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Adult mammalian brains have largely lost neuroregeneration
capability except for a few niches. Previous studies have converted glial cells into neurons, but the total number of neurons
generated is limited and the therapeutic potential is unclear.
Here, we demonstrate that NeuroD1-mediated in situ astrocyte-to-neuron conversion can regenerate a large number of
functional new neurons after ischemic injury. Speciﬁcally,
using NeuroD1 adeno-associated virus (AAV)-based gene therapy, we were able to regenerate one third of the total lost neurons caused by ischemic injury and simultaneously protect
another one third of injured neurons, leading to a signiﬁcant
neuronal recovery. RNA sequencing and immunostaining
conﬁrmed neuronal recovery after cell conversion at both the
mRNA level and protein level. Brain slice recordings found
that the astrocyte-converted neurons showed robust action potentials and synaptic responses at 2 months after NeuroD1
expression. Anterograde and retrograde tracing revealed
long-range axonal projections from astrocyte-converted neurons to their target regions in a time-dependent manner.
Behavioral analyses showed a signiﬁcant improvement of
both motor and cognitive functions after cell conversion.
Together, these results demonstrate that in vivo cell conversion
technology through NeuroD1-based gene therapy can regenerate a large number of functional new neurons to restore
lost neuronal functions after injury.

INTRODUCTION
Neuronal loss is a major pathological hallmark of brain injury.
Regenerating new neurons to replenish the lost neurons after injury
is critical for brain repair. Unfortunately, adult mammalian brains
have largely lost neurogenesis capacity, except a few neurogenic
niches such as the hippocampus and the subventricular zone
(SVZ).1–3 After ischemic injury, the number of new neurons generated through the internal neurogenesis is typically <1% of total lost
neurons in adult mammalian brains.4–8 Therapeutic approaches
have been developed to augment this endogenous neurogenesis

such as the use of various neurotrophic factors.9–11 Alternatively,
transplantation of external neural progenitor cells (NPCs) has also
been explored as a potential stroke therapy.12–14 In animal models,
transplanted NPCs can survive, proliferate, and regenerate new neurons in stroke areas.15–17 Even in patients, some clinical trials showed
promising results.18 On the other hand, neural stem cells (NSCs) in
the SVZ are found to mainly produce reactive astrocytes, not neurons,
after migrating to injured cortical areas.19,20 Engrafting external NSCs
for post-stroke treatment also faces serious challenges such as immunorejection, tumorigenesis, and long-term survival.18,21–24 Therefore,
it is urgent to develop new approaches to regenerate a sufﬁcient number of new neurons in order to achieve long-term functional recovery
after brain injury.
We have recently demonstrated a direct conversion of reactive astrocytes into functional neurons by a single transcription factor
NeuroD1 in the mouse brain.25 Other groups also reported conversion of glial cells into neurons both in vitro and in vivo26–34 (reviewed
by Li and Chen35). While the in vivo glia-to-neuron conversion
approach can regenerate new neurons inside mouse brain and spinal
cord, it is unclear whether this technology can generate a sufﬁcient
number of new neurons for therapeutic applications. Here, using an
engineered adeno-associated virus (AAV) Cre-FLEX system to ectopically express NeuroD1 in reactive astrocytes in an ischemic injury
model, we can regenerate 30%–40% of lost neurons in the motor cortex of adult mice. Behavioral tests indicate that NeuroD1-treatment
signiﬁcantly rescues both motor and fear memory deﬁcits after
ischemic injury in rodent animals. Together, our studies demonstrate
that internal neuroregeneration using in situ cell conversion
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technology may be an effective approach for functional brain repair
after injury.

RESULTS
Astrocyte-to-Neuron Conversion in a Focal Stroke Model Using
NeuroD1 AAV-Based Gene Therapy

We have recently demonstrated that NeuroD1 acts as a master transcription factor to directly convert glial cells into functional neurons inside mouse brains.25 However, the total number of neurons generated
by retrovirus25 or under non-injury condition36 is somewhat limited. In
this study, we used focal ischemic injury as a model system to investigate whether this in situ cell conversion approach can regenerate a sufﬁcient number of functional neurons for brain repair. We initially tried
a hypoxia-ischemic stroke model in adult mice but found large variations in the injury areas, from striatum to cortex and hippocampus,
making it difﬁcult to compare the effectiveness of in vivo cell conversion among different animals. After some pilot studies, we decided to
use a focal stroke model induced by the vasoconstrictive peptide endothelin-1 (ET-1) to produce more consistent local ischemic injury in
rodents.37–40 Importantly, we compared two different ET-1 peptides,
one with 21 amino acids (ET-1 [1–21]) and another with 31 amino
acids (ET-1 [1–31]). We found that ET-1 (1–31) produced more severe
tissue loss than ET-1 (1–21) (Figure S1A). We also found that a mouse
strain with FVB genetic background gave more severe stroke injury
than the commonly used B6/C57 mice (Figure S1A). Notably, we detected a signiﬁcant cortical tissue loss over a time course of 2 months
when injecting ET-1 (1–31) into the motor cortex of FVB mice (Figures
1A and 1B), establishing a severe focal stroke model with consistent tissue loss in adult mice (5–12 months old).
After establishing the ischemic stroke model, we ﬁrst examined a suitable time window for NeuroD1 viral injection to induce astrocyte-toneuron conversion in the stroke areas. We performed glial ﬁbrillary
acidic protein (GFAP) immunostaining at different time points after
stroke to determine when astrocytes became reactive. At 5 days post
stroke (dps), we observed a signiﬁcant loss of neuronal signal NeuN
(Figure 1C). The GFAP signal, a commonly used reactive astrocyte
marker, was also very low at 5 dps (Figure 1C), suggesting that astrocytes might be injured as well and not activated yet at this early stage.
At 10 dps, however, the GFAP signal was signiﬁcantly upregulated
(Figure 1D), indicating that astrocytes had become reactive at this
time. We then examined whether these reactive astrocytes induced
by ischemic stroke could be converted into neurons. Consistent
with our previous report,25 injection of retroviruses expressing NeuroD1 at 10 dps resulted in successful conversion of reactive glial cells
into NeuN-positive neurons (Figure 1E). However, the number of
neurons was limited due to the fact that retroviruses only expressed
NeuroD1 in dividing reactive glial cells. To increase the number of
neurons converted from astrocytes, we used AAV to infect both
dividing and non-dividing astrocytes in the ischemic injured cortex.
AAV has high infection rate and low pathogenicity in humans and
has been approved by FDA for clinical trials in the treatment of
CNS disorders.41 To infect astrocytes speciﬁcally after ischemic
injury, we constructed an AAV vector (recombinant serotype
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AAV9) expressing NeuroD1 under the direct control of a human
GFAP promoter (hGFAP::NeuroD1-P2A-GFP). As a control, AAV
hGFAP::GFP was found mainly infecting astrocytes but not neurons
(Figure 1F, top row). In contrast, AAV hGFAP::NeuroD1-P2A-GFP
infected astrocytes gradually turned into NeuN-positive neurons in
the ischemic injury areas (Figure 1F, bottom row). Comparing to
the NeuroD1 retroviruses (Figure 1E), AAV hGFAP::NeuroD1P2A-GFP (Figure 1F) generated more neurons. However, we also
observed a gradual loss of GFP signal after astrocyte-to-neuron conversion, possibly due to a gradual downregulation of the hGFAP promoter during astrocyte-to-neuron conversion process. The loss of
GFP signal after neuronal conversion by hGFAP::NeuroD1-P2AGFP makes it difﬁcult to distinguish the converted versus non-converted neurons in the viral infected areas. To overcome this problem,
we separated the hGFAP promoter and NeuroD1 into two different
AAV vectors by using the Cre-FLEX (ﬂip-excision) homologous
recombination system.42 One vector contains a human GFAP promoter to drive the expression of Cre recombinase (hGFAP::Cre) in astrocytes. The second vector contains two pairs of heterotypic, antiparallel loxP-type recombination sites ﬂanking an inverted sequence of
NeuroD1-P2A-GFP (or NeuroD1-P2A-mCherry) under the control
of a strong promoter CAG (FLEX-CAG::NeuroD1-P2A-GFP/
mCherry) (Figure S1B). The advantage of this AAV Cre-FLEX system
is that the Cre expression is controlled by the hGFAP promoter to
maintain the speciﬁcity toward astrocytes, while NeuroD1 expression
is driven by the strong CAG promoter after Cre-mediated recombination and therefore avoiding being silenced during astrocyte-toneuron conversion. With this hGFAP::Cre/FLEX-CAG::NeuroD1
system, we found that NeuroD1 was clearly expressed in GFAP+ astrocytes at 4 days post-viral injection (4 dpi, plus 10 dps, total 14 days
post stroke) (Figure 1G, top row), which was not detectable if NeuroD1 expression was driven by GFAP promoter (hGFAP::
NeuroD1-GFP) for 4 days. Interestingly, a few CAG::NeuroD1-infected astrocytes were captured in a transitional stage, showing co-immunostaining of both NeuN and GFAP (Figure 1G, bottom row),
which had never been observed in the control group (hGFAP::Cre/
FLEX-CAG::mCherry). After 17 days of NeuroD1 expression in the
ischemic injury areas, the majority of CAG::NeuroD1-GFP infected
cells were NeuN+ neurons, whereas the control AAV GFP-infected
cells remained GFAP+ astrocytes in the injured mouse cortex (Figures
1H and 1I). Note that the CAG::NeuroD1-converted neurons using
Cre-FLEX system showed more mature neuronal morphology (Figure 1I, bottom row) comparing to the GFAP::NeuroD1 converted
neurons (Figure 1F, bottom row), suggesting that high expression
of NeuroD1 under CAG promoter can facilitate neuronal conversion
and maturation. Together, these data demonstrate that our engineered hGFAP::Cre/FLEX-CAG::NeuroD1 system can effectively
convert astrocytes into neurons in adult mouse cortex after ischemic
injury.
Progressive Conversion from Reactive Astrocytes into Neurons
in Stroke Areas

We next investigated the time course of NeuroD1-mediated
astrocyte-to-neuron conversion in the ischemic injured areas with
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Figure 1. NeuroD1-Mediated Astrocyte-to-Neuron Conversion in a Focal Stroke Model
(A) Tissue loss caused by focal ischemic injury. Injection of ET-1 (1–31) into mouse motor cortex led to a gradual tissue loss in 10 weeks. Dashed lines indicate cortical areas.
White bar (3 mm) indicates the cortical areas being quantified for tissue loss. Scale bars, 3 mm. (B) Quantification of the remaining cortical tissue (from the midline to 3 mm
lateral area, white bar) at 1, 4, and 10 weeks after ischemic injury in the motor cortex (n = 3 for each time point). (C and D) Assessing reactive astrocytes after ischemic injury.
Immunostaining of NeuN and GFAP at 5 days (C) and 10 days post stroke (dps) (D) revealed reactive astrocytes at 10 dps. c.c., corpus callosum; ctx, cortex. Scale bars, left
panel 200 mm, right panel 40 mm. (E) Retroviruses expressing GFP alone (top row) or NeuroD1-GFP (bottom row), illustrating neuronal conversion by NeuroD1. Viral injection
at 10 dps and immunostaining at 17 dpi. Scale bar, 20 mm. (F) Injection of AAV9 expressing GFP alone (hGFAP::GFP, top row) or NeuroD1-GFP (hGFAP::NeuroD1-P2A-GFP,
bottom row), illustrating more neurons generated by AAV than retroviruses. Scale bar, 40 mm. (G) Capture of the transitional stage from astrocytes (GFAP) to neurons (NeuN)
at early time points of NeuroD1 expression (4 dpi). Injection of AAV9 hGFAP::Cre and CAG::FLEX-NeuroD1-P2A-mCherry resulted in significant NeuroD1 expression in
GFAP-labeled astrocytes (top row). Interestingly, some NeuroD1-mCherry labeled cells showed both NeuN and GFAP signal (bottom row), suggesting a transition stage from
astrocytes to neurons. Scale bars, upper 40 mm and lower insets 20 mm. (H) Experimental outline for ischemic injury, AAV injection (Cre-FLEX system), and immunostaining
analysis. Scale bar, 40 mm. (I) Detection of a large number of NeuroD1-converted neurons using AAV Cre-FLEX system. At 17 dpi, the GFP control group showed many
GFAP+ reactive astrocytes (top row, GFAP in purple), whereas the majority of NeuroD1-GFP labeled cells became NeuN-positive (red) neurons (bottom row).

immunostaining of astrocyte marker GFAP and neuronal marker
NeuN (Figure 2). At 4 dpi, both control AAV (hGFAP::Cre +
FLEX-CAG::mCherry or GFP) and NeuroD1 AAV (hGFAP::Cre +

FLEX-CAG::NeuroD1-mCherry or GFP)-infected cells (red) were
mainly GFAP+ astrocytes (green) (Figure 2A’), as guided by
hGFAP::Cre AAV. It is worth noting that at 4 dpi about 12% of
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Figure 2. NeuroD1 Gradually Converts Reactive Astrocytes into Neurons after Stroke
(A’–A’’’) Identification of astrocytes with GFAP immunostaining at 4 (A’), 7 (A’’), or 17 (A’’’) days post viral injection (dpi) in control (mCherry alone, top row) and NeuroD1mCherry (bottom row) infected areas. Scale bar, 40 mm. (B’–B’’’) Identification of neurons with NeuN immunostaining at 4 (B’), 7 (B’’), or 17 dpi (B’’’). Arrowheads indicate
some of the NeuroD1-converted neurons. Scale bar, 40 mm. (C and D) Quantification of GFAP+ cells (C) or NeuN+ cells (D) among all viral infected cells. Note a significant
decrease of astrocytes (C) accompanied with a significant increase of neurons (D) in NeuroD1 group. **p < 0.01, ****p < 0.0001. Two-way ANOVA followed by Sidak’s
multiple comparison test. n = 3 mice per group. Three images were randomly taken in cortical areas with viral infection. Data are represented as mean ± SEM.

NeuroD1-infected cells were NeuN positive (Figure 2D). This is surprising but as illustrated in Figure 1G, many of these NeuN+ cells also
were GFAP+, representing transitioning stage from astrocytes to neurons rather than off-targeting effect on pre-existing neurons, which
should not have GFAP signal. At 7 dpi (Figure 2A’’), while control
AAV mCherry-infected cells were still GFAP+ astrocytes (top row,
yellow), about half of NeuroD1-mCherry-infected cells had lost
GFAP signal (arrowheads). At 17 dpi, control mCherry-infected cells
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remained GFAP+, but most of the NeuroD1-mCherry-infected cells
showed neuronal morphology without GFAP signal (Figure 2A’’’,
arrowheads). When NeuN immunostaining was performed at 4 dpi,
both control and NeuroD1-infected cells rarely showed NeuN signal
(Figure 2B’), consistent with their astrocytic property as shown in Figure 2A’. At 7 dpi, some NeuroD1-infected cells showed clear NeuN
signal with immature neuronal morphology (Figure 2B’’, arrowheads). At 17 dpi, the majority of NeuroD1-infected cells became
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Figure 3. High Efficiency of Neuroregeneration Achieved by NeuroD1-Mediated Astrocyte-to-Neuron Conversion
(A) Comparison of the NeuN signal in the motor cortex (17 dpi) between the control (top row) and NeuroD1 groups (bottom row). Left panels show the overall NeuN distribution
after ischemic injury and viral injection; right panels show enlarged images of the peri-injury core areas. Note that NeuroD1-infected cells (green) were mostly converted into
(legend continued on next page)
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NeuN+ neurons with more mature dendritic morphology (Figure 2B’’’, bottom row, arrowheads), whereas only a few mCherry-infected cells showed NeuN signal (Figure 2B’’’, top row). Quantitative
analyses revealed that 70% of control mCherry- and GFP-infected
cells maintained GFAP+ throughout 4 to 17 dpi (Figure 2C), but
more than 70% of NeuroD1-infected cells adopted neuronal identity
by 17 dpi (Figure 2D). Importantly, the NeuroD1 AAV-infected astrocytes gradually lost GFAP signal and gradually acquired NeuN
signal within 17 days of viral infection, suggesting that the astrocyte-to-neuron conversion process takes 2–3 weeks to complete
in an injured adult mouse cortex. It is worth mentioning that while
AAV can infect both astrocytes and neurons, only 10% neurons
showed mCherry signal in our control AAV Cre-FLEX system
(hGFAP::Cre + FLEX-CAG::mCherry, Figure 1D, 17 dpi), possibly
due to low expression of Cre in injured neurons after stroke. Together,
these results demonstrate that our AAV NeuroD1 Cre-FLEX system
(hGFAP::Cre + FLEX-CAG::NeuroD1-P2A-mCherry) successfully
targets NeuroD1 expression in reactive astrocytes after stroke and
then triggers a gradual transition from astrocytes into immature neurons and then more mature neurons in 2–3 weeks.
Neuronal Recovery in the Stroke Areas following NeuroD1 AAV
Treatment

After demonstrating progressive astrocyte-to-neuron conversion in
the stroke areas, we next investigated how many new neurons could
be regenerated in an injured mouse cortex after AAV NeuroD1 infection. Figure 3A illustrates the sharp contrast in NeuN staining
between control group and NeuroD1-treated group. At 17 dpi (viral
injection at 10 days post stroke, total 27 dps), when astrocyte-toneuron conversion was largely completed, the control group showed
a wide injury core (indicated by *) with huge NeuN loss, whereas the
NeuroD1 group showed much smaller injury core and thicker cortex
than the control group (Figure 3A, left low-power images). The highpower images of Figure 3A (right panels) showed the composition of
neurons and astrocytes in the scar border (boxed in low-power images): the control GFP-infected cells were mostly astrocytes (top
row), whereas NeuroD1-infected cells were mostly NeuN-positive
neurons (bottom row). Importantly, in NeuroD1-converted areas,
many GFAP-labeled astrocytes (purple) intermingled with NeuroD1-GFP labeled neurons (Figure 3A, bottom row, right panel),
indicating that astrocytes were not depleted after astrocyte-to-neuron
conversion. We also noted that besides NeuroD1-GFP labeled neurons (green and yellow in Figure 3A, bottom row), there were

many NeuN+ neurons (red, no green) that were not converted by
NeuroD1, suggesting a mixture of converted and non-converted neurons intermingled together in the injured areas. This was further
conﬁrmed by NeuroD1-immunostaining (Figure 3B, green), showing
NeuroD1-converted neurons (yellow) intermingled with non-converted neurons (red only, arrowhead). Quantitative analysis revealed
that the neuronal density in the peri-injury core areas in the control
group was 27.1 ± 8.1/0.1 mm2 (Figure 3C), whereas in NeuroD1
group, NeuroD1-converted neurons (NeuroD1 and NeuN double
positive) reached 39.9 ± 2.4/0.1 mm2, and the non-converted neurons
(NeuroD1-negative but NeuN-positive) reached 64.9 ± 7.9/0.1 mm2
(Figure 3C, n = 3 mice per group). Compared to non-stroke cortical
neuron density of 141 ± 6.7/0.1 mm2, the total converted plus nonconverted neurons in the NeuroD1-converted areas reached 104.8/
0.1 mm2, a 74.3% recovery, whereas the control GFP-infected areas
only reached 19.2% of non-stroke level (Figure 3C). Notably, the
non-converted neurons in the NeuroD1-treated stroke areas more
than doubled that in the control GFP-infected stroke areas (Figure 3C,
comparing the white bar versus gray bar), suggesting a signiﬁcant increase of neuronal survival in the injured areas following NeuroD1mediated astrocyte-to-neuron conversion. The observation of a signiﬁcant increase of non-converted neurons intermingled with converted neurons suggests that in vivo astrocyte-to-neuron conversion
not only regenerates new neurons but also protects injured neurons,
which may have important implications in neural repair.
In accordance with a signiﬁcant increase in NeuN+ neurons after
NeuroD1-treatment, immunostaining of neuronal dendritic
markers MAP2 and SMI32 showed strong and clearly aligned dendrites in the NeuroD1 group, compared to a rather weak and disorganized pattern in the GFP control group (Figures 3D and 3E).
Similarly, using axonal markers SMI312 and NF200 along with myelination marker MBP, we found more myelinated axons in the
NeuroD1 group than the control group (Figures 3F and 3G). Quantitative analyses for the axonal and dendritic markers are shown in
Figure S2. To corroborate with the immunostaining results, we
further performed qRT-PCR experiments with tissue lysates of the
injured cortices. After ischemic injury, the expression level of
neuronal genes including Neun, Robo2, and Syn1 was signiﬁcantly
decreased but partially rescued by NeuroD1-treatment (Figure 3H).
Moreover, we quantiﬁed the total number of NeuN+ neurons within
the ischemia-injured motor cortex (Figure 3I, 500 mm to 2,500 mm
lateral from midline). In normal motor cortex without stroke, the

NeuN+ neurons (yellow), but GFAP+ astrocytes (purple) still persisted in the same areas. Scale bars, 500 mm for left panels and 40 mm for right panels. (B) NeuroD1-converted
neurons (green and yellow) were intermingled with non-converted neurons (red, arrowheads) in the injury areas. Scale bar, 40 mm. (C) Quantification of total NeuN+ cells in the
peri-injury core areas of control group and NeuroD1 group, as well as non-injured cortical areas. Note that the number of non-converted neurons in the NeuroD1 group (white
bar) more than doubled the number in the control group, suggesting a neuroprotective effect of NeuroD1 conversion. n = 3 mice in each group. *p < 0.05. Two-way ANOVA
followed by Sidak’s multiple comparison tests. Data are represented as mean ± SEM. (D and E) Immunostaining of neuronal dendrite markers SMI32 (D) and MAP2 (E) show
much improved neuronal morphology in the NeuroD1 group (bottom row) compared to the control group (top row). Scale bar, 40 mm. (F and G) Immunostaining of axonal
marker SMI312 (F), NF200 (G), and axon myelination marker MBP (G) show increased axons and axonal myelination in the NeuroD1 group (bottom row) compared to the
control group (top row). Scale bar, 20 mm. (H) RT-PCR analysis revealed a significant increase of neuronal mRNA level including NeuN, Robo2, and Syn1 after NeuroD1
treatment. *p < 0.05. n = 4 mice each group. Unpaired t test. Data are represented as mean ± SEM. (I) Quantification of the total number of NeuN+ cells in the motor cortical
areas (500–2,500 mm lateral from the midline). Note a significant increase of the total number of neurons in the NeuroD1 group by 60 dpi. n = 3 mice in each group. *p < 0.05,
**p < 0.01. Two-way ANOVA followed by Sidak’s multiple comparison tests. Data are represented as mean ± SEM.
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total number of NeuN+ cells was around 2,614 ± 182 (counted
within 500–2,500 mm lateral from the midline). After ischemic
injury, the total number of NeuN-positive neurons within the
same cortical areas (500–2,500 mm lateral from the midline) dropped to 20% of the no-stroke level (464 ± 80), indicating that 80%
of neurons were lost or injured in our severe focal stroke model.
The total number of NeuN+ neurons in the control AAV group
did not change very much during 60 days post viral injection (due
to gradual tissue loss, Figure 4A), but steadily increased in the NeuroD1 group, reaching 63% of the no-stroke level at 60 dpi (Figure 3I;
60 dpi: control group, 569 ± 145; NeuroD1 group, 1,641 ± 284).
Such a signiﬁcant increase in the total number of cortical neurons
after NeuroD1-treatment provides potential building blocks for
reconstruction of the disrupted neural circuits.
Cortical Tissue Repair after Astrocyte-to-Neuron Conversion

With a signiﬁcant number of new neurons generated through astrocyte-to-neuron conversion, we next examined whether these new
neurons could integrate into the cortical tissue after ischemic injury.
Figure 4A illustrates the mouse motor cortex at different time points
following viral injection (plus 10 days post stroke). Over a time course
of 2 months, we observed a gradual cortical tissue loss in the control
group injected with AAV GFP (Figure 4A, top row), indicating a severe brain injury in our focal stroke model. In contrast, the cortical
tissue in NeuroD1-treated group was largely preserved (Figure 4A,
bottom row). Quantitative analysis revealed that the mouse motor
cortical volume reduced by 70% over a 2-month period in the control
group, whereas only 20% of tissue volume reduction was observed in
NeuroD1-treated group (Figure 4B). Cortical volume was quantiﬁed
from three most severely injured cortical sections, from midline between two hemispheres to 3 mm lateral cortical region, which covered
the entire stroke area (Figure 4C). It is critical to point out that while
the 60 dpi images in Figure 4A illustrate a sharp contrast showing a
cavity in the control group versus a repaired cortex in the NeuroD1
group, the difference between the two groups is much smaller at 7
dpi. As shown in Figure 4B, the major difference was due to the
continuous tissue loss in the control group, whereas converting reactive astrocytes into neurons signiﬁcantly prevented tissue loss in the
NeuroD1 group.
We next investigated what kinds of neurons were regenerated after
astrocyte-to-neuron conversion in the stroke areas. With immunostaining of cortical neuron markers Cux1 and Ctip2, we found that
NeuroD1-GFP positive neurons were distributed in both superﬁcial
layer (layer II–III) and deep cortical layer (layer V–VI) (Figures 4D
and 4E). Furthermore, the majority of NeuroD1-converted neurons
in the injured motor cortex were immunopositive for cortical pyramidal neuron markers including Emx1, Tbr1, and Satb2 (Figures 4F and
4G). In contrast, only 10% of NeuroD1-converted neurons in the
injured cortex were immunopositive for GABAergic neuron markers
including parvalbumin and GABA (Figure 4G), similar to our previous report.25 Therefore, ectopic expression of NeuroD1 in the reactive
astrocytes after ischemic injury in the motor cortex generated new
neurons with similar neuronal identity to cortical neurons.

Functional Characterization of NeuroD1-Converted Neurons

We further investigated whether NeuroD1-converted neurons are
electrophysiologically functional by conducting patch clamp recordings. Cortical slice recordings were performed on NeuroD1-converted neurons at 60 dpi (Figure 5A). Injecting depolarizing currents
into the NeuroD1-GFP labeled neurons triggered repetitive action
potentials in every neuron recorded (GFP+, n = 22) (Figure 5B).
Furthermore, we detected robust spontaneous synaptic events, both
excitatory and inhibitory, in NeuroD1-converted neurons (GFP+)
in the injury sites after 2 months of astrocyte-to-neuron conversion
(Figure 5C), suggesting that these neurons have formed synaptic connections with other neurons. Quantitative analysis revealed that synaptic responses (both EPSCs and IPSCs) decreased in the control
group (recorded in non-converted neurons) after stroke, but were
signiﬁcantly rescued in the NeuroD1-GFP group (Figure 5D; EPSC
frequency: control, 4.3 ± 0.6 Hz, n = 22; NeuroD1, 6.7 ± 0.8 Hz,
n = 25; *p = 0.023. IPSC frequency: control, 8.6 ± 1.3 Hz, n = 22; NeuroD1, 14.0 ± 2.0 Hz, n = 25; *p = 0.032. Student’s t test). Together,
these data demonstrate that NeuroD1-mediated astrocyte-to-neuron
conversion can regenerate functional neurons in the injury sites after
stroke.
Long-Range Axonal Projections after Astrocyte-to-Neuron
Conversion

With the demonstration of synaptic input to the NeuroD1-converted
neurons, we next examined where these newly generated neurons
would send out their axon projections in an injured environment.
Sagittal sections of the NeuroD1-infected brains at 60 dpi (Figure 5E)
revealed robust axonal projections from cortex (box 1) to the striatum
(box 2), thalamus (box 3), and hypothalamus (box 4). We also
observed signiﬁcant axon projections from cortex to the hippocampus. Interestingly, the hippocampal CA2-CA3 region was often infected directly when injecting AAV into the cortex. To further investigate axonal projection, we injected retrograde tracer CTB
(ﬂuorescently labeled peptide) into the thalamus at 40 dpi (Figure 5F).
After 7 days of CTB injection, many NeuroD1-converted neurons in
the motor cortex were retrograde labeled with strong CTB signal (Figure 5F), suggesting that these newly generated neurons had sent their
projections to the thalamic target. How did the newly generated neurons send their axons to distant targets in an injured adult brain? One
possibility is to follow the preexisting axon pathways. To test this hypothesis, we ﬁrst injected AAV9 Syn::GFP into the motor cortex to
label cortical neurons with GFP before stroke. As shown in Figure S3A, the Syn::GFP-expressing neurons can send their axons to
distant targets. One week after injecting Syn::GFP, ET-1-31 was injected into the motor cortex to induce ischemic injury. Then,
AAV9 NeuroD1-mCherry was injected 10 days after ET-1 induced
ischemic injury to convert reactive astrocytes into neurons. One
week after NeuroD1 infection, sagittal sections of the viral infected
brains were immunostained with GFP and mCherry to trace the
axon projections of preexisting neurons and newly converted neurons, respectively (Figure S3A). Because only a small number of neurons were converted at the early time point of 7 dpi, we found a
consistent weak mCherry signal in the corpus callosum (box 1),
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Figure 4. Regeneration of Cortical Neurons after NeuroD1-Mediated Astrocyte-to-Neuron Conversion
(A) Low magnification images illustrating gradual tissue loss in the GFP control group (top row) and the rescue by NeuroD1 treatment (bottom row). Note layered structures in
NeuroD1 group at 60 dpi. Dashed lines delineate the cortical areas. Scale bar, 400 mm. (B) Quantification of the motor cortical areas (from midline to 3 mm lateral) in the control
versus NeuroD1 group. *p < 0.05, ***p < 0.001. Two-way ANOVA followed by Sidak’s multiple comparison test. n = 3 mice per group. (C) Serial brain sections from anterior (A)
to posterior (P) further illustrating severe tissue injury in the control group. ctx, cortex; c.c., corpus callosum. Red, NeuN. Blue, DAPI. Scale bar, 400 mm. (D and E) Recovery of
laminated structure of motor cortex indicated by layer marker Cux1 (D) and Ctip2 (E). Scale bar, 300 mm. (F) Representative images illustrating NeuroD1-converted neurons
(NeuroD1-GFP+) expressing cortical marker Tbr1. Scale bar, 40 mm. (G) Quantification of the neuronal markers among NeuroD1-converted neurons in the ischemic injured
cortex. Many converted neurons were immunopositive for cortical markers of glutamatergic neurons including Emx1, Tbr1, and Satb2, while only 10% were GABAergic
neurons (PV+ and GABA+). n = 3 mice for each group. Data are represented as mean ± SEM.

striatum (box 2), and thalamic region (box 3) (Figure S3A), which was
in sharp contrast to the massive projections observed at 60 dpi (Figure 5E). Nevertheless, the weak mCherry-labeled new axons appeared
to follow the GFP-labeled preexisting axon bundles along the cortexstriatum-thalamus-hypothalamus pathway (Figure S3A). It is
important to note that after NeuroD1-mediated conversion, the
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astrocyte-converted neurons may also start to express Syn::GFP and
became GFP-positive as well. Figure S3B illustrates an example of
9 months after NeuroD1 viral injection, showing a coronal section
of the motor cortex with NeuroD1-converted neurons sending axons
to the contralateral cortex through the corpus callosum. Together,
these results suggest that NeuroD1-converted neurons can send out
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Figure 5. Local and Global Connections after
Astrocyte-to-Neuron Conversion
(A and B) Brain slice recording on NeuroD1-converted
neurons (GFP) detected repetitive action potential firing
(60 dpi, n = 22). (C) Representative traces of spontaneous excitatory (sEPSCs) and inhibitory synaptic
events (sIPSCs) recorded in NeuroD1-GFP labeled
neurons (60 dpi). (D) Quantification of the frequency of
both sEPSCs and sIPSCs in cortical slices without injury
(white bar), or with ischemic injury (black bar, GFP
control; striped bar, NeuroD1 group). Note that NeuroD1 group showed significantly higher frequency of
both sEPSCs and sIPSCs than the control group.
Neurons in the control group were the surviving neurons
after ischemic injury, not labeled by GFP. Amplitude
showed no difference between the control group and
NeuroD1 group: EPSC, control, 19.3 ± 2.6 pA; NeuroD1, 16.6 ± 1.3 pA; p > 0.05. IPSC, control, 20.6 ±
1.6 pA; NeuroD1, 21.7 ± 2.0 pA; p > 0.05. n = 22 for
control group, and n = 25 for NeuroD1 group. Student’s
t test. Electrophysiological properties: Input resistance,
non-stroke group 133.8 ± 11.9 MU, GFP control group
236.8 ± 27.3 MU, NeuroD1 group 180.2 ± 23.3 MU;
Capacitance, non-stroke group 139.2 ± 10.2 pF, GFP
control group 108.0 ± 19.4 pF, NeuroD1 group 128.4 ±
8.5 pF; Resting membrane potential, non-stroke group
70.0 ± 1.9 mV, GFP control group 67.4 ± 1.0 mV,
NeuroD1 group 68.1 ± 0.9 mV. n = 21 for non-stroke
group, n = 28 for GFP control group, and n = 42 for
NeuroD1 group. (E) Representative images illustrating
distal axonal projections from NeuroD1-converted neurons. Serial sagittal sections (17 dpi), from medial
(M, lower left) to lateral (L, upper right), showing converted neurons in the cortex (inset 1), axonal bundles in
the striatum (inset 2), thalamus (inset 3), and hypothalamus (inset 4). Scale bars, 1,000 mm for sagittal images and 40 mm for inset images. (F) CTB retrograding tracing experiment (shown in upper panel, see detail in
Supplemental Information) indicate the NeuroD1 converted cells could be labeled by CTB dye. Scale bar, 10 mm.

long-range axon projections to global brain regions, possibly by
following preexisting axonal pathways.
Transcriptome-wide Recovery following NeuroD1-Mediated
Astrocyte-to-Neuron Conversion in the Ischemic Injured Cortex

To better understand the global changes of the injured cortical areas
after NeuroD1-mediated astrocyte-to-neuron conversion, we conducted RNA sequencing (RNA-seq) to compare the transcriptome
proﬁle between the control and NeuroD1 groups by extracting
mRNA from the ischemic cortical tissues at 17 dpi (Figure 6). Based
on the overall genome-wide expression, the dendrogram of sample relations indicates a closer relationship between the NeuroD1-infected
tissues and healthy cortical tissues (no stroke) (Figure 6A). Consistently, differential expression analyses revealed a huge difference in
gene-expression proﬁle between no stroke healthy tissues and control
virus-infected stroke tissues, with a total of 880 differentially expressed genes (DEGs) identiﬁed (Figure 6B). In contrast, only 44
DEGs were identiﬁed between NeuroD1-infected stroke tissues and
no stroke healthy tissues (Figure 6B). The heatmap in Figure 6C illustrates the overview of the relative changes of DEGs among control

virus-infected tissues (n = 2 mice), NeuroD1-infected tissues (n = 2
mice), and healthy tissues without stroke (n = 3 mice). The DEGs
showed two distinct expression patterns (Figure 6C): (1) compared
to no stroke tissues, the control virus-infected tissues showed highly
upregulated genes related to immune response and antigen processing (red color in left control columns); (2) in NeuroD1-infected tissues, the cluster of highly expressed genes with low level in control
group (top cluster in the NeuroD1 columns) were related to blood circulation, synaptic transmission, and neuropeptide signaling. Overall,
the DEG pattern in NeuroD1-infected stroke tissues is much closer to
the healthy tissues than the control virus-infected stroke tissues (Figure 6C). Figure 6D illustrates some representative genes among the
DEGs encoding neuronal proteins, such as neural transcription factors (Neurod1, Neurod6, Tbr1, and Satb2), typical neuronal markers
(Rbfox3 known as Neun, Tubb3 known as Tuj1, and Map2), and channels and receptors (Kcnc2 and Gabbr2), as well as synaptic proteins
(Sv2b, Syn1, Syn2, Rimbp2, and Slc17a7). One repetitive pattern
observed is that compared to the no stroke healthy tissues
(black bars), the control virus-infected stroke tissues (red bars)
showed a consistent decrease of neuronal gene expression, but
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Figure 6. Transcriptomic Analysis of the GeneExpression Profile at 17 dpi
(A) Sample relationship based on global gene-expression
profile revealed a closer relation between NeuroD1-infected tissues and healthy tissues without stroke. Control
group (n = 2 mice), NeuroD1 group (n = 2 mice), no stroke
group (n = 3 mice). (B) Venn diagram shows the number of
differentially expressed genes (DEGs) from pairwise
comparisons among control, NeuroD1, and no stroke
groups. Note that the number of DEGs between NeuroD1-group and no stroke group is rather small. DEGs are
defined as at least 50 base mean value (normalized read
counts across all the samples using DESeq2 method) with
>3-fold change among samples, and adjusted p value <
0.01. (C) Hierarchical clustering of all the 1,058 DEGs and
heatmap of the relative expression level of 1,058 DEGs in
all the samples. Red indicates high read count level,
whereas blue indicates low read count level. Note the
similarity of heatmap pattern between NeuroD1 group and
no stroke group. (D) RNA-seq read counts of neuronal
genes among different samples. NeuroD1 expression was
significantly increased in NeuroD1-infected stroke tissues,
as expected. Note a consistent pattern of decreased
neuronal gene expression level in stroke tissues infected
by control viruses (red bars) but a significant recovery in
NeuroD1-infected stroke tissues (blue bars).

tests). These three tests were designed to focus
on the ﬁne movement of the mouse forelimbs.
With injection of ET-1 at both the motor cortex
and the somatosensory cortex on one side of the
brain, we were able to induce severe tissue loss
(Figures S4B and S4C) and unilateral deﬁcits
of forelimb motor functions with limited spontaneous recovery in FVB mice (Figure 7).

NeuroD1-infected stroke tissues (blue bars) showed a signiﬁcant
recovery of neuronal gene expression. This is consistent with our immunostaining and RT-PCR experimental results. Together, our transcriptome analysis demonstrates that NeuroD1-mediated astrocyteto-neuron conversion can largely rescue the neuronal gene expression
level following ischemic injury.
Functional Rescue of Motor Deficits

With a signiﬁcant level of neuroregeneration in the injury areas after
NeuroD1-mediated astrocyte-to-neuron conversion, we then investigated whether NeuroD1 treatment can rescue motor deﬁcits caused
by ischemic injury in the mouse motor cortex. We analyzed mouse
forelimb functions using three behavioral tests—food pellet retrieval,
grid walking, and cylinder test—at different time points following
viral injection (Figure 7A; see Videos S1, S2, and S3 for behavioral
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To test for food pellet retrieval, we deprived
mice of food before the training and test to increase their motivation for the food pellet.
Before ischemic injury, normal animals could
be trained to retrieve 5 or 6 pellets on average out of total 8 pellets
in 5 min (see Figure S4A for food pellet retrieving device). After
ischemic injury, their pellet retrieval capability was severely impaired,
dropping to 1 pellet on average in 5 min (Figure 7B). Then, the
ischemic injured animals with similar motor deﬁcits were assigned
into two groups for viral injection: one group injected with GFP viruses alone and the other injected with NeuroD1-GFP viruses. At
10 days after viral injection, there was no signiﬁcant difference between the two groups, but after 20 days of viral injection, the NeuroD1
group started to show improvement in food pellet retrieval (Figure 7B). By 60 days after viral injection, the NeuroD1 group reached
4 pellets in 5 min, whereas the GFP control group could only
retrieve <2 pellets in 5 min (Figure 7B; see Video S1). Similarly, for
the grid walking test, normal animals before injury had a low rate
of foot fault, typically 5% of total steps within 5 min, while walking
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Figure 7. Motor Functional Improvement after
NeuroD1-Treatment
(A) Experimental design for mouse forelimb motor functional tests. Behavioral tests were conducted before
ischemic injury to obtain baseline control, and then 9 dps,
but 1 day before viral injection to assess injury-induced
functional deficits. AAV were injected at 10 dps, and
behavioral tests were further performed at 20, 30, 50, and
70 dps to assess functional recovery. (B) Pellet retrieval
test. NeuroD1 group (magenta) showed accelerated
functional recovery compared to the control group (blue).
Ischemic injury at the motor cortex severely impaired the
food pellet retrieval capability, dropping from 5–6 pellets/
5 min pre-stroke down to 1 pellet/5 min at 9 dps. After
NeuroD1 treatment, pellet retrieval ability recovered to 4
pellets/5 min by 60 days post infection. Note that for food
pellet retrieval test, only the motor cortex contralateral
to the dominant side of forelimb was injured and tested.
**p < 0.01, ***p < 0.001. Two-way ANOVA followed by
Tukey’s multiple comparison test. Data are represented
as mean ± SEM. n = 12 mice for ET-1 plus control AAV
group; n = 12 mice for ET-1 plus NeuroD1 AAV group; n =
6 mice for ET-1 plus no virus group; and n = 6 mice for
PBS control group. (C) Grid walking test. NeuroD1 group
showed lower foot fault rate compared to the control
group. Ischemic injury of the motor cortex significantly
increased the foot fault rate, which was partially rescued by NeuroD1 treatment. **p < 0.01, ***p < 0.001. Two-way ANOVA followed by Tukey’s multiple comparison test.
Data are represented as mean ± SEM. n = 9 mice for ET-1 plus control AAV contralateral (injured) side; n = 9 mice for ET-1 plus NeuroD1 AAV contralateral (injured) side; n = 5
mice for ET-1 plus NeuroD1 ipsilateral (non-injured) side; and n = 4 mice for ET-1 plus control ipsilateral (non-injured) side; n = 6 mice for ET-1 plus no virus contralateral group;
and n = 6 mice for PBS contralateral group. (D) Cylinder test. NeuroD1-treated mice showed considerable recovery of rising and touching the sidewall with both forelimbs
compared to the control group. **p < 0.01, ****p < 0.0001. Two-way ANOVA followed by Tukey’s multiple comparison test. Data are represented as mean ± SEM. n = 9 mice
for ET-1 plus control AAV contralateral (injured) side; n = 11 mice for ET-1 plus NeuroD1 AAV contralateral (injured) side; n = 9 mice for ET-1 plus NeuroD1 ipsilateral
(non-injured) side; n = 7 mice for ET-1 plus control ipsilateral (non-injured) side; n = 6 mice for ET-1 plus no virus contralateral group, n = 5 mice for PBS contralateral group.

freely on a grid, but the foot fault rate increased to over 10% after
ischemic injury (Figure 7C). After viral injection, the NeuroD1 group
showed consistent improvement after 20–60 days of treatment, with
the foot fault rate decreasing to 7%, whereas the GFP control group
remained at a high foot fault rate >9% (Figure 7C; see Video S2). We
also performed a cylinder test to assess the forelimb function when
animals rise and touch the sidewall of a cylinder. Normal animals
typically use both forelimbs to touch and push steadily against the
sidewall, with a normal touching rate 85% (using both forelimbs).
After a unilateral ischemic injury in the forelimb motor cortex, the
function of the impaired forelimb was signiﬁcantly weakened and
the impaired limb often either failed to touch the sidewall or dragged
along the wall after brieﬂy touching (Figure 7D, normal touching rate
dropped to 35%). After 20–60 days of viral infection, the NeuroD1
group showed a signiﬁcant recovery in touching the sidewall with the
injured forelimb (60%), whereas the majority of the GFP control
mice still had a weak forelimb affected by the ischemic injury (Figure 7D; see Video S3). For all three tests, injection of PBS as a
sham control did not result in any behavioral deﬁcits (black line in
Figures 7B–7D), and injection of ET-1 (1–31) without viral injection
produced similar deﬁcits as the GFP control viral injection (orange
line in Figures 7B–7D). Because stroke was induced unilaterally to
impair the contralateral forelimb, we also assessed the non-injured
forelimb (dotted lines in Figures 7C and 7D, labeled as Stroke + Neu-

roD1 Ipsil. and Stroke + Control Ipsil.). As expected, the non-injured
forelimb didn’t show functional deﬁcits. Taken together, by using
three different motor behavioral tests, we demonstrate that NeuroD1-treatment can rescue motor functional deﬁcits following
ischemic injury in the mouse motor cortex.
After behavioral tests, we dissected out brain tissue for immunostaining. As expected, at 60 dpi, we observed an obvious deep hole in the
cortical tissue of the control group (Figure S4B, left), but NeuroD1
group showed better preserved cortical tissue (Figure S4B, right).
This was further conﬁrmed with NeuN and GFP immunostaining
(Figure S4C). Quantitative analysis after behavioral tests (with two
sites of ET-1 injection to induce more severe injury) revealed significant reduction of cortical volume in the control group but not NeuroD1 group (Figure S4D). To investigate whether NeuroD1-converted neurons contributed to motor functions, we put NeuroD1injected stroked mice (4 months post viral injection) into a running
wheel for 30 min running and then rested for 1 h in home cage before
sacriﬁcing for c-Fos immunostaining (Figure S4E). Clearly, many
NeuroD1-GFP labeled neurons also showed activity-dependent
c-Fos signal (Figure S4E), suggesting that the NeuroD1-converted
neurons are functionally integrated into the motor cortex. It is important to point out that both NeuroD1-converted and non-converted
preexisting neurons contribute to functional recovery.
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Figure 8. Recovery of Fear Conditioning Memory after NeuroD1 Treatment
(A) Experimental design of fear conditioning test in rats. ET-1 or saline was injected into the BLA, followed by fear conditioning 3 weeks later. Fear memory tests were
performed before viral injection and 3 weeks after viral injection to assess the retention of fear memory. Right two panels illustrate the amygdala lesion induced by the infusion
of ET-1. Gray areas represent the minimum (dark) and maximum (light) spread of the lesion across different anterior-posterior levels of BLA ( 2.12, 2.56, and 2.80 from
bregma), condensed in one level for illustration. CeA, central nucleus of the amygdala, op., optical tract. (B) ET-1 lesion reduced freezing during fear conditioning (F(2,31) =
3.98, *p = 0.02, day 21) at both ET-1/Control (blue, *p = 0.021, n = 10) and ET-1/NeuroD1 (magenta, *p = 0.019, n = 14) groups, compared to saline/saline group (black,
n = 10). Reduced freezing (F(2,31) = 3.45, *p = 0.044) was also observed on the next day (day 22) in both ET-1/Control (p = 0.030) and ET-1/NeuroD1 (*p = 0.031) groups. Rats
were then infused with control virus or NeuroD1 and re-tested 3 weeks later (F(2,31) = 5.86, *p = 0.006, day 45). In the ET-1/NeuroD1 group, freezing returned to the levels of
the Saline/Saline group (*p = 0.81), and was significantly higher than ET-1/Control group (*p = 0.004). “x” denotes baseline pre-tone freezing levels. Hab, habituation; Cond,
conditioning; pre-CS, pre-conditioned stimulus. One-way ANOVA followed by Duncan’s post hoc test. Data are expressed as mean ± SEM in blocks of two trials. *p < 0.05.
(C) After fear conditioning test, immunostaining of rat brain sections confirmed the injection of NeuroD1-GFP viruses into the BLA (green, left panel), and the NeuroD1-infected
cells were mostly NeuN-positive neurons (right panels). Scale bar, 1,000 mm.

Functional Rescue of Cognitive Deficits

We next used a different animal species (rats instead of mice) and a
different behavioral task (cognitive rather than motor) to further
test the effect of NeuroD1-mediated astrocyte-to-neuron conversion
following ischemic injury in the amygdala (Figure 8). It is well established that the associative memory of a conditioned stimulus (tone)
and an aversive event (electrical foot shock) is stored in the basolateral
nucleus of the amygdala (BLA).43,44 Lesions of the BLA impair both
the acquisition and the subsequent retrieval of an auditory fear memory.45,46 To assess the NeuroD1 effect on cognitive functions, we injected rats with ET-1 into the BLA to produce an ischemic injury and
then submitted to auditory fear conditioning 3 weeks later (Figure 8A). This interval was based on pilot studies showing a partial
impairment in fear acquisition combined with partial neuronal injury
approximately 21 days after the ET-1 stroke. The 21-day time point
also helped to maximize glial scar formation following ET-1 lesion,47
an important factor to consider when using cell conversion strategies.
ET-1 has been previously used to induce ischemic lesions in rat
models of stroke.37,47 Accordingly, we found that intra-BLA infusion
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of ET-1 (1–21) (3 mL/side, 400 pmol) induced a robust lesion in BLA
(Figure S5). Behaviorally, rats infused with ET-1 showed a signiﬁcant
reduction in the acquisition of a conditioned freezing response to the
tone, in comparison to a saline-infused control group (Figure 8B, day
21). Reduced freezing was also observed during the retrieval test the
following day (Figure 8B, day 22), suggesting that the lesion induced
by ET-1 impaired the formation of an auditory fear memory. One day
later, lesioned rats were separated into two groups receiving infusions
of either control virus or NeuroD1 virus (3 ml) into the BLA. After
3 weeks of viral infection, animals were returned to the same box
for a fear retrieval test (Figure 8B, day 45). Rats in the control group
continued to show reduced freezing levels, as expected. In contrast,
freezing in the NeuroD1 group returned to the levels of the saline/
saline group, and was signiﬁcantly higher than the group receiving
the control virus infusion (Figure 8B, day 45), suggesting a rescue
of the memory deﬁcit by NeuroD1 treatment. There was no effect
of NeuroD1 on freezing during the pre-tone period (pre-CS, “x”
symbol in Figure 8B), suggesting that NeuroD1 did not induce a general increase in amygdala excitability or non-speciﬁc fear. After
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completion of behavioral tests, we performed immunostaining to
conﬁrm viral infection in the BLA. As expected, we found that the
majority of NeuroD1-GFP-infected cells were NeuN-positive neurons (Figure 8C). Together, these results suggest that NeuroD1-treatment can rescue the fear memory deﬁcits induced by an ischemic
lesion of BLA, possibly through strengthening the residual fear memory via new neurons and connections within the BLA.

DISCUSSION
In this study, we demonstrate that in vivo astrocyte-to-neuron conversion mediated through NeuroD1-based gene therapy can efﬁciently regenerate a large number of functional new neurons in an
ischemic injury model and achieve functional rescue of both motor
and cognitive deﬁcits in rodent animals. The newly generated neurons intermingled with preexisting neurons and prevented tissue
loss in the injury sites. Notably, astrocytes persisted nearby the converted neurons, indicating that astrocytes are not depleted after conversion. Immunostaining together with RNA-seq revealed substantial
neuronal recovery after NeuroD1-mediated astrocyte-to-neuron conversion. The astrocyte-converted neurons are electrophysiologically
functional and send out long-range axonal projections to the target
regions. Both motor function and fear memory tests showed signiﬁcant improvement after astrocyte-to-neuron conversion. Together,
this study demonstrates that in vivo astrocyte-to-neuron conversion
can regenerate functional new neurons, form new synaptic circuits,
protect injured neurons, and rescue behavioral deﬁcits. This
NeuroD1-based gene therapy may open a new avenue for brain repair
using internal glial cells to regenerate functional new neurons.
Achieving High Neuroregeneration Efficiency with NeuroD1
AAV-Based Gene Therapy

Many neurological disorders are associated with severe neuronal loss.
How to replenish the lost neurons in order to restore the lost brain
functions has been proven a very difﬁcult task in the past. We demonstrate here that AAV NeuroD1-based gene therapy can regenerate
400 NeuN+ cells/mm2 in the injured adult mouse cortex, about
one third of the cortical neurons (141 ± 6.7 NeuN+ cells/0.1 mm2).
Unexpectedly, accompanying astrocyte-to-neuron conversion, we
observed a signiﬁcant neuroprotection of the preexisting mature neurons that would have been lost in the control group. It is therefore the
neuroregeneration plus neuroprotection, together with reduction of
reactive astrocytes, that results in a signiﬁcant neural repair. Such
induced neuroregeneration efﬁcacy is orders of magnitude higher
than the spontaneous adult neurogenesis.4–7 Generating a large number of functional new neurons in the injury sites may be critical for
their survival, because previous studies have reported that the majority of adult newborn neurons failed to survive in injured areas.48
When we used retroviruses to convert only the dividing reactive glial
cells into neurons, we also observed a decline of the newly converted
neurons within several weeks.25 In this study, we used AAV system to
signiﬁcantly increase the total number of converted neurons. AAV
has been extensively used in the CNS for gene expression and circuit
mapping due to its high infection rate and low pathogenicity.49,50
Compared to retroviruses that mainly target dividing cells, AAV

has the advantage of infecting both dividing and non-dividing glial
cells so that cell conversion is not limited by the number of dividing
cells.
On the other hand, because AAV can infect both dividing and nondividing cells, it becomes critical to target glial cells speciﬁcally with
glia-speciﬁc promoters. Our engineered AAV GFAP::Cre and
FLEX-CAG::NeuroD1 system used in this study is trying to balance
speciﬁcity versus efﬁcacy when developing a suitable viral system as
a research tool for long-term tracking of the converted neurons.
Because AAV itself is not speciﬁc for a particular cell type, we did
observe some viral infection of neurons in the control AAV group
(GFAP::Cre and FLEX-CAG::mCherry). GFAP::Cre can safeguard
the expression of Cre initially in astrocytes, but Cre might “leak”
into nearby neurons through direct contacts or exosomes.51 Injured
or diseased neurons might also have their glial promoters partially reactivated as reported before,52,53 resulting in low expression of Cre in
infected neurons. Infection by high titer of AAV may lead to higher
“leakage,” while low titer will have less “leakage” but the conversion
efﬁciency is also low, creating a dilemma between speciﬁcity and efﬁcacy. To solve this problem, it is pivotal to perform side-by-side control experiments such as mCherry versus NeuroD1-mCherry used in
this study and examine at different time windows. Different viral systems should also be used to independently verify cell conversion. For
example, retroviruses only express target genes in dividing glial cells
but not neurons, which will give a clean result as shown in this study
(Figure 1E) and our earlier work.25 Another approach is to use glial
promoter to directly drive the expression of target genes in glial cells,
as shown in Figure 1F, although the conversion efﬁciency may be
affected by the expressed transcription factors. Therefore, it is important to balance the speciﬁcity and efﬁcacy when choosing the viral system (retrovirus, AAV, lentivirus) and promoters (general promoters
versus cell-speciﬁc promoters) for particular type of neural repair.
Unlike classical gene therapy that overexpresses a missing protein to
treat genetic defect, we overexpress a neural transcription factor
NeuroD1 to change a glial cell into a new neuron. Therefore, our NeuroD1-based in vivo cell conversion technology is a unique approach: a
gene therapy-based cell therapy. NeuroD1 is an endogenous neural
transcription factor that is not only expressed during early brain
development but also in the adult NSCs.54,55 Even in adult mouse
cortex and hippocampus, we can detect a low level of NeuroD1
expression in mature neurons, which triggered us to pick NeuroD1
for in vivo glia conversion in the ﬁrst place.25 Besides our group,
NeuroD1 has also been reported to convert or help the conversion
of ﬁbroblast cells or glial cells into neurons by several other
groups.36,56,57
Functional Integration of NeuroD1-Converted Neurons

Many clinical trials on CNS disorders such as stroke and Alzheimer’s
disease have largely failed over the recent years.58,59 Although
different reasons are behind each failed clinical trial, one potential
common problem might be the lack of neuroregeneration to support
functional recovery. Regenerating a large number of functional new
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neurons to replace the lost neurons might be the fundamental ﬁrst
step toward neural repair. The high neuroregeneration efﬁciency presented in this study may solve the long-term problem of how to
replenish the lost neurons with sufﬁcient number of functional new
neurons. Although adult brains show plasticity and remapping in
response to ischemic injury,60 the capacity of such compensation
may not be sufﬁcient to overcome the loss of massive number of neurons caused by injury. On the other hand, simply having a massive
cluster of new neurons may not be sufﬁcient to rebuild a highly
organized neural circuit. The long-range axonal projections from
NeuroD1-converted neurons reported here suggest that newly generated neurons might rely upon preexisting axon bundles to reach their
target regions. We cannot exclude the possibility that newly converted
neurons might send axons to the wrong targets, like that during early
brain development. However, we predict that the wrong projections
will be eliminated through experience-dependent plasticity if there
are no adequate activities to support the connections. Our behavioral
tests indicate that NeuroD1-converted neurons contribute toward
functional recovery after ischemic stroke. This is consistent with
recent reports on in vivo conversion of striatal astrocytes into dopaminergic neurons57 and Muller glia into retinal neurons in adult
mice,61,62 both of which achieved functional improvement as well.
Our electrophysiological analysis and c-fos staining further support
the notion that NeuroD1-converted neurons integrate into preexisting brain circuits and participate in brain functions. Of course,
many more studies are needed to answer precisely how the newly converted neurons establish functional neural circuits with preexisting
neurons after injury or disease.
Advantages of In Situ Cell Conversion

Current therapy for acute ischemia stroke is focusing on restoring
blood ﬂow through intravenous administration of tissue plasminogen
activator (tPA) or mechanical thrombolysis within a narrow time
window of 3–4.5 hours following stroke.63,64 After restoring blood
ﬂow, physical rehabilitation of the affected area has been proven to
be effective,65 but functional recovery is often limited. One of the
most signiﬁcant advantages of our in vivo cell conversion technology
is that we can potentially extend the treatment time window from
hours to days and weeks or even months after stroke. This study demonstrates that after 10 days of ischemic injury, reactive astrocytes in
the adult mouse cortex can still be efﬁciently converted into functional neurons with signiﬁcant tissue repair and behavioral improvement. In our previous work, we demonstrated that reactive astrocytes
in 14-month-old 5xFAD mice can still be converted into functional
new neurons by NeuroD1.25 Therefore, a broad treatment window
might have a major impact on patients who are not able to access immediate treatment after stroke.
Besides a signiﬁcant increase of treatment time window, our in vivo
cell conversion technology also has advantages over the classical
cell therapies for stroke treatment. For example, by making use of
brain internal glial cells to generate new neurons, the in vivo cell conversion approach is more similar to modulating endogenous adult
neurogenesis. However, different from the restricted NSC niches
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in the adult brain,1–3 reactive glial cells are widely distributed
throughout the CNS. Wherever a neural injury occurs, the local glial
cells neighboring to the lost neurons can be used to generate new neurons for replacement, as shown by different groups in different brain
and spinal cord regions already.25–35 Such in situ cell conversion
approach is an economical way to generate new neurons for neural
repair, with an almost unlimited cell source for regeneration purpose.
Of course, transplantation of external stem cells can also be carried
out throughout the CNS via intracranial or intraspinal delivery
method, similar to our in vivo cell conversion technology. However,
the majority of transplanted cells cannot survive very well in stroke
areas and not many functional neurons can be detected after longterm engraftment.18,24 While many preclinical studies have shown
promising functional recovery following stem cell transplantation
and some even enter clinical trials, one great challenge is to better understand the precise mechanisms before launching large-scale clinical
trials.18,24 In contrast, our in vivo cell conversion approach shows
highly efﬁcient neuroregeneration with long-term survival and functional integration, which may represent the next generation of cell
therapy to treat neurological disorders.
Limitations of In Situ Cell Conversion

Like any new technology, in vivo cell conversion approach also has its
own limitations and challenges. The precondition for in vivo cell conversion is the presence of reactive glial cells after neural injury. If
injury is so severe that even glial cells are lost in a massive way,
such as that occurs in middle cerebral artery occlusion (MCAO)
model, it might require additional therapies to ﬁrst reduce cell death
in order to preserve some glial cells for conversion purpose. Therefore, in vivo cell conversion technology is complementary to all the
acute treatments aiming at neuroprotection immediately after the
stroke. The more neurons and glial cells are preserved, the more efﬁcient the cell conversion approach will be. For severe injury that has
already resulted in a big tissue loss, such as the empty hole in the
mouse cortex at 10 weeks after ET-1 induced ischemic injury (Figure 1A), it may require cell transplantation to ﬁll the hole ﬁrst before
starting a regeneration process. Another challenge is that if an
ischemic injury involves multiple brain regions, such as the cortex,
striatum, and hippocampus in the MCAO model, it may require
different transcription factors to generate different subtypes of neurons in different brain regions for effective repair. Even after successful neuronal conversion, whether the newly generated neurons in
different brain regions can form right connections to replace the previously lost connections is also a challenge. Recent studies reported
encouraging results that transplanted embryonic neurons or brain organoids in the adult mouse cortex can form wide synaptic connections with their hosts,67,68 suggesting that newborn neurons are
capable of integrating into preexisting brain circuits. Finally, even if
rodent animal models show successful neural repair after cell conversion, it is not a guarantee that it will translate into a successful clinical
therapy. Non-human primate models may be necessary to further test
critical parameters on in vivo cell conversion in order to gain insights
into the dosage and time windows for future clinical applications.
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In conclusion, our NeuroD1-based gene therapy opens a new path toward efﬁcient in vivo neuroregeneration for brain repair. While many
challenges lie ahead, this study provides the proof-of-principle that
injured adult mammalian brains can be at least partially repaired
through in vivo cell conversion approach.

MATERIALS AND METHODS
Animals
Mouse

All experiments were performed in the AAALAC-accredited Huck
Institute of Life Sciences at The Pennsylvania State University. Animal procedures were performed in accordance with the NIH’s Guide
for the Care and Use of Laboratory Animals, and all experimental
protocols were approved and overseen by The Pennsylvania State
University’s Institutional Animal Care and Use Committee (IACUC).
5- to 12-month-old adult mice were used. Mice were housed in a 12 h
light/dark cycle and supplied with sufﬁcient food and water. Both
male and female mice were used except in the behavioral experiments
in which only male mice were used.
Rat

Male Sprague-Dawley rats (Harlan Laboratories) aging between 3
and 5 months and weighing 300–360 g at the time of the experiment
were housed and handled as previously described.69 Rats were maintained on a restricted diet of 18 g per day of standard laboratory rat
chow and trained to press a bar for food on a variable interval
schedule of reinforcement (VI 60 s) for one week. All experimental
procedures in rats were approved by the Institutional Animal Care
and Use Committee of the University of Puerto Rico School of
Medicine, in compliance with NIH’s Guide for the Care and Use
of Laboratory Animals.
Mouse Model of Ischemic Injury and Virus Injection

Wild-type (WT) FVB/NJ and GFAP-GFP transgenic mice were employed for the majority of the experiments described in this study.
ET-1 (1–31) was injected into the motor cortex of the adult WT
FVB/NJ or GFAPA-GFP transgenic mice (28–40 g, 5–10 months
old) to produce focal ischemic injury as previously described.38,70
Brieﬂy, under anesthesia by intraperitoneal injection of ketamine/
xylazine (100 mg/kg ketamine; 12 mg/kg xylazine), mice were placed
in a stereotaxic apparatus with the skull and bregma exposed by a
midline incision. A small hole of 1 mm was drilled in the skull
at the coordinates of the forelimb motor cortex (relative to the
bregma): +0.2 mm anterior-posterior (AP), ± 1.5 mm mediallateral. ET-1 (1–31) was dissolved at 2 mg/mL in 1 PBS
(OSM 320, PH 7.3). A total volume of 0.5 mL (1 mg) was injected
into each site starting from 1.6 mm dorsal-ventral (DV). The injection was performed by infusion pump throughout 10 min and
the injection needle was withdrawn slowly at the speed of
0.1 mm/min. After injection, the needle was kept at 1.1 mm DV
for additional 3 min before fully withdrawn. Viral injection followed
the similar procedure, except that viral injection was typically performed around 10 days after ET-1 injection through the same
hole drilled for ET-1 injection at same depth.

Rat Model of Ischemic Injury and Virus Injection

Rats were anaesthetized with isoﬂurane (5% for induction, 2.5% for
maintenance) and positioned in a stereotaxic frame (Kopf Instruments). Prior to surgery, rats were randomly assigned to receive infusion of either saline or ET-1 into the BLA. A single guide cannula
(26 gauge, 9 mm of length, Plastics One) was implanted bilaterally
into the BLA (coordinates: anterior-posterior [AP], 2.6 mm from
bregma; medial-lateral, 4.9 mm from midline; dorsal-ventral [DV],
8.7 mm from the skull surface). The cannula was ﬁxed to the skull using ortho acrylic cement and four anchoring screws. Immediately
following this, an injector extending 1 mm past the tip of the cannula
was used to infuse 3 mL/side (400 pmol) of either saline or ET-1 at a
rate of 0.15 mL/min. The injector was kept inside the cannula for an
additional 10 min to reduce back-ﬂow. The injector was then
removed and a stainless-steel obturator (33 gauge) was inserted
into the guide cannula to avoid obstruction after infusions were
made. Rats were allowed to recover for 3 weeks after surgery before
initiating the experiments. This interval was based on pilot studies
performed by our group showing a signiﬁcant impairment in fear
acquisition combined with signiﬁcant neuronal death approximately
21 days after the ET-1 stroke. The 21-day time point also helped to
maximize scar glial formation following ET-1 lesion,47 an important
factor to consider when using reprogramming strategies.
AAV Vector Construction

The hGFAP promoter was obtained from pDRIVE-hGFAP plasmid
(InvivoGen) and inserted into pAAV-MCS (Cell Biolab) between
MluI and SacII to replace the cytomegalovirus (CMV) promoter.
The Cre gene was obtained by PCR from hGFAP-Cre (Addgene
plasmid #40591, gift of Dr. Albee Messing) and inserted into pAAV
MCS between EcoRI and Sal1 sites to generate pAAV-hGFAP::Cre
vector. To construct pAAV-FLEX-mCherry-P2A-mCherry and
pAAV-FLEX-NeuroD1-P2A-mCherry (or pAAV-FLEX-NeuroD1P2A-GFP) vectors, we obtained the cDNAs coding NeuroD1,
mCherry, or GFP by PCR using the retroviral constructs described
previously.25 The NeuroD1 gene were fused with P2A-mCherry or
P2A-GFP and subcloned into the pAAV-FLEX-GFP vector (Addgene
plasmid #28304, gift of Dr. Edward Boyden) between Kpn1 and Xho1
sites. Plasmid constructs were sequenced for veriﬁcation.
AAV Virus Production

Recombinant AAV9 was produced in 293AAV cells (Cell Biolabs).
Brieﬂy, polyethylenimine (PEI, linear, MW 25,000) was used for
transfection of triple plasmids: the pAAV expression vector,
pAAV9-RC (Cell Biolab) and pHelper (Cell Biolab). 72 h post transfection, cells were scrapped in their medium and centrifuged, frozen,
and thawed four times by placing it alternately in dry ice or ethanol
and 37 C water bath. AAV crude lysate was puriﬁed by centrifugation
at 54,000 rpm for 1 h in discontinuous iodixanol gradients with a
Beckman SW55Ti rotor. The virus-containing layer was extracted,
and viruses were concentrated by Millipore Amicon Ultra Centrifugal
Filters. Virus titers were 1.2  1012 GC/mL for hGFAP::Cre, hGFAP::
NeuroD1-GFP and hGFAP::GFP, 1.4  1012 GC/mL for CAG::FLEXNeuroD1-P2A-GFP and CAG::FLEX-NeuroD1-P2A-mCherry, and
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1.6  1012 GC/mL for CAG::FLEX-mCherry-P2A-mCherry and
CAG::FLEX-GFP-P2A-GFP, determined by QuickTiter AAV Quantitation Kit (Cell Biolabs).
Retrovirus Production

The pCAG-NeuroD1-IRES-GFP and pCAG-GFP were constructed
as described previously.25 To package retroviral particles, we transfected gpg helper-free HEK cells with the target plasmid together
with vesicular stomatitis virus G protein (VSV-G) vector to produce
the retroviruses expressing NeuroD1 or GFP. The titer of retroviral
particles was about 107 particles/mL, determined after transduction
of HEK cells.
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Statistics and Blind Analysis
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SUPPLEMENTARY FIGURES AND LEGENDS

Supplementary Figure 1 | Stroke model and engineered NeuroD1 Cre-FLEX
system.
(A) Representative images illustrate severe ischemic injury induced by ET-1 (1-31) in
FVB mice (left), but mild injury induced by ET-1 (1-21) in FVB mice or ET-1 (1-31) in B6
mice. NeuN immunostaining at 27 dps revealed that ET-1 (1-31) induced more NeuN
loss and more severe cortical atrophy in FVB animals compared to the other two
conditions. Scale bar, 800 µm.
(B) The Cre recombinase is expressed under the control of GFAP promoter in order to
target astrocytes specifically. NeuroD1 and GFP (or mCherry) are flanked by double
loxP sites in an inverted sequence under the control of CAG promoter. If expressing
together in astrocytes, the Cre-mediated recombination will result in the expression of
NeuroD1 and GFP (or mCherry) under the promoter of CAG.
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Supplementary Figure 2 | Neuronal recovery after NeuroD1-treatment.
Quantification of the signal intensity (A.U., artificial unit) and covered area (%) for
dendritic marker Map2 (A), axon marker SMI312 (B) and myelination marker MBP (C).
* P < 0.05, ** P < 0.01. One-way ANOVA followed by Tukey multiple comparison test, n
= 3 mice per group. Data are represented as mean ± s.e.m.
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Supplementary Figure 3 | Long-range axonal projection after AtN conversion.
(A) Newly generated neurons send out axons along preexisting axonal pathways.
AAV9-pSyn::GFP was injected 7 days before ET-1 infusion to label the pre-existing
endogenous neurons and their axonal pathways. AAV-NeuroD1-mCherry was injected
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10 days post stroke and animals were sacrificed at 7 dpi. Note that there were limited
number of axons labeled by mCherry, suggesting very few NeuroD1-converted neurons
were sending out axons at this time point. On the other hand, the mCherry-labeled new
axons were following GFP-labeled preexisting axonal pathways.
(B) Coronal section of mouse cortex at 9 months post NeuroD1 virus injection, showing
long-range axon projection to the contralateral side through corpus callosum. Bottom
panels illustrate enlarged view of axon projections inside the corpus callosum (box 1, 3,
and 4) and projections through the striatum (box 2).
Scale bar at top row is 1000 µm, and the bottom row is 40 µm.
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Supplementary Figure 4 | Assessment of Tissue Damage after Behavioral Tests.
(A) Picture of the pellet retrieval device modified from staircase. The mouse in the rest
chamber was trained to reach the sucrose pellet in the V-shape well after 18 hr food
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deprivation. It is clear from our design that the mice had to spend a great effort with
motor coordination and strength to successfully retrieve the food pellet (See
Supplementary Video 1).
(B) Representative pictures of mouse brains after finishing behavioral tests (2 months
post viral injection). The control group showed severe cortical tissue loss on stroke side
after ET-1 (1-31)-induced focal stroke, whereas NeuroD1-treatment showed a
significant rescue of the tissue loss.
(C) Representative images of the mouse cortex in coronal sections illustrating the
severe tissue loss after ET-1 (1-31) induced ischemic stroke. Note that two ET-1 (1-31)
injections were made in both motor cortex and sensory cortex on one side to induce
more severe injury for long-lasting behavioral tests. Therefore, the tissue loss is also
more severe than the single injection performed for most of the cell conversion studies.
Nevertheless, the NeuroD1 repairing effect is still significant.
(D) Quantification of cortical tissue damage after behavioral tests. Two-way ANOVA
followed by Sidak multiple comparison test, n = 6 mice per group. Data are represented
as mean ± s.e.m.;
(E) Four months after NeuroD1-GFP AAV injection following stroke, c-Fos signal was
detected after wheel running, and some were colocalized with NeuroD1 and GFP
(arrowheads), suggesting functional integration of NeuroD1-converted neurons into the
motor cortex.
Scale bars (C) 1000 µm; (E) 40 µm.
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Supplementary Figure 5 | Estimated size of the amygdala lesion induced by the
infusion of endothelin [ET-1(1-21)] in both ET-1/Control group (left) and ET-1/NeuroD1
(right). Gray areas represent the minimum (dark) and maximum (light) spread of the
lesion at different antero-posterior levels of BLA (-2.12, -2.56, and -2.80 from bregma).
BLA, basolateral nucleus of the amygdala; CeA, central nucleus of the amygdala, op.,
optical tract.
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ADDITIONAL MATERIALS AND METHODS
Immunohistochemistry:
Mouse sample. Immunohistochemistry of floating frozen sections of mice brain was
performed as described previously1. Briefly, animals were anesthetized with 2.5%
Avertin and transcardially perfused with artificial cerebral spinal fluid (ACSF) to wash off
the blood in the brain tissue. Then, brains were dissected out, trimmed, and put in 4%
paraformaldehyde PFA for post-fixation at 4 °C overnight. After fixation, brain tissues
were cut at 40 µm sections by a vibratome (Leica). Brain sections were permeabilized
in 2% Triton X-100 in PBS for 1 hr, followed by incubation in blocking buffer (2.5 %
normal goat serum, 2.5 % normal donkey serum, and 0.1% Triton X-100 in PBS) for 1
hr. The primary antibodies were added into the blocking buffer with brain sections and
incubated overnight at 4 °C. After washing off primary antibodies in PBS, brain sections
were incubated with secondary antibodies conjugated with different fluorophores (1:800,
Jackson ImmunoResearch) for 1 hr at room temperature, washed in Triton-PBS, and
then mounted onto a glass slide with an anti-fading mounting solution containing DAPI
(Invitrogen). Images were acquired with confocal microscopes (Olympus FV1000 or
Zeiss LSM800) and a Keyence microscope. To test for antibody specificity, primary
antibody was withdrawn and only secondary antibody was used for immunostaining as
a side-by-side control for all the primary antibodies. No specific signal was detected in
these controls without primary antibodies. Primary antibodies are given in the Table1.
Rat sample. At the conclusion of behavioral experiments, rats were deeply
anesthetized with sodium pentobarbital (450 mg/ml, i.p.) and perfused transcardially
with 100 ml saline (0.9%), followed by 500 ml of 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Brains were post fixed for 3 h in the same fixative solution
and transferred to a solution of 30% sucrose in 0.1 M phosphate buffer at 4 °C for 2
nights. Brains were then frozen and a series of 40 µm sections were cut with a cryostat
(Leica, CM 1850) in the frontal plane and collected at different levels of the BLA.
Alternate sections were initially blocked in a solution of 2% normal goat serum (Vector
Laboratories) plus 0.3% Triton X-100 (Sigma-Aldrich) in 0.12 M phosphate buffered
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saline for 1 hour and then incubated overnight with anti-NeuN (1:200, conjugated with
rabbit polyclonal Alexa Fluor 488; EMD Millipore). On the following day, slices were
rinsed in potassium buffered saline, mounted on gelatin-coated slides, dehydrated and
then coverslipped with anti-fading mounting medium (Vectashield, Vector Laboratories).

Electrophysiology. Brain slice recordings were performed similar to previously
described1,2. Briefly, 2-3 months after AAV injection, the mice were anaesthetized with
2.5% avertin, and then perfused with NMDG-based cutting solution (in mM): 93 NMDG,
93 HCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 15 glucose, 12 N-Acetyl-Lcysteine, 5 sodium ascorbate, 2 Thiourea, 3 sodium pyruvate, 7 MgSO4, 0.5 CaCl2, pH
7.3-7.4, 300 mOsmo, bubbled with 95% O2 / 5% CO2. Coronal sections of 300 µm
thickness were cut around AAV-injected cortical areas with a vibratome (VT1200S,
Leica, Germany) at room temperature. Slices were collected and incubated at 33.0 ±
1.0 °C in oxygenated NMDG cutting solution for 10-15 minutes. Then, slices were
transferred to holding solutions with continuous 95% O2 / 5% CO2 bubbling (in mM): 92
NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 15 glucose, 12 N-Acetyl-Lcysteine, 5 sodium ascorbate, 2 Thiourea, 3 sodium pyruvate, 2 MgSO4, 2 CaCl2. After
recovery at least 0.5 h at room temperature in the holding solution, a single slice was
transferred to the recording chamber continuously perfused with standard aCSF
(artificial cerebral spinal fluid) saturated by 95% O2 / 5% CO2 at 33.0 ± 1.0 °C. The
standard aCSF contained (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10
Glucose, 1.3 MgSO4, 2.5 CaCl2. To detect action potential firing in NeuroD1-GFPinfected neurons, whole-cell recordings were performed with pipette solution containing
(in mM): 135 K-Gluconate, 10 KCl, 5 Na-phosphocreatine, 10 HEPES, 2 EGTA, 4
MgATP and 0.3 Na2 GTP, pH 7.3 adjusted with KOH, 280–290 mOsm. Depolarizing
currents were injected to elicit action potentials under current-clamp model. To record
spontaneous excitatory postsynaptic currents (sEPSCs) and spontaneous inhibitory
postsynaptic currents (sIPSCs), pipette solution contained (in mM): 120 CsMethanesulfonate, 10 KCl, 10 Na-phosphocreatine, 10 HEPES, 5 QX-314, 1 EGTA, 4
MgATP and 0.3 Na2GTP, pH 7.3 adjusted with KOH, 280–290 mOsm. To labeled
recorded neurons, 0.5% biocytin was added to the pipette solution. The cell membrane
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potentials were held at -70 mV (the reversal potential of GABAA receptors) for sEPSC
recording, and 0 mV (the reversal potential of ionotropic glutamate receptors) for sIPSC
recording, respectively. Data were collected with a MultiClamp 700A amplifier and
analyzed with pCLAMP10 software (Molecular Devices).

CTB Retrograde tracing. Mice were injected with ET-1 in the motor cortex and then
AAV9 (Cre-FLEX-NeuroD1-mCherry/GFP) was infused at same region 10 days after
stroke. 40 days after viral injection, CTB-488/647 dye was injected into the thalamus
area to retrogradely labeling cortical neurons. Animals were sacrificed for analysis 7
days after CTB injection.
RNA-sequencing Analysis. RNA quality check, mRNA enrichment, library construction
and single-end 50 bp sequencing with HiSeq 3000 were performed at the UCLA
Technology Center for Genomics & Bioinformatics. Quality check of the raw data was
done using FastQC (v. 0.11.3) using default setting. The filtered reads were aligned
against mouse reference genome mm10 using HISAT2 (v. 2.0.1)3 and summarized
using featureCounts (v. 1.5.0)4. Genes that had average expression levels greater than
5 counts were considered valid. Differential expression analysis was processed using
DESeq2 (v. 1.16.1)5, and genes with more than 3-fold differences, baseMean > 50 and
adjusted p-value < 0.01 were called differentially expressed. Gene ontology (GO)
analysis was performed on Gene Ontology Consortium (http://www.geneontology.org/).

Behavioral tests:
Mouse food pellet retrieval test. For all behavioral experiments in mice, ET-1 (1-31)
was injected into two points of the forelimb motor cortex in order to induce severe motor
deficits. The coordinates of the two points are: (i) +0.2 mm AP, +/- 1.35 mm ML; (ii)
+0.38 mm AP, +/- 2.45 mm ML (+ or - ML was based on the opposite side of the
dominant forelimb in pre-stroke pellet retrieval training). The food pellet retrieval
chamber was modified from the staircase equipment for mice6,7. In brief, the staircase
was changed to an arm with a single V-shape well and a small baffle at the end to
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prevent food pellet dropped outside the well during the test. The well arm is 33 mm long
and the lowest part of the well is 16 mm from the bottom of top board, as illustrated in
the Figure S6A. Before pellet retrieval test, mice were food-deprived for 18 hrs to
increase their motivation. During initial food deprivation training, mice were given 30
sucrose pellets (14 mg, TestDiet, Inc) in home cages for familiarization. For the first part
of training, the top board of the center plinth was removed to reduce difficulty and
encourage animals to try reaching the food. Five pellets were placed in the well either
on the right side or left side to determine the dominant forelimb. Mice were given 5 min
and tested twice on each side. The dominant side was determined at this stage by
counting how many pellets were retrieved. Most animals could get ~5 pellets on one
side and sometimes both sides. If the animals failed to get any pellet, they would be
excluded from further test. For the second part of training and all the following testing,
the top board was placed back onto the center plinth and 8 pellets were placed in the
well at the dominant side. Animals were tested 3 consecutive times every day, each
time 5 min for pellet retrieval. The animals would be used for further surgery and test if
the average retrieval was more than 4 pellets on three consecutive training days. After
training, ischemic stroke was induced in the contralateral motor cortex controlling the
dominant forelimb. At 9 days after stroke and one day before viral injection, a test was
performed to determine their functional levels. If the number of pellets retrieved were
less than half of their pre-stroke level, these animals would be used for viral injection the
next day (10 days post stroke). Following viral injection, pellet retrieval tests were
performed at 20, 30, 50, and 70 dps to assess their functional recovery. For each time
point, pellet retrieval tests were repeated on two consecutive days, with day 1 as
training and day 2 as the actual test. Animals were coded and a second experimenter
who was blind to the identity of the animals performed the test and pellet counting.
Mouse grid walking test. The grid-walking test was similar to previous reports8,9. We
used a 1 cm2 grid wire mesh of 24 cm long and 20 cm wide, elevated to 24 cm high. A
video camera was placed below the grid, facing upwards with a 45° angle. Slow motion
video footages were recorded to assess the animals’ foot faults. Individual mouse was
placed on top of the grid floor and allowed to freely walk for 5 min. The animals were
coded and video footage was analyzed offline by a second researcher who was blind to
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the animal identity. The total number of foot faults for dominant limb and the total
number of non-foot-fault steps were counted. Foot fault percentage was calculated as:
the number of foot faults / total number of steps × 100.
Mouse cylinder test. The cylinder test was based on previous work 7. This test
involved video recording of mice rising and touching the sidewall of a transparent
cylinder with forelimbs (10 cm diameter, 15 cm tall). Each animal was placed into the
cylinder on a transparent board and video-recorded with a camera from below. The
experiment was stopped after the mouse attempted to rise and touch the sidewall for
>30 times, which normally lasted ~3-4 minutes. 30 total attempts of rising and touching
the wall were analyzed. A normal paw touch is defined as the animal placing both paws
on the wall while rising, and using both paws to push against the wall while descending.
An abnormal touch involves only using one of the paws to touch the wall, or one paw
dragging along the wall after touching. Dragging behavior is defined as one paw,
typically the injured one, sliding along the sidewall without holding steady against the
wall. A non-touching behavior is defined as the mouse not using its injured paw but only
using non-injured paw while rising and descending. Non-touching is considered a more
severe injury phenotype since the mouse totally abandons the injured paw. The normal
rising and touching behavior was quantified as: normal paw touches / total attempts ×
100. The videos were analyzed offline by an experimenter blinded to the animal’s
identity.

Wheel running and c-Fos detection. 4 months after NeuroD1 virus injection following
stroke, the animals were placed in a running wheel. Thirty minutes after actively
running, the mice were placed back into the home cage and one hour later they were
sacrificed and perfused for c-Fos immunostaining.

Rat fear conditioning test. A total of 41 male Sprague-Dawley rats (Harlan
Laboratories) aging between 3-5 months and weighing 300-360 g underwent bar press
training, auditory fear conditioning, and a fear retrieval test in standard operant
chambers (12” W x 10” D x 12” H; Coulbourn Instruments), inside sound-attenuating
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boxes (Med Associates). During all phase of the fear conditioning and tests, rats were
able to press a bar to receive a sucrose pellet (VI 60 s reinforcement) in a dish located
next to the bar. The floor of the chambers consisted of stainless steel bars that
delivered a scrambled electric footshock. Conditioning was performed 3 weeks after
intra-BLA infusion of saline or ET-1 (day 21), and consisted of habituation to five
nonreinforced tones (75 dB, 30 s; habituation) followed by seven tones co-terminated
with a footshock (0.5 s, 0.52 mA). On the next day (day 22), rats underwent a memory
retrieval test in the same context (Test 1), in which they were exposed to two
conditioned tones. Twenty-four hours later, rats previously infused with ET-1 were
assigned to receive intra-BLA infusions (3 µl/side) of either control-virus or NeuroD1,
whereas rats previously infused with saline received a second infusion of saline.
Infusions were carried out using the same procedures described above. Control virus
and NeuroD1 groups were chosen by matching freezing levels during Conditioning and
Test 1. Three weeks were allowed for viral expression (day 23-44). Animals were then
returned to the chamber (Test 2, day 45) for a fear retrieval test. All trials were
separated by a variable interval of ~3 min. Between animals, grids and floor trays were
cleaned with soap and water, and chamber walls were cleaned with wet paper towels.
Sample size was determined as the minimal number of animals that would provide
statistical power to detect a group difference (level of significance 0.05, power 0.9).
Groups were assigned after matching for freezing levels during the conditioning
session. Behavior was recorded with digital cameras (MicroVideo Products). Freezing
was automatically scored using a commercially available video tracking system (AnyMaze, Stoelting). The amount of time spent freezing to the tone was expressed as a
percentage of the tone presentation. Trials were averaged in blocks of two, and
subjected to one-way analysis of variance (ANOVA), followed by Duncan’s post-hoc test
as appropriate (STATISTICA Statsoft).

Quantitative real-time PCR. The cortical tissues around the injury core (approximately
2 mm x 2 mm square) were taken after perfusion and flash-frozen in liquid nitrogen. The
RNA extraction was conducted using Macherey-Nagel NucleoSpin RNA kit and the
RNA concentration was measured by NanoDrop. The cDNAs were synthesized using
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Quanta Biosciences qScript cDNA supermix. The reaction mixture was incubated at 25
°C for 5 min, 42 °C for 30 min, 85 °C for 5 min and held at 4 °C. Then the mixture was
diluted 5-fold with RNase/DNase-free water and 2.5 µl was taken for qRT-PCR. The
primers for qRT-PCR were designed using Applied Biosystems Primer Express
software. The qRT-PCR was conducted using Quanta Biosciences PerfeCTa SYBR
Green Supermix, ROX. GAPDH was used as an internal control and non-stroke cortical
tissue from healthy mice was used as control. Comparative Ct method was used for
calculation of fold change and Prism 6 was used for statistical analysis and bar graphs.

QUANTIFICATION AND STATISTICAL ANALYSIS
Cortical area size analysis. Cortical areas were quantified using the images taken with
a 4x lens in a Keyence BZ-9000 Fluorescent microscope. Three slices around the
injection point (+0.2 AP) with most obvious stroke injury were chosen for image-taking.
DAPI and NeuN signals were used to identify the cortical upper boundary and the lower
interface with cingulate cortex. Cortical areas from the midline to 3 mm lateral were
measured by ImageJ.
Neuronal marker intensity and covered area analysis. Single layer confocal images
of neuronal markers (Map2, SMI32, SMI312 and MBP) were used for quantification at
17 dpi. 40x lens was used for most markers except for SMI312, for which 63x lens was
used. Three images were taken at virus-infected areas close to the stroke infarct (within
500 µm from injury core) and at the middle of cortical sections. One image was taken at
healthy region without injury for normalization. The threshold for background signal was
also set using the healthy area. Results from three images were used to get average
data for each animal.
NeuN cell number analysis. NeuN cell number was counted on the images of NeuN
immunostaining taken by the tile function of Zeiss LSM800 confocal microscope within
the cortical areas from 500 µm to 2500 µm lateral of the midline. The confocal software
Zen was used for cell counting. Slices around the injection point (+0.2 AP) with most
obvious stroke injury were used for image analysis.
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Electrophysiological analysis. The sEPSCs and sIPSCs were analyzed using Mini
Analysis Program (Synaptosoft, New Jersey, USA). To avoid multiple detections of
large events, the analysis results were further checked visually after auto-detection. To
compare sEPSCs and sIPSCs frequency between different groups, over 200 events or
at least 3-min recording periods were sampled for each cell before obtaining the
average value.
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Table 1 | Antibodies
REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chicken polyclonal to GFP

Abcam

Ab13970

Mouse monoclonal to SATB2

Abcam

Ab51502

Mouse monoclonal to NeuroD1

Abcam

Ab60704

Chicken polyclonal to MAP2

Abcam

Ab5392

Rabbit polyclonal to Emx1

Abcam

Ab32925

Rat monoclonal to Ctip2

Abcam

Ab18465

Rabbit polyclonal to GFAP

Millipore

AB5804

Chicken polyclonal to GFAP

Millipore

AB5541

Rabbit polyclonal to NeuN

Millipore

ABN78

Rabbit polyclonal to Tbr1

Millipore

AB10554

Chicken polyclonal to MBP

Millipore

AB9348

Guinea pig polyclonal to VGLUT1

Millipore

AB5905

Rabbit polyclonal to GABA

Sigma

A2052

Mouse monoclonal to Parvalbumin

Sigma

P3088

Mouse monoclonal to SMI-32P

BioLegend

801701

Mouse monoclonal to SMI-312

BioLegend

837904

Guinea pig polyclonal to VGAT

SYSY

131004

Rat monoclonal to RFP

antibodiesonline.com

ABIN334653

c-Fos

SySy

226 003
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Table 2 | qRT-PCR primers
Primer

Forward sequence

Reverse sequence

m-Gapdh

GGAGCGAGACCCCACTAACA

ACATACTCAGCACCGGCCTC

m-Rbfox3/Neun

GCTGACTTGGGCTATTGCCT

CCTAACTGCTCCAGCCCCTT

m-Robo2

TCAGGAGGCCAATTAACCAGG TCTCGGCAAGTCTGCATCATC

m-Syn1

CTGCTGAGCCCTTCATTGATG

TGGTCTTCCAGTTACCCGACA
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Supplementary Movie 1 | Pellet retrieval test. A pre-stroke video is shown to illustrate
how an animal retrieved 5 among 8 pellets in 5 min. Stroke was induced on this animal
by ET-1 (1-31) injection and 9 days post stroke (dps) video shows its ability to retrieve
pellets significantly reduced (retrieved 0 among 8 pellets). The AAV NeuroD1 was
injected at 10 dps and the video at 60 days post viral injection (dpi) shows that
NeuroD1-treatment helped recovery of pellet retrieval capability, with the mouse now
getting 4 among 8 pellets. In comparison, another animal with similar pre-stroke
capability (retrieved ~ 6 among 8) is also shown in the video at 9 dps and 60 dpi with
control AAV injection. At 60 dpi, it retrieved significantly less pellets.
Supplementary Movie 2 | Grid walking test. Three time points (pre-stroke, 9 dps and
60 dpi) were shown for one animal which received ET-1 (1-31) injection followed by
AAV-NeuroD1 injection. Some of the foot fault falls within the 5 minutes testing period
were presented to illustrate the foot fault at different time points. Before stroke, this
animal had a baseline of foot fault rate at 4.6%, which increased significantly to 11.4%
after stroke prior to viral injection. Then at 60 dpi of injecting AAV NeuroD1, the foot
fault rate reduced to 6.3%. A control animal is also shown at 60 dpi with foot fault rate of
11.2% (pre-stroke: 4.9%; 9 dps: 11.6%), suggesting a long-lasting deficit after stroke.
Supplementary Movie 3 | Cylinder test. Three time points (pre-stroke, 9 dps and 60
dpi) were shown for one animal which received ET-1 (1-31) injection followed by AAV
NeuroD1 injection. Ten rising attempts among total thirty were presented to illustrate
normal touching, dragging and non-touching behavior. Before stroke, this animal had a
baseline of normal touching behavior at 86.7%, which decreased significantly to 23.3%
after stroke prior to viral injection. At 60 dpi of injecting AAV NeuroD1, the normal
touching behavior recovered back to 73.3%. A control animal is shown at 9 dps (33.3%)
and 60 dpi after injecting control virus (40%), suggesting the control animal didn’t
recover significantly.
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