Raffaele Scientific Institute).

Mouse iDA neuronal cultures. Timed pregnant mice (day of vaginal plug was
designated as E0.5) were generated by crossing wild-type CD1 females with
transgenic TH-GFP males. On E14.5, the embryos were removed from the
pregnant mothers, then GFP* and wild-type littermates were identified and
separated under a fluorescence microscope. Head, vertebral column, dorsal
root ganglia, and all internal organs of the GFP* embryos were removed
under a stereomicroscope, and the remaining embryonic tissue was first
manually dissociated with a sterile pipette and then incubated in 0.25%
trypsin (Sigma-Aldrich) for 30 minutes. Cells from each embryo were plated
onto a 15-cm tissue culture dish in MEF media (DMEM containing 10%
FBS, B-mercaptoethanol, nonessential amino acids, sodium pyruvate, and
penicillin-streptomycin [all from Sigma-Aldrich]). In all experiments, cells
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were split no more than two times. For cell transplantation procedures,
1.5 x 10° MEFs were plated onto matrigel-coated 10-cm Petri dishes in MEF
media. The MEFs were infected with Ascll, Nurrl, Lmxla, and tTA lenti-
viral vectors the following day. Viral vectors were prepared as described
elsewhere (30). Sixteen to 20 hours after infection, cells were subjected to
neuronal induction through exposure to dox (2 mg/ml; Sigma-Aldrich)
resuspended in MEF medium. Two days after induction, the medium was
replaced with neuron-inducing medium (DMEM-F12, 25 ug/ml insulin,
50 ug/ml transferrin, 30 nM sodium selenite, 20 nM progesterone, 100 nM
putrescine, and penicillin-streptomycin [all from Sigma-Aldrich]) contain-
ing dox. Four days after neuronal induction, cells were sorted for GFP and
plated onto matrigel-coated 24-well plates at high density (750,000 cells/
well) in neuron-inducing medium supplemented with B27 25X and GDNF
(Invitrogen). Where appropriate, 24 hours after plating, sorted cells were
infected with tdTomato lentiviral vector or M3Dg-IRES-mCherry lentiviral
vector (gift of B. Roth, University of North Carolina, Chapel Hill, North
Carolina, USA) or with WGA-IRES-mCherry lentiviral vector (gift of A. Bas-
baum, UCSF, La Jolla, California, USA) in neuron-inducing medium. One
day later, cells were harvested in Krebs solution (see below) for transplanta-
tion in rats or in immunodepressed mice.

Primary cell cultures. Ventral mesencephalic primary cell cultures were
prepared from E13.5 TH-GFP mouse embryos. The ventral mesence-
phalon was dissected out of each embryo as described previously (52,
53), taking care to remove the meninges. Pooled ventral mesencephala
were incubated for 20 minutes at 37°C in HBSS without Ca?* and Mg?*
(Euroclone) with 0.1% trypsin and 0.05% DNase. Tissue was mechanically
dissociated in HBSS without Ca?* and Mg?" supplemented with 0.05%
DNase. Single cells were resuspended in neurobasal medium (Invitrogen)
enriched with 30% glucose (Sigma-Aldrich), penicillin-streptomycin
(Sigma-Aldrich), L-glutamine (Sigma-Aldrich), and B27 50X (Invitrogen)
and seeded onto poly-D-lysine-coated (Sigma-Aldrich) coverslips for
electrophysiological experiments at a density of 2.0 x 10° cells/cm?. For
transplantation into parkinsonian rats, 5.0 x 10° cells were resuspended
in Krebs solution and injected into 2 sites of the lesioned striatum. For
coculture experiments, ventral telencephalon primary cultures were pre-
pared from E14.5 wild-type CD1 embryos, while hippocampal neurons
were prepared from E19 rat embryos. The ventral telencephalic structures
and hippocampi were dissected out from the forebrain; cell disaggrega-
tion and resuspension procedures were previously described for mesence-
phalic cultures, except for the absence of DNase treatment. A single-cell
suspension was seeded onto poly-L-lysine-treated (Sigma-Aldrich) cover-
slips at a density of 2.5 x 10° cells/cm? for ventral telencephalic neurons
and at a density of 1 x 10° cells/cm? for hippocampal cultures.

RNA isolation and real-time RT-PCR. RNA was extracted using the TRI
Reagent isolation system (Sigma-Aldrich) according to the manufac-
turer’s instructions. The yield and integrity of the RNA were deter-
mined by the spectrophotometric measurement of A260 and by agarose
gel electrophoresis, respectively. Total RNA was treated with DNAse I
(Roche) to prevent DNA contamination. One microgram of RNA was
reverse transcribed using the Transcriptor High Fidelity cDNA Synthe-
sis Kit (Roche). quantitative RT-PCR (qQRT-PCR) was carried out using
the CFX96 Real-Time PCR Detection System (Bio-Rad). One-fiftieth of
the reverse-transcribed cDNA was amplified in a 25-ul reaction mixture
containing 1x SsoFast EvaGreen Supermix (Bio-Rad) and 0.4 mM of
each primer. The thermal profile consisted of 2 minutes at 50°C and
10 minutes at 95°C, followed by 40 cycles of 15 seconds each at 95°C
and 1 minute at 60°C. mRNA levels were calculated according to the
threshold cycle numbers within a linear range of amplification of 20 to
32 cycles. Data were standardized versus the housekeeping gene Gapdh,
which was used as an internal standard and amplified for every sample in
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parallel assays. A melting curve was obtained for each PCR product after
each run to confirm that the EvaGreen signal corresponded to a unique
and specific amplified product. The primers used for amplification reac-
tions are listed in Supplemental Table 1.

Dopamine determination by HPLC. Cell samples from mouse iDA neurons
were lysed in 100 ul of 0.1 M perchloric acid. Samples were sonicated and
spun in a microcentrifuge at 10,000 g for 10 minutes. The supernatant
was transferred in ultra-free microcentrifuge tubes (Millipore, catalog
UFC30GV0S) and spun for 10 minutes. Samples (11 ul) were injected into
the HPLC apparatus. Measurements of dopamine and metabolites were
made by HPLC with an electrochemical detection system (ALEXYS LC-EC;
Antec Leyden BV) equipped with a reverse-phase column (3-um particles,
ALB-215 C18, 1 x 150 mm; Antec Leyden BV) at a flow rate of 200 pl/min
and electrochemically detected by a 0.7-mm glass carbon electrode (VT-03;
Antec Leyden BV). The mobile phase contained 50 mM H3PO,, S0 mM
citricacid, 8 mM KCl, 0.1 mM EDTA, 400 mg/1 octanesulfonic acid sodium
salt, and 10% (vol/vol) methanol (pH 3.9).The sensitivity of the method
permitted detection of 3 fmol of dopamine.

Electrophysiology on cultured neurons. Recordings were performed from iDA
neurons and primary DA neurons 14 days after infection with M3Dq or
M4Di lentiviral vectors. APs were recorded in the current-clamp whole-cell
configuration. Cells were perfused continuously with HBS with the follow-
ing composition: 140 mM NaCl, 5 mM KCl, 2 mM CaCl,, 2 mM MgCl,,
15 mM HEPES, and 25 mM glucose (pH 7.4). Patch pipettes with 3 to S MQ
resistance were filled with solution containing: 130 mM K-gluconate, 10 mM
KCl, 0.5 mM CaCl,, 15 mM HEPES, 5 mM EGTA, 8 mM NaCl, 2 mM
MgATP, 0.3 mM Na,GTP, and 10 mM glucose (pH adjusted to 7.2 with
KOH). Vehicle or 10 uM CNO was bath applied through perfusion after
achieving a stable baseline for 5 minutes. Recordings were performed using
an EPC10 USB patch-clamp amplifier and PATCHMASTER software
(HEKA Elektronik). Data were digitized at 10 kHz and analyzed with FIT-
MASTER Software (HEKA Elektronik).

Electrophysiology on brain slices. Rag2~/~ Ilrg""# double-KO mice of either sex
(P21-P24) were anesthetized with an intraperitoneal injection of a mixture
of ketamine-xylazine (100 mg/kg and 10 mg/kg, respectively) and decap-
itated. Coronal slices (300-um-thick) were cut using a Microm HM 650V
microtome equipped with a Microm CU 65 cooling unit (Thermo Fisher
Scientific) at 2°C in a solution containing 87 mM NaCl, 25 mM NaHCOj3,
2.5 mM KCl, 0.5 mM CaCl,, 7 mM MgCl,, 25 mM glucose, 75 mM sucrose
and saturated with 95% O, and 5% CO,. After cutting, the slices were left to
recover for 30 to 45 minutes at 35°C and for 1 hour at room temperature
(RT) in recording solution (see below). Whole-cell and cell-attached patch-
clamp recordings were performed with a Multiclamp 700B-Digidata 1440A
system (Molecular Devices) on visually identified cells using an upright
Olympus BX51WI microscope (Olympus) equipped with a Lambda LS
lamp (Sutter). The extracellular solution used for recordings contained:
125 mM NacCl, 25 mM NaHCOs3, 2.5 mM KCI, 1.25 mM NaH,PO4,
2 mM CaCl,, 1 mM MgCl,, and 25 mM glucose (bubbled with 95% O and
5% CO,). For voltage- and current-clamp experiments the internal solution
contained: 126 mM K-gluconate, 4 mM NaCl, 1 mM MgSOy, 0.02 mM
CaCl,, 0.1 mM BAPTA, 15 mM glucose, 5 mM HEPES, 3 mM ATP, and
0.1 mM GTP (pH 7.3). Spontaneous excitatory and inhibitory postsynaptic
currents (SEPSCs and sIPSCs) were recorded at a holding potential (Vi) of
-70 mV and 0 mV, respectively. Data were acquired at a sampling frequency
of 10 kHz, filtered at 2 kHz using pClamp10 software (Molecular Devices)
and analyzed with Origin 8.5 (Origin Lab).

Cell transplantation. 6-OHDA lesioned rats were selected for cell trans-
plantation if their apomorphine-induced rotation exceeded 6 rotations
per minute 3 weeks after the lesion. Rats were anesthetized with ketamine
(90 mg/kg) and xylazine (4 mg/kg) during all surgical procedures. Cells
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were resuspended in Krebs solution (126 mM NaCl, 2.5 mM KCI, 1.2 mM
NaH,POj, 1.2 mM MgCl,, 2.1 mM CaCl,, 11 mM glucose, and 25 mM
NaHCOs3) and transplanted into 2 sites of the lesioned striatum of each
animal (coordinates: AP, +1.5, +0.7; ML, +3.0; DV, -5.0) using a 5-ul Ham-
ilton syringe. For each injection site, 4 ul of cell suspension was injected at
a flow rate of 1 ul/minute. A total of 5 x 10° cells were injected into each
rat. The needle was left in place for 2 minutes after each injection. Control
rats (sham) received fibroblasts instead. A daily intraperitoneal injection
of 15 mg/kg cyclosporine (Sandimmune, 50 mg/ml; Novartis) was started
24 hours before cell grafting and continued until death.

Rag2~/~ Ilrg™V' double-KO mice were anesthetized with avertin and trans-
planted with 4 x 105 cells resuspended in Krebs solution in a volume of 4 ul.
Cells were grafted into the striatum at the following coordinates: AP, +0.5;
ML, +1.8; DV, -3.2.

Behavioral assays. Apomorphine-induced rotations and stepping tests in
lesioned rats were carried out before transplantation and 4, 6, and 8 weeks
after transplantation. Rotational behavior was recorded for 60 minutes
after intraperitoneal injection of 0.1 mg/kg apomorphine (Sigma-Aldrich)
and automatically assessed using a rotameter (Panlab). Data were pre-
sented as the average number of rotations per minute. The stepping test
was performed as described previously (18). Briefly, during the procedure,
the rat was held by the experimenter, who fixed the hind limbs with one
hand and alternatively the left or the right forelimb with the other hand.
In this way, the animal was allowed to touch the table surface with only
one forelimb at a time. The rat was then pulled over a 1-meter surface, first
in the forehand and then in the backhand direction. This test relies on
the evidence that unilaterally lesioned animals show a clear impairment of
motor performance in the paw contralateral to the lesion. Therefore, uni-
laterally lesioned animals will step on the bench while being moved by the
operator with the ipsilateral forelimb. By contrast, the contralateral paw
will be passively dragged. On this basis, an amelioration of motor deficits
after transplantation can be easily quantified by counting the contralateral
steps performed by treated and sham animals over time. This procedure
was applied to collect the data shown in Figure 8.

FSCV. Transplanted mice and rats were anesthetized with halothane
and then decapitated. The brain was sectioned in cold carboxygenated
artificial cerebrospinal fluid (aCSF) (126 mM NacCl, 2.5 mM KCl, 1.2 mM
NaH,PO4, 25 mM NaHCO3, 2.4 mM CaCl,, 11 mM D-glucose, and 1.2 mM
MgCl;) on a VT1000S vibratome (Leica Microsystems) at a thickness
of 300 um. Coronal slices containing the dorsal striatum and nucleus
accumbens were allowed to recover for at least 1 hour at RT in carboxygen-
ated aCSF. For recordings, slices were superfused with 32°C carboxygen-
ated aCSF at a flow rate of 1 ml/minute. Experimental recordings started
20 minutes after transfer to the slice chamber. Carbon fiber electrodes
(7 um; Goodfellow) were made as previously described (54, 55). They were
trimmed to obtain a basal current between 140 and 180 nA. The electrodes
were inserted approximately 100 wm into the dorsal striatal brain slice.
The potential of the working electrode was held at -0.4 V versus Ag/AgCl
between scans and was ramped to +1.3 Vat 300 V/second and back to -0.4 V
every 100 ms via an EVA8 amplifier (HEKA Elektronik). Axonal dopamine
release in the striatum was evoked using a twisted bipolar stimulating
electrode (Plastics One). Stimulations were delivered every 2 minutes by
a single electrical pulse (0.1 ms, single stimulus) or with a train of stimuli
(20 pulses at 10 Hz). The pulse amplitude was 400 uA for both single and
train pulses. The stimulus was delivered via a stimulus isolator (A-M Sys-
tems). Background-subtracted cyclic voltammograms were obtained by
subtracting the current obtained before the stimulation from all record-
ings. The peak oxidation current for dopamine in each voltammogram
was converted into a measurement of the dopamine concentration by
postcalibration of the electrode using 1 uM dopamine (Sigma-Aldrich).
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Data were normalized to the first S recordings (10 minutes) of the
respective control period and plotted versus time (means + SEM).
TarHeel CV (ESA Biosciences) was used for all data analysis.

Tissue processing. Mice and rats received overdoses of pentobarbital
(50 mg/kg) intraperitoneally to induce deep anesthesia. All animals were
transcardially perfused with 0.9% saline, followed by ice-cold PFA (4% w/v
in PBS; Sigma-Aldrich). Brains were removed, postfixed overnight in 4%
PFA, and cryoprotected in 30% sucrose (Sigma-Aldrich) for 2 to 5 days
before being sectioned on a Leica cryostat. Coronal sections were collected
in 12 series for rats and 6 series for mice at a thickness of 40 um.

Immunohistochemistry. Free-floating sections were collected in PBS and
washed 3 times in PBS between each step in the immunohistochemical
protocol. For detection of the antigens with fluorescent antibodies, the
protocol was performed as follows: sections were left in blocking solution
(PBS supplemented with 1% goat serum and 0.1% Triton) for 1 hour at RT
and then incubated overnight at 4°C with primary antibodies diluted in
blocking solution. The following day, sections were incubated for 2 hours
at RT with appropriate Alexa 488 or Alexa 594 secondary antibodies sup-
plemented with Hoechst (Invitrogen) for nuclear staining. The free-float-
ing sections were finally mounted on slides before being coverslipped with
fluorescence mounting medium (Dako).

For peroxidase-based reactions, endogenous peroxidase activity was
quenched for 15 minutes with 3% H,O, before application of blocking
solution. Primary antibodies were applied as previously described. Biotiny-
lated secondary antibodies were applied for 1 hour at RT, followed by incu-
bation with the streptavidin-horseradish peroxidase complex (ABC Elite
kit, Vectastain; Vector Laboratories) for 1 hour. Sections were then exposed
to 0.5 mg/ml diamino-benzidine (Sigma-Aldrich), and precipitation of the
chromophore was catalyzed by the addition of 1% H,O,, followed by final
washing with PBS. Sections were mounted on slides as mentioned above.

The following primary antibodies and dilution factors were used: mouse
anti-tyrosine hydroxylase (1:200; Millipore), rabbit anti-tyrosine hydroxy-
lase (1:200; Immunological Sciences), chicken anti-GFP (1:1,000; Molecular
Probes), rabbit anti-VMAT?2 (1:200; Immunological Sciences), rabbit anti-
WGA (1:2,000; Sigma-Aldrich), rabbit anti-Homer1 (1:100; Synaptic Systems),
mouse anti-SYT1 (1:100; Synaptic Systems), rabbit anti-DsRed (1:500; Clon-
tech), rabbit anti-AADC (1:100; Novus), rat anti-DAT (1:100; Chemicon), and
rabbit anti-Ki67 (1:500; Immunological Sciences). For detection of functional
VMAT?2 on iDA neurons, the FFN511 probe was used as previously described
(40). For immunodetection of biocytin-filled neurons, Alexa Fluor 546-con-
jugated streptavidin (Invitrogen) was used at a dilution factor of 1:500.

Cell counting and stereological analysis. Cells were quantified with the assis-
tance of Stereo Investigator software, version 3.0 (MicroBrightField) and

—

a personal computer connected to a color video camera mounted on a
Leica microscope (56, 57). The motorized stage of the microscope allowed
precise and well-defined movements along the x-, y-, and z axes. Images
were first acquired with a CCD-IRIS color video camera, and the cerebral
hemispheres were interactively delineated at low magnification on a video
image of the section. The number of iDA neurons contained in each graft
was estimated through extrapolation of the total number of GFP* cells
detected by DAB immunohistochemistry that were counted in every third
tissue section at x40 magnification. To estimate the total number of GFP*
cells, the number of neurons counted on the sections was multiplied by 3.

Statistics. Data were analyzed using the 2-tailed Student’s t test or, in cases
of more than 2 experimental groups, by 1- or 2-way ANOVA followed by
the post-hoc Bonferroni’s multiple comparison test. Non-normally dis-
tributed data were analyzed by the corresponding nonparametric tests.
Statistical analysis was carried out using Sigmaplot 12.0 software (Systat
Software). Statistical significance was set at P < 0.05. Data are expressed
throughout as the means =+ SEM.

Study approval. All mouse experiments were conducted in accordance
with the guidelines established by the European Communities Council
(Directive 2010/63/EU of September 22, 2010) and were approved by the
local IACUC of the San Raffaele Scientific Institute (Milan, Italy).
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