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The therapeutic effect of in vivo direct reprogramming on ischemic stroke has not been evaluated. In
the present study, a retroviral solution (1.5–2.0 × 107 /ul) of mock pMX-GFP (n = 13) or pMX-Ascl1/
Sox2/NeuroD1 (ASN) (n = 14) was directly injected into the ipsilateral striatum and cortex 3 days after
30 min of transient cerebral ischemia. The reprogrammed cells first expressed neuronal progenitor
marker Dcx 7 and 21 days after viral injection, then expressed mature neuronal marker NeuN. This was
accompanied by morphological changes, including long processes and synapse-like structures, 49 days
after viral injection. Meanwhile, therapeutic improvement was not detected both in clinical scores or
infarct volume. The present study provides a future novel self-repair strategy for ischemic stroke with
beneficial modifications of the inducer-suppressor balance.
Stroke is the world’s leading cause of adult disabilities. Although neuroprotective therapy1, thrombolytic therapy
and endovascular intervention have been conducted in the acute phase of a stroke, a large number of stroke survivors are still suffering from this disability2,3. Therefore, regenerative therapy that reconstructs a neuronal network
in the chronic phase of a stroke has been highlighted as a second generation therapy for strokes4,5. Induced pluripotent stem cells (iPSc) are considered to be a promising resource for this type of regenerative medicine because
of their infinite self-renewal ability as well as unlimited potential to differentiate into any kind of cell6. However,
the potential risks of tumorigenicity have raised safety concerns for post-stroke patients7,8.
Induced neuronal cells (iNc) are induced from somatic cells by the overexpression of neuron-specific transcriptional factors such as Ascl1, Sox2, or NeuroD1 without requiring a change in iPSc fate, and have little tumorigenic potential9–12. The discovery of iNc allowed an endogenous glial linage to be directly converted into neuronal
cells in vivo13–15. However, the therapeutic effect of in vivo direct reprogramming against stroke has not yet been
assessed. In the current study, therefore, we investigated the possibility of in vivo direct reprogramming in stroke
and its therapeutic effect in post-stroke mice.

Results

As the first pilot study, GFP-positive cells were located mainly in the ipsilateral cerebral cortex and lateral striatum. The number of GFP-positive cells was significantly larger in the mice brain that received a viral injection 3
days after tMCAO than in other groups (3 d, 96.2 ± 8.9; 7 d, 29.3 ± 19.1; 14 d, 4.0 ± 0.4; cell number/0.12 mm2,
*p < 0.05 vs 7 d, #p < 0.05 vs 14 d, Fig. 1a–c). Thus, the appropriate time point for viral injection was set at 3 days
after tMCAO in the following experiment.
The second pilot study (Fig. 2a) showed that 41.9% of GFP-positive cells expressed microglial marker Iba1
(78 cells/186 GFP-positive cells of a total of nine brain sections from three mice), 40.5% astrocytic marker GFAP
(90 cells/221 GFP-positive cells, arrows), and 14.5% oligoprogenitor marker PDGFRα (60 cells/414 GFP-positive
cells, arrows) 48 h after viral injection. On the other hand, 3.1% of GFP-positive cells showed no double-positive
staining for oligodendrocyte marker GST-π (0/588 GFP-positive cells), neural stem marker nestin (0/241
GFP-positive cells), or neuronal markers such as Dcx (0/423 GFP-positive cells), Tuj1 (0/597 GFP-positive cells),
and NeuN (0/397 GFP-positive cells). Thus, cell types infected by the retroviral vector were predominantly microglia, astroglia and oligoprogenitor cells, but the remainder were single-positive for GFP 48 h after viral injection
(Fig. 2b).
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Figure 1. (a) Time point-dependent efficacy of viral infection at 3, 7, and 14 d of injection after tMCAO
(arrows; site of injection). (b) High-power confocal images of the infected area indicated by the boxed areas in
A. Some Hoechst 33258-positive cells (blue) expressed detectable GFP (green). (c) Number of GFP-positive
cells in a post-stroke brain section. Values are means ± S.D. *p < 0.05 vs Day 7, #p < 0.05 vs Day 14. Scale bar in
(a) 200 μm, and in (b) 50 μm.

As the legitimate experiment, there were no GFP/Dcx double-positive cells in the mock pMX-GFP group 7 days
after viral injection (10 days after tMCAO) (0/214 GFP-positive cells of 9 brain slices from three mice, Fig. 3b). However,
GFP/Dcx double-positive cells were detected in both the ipsilateral cerebral cortex (Fig. 3c) and striatum (Fig. 3d) of
the pMX-ASN group (64/294 GFP-positive cells of 9 brain slices from three mice), and were morphologically similar to
neuronal progenitor cells migrating in the rostral migratory stream (Fig. 3c,d, arrows). GFP/NeuN double-positive cells
had not yet been detected at this time point (0/196 GFP-positive cells of 9 brain slices from three mice).
At 21 days after viral injection (24 days after tMCAO), GFP/Dcx double-positive cells were found exclusively in the
ipsilateral striatum of the pMX-ASN group (27 cells/141 GFP-positive cells of 12 brain slices from four mice, Fig. 4b),
and no GFP/NeuN double-positive cells were found (0/201 GFP-positive cells of 12 brain slices from four mice, Fig. 4b
right panel). At 49 days after viral injection (52 days after tMCAO), GFP/Dcx double-positive cells disappeared (0/441
GFP-positive cells of 21 brain slices from seven mice, Fig. 4c), but GFP-positive cells co-expressing mature neuronal
marker NeuN were finally detected. These cells displayed elongated processes with synapse-like structures (18/232
GFP-positive cells of 21 brain slices from seven mice, Fig. 4c right two panels, arrows and arrowheads).
Figure 5A,B show an infarct volume at 52 days after tMCAO with no significant difference between the mock
pMX-GFP and pMX-ASN groups (pMX-GFP group, 14.8 ± 9.0 mm3; pMX-ASN group, 16.2 ± 8.8 mm3). In addition, there were no significant differences in body weight, Bederson’s score and the corner test between the two
experimental groups (Fig. 5C).

Discussion

The present study is the first report to show in vivo direct reprogramming of a stroke animal model. In vivo
enforcement of transcriptional factors (Ascl1, Sox2 and NeuroD1) successfully induced ectopic neuronal cells
in the ipsilateral cerebral cortex and lateral striatum of the post-stroke mice brain. The directly reprogrammed
neuronal cells first expressed neuronal progenitor marker Dcx 7 and 21 days after viral injection, then expressed
mature neuronal marker NeuN, processes that were accompanied by morphological changes such as long processes and synapse-like structures 49 days after viral injection (Figs 3 and 4).
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Figure 2. (a) Double immunofluorescent analysis of retroviral vector (GFP) plus Iba1, GFAP, PDGFRα, GST-π,
Nestin, Tuj1 and NeuN at 48 h after viral injection (arrows: double-positive cells; 4 small panels: a representative
double-positive cell). Scale bar, 50 μm. (b) Cell types infected by the retroviral vector.

In the present study, a retroviral delivery system was selected for in vivo direct reprogramming because retroviruses only infect dividing cells such as microglia, astroglia, or some progenitor cells16. The cell types infected
by the retroviral vector were not neuronal cells or mature oligodendrocytes, but were microglia (41.9% of
GFP-positive cells), astroglia (40.5%) and oligoprogenitor cells (14.5%), suggesting, as one possibility, that the
origin of induced neuronal cells is from microglia, astroglia, and/or oligoprogenitor cells (Fig. 2), a similar conclusion drawn in previous reports9,13,15. However, another possibility is that undetected endogenous stem cells or
other cell types might also take part in ectopic direct reprogramming to neurons, because 3.1% of infected cells
types were unknown 48 h after viral injection (Fig. 2b).
Despite the success of ectopic neurogenesis, the present direct reprogramming methods did not therapeutically improve stroke animals, in terms of clinical scores and infarct volume (Fig. 5). This may be due to an insufficient number of induced neuronal cells that could contribute to the functional recovery of post-stroke injury.
Enforced master transcriptional factors such as Ascl1, Sox2 and NeuroD1 worked as inducers to convert somatic
cells into neuronal cells12,13,17. In contrast, multiple hurdles such as the p53-p21 pathway, CAF-1 complex, RE-1
transcription repressor complex (REST) and excessive oxidative stress served as suppressors to stabilize cell fate
and prevent the reprogramming of somatic cells18–21. Data from these previous studies suggests that cell fate may
finally be determined in vivo depending on the balance between inducers and suppressors.
Taken together, the present study successfully achieved, for the first time, in vivo direct reprogramming by
enforced transcriptional factors (Ascl1, Sox2 and NeuroD1) in the post-stroke mouse brain. It is anticipated that
the findings of induced neuronal cells described herein will be of fundamental importance to studying molecular
mechanisms in order to modulate cell fate in the injured brain and for developing novel neuronal repair strategies.

Materials and Methods

Animals and experimental groups. The data that support the findings of this study are available from
the corresponding author upon reasonable request. All animal experiments were approved by the Institutional
Animal Care and Use Committee of Okayama University (OKU-2017245), and performed in accordance with the
guidelines of Okayama University on animal experiments. Adult male ICR mice (33–36 g, 8 weeks old) were used
in this study. As the first pilot study to determine the appropriate time point of viral injection to the post-stroke
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Figure 3. (a) Experimental schedule, and double immunofluorescent analysis of (b) no double-positive cells
in the mock pMX-GFP group, and double-positive cells in (c) the cerebral cortex and (d) the striatum. Highpower confocal image of GFP/Dcx double-positive cells exhibiting morphology typical of migrating neuroblasts
(arrowheads). The boxed area in (c,d) indicates the field shown in each right panel. Scale bar in (b) 200 μm, and
in (c,d) 50 μm.
brain, mice received an intracerebral injection of pMX-green fluorescence protein (GFP) 3, 7 or 14 days after
30 min of transient middle cerebral artery occlusion (tMCAO). Mice were sacrificed 7 days after each viral injection (n = 3 for each, Fig. 1). For the second pilot study to determine the original cell types infected by a retrovirus, mice received pMX-GFP injection 3 days after tMCAO, and were sacrificed 48 h after the viral injection
(n = 3, Fig. 2). As a legitimate experiment to evaluate the therapeutic effect of this treatment, two mice groups
received either mock pMX-GFP (n = 13) or in vivo direct reprogramming pMX-Ascl1/Sox2/NeuroD1 (ASN)
(n = 14). In both cases, mice received a viral injection 3 days after tMCAO. To evaluate the expression of 3 genes
in the post-ischemic brain, we performed double immunofluorescent analysis of retroviral vector (GFP) plus
Ascl1, Sox2 and NeuroD1 at 7 days after viral injection (10 days after tMCAO), and confirmed that the subpopulation of GFP-positive cells expressed Ascl1, Sox2 and NeuroD1, respectively (40.8%, 16.7% and 10.2%) (See
Supplementary Fig. S1). These mice were sacrificed 7, 21 and 49 days after the viral injection (pMX-GFP group;
n = 3, 3, 7, pMX-ASN group; n = 3, 4, 7, respectively, see Figs 3, 4 and 5).

Focal cerebral ischemia. During surgery, mice were anesthetized with a mixture of nitrous oxide, oxygen and isoflurane (69/30/1%). tMCAO was induced by the intraluminal filament technique22. In brief, the
right carotid bifurcation was exposed, and the external carotid artery was coagulated distal to the bifurcation.
A silicone-coated 8-0 filament was then inserted through the stump of the external cerebral artery and gently
advanced (9.0–10.0 mm) to occlude the middle cerebral artery. After 30 min of occlusion, the filament was gently
withdrawn, and the incision was closed.

Scientific Reports |

(2019) 9:10956 | https://doi.org/10.1038/s41598-019-47482-0

4

www.nature.com/scientificreports/

www.nature.com/scientificreports

Figure 4. (a) Experimental schedule, and double immunofluorescent analysis in the ipsilateral striatum of
the pMX-ASN group for GFP/Dcx or GFP/NeuN at 24 d (b) and 52 d (c) after tMCAO. High-power images
of GFP/Dcx double-positive cells (arrows in b). Some GFP/NeuN double-positive cells (arrows in c) showing
synapse-like structures (arrowheads). The boxed area in (b,c) indicates the field shown in each right panel. (d)
Percentage of neuronal conversion in GFP-positive cells 5 d, 10 d, 24 d and 52 d after tMCAO.

Plasmid construction and retroviral production.

cDNA of the three reprogramming factors (Ascl1,
Sox2 and NeuroD1) were obtained from Addgene (MA, U.S.A.). To construct each pMX-reprogramming
factor-IRES-GFP vector, the coding regions of Ascl1, Sox2 and NeuroD1 were amplified by PCR and inserted
between EcoR1 and XhoI sites of the respective pMX-MCS-IRES-GFP vector23. These plasmids were transfected
into Plat-E cells (Invitrogen, CA, U.S.A.) using Fugene HD (Promega, WI, U.S.A). At 48 h after transfection, the
fresh retrovirus-containing supernatants were collected, filtered through 0.45-μm pore membranes, and concentrated by centrifugation (1,500 g for 30 min) with PEG-it virus precipitation solution (SBI, CA, U.S.A.) to increase
the MOI.

Stereotaxic injection of retrovirus. Three separate viruses including pMX-Ascl1-IRES-GFP,
pMX-Sox2-IRES-GFP and pMX-NeuroD1-IRES-GFP were co-injected. These are referred to as pMX-Ascl1/
Sox2/NeuroD1 (ASN) throughout this manuscript. Under the above-mentioned inhalation anesthesia, a total of
2 μl of the retroviral solution mixture (1.5–2.0 × 107/μl) was stereotaxically injected into the ipsilateral striatum
and cortex [anterior, lateral, depth (in mm): −0.5, 2.5, 1.5–2.5]24. The injection volume and flow rate were set at
0.5 μl/min, and the needle was moved up at a speed of 0.1 mm/min.
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Figure 5. Clinico-pathological effects of in vivo direct reprogramming, showing (A) cresyl violet staining at 52
d after tMCAO, and no significant difference between mock pMX-GFP (n = 7) and pMX-ASN (n = 7) in terms
of (B) infarct volume, (C) body weight, Bederson’s score or the corner test.

Behavioral analysis.

Just before tMCAO, 3, 10, 17, 24, 31, 38, and 52 days after tMCAO, mice were tested
for behavioral changes and scored, as described by Bederson, but with minor modifications25, as follows: 0, no
observable neurologic deficits; 1, failure to extend the right forepaw; 2, circling to the contralateral side; 3, falling
to the right; 4, unable to walk spontaneously. A corner test was also carried out to detect the impairment of sensorimotor function26. Briefly, one mouse was placed between two boards, which were attached to an edge at a 30°
angle to each other. After this test was repeated 10 times for each mouse, the number of right turns was recorded.

Histochemistry.

Each animal was deeply anesthetized by intraperitoneal injection of pentobarbital (20 mg/
kg), and then perfused with chilled phosphate-buffered saline, followed by 4% paraformaldehyde in 0.1 mol/l
phosphate buffer. After post-fixation overnight, 50 µm thick sections were cut with a vibrating blade microtome
(VT1000S; Leica, Wetzlar, Germany). For immunohistochemistry, the following primary antibodies were used:
rabbit anti-GFP antibody (1:500, MBL, Nagoya, Japan), goat anti-GFP antibody (1:200, Abcam, Cambridge,
UK), rabbit anti-Iba1 antibody (1:500, Wako, Osaka, Japan); rabbit anti-glial fibrillary acidic protein (GFAP)
antibody (1:500, Dako, Glostrup, Denmark); goat anti-PDGFRα antibody (1:100, R&D Systems, MN, U.S.A);
rabbit anti-GST-π antibody (1:500, Enzo life sciences, NY, U.S.A.); rabbit anti-nestin antibody (1:200, Santa Cruz
Biotechnology, CA, U.S.A.); goat anti-doublecortin (Dcx) antibody (1:100, Santa Cruz Biotechnology); mouse
anti-betaIII tubulin (Tuj1) antibody (1:100, Santa Cruz Biotechnology); mouse anti-NeuN antibody (1:100,
Millipore, MA, U.S.A.); mouse anti-Ascl1 antibody (1:100, BD Pharmingen, NJ, U.S.A.); rabbit anti-Sox2 antibody (1:100, Santa Cruz Biotechnology); mouse anti-NeuroD1 antibody (1:100, Abcam). Each primary antibody
was detected by appropriate secondary antibodies conjugated with Alexa Fluor 488 or 555TM (Molecular Probes,
OR, U.S.A.).

Quantitative and statistical analyses. To evaluate the number of GFP-positive cells, stained sections
were selected from three levels of the caudate putamen (1.0, 0.5 and 0 mm rostral to the bregma)24 of each animal. Three areas around the site of viral injection were randomly selected in each section, and captured at ×200
magnification with a microscope (BX51; Olympus). For the cell-type-specific marker/GFP double-labeling
immunohistochemistry (see Figs 2, 3, and 4), three areas around the site of viral injection were randomly chosen
and captured at 100× magnification with a confocal laser microscope (LSM780; Zeiss). Values are expressed as
means ± S.D. Differences in the number of GFP-positive cells and behavioral analysis were evaluated for statistical
significance by non-repeated measures analysis of variance (ANOVA) and the Student-Newman-Keuls (SNK)
test. In all statistical analyses, significance was assumed at p < 0.05.

References

1. Abe, K., Yuki, S. & Kogure, K. Strong attenuation of ischemic and postischemic brain edema in rats by a novel free radical scavenger.
Stroke 19, 480–485 (1988).
2. Dhamoon, M. S., Moon, Y. P., Paik, M. C., Sacco, R. L. & Elkind, M. S. Trajectory of functional decline before and after ischemic
stroke: the Northern Manhattan Study. Stroke 43, 2180–2184 (2012).
3. O’Mahony, P. G., Thomson, R. G., Dobson, R., Rodgers, H. & James, O. F. The prevalence of stroke and associated disability. J Public
Health Med 21, 166–171 (1999).

Scientific Reports |

(2019) 9:10956 | https://doi.org/10.1038/s41598-019-47482-0

6

www.nature.com/scientificreports/

www.nature.com/scientificreports

4. Abe, K. et al. Stem cell therapy for cerebral ischemia: from basic science to clinical applications. J Cereb Blood Flow Metab 32,
1317–1331 (2012).
5. Carmichael, S. T. Emergent properties of neural repair: elemental biology to therapeutic concepts. Ann Neurol 79, 895–906 (2016).
6. Okano, H. & Yamanaka, S. iPS cell technologies: significance and applications to CNS regeneration and disease. Mol Brain 7, 22
(2014).
7. Kamada, M. et al. Tumorigenic risk of human induced pluripotent stem cell explants cultured on mouse SNL76/7 feeder cells.
Biochem Biophys Res Commun 453, 668–673 (2014).
8. Yamashita, T., Kawai, H., Tian, F., Ohta, Y. & Abe, K. Tumorigenic development of induced pluripotent stem cells in ischemic mouse
brain. Cell Transplant 20, 883–891 (2011).
9. Rivetti di Val Cervo, P. et al. Induction of functional dopamine neurons from human astrocytes in vitro and mouse astrocytes in a
Parkinson’s disease model. Nat Biotechnol 35, 444–452 (2017).
10. Yamashita, T. et al. Novel Therapeutic Transplantation of Induced Neural Stem Cells for Stroke. Cell Transplant 26, 461–467 (2017).
11. Pang, Z. P. et al. Induction of human neuronal cells by defined transcription factors. Nature 476, 220–223 (2011).
12. Vierbuchen, T. et al. Direct conversion of fibroblasts to functional neurons by defined factors. Nature 463, 1035–1041 (2010).
13. Guo, Z. et al. In vivo direct reprogramming of reactive glial cells into functional neurons after brain injury and in an Alzheimer’s
disease model. Cell Stem Cell 14, 188–202 (2013).
14. Niu, W. et al. In vivo reprogramming of astrocytes to neuroblasts in the adult brain. Nat Cell Biol 15, 1164–1175 (2013).
15. Torper, O. et al. Generation of induced neurons via direct conversion in vivo. Proc Natl Acad Sci USA 110, 7038–7043 (2013).
16. Zhao, C., Teng, E. M., Summers, R. G. Jr., Ming, G. L. & Gage, F. H. Distinct morphological stages of dentate granule neuron
maturation in the adult mouse hippocampus. J Neurosci 26, 3–11 (2006).
17. Niu, W. et al. SOX2 reprograms resident astrocytes into neural progenitors in the adult brain. Stem Cell Reports 4, 780–794 (2015).
18. Cheloufi, S. et al. The histone chaperone CAF-1 safeguards somatic cell identity. Nature 528, 218–224 (2015).
19. Gascon, S. et al. Identification and Successful Negotiation of a Metabolic Checkpoint in Direct Neuronal Reprogramming. Cell Stem
Cell 18, 396–409 (2016).
20. Jiang, H. et al. Cell cycle and p53 gate the direct conversion of human fibroblasts to dopaminergic neurons. Nat Commun 6, 10100
(2015).
21. Masserdotti, G. et al. Transcriptional Mechanisms of Proneural Factors and REST in Regulating Neuronal Reprogramming of
Astrocytes. Cell Stem Cell 17, 74–88 (2015).
22. Yamashita, T. et al. Subventricular zone-derived neuroblasts migrate and differentiate into mature neurons in the post-stroke adult
striatum. J Neurosci 26, 6627–6636 (2006).
23. Nosaka, T. et al. STAT5 as a molecular regulator of proliferation, differentiation and apoptosis in hematopoietic cells. EMBO J 18,
4754–4765 (1999).
24. Hof, P. R., Young, W. G., Bloom, F. E., Belichenko, P. V. & Celio, M. R. Comparative cytoarchiteftonic atlas of the C57BL/6 and 129/
Sv mouse brains. Amsterdam (The Netherlands): Elsevier (2000).
25. Bederson, J. B. et al. Rat middle cerebral artery occlusion: evaluation of the model and development of a neurologic examination.
Stroke 17, 472–476 (1986).
26. Zhang, L. et al. A test for detecting long-term sensorimotor dysfunction in the mouse after focal cerebral ischemia. J Neurosci
Methods 117, 207–214 (2002).

Acknowledgements

This work was partly supported by a Grant-in-Aid for Scientific Research (B) 17H04196, (C) 17K10827 and
Challenging Research 15K15527, and by Grants-in-Aid from the Research Committees (Mizusawa H, Nishizawa
M, Sasaki H, and Aoki M) from the Ministry of Health, Labour and Welfare of Japan.

Author Contributions

T.Y. and K.A. conceived, designed and coordinated the research; T.Y., J.S., Y.N. and R.M. performed the research;
T.Y., K.S., M.T., N.H. and Y.O. analyzed data; T.Y. wrote paper; K.A. obtained funding. All authors read and
approved the final draft.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-47482-0.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:10956 | https://doi.org/10.1038/s41598-019-47482-0

7

