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SUMMARY
Currently, all methods for converting non-neuronal cells into neurons involve injury to the brain; however, whether neuronal trans-

differentiation can occur long after the period of insult remains largely unknown. Here, we use the transcription factor NEUROD1, pre-

viously shown to convert reactive glial cells to neurons in the cortex, to determine whether astrocyte-to-neuron transdifferentiation can

occur under physiological conditions.We utilized adeno-associated virus 9 (AAV9), which crosses the blood-brain barrier without injury,

to deliver NEUROD1 to astrocytes through an intravascular route. Interestingly, we found that a small, but significant number of non-

reactive astrocytes converted to neurons in the striatum, but not the cortex.Moreover, astrocytes cultured tominimize their proliferative

potential also exhibited limited neuronal transdifferentiation with NEUROD1 expression. Our results show that a single transcription

factor can induce astrocyte-to-neuron conversion under physiological conditions, potentially facilitating future clinical approaches

long after the acute injury phase.
INTRODUCTION

The regenerative capacity of the mammalian CNS is largely

restricted to two areas of neurogenic potential found in

the subgranular zoneof thedentategyrusand thesubventric-

ular zone (SVZ) of the lateral ventricle (Kempermann et al.,

2015;MingandSong,2011).Neurons lostoutside these areas

due to injury or disease cannot be replaced, and can often

have devastating consequences for affected patients. Recent

studies have focused on therapies involving the transdiffer-

entiation, or direct lineage conversion, of other resident

cell types into a desired neuronal population in vivo with

thehopesofbeingable to restoreor replace lostneurons (Ara-

vantinou-Fatorou et al., 2015; Corti et al., 2012; Guo et al.,

2013; Liu et al., 2015; Niu et al., 2013; Torper et al., 2013).

During the acute phase of injury to the CNS, astrocytes

become hypertrophic, resume proliferation, and upregu-

late expression of the intermediate filament proteins glial

fibrillary acidic protein (GFAP) and vimentin in a process

called reactive gliosis (Anderson et al., 2014; Bayraktar

et al., 2015; Burda and Sofroniew, 2014). Many of the

cellular processes associated with this phenomenon are

transitive in nature, and are complete several weeks to a

month after injury (Burda and Sofroniew, 2014; Robel

et al., 2011). After injury to the CNS astrocytes become

proliferative, and in some cases begin to express markers

of neural stem/progenitor cells and neurogenic differentia-

tion, indicating that they may be prime cellular candidates

for transdifferentiation approaches (Anderson et al., 2014;
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Bayraktar et al., 2015; Duan et al., 2015; Magnusson et al.,

2014; Nato et al., 2015). Recent work has demonstrated

robust transdifferentiation of reactive cortical astrocytes

into glutamatergic neurons with the overexpression of a

single transcription factor, NEUROD1 (Guo et al., 2013).

By direct injection of a retrovirus overexpressingNEUROD1

in the adult mouse cortex, these authors were able to suc-

cessfully target and convert reactive astrocytes to neurons

(Guo et al., 2013). However, what is not well understood

from this study and others in the field is whether astro-

cyte-to-neuron conversion can still occur following the

initial injury phase after reactive gliosis is resolved (Burda

and Sofroniew, 2014; Guo et al., 2013; Niu et al., 2013;

Torper et al., 2013). A better understanding of the neuro-

genic potential of non-reactive astrocytes is therefore

necessary for the future design of therapeutics adminis-

tered outside the window of reactive gliosis.

In this study, we seek to examine the efficacy of using

adeno-associated virus 9 (AAV9) to express NEUROD1 in

infected cortical and striatal astrocytes through a systemic

intravascular route. Previous work suggests that intra-

vascular introduction of AAV9 is able to specifically infect

the astrocytic-perivascular endfeet that encompass approx-

imately 99% of the vasculature in the brain, leading to

widespread astrocyte targeting without breakdown of

the blood-brain barrier (Foust et al., 2009). Here we make

use of the previously reported transdifferentiation factor,

NEUROD1, to achieve conversion of cortical and striatal as-

trocytes into neurons. Our work shows that NEUROD1
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. AAV9-GFP Labels Neocortical and Striatal Astrocytes in Postnatal Day 10 Mouse Brain
(A) Timeline showing the experimental design.
(B) Schematic of the brain showing the areas in which representative images were taken.
(C) Representative images of AAV9-GFP infection in the cortex and striatum at 5 days post injection (dpi).

(legend continued on next page)
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overexpression in astrocytes of the cortex and striatum can

successfully produce mature neurons in the striatal region.

However, the total number of newly converted neurons is

much fewer than previously reported, indicating that

future work will be necessary to enhance the clinical utility

of NEUROD1 expression as an effective strategy to generate

neurons in the absence of reactive gliosis.
RESULTS

AAV9-GFP Labels Neocortical and Striatal Astrocytes

in Postnatal Day 10 Mouse Brain

Previouswork suggests that intravascular delivery ofAAV9 is

an ideal tool for targeting astrocytes in certain brain regions

(Foust et al., 2009). To further extend these findings and

validate our experimental model, we wanted to confirm

the identity of AAV9 infected cells in the cortex and stria-

tum. To investigate the identity of the newly infected cells

we used an AAV9 vector that expressed GFP under the con-

trol of the chicken b-actin hybrid promoter (AAV9-GFP)

(Foust et al., 2009).We used a Cre-inducible hGFAP reporter

mouse to label astrocytes in the cortex and striatum irrevers-

ibly with tdTomato (Ai14) to determine the level of overlap

between AAV9-GFP infected cells and GFAP-expressing as-

trocytes. To accomplish this we bred hGFAP-CreER male

mice to Ai14 mice, and administered tamoxifen (TAM)

to nursing females starting on day 7 after delivery of the

pups (Figure 1A). TAM administration was repeated for

3 consecutive days to label GFAP-expressing astrocytes

with tdTomato, and on the fourth day when the pups

were 10 days old AAV9-GFP was injected into the jugular

vein (Figure 1A). Mice were euthanized at 5 days post

injection (dpi) to determine the overlap of AAV9-GFP and

tdTomato.We confirmed overlap between the twomarkers,

indicating a strong preference of AAV9 for targeting astro-

cytes in the cortex and striatum (Figures 1B and 1C).

Next, to provide additional confirmation that AAV9 pre-

dominantly labels astrocytes and to rule out the possibility

that AAV9 infects cells that are already neuronal in iden-

tity, we repeated intravascular injections with AAV9-GFP

and stained these sections with the marker doublecortin

(DCX) for immature neurons and neuronal nuclei (NeuN)
(D) Timeline showing experimental design for validating identity of G
(E) Representative images showing co-labeling of GFP+ cells with the
oligodendrocyte precursor marker OLIG2, the microglial marker IbaI,
(F) Quantification of overlap of GFP+ cells for respective markers in
mean ± SEM.
(G) Timeline showing the experimental design.
(H) Quantification of GFAP/Ki67+ reactive astrocytes in the cortex an
NS, not significant.
(I) Representative images showing sections of the cortex and striatu
Scale bars represent 50 mm in main panels and 25 mm in insets.
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for mature neurons (Figures 1D and 1E). Of all the labeled

cells counted throughout the cortex and striatum, only

one cell, or <0.003% of GFP+ cells, were identified as double

positive for DCX (Figures 1E and 1F). Likewise, only 0.79%

of GFP+ cells in the cortex and 1.07% of GFP+ cells in the

striatum were positive for NeuN, indicating that AAV9

does not target neuronal cells (Figures 1E and 1F). More-

over, approximately 42.46% of GFP+ cells in the cortex

and 44.77% of GFP+ cells in the striatum stained with the

astrocyte marker S100b, consistent with intravascular

AAV9 predominantly targeting astrocytes in this region

(Figures 1E and 1F). To test the possibility that AAV9 infects

NG2 glia, oligodendrocyte precursor cells, or microglia, we

stained these same sections for the oligodendrocyte precur-

sor marker OLIG2, NG2 glia marker NG2, and microglial

marker IbaI (Figure 1E). Quantification revealed that <5%

of infected cells in the cortex and <1% of infected cells in

the striatum were oligodendrocyte precursor cells, while

none of the infected cells were found to co-label with the

microglial marker IbaI or the NG2 glial marker NG2 (Fig-

ures 1E and 1F). These data confirm that intravascular

delivery of AAV9-GFP efficiently labels astrocytes and not

neurons or other glial cell types in the cortex and striatum,

reinforcing this approach to evaluate NEUROD1’s effects in

neuronal transdifferentiation.

After confirming successful infection of astrocytes using

AAV9 viral infection, we also wished to determine whether

exposure to the virus, even peripherally through the circula-

tory system, could induce reactive gliosis. To this end we

compared the total number of GFAP/Ki67+ cells in AAV9-

GFP-injected postnatal day 10 pups with sham-injected pups

at 5 dpi (Figure 1G). Quantification showed no significant

differences in the total number of GFAP/Ki67+ cells between

the animals that received viral injection and those that

did not (Figures 1H and 1I). These data indicate that infection

of astrocytes using intravascular AAV9 does not mediate

significant levels of reactive gliosis in the pup brain.
Confirmation of NEUROD1 Overexpression in

Neocortical and Striatal Astrocytes

Previous work indicates that it takes approximately

3 days to 1 week after infection of reactive astrocytes with
FP+ cells in (E).
neuronal markers DCX and NeuN, the astrocyte marker S100b, the
and the NG2 glial marker NG2.
the cortex and striatum. n = 3 mice/marker. Data are shown as

d striatum 5 dpi. n = 3 mice/group. Data are shown as mean ± SEM.

m stained for GFAP and Ki67.



retrovirus expressing NEUROD1 to see neuronal trans-

differentiation (Guo et al., 2013). Since our strategy for

overexpressing NEUROD1 involved injection of AAV9

virus into the vascular system, we wanted to perform a

time course to determine the kinetics of virus transduc-

tion based on expression of GFP in astrocytes. To examine

this, we injected AAV9-GFP virus into 10-day-old hGFAP-

CreER;Tdtomato mouse pups via the jugular vein and

euthanized the mice at different time points to check

GFP expression in the brain (Figure 2A). Our results

showed robust GFP+ infected cells in cortex and striatum

beginning around 3 dpi (Figure 2B). Therefore, in all sub-

sequent in vivo experiments using AAV9 we decided to

euthanize the mice at 10 days after infection to accommo-

date the time necessary for the virus to infect cells of the

brain and express NEUROD1, as well as allow for success-

ful transdifferentiation based on previous published work

(Guo et al., 2013).

To overexpress NEUROD1 in astrocytes of the cortex and

striatum, we cloned the mouse cDNA for NEUROD1 into

an AAV9 vector and confirmed NEUROD1 protein expres-

sion using western blot analysis (Figure 2C). After viral

packaging we wished to confirm successful NEUROD1

expression both in vitro and in vivo. To this end, we elec-

troporated cultured adult rat hippocampal neural stem

cells (HCN cells) with either AAV9-ND1 + pllU2g-GFP or

pllU2g-GFP alone (Figure 2D). Staining with the neuronal

marker neuronal marker bIII-tubulin (Tuj1) 6 days after

electroporation revealed that approximately 80% of elec-

troporated cells that received AAV9-ND1 + pllU2g-GFP

were neuronal in identity, consistent with NEUROD1’s

role in mediating neuronal differentiation in HCN cells

(Figures 2E and 2F) (Hsieh et al., 2004). However, less

than 1% of pllU2g-GFP electroporated cells were found

to be Tuj1+, indicating that NEUROD1 overexpression in

the AAV9 vector was successful (Figure 2F). To validate

this same plasmid in vivo, we packaged AAV9-NEUROD1

virus and then injected AAV9-NEUROD1 + AAV9-GFP or

AAV9-GFP alone into 10-day-old mice and euthanized

them 5 days after injection (Figures 2G and 2H). Growth

curves performed between 10 and 20 dpi confirmed that

both AAV9-GFP- and AAV9-NEUROD1-injected groups

were relatively healthy with no significant differences in

weight, although some AAV9-injected mice at 10 dpi

showed signs of mortality, which increased at longer

time points presumably due to high levels of systemic

AAV9 (data not shown). As expected, cortical and striatal

sections stained for NEUROD1 showed high expression

in GFP+ astrocytes in animals that received a mixture of

AAV9-NEUROD1 and AAV9-GFP, whereas no NEUROD1

expression was noted in control animals that received

only AAV9-GFP injection (Figures 2G and 2H). Taken

together, these results indicate that intravascular AAV9 de-
livery is a suitable approach for widespread overexpression

of NEUROD1 in the brain.

NEUROD1 Mediates a Small but Significant Astrocyte-

to-Neuron Conversion in Striatum

To determine whether NEUROD1 is able to convert astro-

cytes to neurons without direct brain injury, we injected

10-day-old mice with a mixture of AAV9-NEUROD1 and

AAV9-GFP or AAV9-GFP as a control intravascularly and

then euthanized the animals 10 days later (Figure 3A).

Brain sections were stained for DCX and NeuN to deter-

mine the total number of GFP+ converted immature

and mature neurons, respectively. Overexpression of

NEUROD1 did not lead to a significant number of trans-

differentiated cells expressing DCX or NeuN neuronal

markers in the cortex (Figures 3B and 3C). Interestingly,

a small number of GFP+/NeuN+ cells in the striatum

were higher in the AAV9-NEUROD1 transduced group

(2.42% of GFP+ cells) compared with the AAV9-GFP trans-

duced group (0.34%), although there was no difference

in GFP+/DCX+ cells (Figures 3D and 3E). Moreover, the

observed GFP+/NeuN+ striatal cells appeared to exhibit

neuron-like morphology, with longer, more elaborate pro-

cesses (Figure 3D). These data suggest that NEUROD1

expression alone can mediate astrocyte-to-neuron conver-

sion even under physiological conditions, although this

was a relatively rare event.

NEUROD1 Expression in Cultured Astrocytes Induces

Neuronal Differentiation

Our in vivoNEUROD1 expression results indicating limited

astrocyte-to-neuron conversion suggest that reactive astro-

cytes inducedby injurymaybe avital component for robust

neuronal transdifferentiation. To extend our findings, we

wished to corroborate our in vivo results with infection of

primary cultured astrocytes in vitro (Ellis et al., 2013). The

AAV viruses are not amenable to infection of primary

cultured cells in vitro, and for this reason we chose to use

a lentiviral vector system to allow for maximal infection

and overexpression of NEUROD1 in our in vitro cultures.

Therefore, we establishedmouse astrocytes in vitro, treated

them with AraC, and allowed them to grow without the

addition of growth factors, which more closely resembles

the physiologic state of non-proliferating astrocytes (Fig-

ure 4A) (Laywell et al., 2000; Leutz and Schachner, 1981;

White et al., 2011). We infected cultured mouse astrocytes

with lenti-CAG-NEUROD1-UbiC-GFP or lenti-CAG-UbiC-

GFP as a control, switched the cultures to serum-free induc-

tion medium the following day, and stained them with

markers of astrocytes (GFAP) or neurons (Tuj1) at 7 days

after infection (Figure 4B). Interestingly, we observedmini-

mal Tuj1 neuronal differentiation in NEUROD1-expressing

cultured mouse astrocytes relative to control (Figures 4C
Stem Cell Reports j Vol. 8 j 1506–1515 j June 6, 2017 1509



Figure 2. Confirmation of NEUROD1 Overexpression in Neocortical and Striatal Astrocytes
(A) Timeline showing experimental design.
(B) Representative images taken from the cortex and striatum showing AAV9-GFP infection from 1 to 7 dpi. Scale bar, 50 mm.
(C) Western blot showing successful overexpression of NEUROD1 after cloning into the AAV9 backbone.
(D) Timeline showing experimental design.
(E) Representative in vitro images of electroporated cells, 6 days post electroporation, with either AAV9-ND1 + pllU2g-GFP or pllU2g-GFP
alone. Scale bar, 50 mm.
(F) Quantification of GFP/Tuj1+ cells at 6 days post electroporation. ***p = 0.0002. n = 3 independent experiments.
(G) Timeline showing experimental design.
(H) Representative images from the cortex showing significant overlap of infected astrocytes and NEUROD1 in mice injected with AAV9-
NEUROD1, but not AAV9-GFP control, at 5 dpi. Scale bar, 50 mm.
and 4D). These results further corroborate the idea that

NEUROD1 expression alone can convert astrocytes into

neurons under physiological conditions, although the effi-

ciency is very limited.
1510 Stem Cell Reports j Vol. 8 j 1506–1515 j June 6, 2017
DISCUSSION

In this work we demonstrate a method for indirect, non-

invasive, and widespread targeting of astrocytes in the



Figure 3. NEUROD1 Expression in Striatal Astrocytes Led to Limited Neuronal Conversion
(A) Timeline showing experimental design. Mice at 10 days old were injected with either AAV9-NEUROD1 + AAV9-GFP (experimental) or
AAV9-GFP (control) and euthanized at 10 dpi to determine whether neuronal conversion had occurred.
(B) Representative images showing one of the few cells expressing NeuN in the cortex. Scale bar, 50 mm.
(C) Quantification showing the total number of GFP+ cells that co-labeled for the neuronal markers DCX and NeuN in the cortex. n = 3 mice
for AAV9-GFP, n = 11 mice for AAV9-NEUROD1 + AAV9-GFP. Data are shown as mean ± SEM. NS, not significant.
(D) Representative images showing one of the few cells expressing NeuN in the striatum. Scale bar, 50 mm.
(E) Quantification showing the total number and percentage of GFP+ cells that co-labeled with the neuronal markers DCX and NeuN in the
striatum. n = 3 mice for AAV9-GFP, n = 11 mice for AAV9-NEUROD1 + AAV9-GFP. Data are shown as mean ± SEM. *p < 0.05; NS, not
significant.
cortex and striatum. By utilizing overexpression of the

transcription factor NEUROD1, previously reported to

yield both rapid and efficient conversion of astrocytes to

neurons, we present data in support of the idea that expres-

sion of this transdifferentiation factor via a non-invasive

vascular route can yield newly converted neurons. While

we did observe newly converted mature NeuN+ neurons

in the striatum, the overall number of newly generated

cells remained low compared with those reported in the

previously published study (Guo et al., 2013). Future
work will be necessary to not only explain why intravas-

cular AAV9 delivery of NEUROD1 yields low numbers of

newborn neurons, but also identify the types of neurons

being generated through this approach. This will be partic-

ularly important when designing therapeutic strategies for

patients, as introduction of non-native neuronal subtypes

may lead to worsening of disease or development of other

disruptions to the CNS (Buzsaki et al., 1988, 1991; Carlsson

et al., 2007; Olanow et al., 2003). For instance, grafting of

fetal hippocampal tissue into the intact adult hippocampus
Stem Cell Reports j Vol. 8 j 1506–1515 j June 6, 2017 1511



Figure 4. Overexpression of NEUROD1 Resulted in Minimal Neuronal Differentiation In Vitro
(A) Timeline showing experimental design.
(B) Representative image of cultured astrocytes showing expression of the astrocyte marker GFAP. Scale bar, 50 mm.
(C) Representative images taken in vitro showing astrocytes infected with lenti-CAG-NEUROD1-UbiC-GFP or lenti-CAG-UbiC-GFP at 7 dpi
co-labeled with the immature neuronal marker bIII-tubulin (Tuj1). Arrows denote GFP+/Tuj1+ cells. Scale bar, 50 mm.
(D) Graph showing the percentage of all astrocytes expressing Tuj1 7 days after infection. n = 4 independent experiments/condition. Data
are expressed as mean ± SEM.
led to the development of seizures in 30% of rats compared

with rats in which the grafts failed to survive (Buzsaki et al.,

1991). Similarly, transplantation of serotonin-rich neuro-

blast grafts resulted in worsening of behavioral dyskinesias

in a rat model of Parkinson’s disease (Carlsson et al., 2007).

These studies highlight the need for a better understanding

of the type of neurons produced when NEUROD1 is intro-

duced under physiological conditions.

One potential explanation for why we see low numbers

of astrocyte-to-neuron conversion is that fundamental dif-

ferences exist between the astrocyte populations targeted

by each viral approach. Indeed, direct injection of virus

into the brain causes injury to the tissue, leading to a pro-

cess called reactive gliosis. Reactive gliosis is typically a

localized response found around the site of injury during

which glial cells respond by proliferation and upregulation

of certain intermediate filament proteins such as GFAP

(Burda and Sofroniew, 2014; Cavanagh, 1970). Interest-

ingly, work from others supports the idea that injury to

the brain can lead to the recruitment of resident astrocytes
1512 Stem Cell Reports j Vol. 8 j 1506–1515 j June 6, 2017
to form neuroblast-like cells, whereas astrocytes isolated

from non-injured brain fail to realize this potential (Duan

et al., 2015; Magnusson et al., 2014). Previous work also

shows that after injury, reactive astrocytes in the brain

upregulate expression of epidermal growth factor (EGF),

fibroblast growth factor 2 (FGF2), and vascular endothelial

growth factor receptors, allowing them to respond to

signaling pathways critical to neuroblast cell fate (Buffo

et al., 2008; Burda and Sofroniew, 2014; Robel et al.,

2011). Furthermore, it has been demonstrated that a higher

yield of newly converted neurons can be achieved when

overexpression of a neurogenic transcription factor is

combined with the addition of growth factors to the lesion

site, supporting the idea that fundamental environmental

differences exist between the injured and non-injured

brain (Grande et al., 2013). Indeed, in our work astrocytes

cultured in vitro were grown in the absence of the growth

factors EGF and FGF2 in contrast to previous work,

lending further support to the idea that there are extrinsic

signaling pathways critical to the conversion of astrocytes



to neurons, perhaps by making the astrocytes more ‘‘stem-

like’’ (Guo et al., 2013). In addition, injury to the brain has

been shown to lead to disruption of the Notch1 signaling

pathway in astrocytes, leading to the activation of a latent

neurogenic program in these cells whichmightmake them

more primed to adopt the neuronal lineage if the correct

factors are present (Magnusson et al., 2014). Previous

work has shown that there exist differences in the effective-

ness of astrocyte-to-neuron conversion and subsequent

survival of newly generated neurons depending on the

brain region in which astrocytes are initially targeted

(Grande et al., 2013). Indeed, higher levels of astrocyte-

to-neuron conversion were previously reported in the stria-

tum in comparison with the cortex through overexpres-

sion of the transcription factor NEUROGENIN2 (Grande

et al., 2013), consistent with our results that NEUROD1 in-

duces higher levels of neuronal conversion in the striatum

compared with the cortex. This highlights the need for a

better understanding of other genetic or environmental

factors that are critical in achieving higher levels of trans-

differentiation in the absence of recent injury to the brain.

Another potential explanation for the lack of efficient

conversion in our current work could be explained by

downregulation of NEUROD1 expression shortly after its

overexpression. Indeed, in our current work, staining for

NEUROD1 at 10 dpi showed a relative lack of NEUROD1

expression in GFP+ cells. Sustained overexpression of

NEUROD1 might be necessary for proper astrocyte-to-

neuron conversion, although expression of NEUROD1 in

our current work appears to be silenced by an endogenous

mechanism. It is possible that because NEUROD1 is a tran-

scription factor necessary for the proper differentiation of

the neuronal fate, it is ultimately silenced upon neuronal

maturity. In addition, differences in the viral systems used

to introduce NEUROD1 might potentially explain the dif-

ferences in the total number of neurons seen in this study

comparedwithpreviouswork (Guoet al., 2013). Since retro-

virus is known to infect only cells undergoing active divi-

sion, the possibility exists that use of AAV9 in this work

allowed for the infection of a separate but distinct popula-

tion of astrocytes less amenable to the transdifferentiation

process. The possibility also exists that because retrovirus

is known to integrate into the host genome, unlike AAV9,

this allowed for more sustained expression of NEUROD1

using this system, and thus a higher rate of neuronal con-

version. In our current studywemade use of AAV9 to target

astrocytes of the cortex and striatum in a non-reactive

context, while previous work has made use of retrovirus

to selectively infect proliferating reactive astrocytes. In a

subsequent study, we introduced retrovirus overexpressing

NEUROD1 or mCherry into the cortex of adult mice and

did not observe appreciable levels of retroviral infection

1 month after injection (data not shown). This finding is
in contrastwith those ofGuoet al. (2013),who reported sig-

nificant levels of infection in the cortex using retrovirus.

Since we were unable to infect a population of reactive

astrocytes with retrovirus, it remains an open question

whether our negative data are due to the viral system or

other possible differences (e.g., virus titer, route of injec-

tion). Consistent with previous work, the degree to which

astrocytes proliferate following injury is highly variable in

different injury contexts, which may explain in part the

lack of retroviral infection in our current studies (Barreto

et al., 2011; Miyake et al., 1988; Voskuhl et al., 2009).

Previouswork in thefieldhasdemonstratedawiderangeof

cellular origins for newly transdifferentiated/reprogrammed

neurons. Indeed, previous work has shown that not only

astrocytes, but also NG2 glia as well as progenitor and post-

mitoticneurons, are capableof undergoingneuronal conver-

sion (Heinrich et al., 2014; Rouaux and Arlotta, 2010, 2013;

Torper et al., 2015). While our results exclude significant

infectionofDCX+/NeuN+neurons,OLIG2+oligodendrocyte

precursorcells, IbaI+microglia, andNG2+glial cells by AAV9-

GFP, we cannot at this time completely rule out the pos-

sibility of other sources of neuronal conversion, such as

SVZ stem cell/astrocytes, which could have migrated

into the adjacent striatum and converted to neurons

with NEUROD1 overexpression. It will be interesting in

future studies to determine the contribution of specific

astrocyte populations to newly converted neurons.

In summary, our work demonstrates that NEUROD1 is

able to convert astrocytes to neurons even in the absence

of reactive gliosis. Future work should focus on the identi-

fication and characterization of these newly converted

cells, as well as their ability to integrate and synapse with

pre-existing neurons already present in the brain. Future

work should also examine strategies for increasing astro-

cyte-to-neuron conversion after the resolution of reactive

gliosis in the hopes of translating this strategy for neuronal

replacement to the clinic in patients receiving treatment

outside the window of initial insult to the brain.
EXPERIMENTAL PROCEDURES

Animals
All experimentswereperformed incompliancewith theanimal care

guidelines issued by the NIH and by the Institutional Animal Use

and Care Committee at the University of Texas SouthwesternMed-

ical Center, and the Fundamental Guidelines for Proper Conduct

of Animal Experiment and Related Activities in Academic Research

Institutions under the jurisdiction of the Ministry of Education,

Culture, Sports, Science and Technology of Japan. All mice were

bred and housed in the animal facility with a 12-hr light, 12-hr

dark cycle with no more than five mice per cage, fed food

(2916 Global irradiated diet, Teklad Labs) and water ad libitum. To

generate themice used in this study we crossedmale hGFAP-CreER
Stem Cell Reports j Vol. 8 j 1506–1515 j June 6, 2017 1513



mice (originally from K.D. McCarthy’s laboratory) with female

Ai14;B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice (Cas-

per et al., 2007; Madisen et al., 2010). Mice were genotyped by

PCR using genomic DNA and primers for GFAP Cre (50-GGT CGA

TGC AAC GAG TGA TGA GG-30; 50-GCT AAG TGC CTT CTC TAC

ACC TGC G-30) and Ai14 (50-AAG GGA GCT GCA GTG GAG TA-30

and 50-CCG AAA ATC TGT GGG AAG TC-30; 50-GGC ATT AAA

GCA GCG TAT CC-30 and 50-CTG TTC CTG TAC GGC ATG G-30).
hGFAP-CreER;Ai14 nursing mothers were administered TAM

through oral gavage at 50mg/kg per day for 3 days prior to intravas-

cular injection of AAV9 into the jugular vein of the pups. TAMwas

dissolved in 10% EtOH/90% sunflower oil.

Intravascular Jugular Vein Injection of AAV9
Ten-day-old hGFAP-CreER;Ai14 mouse pups were anesthetized us-

ing 3%–5% isoflurane in 70%nitrous oxide and 30%oxygen.Once

anesthetized pups were laid on their backs underneath a dissecting

microscope and a 1-cm incisionwasmade in the skin overlying the

external jugular vein, blunt dissection was performed until the

external jugular vein was visible. A 3/10-cc syringe needle was

placed through the overlying muscle into the jugular vein, and a

total of 130 mL of AAV9 virus was dispensed. The needle was with-

drawn carefully and the vein checked for residual bleeding before

the wound was closed, and pups were allowed to recover on a pre-

warmed heating pad. After all surgeries were complete from one

litter, the surgical areas from each of the pups were cleaned with

sterile water to remove residual betadine and EtOH. Pups were

then rubbed with a powdered mouse chow and bedding to better

facilitate acceptance back by their mother for nursing.

In Vitro Rat HCN Cell Culture and Electroporation
The adult hippocampal neural stem cell line (HCN cells) was iso-

lated and cloned from Fisher 344 rats and characterized in accor-

dance with previous studies (Hsieh et al., 2004; Mira et al., 2010).

In brief, HCN cells were cultured in DMEM/F12 supplemented

with N2, glutamate, and penicillin-streptomycin-fungizone (PSF)

in the presence of FGF2 (20 ng/mL). Cells were passaged using

5% trypsin solution and electroporation was performed using

an Amaxa electroporator at a ratio of 5 mg of DNA per 5 million

HCN cells (NEUROD1 condition: AAV9-ND1 2.5 mg of DNA,

pllU2g-GFP 2.5 mg of DNA; control condition: pllU2g-GFP 5 mg

of DNA). After electroporation cells were plated and allowed

to recover overnight. The following day, culture medium was

switched to DMEM/F12 supplemented with N2/B27, glutamate,

and PSF without the addition of FGF2. Cultures were allowed to

grow for an additional 6 days before cells were fixed using 4% para-

formaldehyde for immunohistochemistry analysis.
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