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Cellular reprogramming is a new and rapidly emerging field in which
somatic cells can be turned into pluripotent stem cells or other
somatic cell types simply by the expressionof specific combinationsof
genes. By viral expression of neural fate determinants, it is possible to
directly reprogram mouse and human fibroblasts into functional
neurons, also known as induced neurons. The resulting cells are
nonproliferating and present an alternative to induced pluripotent
stem cells for obtaining patient- and disease-specific neurons to be
used for disease modeling and for development of cell therapy. In
addition, because the cells do not pass a stem cell intermediate, direct
neural conversion has the potential to be performed in vivo. In this
study, we show that transplanted human fibroblasts and human
astrocytes, which are engineered to express inducible forms of neural
reprogramming genes, convert into neurons when reprogramming
genes are activated after transplantation. Using a transgenic mouse
model to specifically direct expression of reprogramming genes to
parenchymal astrocytes residing in the striatum, we also show that
endogenous mouse astrocytes can be directly converted into neural
nuclei (NeuN)-expressing neurons in situ. Taken together, our data
provide proof of principle that direct neural conversion can take place
in the adult rodent brain when using transplanted human cells or
endogenous mouse cells as a starting cell for neural conversion.

The ability to reprogram somatic cells to pluripotent stem cells
or other somatic cell types by expressing key combinations of

genes has opened up new possibilities for disease modeling and
cell therapy (1, 2). Using this technique, it is possible to directly
reprogram mouse and human fibroblasts into functional neurons,
also known as induced neurons (iNs), using viral delivery of the
three neural conversion factors achaete-scute complex-like 1
(Ascl1), brain-2 (Brn2a), and myelin transcription factor-like 1
(Myt1l) (ABM) (3, 4). A growing number of studies now show
that by altering the combination of genes used for repro-
gramming, different subtypes of neurons are obtained (3, 5, 6).
Importantly, the resulting cells are nonproliferating, which
makes them an interesting alternative to induced pluripotent
stem cells as a source of patient-specific neurons for cell re-
placement therapy, once efficient grafting strategies for these
cells are developed.
The adult brain has a very limited inherent capacity for repair,

and new neurons are only formed in two discrete regions: the
subventricular zone of the lateral ventricles, which generates
neurons migrating to the olfactory bulb, and the hippocampus (7,
8). Experimental studies have shown that these endogenous pro-
genitors can also be recruited to generate new neurons in other
regions as well in response to injury (9–11). However, the number
of new neurons is very low, their migration is hard to control, and
the therapeutic implications are unclear. Several cell types residing
outside the neurogenic niche, such as parenchymal astrocytes and
pericytes, have been shown to form neurons in vitro (12–16).
However, parenchymal astrocytes do not form neurons in vivo,
which has been speculated to be at least partly because of the
nonpermissive environment of the adult brain parenchyma.
Direct neural conversion presents a new possible route for

generation of new neurons from parenchymal glia in the brain.
Although direct in vivo conversion has already been successful in

organs such as the pancreas and heart (17, 18), the method is yet
to be explored in the brain. In this study, we show that trans-
planted human embryonic fibroblasts (hEFs), human fetal lung
fibroblast (HFL1) cells, and human astrocytes expressing ABM
can overcome these nonneurogenic cues and be converted into
neurons while residing in the adult brain. The resulting neurons
are stably reprogrammed, survive, and mature in the adult brain
while not forming tumors or neural overgrowths. When adding
dopamine (DA) fate determinants to the reprogramming pro-
cedure, tyrosine hydroxylase (TH)-expressing neurons can be
obtained by in vivo conversion of transplanted cells. To establish
that this conversion can also take place when resident glia cells
are used as a substrate for neural conversion, we generated Cre-
inducible lentiviral vectors (LVs) that, when injected to the
striatum of transgenic mice expressing Cre from the GFAP
promoter, express the reprogramming genes specifically in resi-
dent striatal astrocytes. Using this system, we show that iNs can
also be generated from endogenous mouse astrocytes that are
reprogrammed by viral delivery in situ.

Results
In the first part of this study, we used doxycycline-regulated LVs
to deliver the neural conversion genes Ascl1, Brn2a, and Myt1l.
These vectors efficiently convert human fibroblasts into functional
neurons in the presence of doxycycline in vitro (3, 19) Thus, we can
control initiation of conversion by regulating transgene expression
via addition of doxycycline in the culture medium in vitro (Fig. S1
A and B). Similarly, it should be possible to initiate the conversion
process via administration of doxycycline in the drinking water to
activate expression of the neural conversion genes in vivo.
To explore the feasibility of performing the neural conversion in

vivo, GFP-labeled HFL1 cells (Fig. S1C) were transduced with
neural conversion factors but never exposed to doxycycline in
culture medium; that is, the conversion genes were never activated
in vitro. The transduced cells were subsequently grafted as fibro-
blasts to the striatum and hippocampus of adult rats. Once fibro-
blasts were located in the brain parenchyma, the neural conversion
process was initiated by administration of doxycycline in the
drinking water. In one group, recipient animals were pretreated
with doxycycline for 1 wk before grafting (n = 5), such that con-
version was initiated once cells were placed in brain parenchyma,
and in the second group, doxycycline was given 1 wk after grafting,
such that initiation of conversion occurred 1–2 wk after grafting
(n = 5). Two control groups were included: one group of animals
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was grafted with ABM-transduced cells but never treated with
doxycycline (n = 6), and one group of animals was grafted with
GFP-only labeled cells onto doxycycline-treated hosts (n = 6).
When analyzed after 4 wk in vivo, GFP-positive cells coex-

pressing human-specific neural cell adhesion molecule (hNCAM)
could be detected in the animals exposed to doxycycline (Fig. 1 A,
C, and E), which is indicative of successful fibroblast-to-neuron
conversion. Such hNCAM-expressing cells were not present in
the control (doxycycline-naive) animals transplanted with GFP-
labeled, ABM-transduced fibroblasts but were found where the
conversion genes were never activated in vivo (Fig. 1B), although
the same cell preparation converted into iNs when parallel cultures
were plated in doxycycline-containing culturemedium in vitro (Fig.
S1D). In addition, hNCAM-positive neurons were never detected
in the control animals in which GFP-only transduced fibroblasts
were grafted into doxycycline-treated hosts (Fig. S1E; n = 5).
Animals in both experimental groups exposed to doxycycline

(at the time of transplantation and 1 wk later) contained iNs in
both striatum and hippocampus, as detected by immunolabeling
for GFP combined with hNCAM and doublecortin (DCX) (Fig. 1
C–F). Quantifications based on hNCAM expression showed no
major difference in cell number between cells converted in stria-
tum or in hippocampus (Fig. 1F), although there were subtle dif-
ferences in morphology of converted cells between the two regions
(Fig. 1 G and H).
To test the robustness of in vivo neuronal reprogramming and to

confirm cell survival and phenotypic stability, we transplanted
doxycycline-pretreated animals with either hEFs or HFL1 cells
that had been transduced with reprogramming genes (not acti-
vated) into the adult rat striatum. When analyzed 6 wk after
initiation of conversion, both fibroblast types had efficiently
converted into neurons, as detected by hNCAM immunolabeling
(Fig. 2 A, A′, B, and B′). In animals analyzed 12 wk after initiation
of conversion (the last 6 wk without doxycycline administration),

converted iN cells could still be observed (Fig. 2C and C′). At this
time, the number of iNs was lower (Fig. 2D), but the neuronal
morphology and extended processes were much more elaborate
(compare Fig. 2C′with A′ andB′). A decrease in neurons between
6 and 12 wk could suggest that the iN phenotype is not stable once
doxycycline is removed. However, in a parallel set of experiments,
we grafted immunodeficient rats with transduced fibroblasts. In
this experiment, doxycycline was administered for the first 6 wk and
then removed for duration of experiment. When the animals were
killed after 25 wk, iNs could still be detected (Fig. 2E), confirming
the long-term stability of the neuronal phenotype in the absence of
sustained exogenous gene expression.
Quantifications of the in vivo reprogramming process show that

the efficiency is similar to parallel cultures converted in vitro (Fig.
2F). When quantifying the neuronal purity (number of converted
cells divided by total cell number), it was found to be similar in
vivo and in vitro (Fig. 2F). The conversion efficiency (number of
neurons related to number of fibroblasts grafted) ranged from
0.4% to 5.9% (n= 10; 2 independent experiments), which is in the
range of previously published in vitro conversion efficiencies of
human fibroblasts (3, 5, 20).
We and others have previously shown that dopaminergic iN

cells (DA-iN) can be generated from human fibroblasts when
neural conversion genes are combined with DA fate determinants
such as FoxA2, Lmx1a, Lmx1b, Otx2, Ngn2, Pax2, Pax5, Nurr1,
En1, and Gli1 or combinations thereof (3, 5). By performing
a series of systematic screens, we found that none of these genes
were essential for DA-iN conversion, as reducing a single factor at
a time from the pool did not result in loss of TH expression (Fig.
3A). When adding a single factor at a time to our previously
identified minimal combination of Lmx1a and FoxA2 (3), two
additional genes, Otx2 and Lmx1b, were found to increase DA-iN
conversion of hEFs (Fig. 3B). These genes, when combined with
Lmx1a and FoxA2, yielded a higher conversion of dopaminergic

Fig. 1. Direct neural conversion from human fibroblasts takes place in vivo. (A) Induced neurons obtained from in vivo reprogramming of grafted GFP-
labeled HFL1 cells express hNCAM (red). (Scale bars: 75 μm.) (B) Control grafts where reprogramming genes have not been activated are negative for hNCAM.
(Scale bars: 75 μm.) (C–E) In vivo reprogrammed iN cells detected by GFP coexpress hNCAM (red) cells and DCX (red) in striatum and hippocampus. (Scale bars:
25 μm.) (F) Quantifications of hNCAM-positive cells where doxycycline administered in rats before transplant (Dox d0; n = 3) and 1 wk after transplantation
(Dox d7; n = 3) into the striatum (G; white) and hippocampus (H; gray). (Scale bars: 50 μm.) Hpc, hippocampus; Str, striatum.
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human iN cells (hiN-DA) than previously reported combinations.
(Fig. 3 B and C and Fig. S2A and refs. 3 and 5). Thus, we trans-
duced both hEFs and HFL1 cells with neural reprogramming
genes and the 4-factor DA determinant combination and trans-
planted the cells into rats prelesioned with 6-hydroxydopamine (6-
OHDA) unilaterally to remove the host DA system. When ana-
lyzed after 6 wk, hNCAM-positive fibers innervated the host
striatum, with processes extending a distance from the graft core
comparable to the distance we observe for grafted human fetal
cells and for human embryonic stem cells analyzed at the same
time (Fig. 3 D–F). Despite a similar degree of morphological
maturation at a time in which a substantial fraction of both grafted
fetal cells and human embryonic stem cells express TH (21), few of
the hiN cells obtained via conversion in vivo expressed TH at
this stage (Fig. 3G). The TH-expressing cells observed appeared
morphologically immature, with a small soma and short, stunted
processes (Fig. 3G′). A subgroup of animals grafted with hEFs
were kept for 12 wk (n= 6).When analyzing these animals, we did
not detect an increase in the number of TH-expressing cells (Fig.
3H), but the TH-positive cells had a more mature morphology
with longer, more elaborate processes (Fig. 3H′).

The ability to convert nonneuronal cells into subtype-specific
neurons directly in the diseased brain opens up novel strategies for
brain repair using resident brain cells as starting material for
conversion. One cell type that could be a potential target for in
vivo conversion of endogenous cells in the brain is astrocytes. To
test the feasibility of astrocyte-to-neuron conversion taking place
in vivo, we obtained human cortical astrocytes (Inoprot Inc.). At
the time of grafting, the astrocytes express GFAP and brain lipid
binding protein (BLBP) (Fig. S2 B and C), but not hNCAM, βIII-
tubulin, or sex determining region Y box 2 (Sox2), markers of
neurons or neural progenitors, respectively (Fig. S2 D–F). Fol-
lowing the same protocol as for fibroblast conversion, the astro-
cytes were transduced with reprogramming genes in vitro but were
never exposed to doxycycline while in culture. Once transplanted,
the reprogramming genes were activated via doxycycline delivered
in the drinking water. When analyzed 6 wk after activation of
reprogramming genes in vivo, the grafted human astrocytes could
be detected by immunostaining, using a human-specific GFAP
antibody (Fig. 3I). Some cells that had converted into iNs ex-
pressing hNCAM in vivo could be detected (Fig. 3J), providing
additional proof of principle that in vivo neural conversion of
human somatic cells is possible.
To establish the feasibility of in vivo conversion from resident

glia cells, we developed a set of Cre-inducible LVs that contain
a reporter (GFP) and reprogramming genes (ABM) (22). With
these vectors (Fig. 4A), transgene expression is activated only in
cells in which Cre recombinase is present (Fig. 1A and Fig. S3A).
Stereotaxic injections of the Cre-inducible GFP-LVs into the
striatum ofGFAP-Cre heterozygous mice resulted in expression of
GFP (Fig. S3B) in the injection area, whereas no GFP was
expressed when vectors were injected into wild-type littermates
(Fig. S3B), establishing a tight Cre-dependent control of gene ex-
pression in vivo. In the adult striatal parenchyma, GFAP is
expressed by resident astrocytes; in accordance with this, GFP
expression was found to be localized to cells with glial mor-
phology and coexpressing Cre and GFAP (Fig. 4 B and C and
representative diaminobenzidine (DAB) images in Fig. 4D, Left).
Therefore, our experimental set-up allows us to specifically target
parenchymal glia in the adult mouse striatum. We did, however,
observe very few cells (<5/animal) with neuronal morphology in
2 mice throughout the time course of the experiments (Fig. 4F),
which is most likely explained by Cre expression in nonglial cells
at extremely low frequency in these mice.
In the next set of experiments, we injected the GFAP-Cre mice

with two different combinations of genes, GFP and ABM (n = 12),
known to convert mouse fibroblasts and hepatocytes into neurons
(4, 23), and with GFP only (n = 12) as control. Assessment of the
viral transduction efficiency 6 wk after injection showed no dif-
ference in transduction volume or number of transduced cells per
animal between the 2 groups (Fig. 4F) but revealed the appear-
ance ofGFP-expressing cells with neuronalmorphology in animals
injected with ABM (Fig. 4D andE). Quantification of the number
of neurons formed after injection of GFP or GFP plus ABM
showed that a significant number of reprogrammed neurons could
be detected in the ABM-transduced but not the GFP-transduced
animals: 117.4± 30.6 for ABMcompared with 6.6± 3.3 for control
(P < 0.01; n = 5 for each group). To confirm neuronal identity of
the GFP-expressing cells with neuron-like morphology, we cola-
beled cells with GFP and the neuronal marker NeuN. When an-
alyzing these stainings, we detected an overlap of GFP and NeuN
in animals killed 6 wk after injection (Fig. 4G), which was con-
firmed by confocal microscopy (Fig. 4H).

Discussion
The neural conversion genes ABM have previously been shown to
convert mouse fibroblasts and hepatocytes, as well as human
fibroblasts, into functional neurons in vitro (3, 5, 19, 23). In this
study, we show that mouse and human somatic cells can be

Fig. 2. Long-term survival and stability of iN cells generated from trans-
planted fibroblasts via conversion in vivo. hNCAM-positive cells in rats trans-
planted with (A and A′) hFL-1 and (B and B′) hEF 6 wk after in vivo conversion,
and (C and C′) hEFs with more mature morphology 12 wk after initiation of
conversion in vivo. (D) Quantifications of hNCAM-positive cells 6wk (n= 6) and
12 wk (n = 5) after conversion. (E) hNCAM-positive cell 25 wk after trans-
plantation where doxycycline was removed after 4 wk. (F) Quantification of
the neuronal purity and conversion efficiency of direct neural conversion in
vitro and in vivo. (Scale bar: 250 μm for A–C and 50 μm for A′–C′, and E.)
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converted into neurons in vivo, using the same combination of
genes. The human fibroblasts and human astrocytes used in this
study were transduced in vitro, but the reprogramming genes were
not activated until after the cells were residing in the adult brain
parenchyma. We know from this and previous studies that the
transduction with the reprogramming genes does not result in iN
conversion in the absence of doxycycline (3). Thus, the complete
fibroblast-to-neuron and astrocyte-to-neuron conversion process
takes place in the brain parenchyma, which provides important
proof of principle that direct neural conversion in vivo is possible.
We next investigated the ability to reprogram endogenous brain
cells by directing expression of the neural conversion genes to pa-
renchymal astrocytes in the striatum, using stereotaxic injections of
Cre-regulated LVs into GFAP-Cre mice. We could show that
combinatorial expression of ABM also is sufficient to convert res-
ident GFAP-expressing glia into NeuN-expressing neurons in situ.
Parkinson disease is one of the degenerative brain diseases in

which cell replacement via transplantation has been shown to be
effective in animal studies as well as in some patients (24, 25).
Therefore, the midbrain DA neurons (i.e., the type of neuron that
degenerates in Parkinson disease) are of particular interest from
a therapeutic perspective, as well as when envisioning future re-
placement strategies based on in vivo conversion. We have pre-
viously identified two genes (Lmx1a and FoxA2) that, when

expressed in combination with the neural conversion genes in
human fibroblasts, result in formation of DA-iN cells (3). Another
group identified the combination of Ascl1, Lmx1a, and Nurr1,
which also results in the conversion of human fibroblasts into DA
neurons (5). In this study, we performed a series of systematic
screens and defined an optimized combination of factors (Lmx1a,
FoxA2, Lmx1b, and Otx2) that significantly increase the DA
conversion of human fibroblasts in vitro compared with previously
published gene combinations (3, 5). By adding this optimized
combination of DA fate determinants to the fibroblasts in vitro,
TH-positive, putative DA neurons could be generated when con-
verting the transplanted fibroblasts in vivo. Although the fre-
quency of TH-expressing neurons was low in these experiments,
which is to be expected given that each of the seven genes is de-
livered using separate viral vectors, the finding provides important
proof of principle that subtype-specific neurons can be generated
when transplanted fibroblasts are converted in vivo.
Taken together, our data provide the first evidence that neural

conversion can take place in vivo, similar to what has already been
shown for other organ systems (17, 18). The ability to convert
resident mouse astrocytes into neurons in vivo points toward the
feasibility of using direct conversion of endogenous cells in the
brain for future brain repair strategies. In further support of this
approach, transplanted human cells were also shown to convert

Fig. 3. Dopaminergic fate determinants, innervation, and in vivo conversion of human astrocytes. (A) Subtractive screen for DA determinants in which
a single factor was removed at a time and (B) the additive screen, where DA fate determinants were added to the previously identified minimal combination
Lmx1a and FoxA2 one at a time or in combinations of two. (C) Quantifications of DA-iNs obtained using the combination ABM+Lmx1a/b, Foxa2, and Otx2
(white) (n = 3) compared with ABM+Lmx1a and Foxa2 (gray) (n = 9) and A+Lmx1a and Nurr1 (black) (n = 3). Y-axis shows the mean number of neurons per
random field (A–C). ***P < 0.0003; one-way ANOVA, Bonferroni post hoc test. Innervation of the striatum comparing (D) human fetal cells, (E) human
embryonic stem cell–derived neurons, and (F) human DA-iN cells 6 wk after transplantation/initiation of conversion. Distance between dotted lines, 200 μm.
(Scale bar: 250 μm.) Dotted lines mark zones in host striatum at 200 μm from graft TH-positive cells 6 wk (G and G′) and 12 wk (H and H′) after transplantation.
(I) Grafted human astrocytes expressing a human-specific GFAP antibody and (J) hNCAM-positive cells converted from transplanted human astrocytes in vivo
by administration of doxycycline in the drinking water. (Scale bar: 100 μm for G, H, and I; 50 μm for G′ and H′; and 25 μm for J.)
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into neurons in vivo when the neural conversion genes were
activated once the cells were residing in the brain parenchyma. To
reach clinical application, however, it is important to design glia-
targeted in vivo gene delivery systems that are nonintegrating and
in which the expression of reprogramming genes can be turned off.
It is also necessary to determine optimal gene combinations that
result in a high number of subtype-specific neurons that integrate
into neuronal circuitry and restore lost function.

Experimental Procedures
Tissue Sources and Cell Preparations. hEFs were obtained as previously de-
scribed (3), HFL1 (ATCC-CCL-153) cells were obtained from the American Type

Culture Collection, and human astrocytes (P10251) were obtained from Inno-
prot. For GFP labeling, HFL1 cells were plated at a density of 50,000 cells/cm2

in 10-cm2 culture Petri dishes (Nunc), transduced with a GFP lentivirus, and
expanded until confluent. Cells were then split and replated in T75 bottles at
a density of 5,000 cells/cm2, incubated at 37°C in 5% (vol/vol) CO2 until con-
fluent, and then frozen. Cells were then thawed, plated in DMEM (Gibco)
with 10% (vol/vol) fetal bovine serum and 1% Penstrep (vol/vol) (all from Sigma)
and FACS analyzed for GFP expression, using an Accuri c6 flow cytometer (BD
Biosciences).

Before transplantations, human fibroblasts were plated in MEF medium at
a density of 50,000 cells/cm2 in 10-cm2 tissue culture dishes coated with 0.1%
gelatin and human astrocytes in astrocyte medium at a density of 50,000 cells/
cm2 in 10-cm 2 tissue culture dishes coated with 1% poly-L-lysine (Sigma).

Fig. 4. Neural conversion of striatal astrocytes in situ. (A) Schematic of Cre-inducible lentiviral vectors used for conversion of endogenous astrocytes. The
cDNA for GFP, Ascl1, Brn2, and Myt1l was cloned in the reverse orientation between two pairs of heterotypic, antiparallel loxP-sequences. This vector design
results in “flipping” and activation of the transgene exclusively in Cre-expressing cells. (B and C) Immunostaining for GFAP/CRE/GFP and GFAP/GFP/NeuN after
injection into GFAP-Cre mice confirms vector targeting astrocytes specifically. (D and E) GFP-expressing cells with neuronal morphology could be detected in
animals injected with GFP and ABM 2 wk and 6 wk (D′ and E′) after injection, but not in control animals injected with GFP only. (F) Quantification of in vivo
viral transduction efficiency and in vivo neural conversion. White bars are the control group transduced with GFP (n = 5), and black bars are the experimental
group transduced with GFP and ABM (n = 5). ** P < 0.01, GFP+ABM group significantly different compared with GFP only. (G and H) GFP and NeuN stainings
confirming neuronal identity of iNs generated via in vivo conversion.

7042 | www.pnas.org/cgi/doi/10.1073/pnas.1303829110 Torper et al.

www.pnas.org/cgi/doi/10.1073/pnas.1303829110


Viral Vectors and Neural Conversion. Doxycycline-regulated LVs expressing
mouse cDNAs for ABM have been described elsewhere (4). The doxycycline-
regulated system (TET-ON) includes a separate lentiviral vector expressing a
TET-ON transactivator (FUW.rtTA-SM2, Addgene) that was always cotrans-
duced in the conversion experiments. LVs expressing mouse ORFs for DA
determinants (En1, Foxa2, Gli1, Lmx1a, Lmx1b, Msx1, Nurr1, Otx2, Pax2, Pax5,
and Ngn2) were generated as previously described. Cre-inducible lentiviral
vectors were generated by inserting the cDNA for GFP, Ascl1, Brn2, and Myt1l
in the reverse orientation between two pairs of heterotypic, antiparallel loxP-
sequences (22). This vector design results in “flipping” and activation of the
transgene exclusively in Cre-expressing cells. Third-generation LVs were pro-
duced as previously described and titrated by quantitative PCR analysis (3). The
titers of the vectors used in this study were in the range of 1 × 108 to 2 × 109

transduction units (TU)/mL A multiplicity of infection (MOI) of 5 was used for
LVs ABM, a MOI of 10 for the transactivator on hEF and HFL1 cells, and a MOI
of 5 for LVs of DA determinants for in vivo studies.

Neural conversion was initiated by transduction of ABM and Fuw, as
previously described (3), but the reprogramming process were activated with
doxycycline in vivo at times described earlier.

Animal Surgery and Lesions. Adult female Sprague-Dawley rats (225–250 g,
Charles River) and athymic nude rats (10 wk old, Charles River) were housed in
a 12-h light/dark cycle with ad libitum access to food and water. Rats were
administered doxycycline (1 mg/mL, Saveen & Werner) through the drinking
water. All experimental procedures were conducted following the guidelines
put in place by the Ethical Committee for the Use of Laboratory Animals at
Lund University. Surgical procedures were conducted under general anesthe-
sia, using a 20:1 fentanyl andmedetomidine solution injected intraperitoneally
(Apoteksbolaget).
Transplantation. Cells were transplanted into the striatum or hippocampus,
using a microtransplantation approach as described in ref. 26. For HFL1 cells
and hEFs 2 × 1–2 deposits of 100,000–150,000 cells/μL (total, 200,000–400,000
cells) were transplanted, and for astrocytes, 50,000 cells/μL (total, 100,000
cells). Immunosuppressive treatmentwas given to the Sprague-Dawley rats for
the duration of the experiment in the form of daily i.p. injections of ciclosporin
(10 mg/kg) starting 1 d before transplantation.
Lesions. In some rats, a 6-OHDA lesionof theascendingmedial forebrainbundle
wasperformedusing thesameanestheticproceduresdetailedearlier.A totalof
14 μg freebase 6-OHDA was injected into the right hemisphere at the fol-
lowing coordinates in relation to bregma: −4.4 anterior/posterior (A/P), −1.2
medial/lateral (M/L), −7.8 dorsal/ventral (D/V), tooth bar, −2.4.
Vector injections. GFAP-Cre mice (B6.Cg-Tg(Gfap-cre)77.6Mvs/J from Jackson
mice) were used for the injection of Cre-inducible LVs. One microliter of LV
was injected into the striatum at the following coordinates: A/P = +0.5, M/L =
−2.1, D/V = −2.7, tooth bar = flat. For the GFP+ABM group, the 4 viruses
were mixed at a similar ratio based on their functional titer. For GFP-only

control injections, the vector was diluted in PBS to match the concentration
of GFP vector in the GABM mix.

Immunostaining and Imaging. Animals and cellswere processed for histology as
previously described (3, 27). For a complete list of antibodies anddilutions used
in this study, see Table S1. All fluorescent images were captured using a Leica
inverted microscope (Leica DFC360 FX + DMI 6000B) or a Leica DMRE confocal
microscope equipped with green helium/neon, standard helium/neon, and
argon lasers.

Quantifications and Statistical Analysis. For in vitro experiments, the total
number ofDAPI, βIII, andmicrotubuli associatedprotein-2 (MAP2)-positive cells
was counted in 50 randomly selected 10× fields (spiral fashion, from center to
outside), using the Cellomics array scan (Array Scan VTI, Thermo Fischer; target
activation program). For the screen of DA determinants, hEFs (Passage 3-5)
were converted as described previously (3), while simultaneously overex-
pressing combinations of LVs expressing mouse ORFs for DA determinants
(reductive screen: MOI, 2–3; additive screen: MOI, 5), and analyzed based on
their phenotype 15d after transgene activation. For comparing different pools
of DA determinants, a one-way ANOVAwas performed. The neuronal purity is
reported as total number of cells expressing βIII-tubulin andMAP2 out of DAPI-
positive nuclei. The total number of TH neurons was obtained by manually
counting all TH andMAP2 double-positive cells with a neuronalmorphology in
a Leica DM6000 inverted fluorescent microscope. All pooled data are pre-
sented as mean ± SEM.

In Vivo Quantifications. The total number of surviving human cells [human
nuclei (HuNu)+] or human neurons (hNCAM+) were estimated in a series of
every eighth coronal section of each animal. Cells were counted under a 20×
objective, using a bright-fieldmicroscope. Neuronal purity was estimated from
the number of hNCAM+ cells as a percentage of the HuNu+ population. Con-
version efficiency was calculated as the percentage of hNCAM+ neurons out of
the predicted survival of transplanted fibroblasts, corrected using a survival
factor of 5% of total grafted cells surviving posttransplantation. Viral trans-
duction efficiency was quantified by counting the number of GFP-labeled cells
in striatum, and neural conversion was quantified by counting the number of
GFP-labeled cells with neuronal morphology. All quantifications were per-
formed in blind.
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