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SUMMARY

Astroglial cells isolated from the rodent postnatal cerebral cortex are particularly susceptible to lineage reprogramming into neurons.
However, it remains unknown whether other astroglial populations retain the same potential. Likewise, little is known about the fate
of induced neurons (iNs) in vivo. In this study we addressed these questions using two different astroglial populations isolated from
the postnatal brain reprogrammed either with Neurogenin-2 (Neurog2) or Achaete scute homolog-1 (Ascll). We show that cerebellum
(CerebAstro) and cerebral cortex astroglia (CtxAstro) generates iNs with distinctive neurochemical and morphological properties.
Both astroglial populations contribute iNs to the olfactory bulb following transplantation in the postnatal and adult mouse subventric-
ular zone. However, only CtxAstro transfected with Neurog2 differentiate into pyramidal-like iNs after transplantation in the postnatal
cerebral cortex. Altogether, our data indicate that the origin of the astroglial population and transcription factors used for reprogram-

ming, as well as the region of integration, affect the fate of iNs.

INTRODUCTION

Direct lineage reprogramming of somatic cells into induced
neurons (iNs) is a promising strategy to study the molecular
mechanisms of neuronal specification, identify potential
therapeutic targets for neurological diseases, and eventu-
ally repair the CNS after acute or neurodegenerative injury
(Arlotta and Berninger, 2014). Brain resident cells such as
forebrain astrocytes present some great advantages when
we consider the easiness and efficiency of conversion into
iNs both in vitro (Berninger et al., 2007) and in vivo (Guo
et al.,, 2014; Hu et al., 2015; Niu et al., 2013, 2015)
compared with other cell types (Vierbuchen et al., 2010;
Pang et al., 2011; Victor et al., 2014).

However, still little is known about the role of the envi-
ronment in the specification of iNs fates during astroglia
lineage reprogramming in vivo (Heinrich et al., 2015).
Also, which are the subtypes of iNs generated by lineage
reprogramming and how they could be controlled remain
poorly understood. Following retroviral-mediated expres-
sion of ACHAETE SCUTE HOMOLOG-1 (ASCL1) or
NEUROGENIN-2 (NEUROG?2) in vitro, forebrain astrocytes
are reprogrammed mostly into GABAergic or glutamatergic
neurons, respectively (Heinrich et al., 2010). These obser-
vations led to the suggestion that ASCL1 and NEUROG2
would be instructing neuronal phenotypes, reminiscent
of their reported role in cortical development (Schuurmans
and Guillemot, 2002). However, the same transcription fac-
tors (TFs) are also expressed by non-overlapping progenitor

populations in the developing cerebellum, contributing to
the generation of GABAergic neurons in cerebellar nuclei,
Purkinje cells, and inhibitory interneurons of the cerebellar
cortex (Zordan et al., 2008). Thus, it is possible that astro-
glial cells isolated from cerebral cortex or cerebellum and
lineage reprogrammed with NEUROG2 or ASCL1 could
retain a “molecular memory” of their origin and generate
iNs with distinctive phenotypes.

To test this possibility, we first investigated the potential
to reprogram astroglial cells isolated from the postnatal
cerebellum (CerebAstro) into iNs. Next, we compared the
phenotypes of iNs derived from lineage-reprogrammed
CerebAstro and cerebral cortex astroglia (CtxAstro), both
in vitro and in vivo, following transplantation in the
mouse cerebral cortex or subventricular zone (SVZ). Our re-
sults show that either ASCL1 or NEUROG?2 is sufficient to
convert CerebAstro into iNs adopting mostly a GABAergic
phenotype. Following transplantation in the postnatal
subventricular zone, both types of astroglial cells generate
iNs that migrate to the olfactory bulb and integrate as gran-
ular or periglomerular neurons, albeit at different ratios
depending on the reprogrammed astroglial population.
However, after transplantation in the postnatal cerebral
cortex, only iNs derived from CtxAstro reprogrammed
with NEUROG?2 adopted fates reminiscent of cortical pyra-
midal neurons. Collectively, our results suggest that both
the origin of the astroglial population used for reprogram-
ming and the region of grafting in the brain affect the
phenotype of iNs.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RESULTS

Expression of ASCL1 or NEUROG?2 Efficiently
Reprograms Cerebellum Astroglia in iNs

Direct lineage reprogramming of astroglial cells into iNs
following viral or chemical delivery of neurogenic TFs is
well established for astrocytes isolated from the cerebral
cortex of postnatal mice (Berninger et al., 2007; Gascon
et al.,, 2015; Heinrich et al., 2010; Masserdotti et al.,
2015). However, it remains unknown whether astroglial
cells from different regions of the CNS hold the same po-
tential. To address this possibility, we set out to investigate
whether the expression of single proneural TFs could line-
age reprogram CerebAstro into iNs. Toward this aim, we
generated cultures enriched for cerebellum astroglia and
nucleofected the cells with plasmids carrying the genes
encoding for NEUROG2 (Neurog2-DsRed), ASCL1 (Ascll-
DsRed), or only the reporter protein dsRed (dsRed). To
determine the cellular composition of cultures prior to
nucleofection, we immunostained cells for the astrocytic
marker glial fibrillary acidic protein (GFAP), the pan-
neuronal marker class III B-tubulin (BII-TUBULIN), the
neural stem cell transcription factor SOX2, and the oligo-
dendrocyte marker O4. We observed that the vast majority
of cells were positive for GFAP, whereas only a very small
percentage of cells were positive for BIII-TUBULIN (GFAP:
93% + 1%; BIII-TUBULIN: 3% + 1%; n = 2,254 cells) (Figures
S1A-S1E). We did not detect expression of O4 and SOX2 in
the cultures (data not shown). One day post nucleofection
(dpn), we observed that virtually all transduced cells
expressed GFAP (Figures S1H-S1J). However, at 7-8 dpn
most CerebAstro transduced with ASCL1 or NEUROG2
adopted a neuronal-like morphology and expressed BIII-
TUBULIN (Figures 1A-1K; ASCL1: 73% =+ 2% BIII-
TUBULIN™ cells, n = 1,320 dsRed * cells; NEUROG2: 54%
+ 2% BIII-TUBULIN™ cells, n = 1,234 dsRed * cells). In sharp
contrast, cells nucleofected with dsRed kept astrocyte
morphology and did not express BIII-TUBULIN (Figures
S1F-S1G). Similar rates of iNs were observed with cerebral

cortex astroglia nucleofected with Neurog2-DsRed, Ascll-
DsRed, or control plasmids (Figures S1IK-S1Q), indicating
that CerebAstro and CtxAstro are equally prone to lineage
reprogramming into iNs after expression of NEUROG2 or
ASCL1. According to previous data in the literature (Law-
yell et al., 2000; Masserdotti et al., 2015), we also observed
that the capacity of CerebAstro and CtxAstro to generate
multipotent neurospheres and to lineage reprogramming
decreased after successive passages in vitro (Figures SIR-
S1U).

Next, we studied the process of CerebAstro lineage re-
programming into neuron using time-lapse video-micro-
scopy (Figure S2 and Movies S1, S2, and S3). We observed
that most transfected cells in control or experimental con-
ditions displayed astroglial morphology. However, only
cells transduced with either Neurog2-DsRed or Ascl1-DsRed
underwent a thorough process of morphological changes
ending with the acquisition of a neuronal-like morphology
and the expression of neuron-specific markers (Figures
S2A-S2L and Movies S1, S2, and S3). Yet expression
of ASCL1 and NEUROG?2 induced cell death in a high per-
centage of cells (Figure S2M), suggesting that, similar to ce-
rebral cortex astroglia, the reprogramming process can be
hampered by metabolic constraints (Gascon et al., 2015).
Notably, we also observed that few transfected cells under-
went cell division (Figure S2N), suggesting that mostly
postmitotic astroglial cells are converted into iNs. Accord-
ingly, most iNs were generated without cell division, as
indicated by the low proportion of iNs incorporating bro-
modeoxyuridine (BrdU) after expression of NEUROG2 or
ASCL1 (Figure 1Y). To further confirm the astroglial nature
of lineage-converted cells, we genetically labeled astrocytes
using the double-transgenic GLAST-CreERT/CAG-CAT-GFP
mouse (Heinrich et al., 2010). Animals received tamoxifen
through the mother milk from postnatal day 5 (P5) to P7,
leading to the Cre-mediated recombination in cerebellum
astroglia in vivo (Figure S3A). We observed that 95% of
iNs also expressed GFP, confirming the astroglial origin of
the original cells.

Figure 1. ASCL1 and NEUROG2 Convert Cerebellum Astroglia into Induced Neurons

(A-J) Representative pictures taken from CerebAstro cultures 7 days post nucleofection (dpn) with Ascl1-DsRed (A) or Neurog2-DsRed
plasmid (F). Many nucleofected RFP* cells (inside dotted boxes) adopt neuronal-like morphologies and express the immature neuronal
marker BIII-TUBULIN (BIII-TUB) after transduction with (A) ASCL1, magnification of boxes 1 and 2 in (B) to (E) or (B) NEUROGZ2,

magnification of boxes 1 and 2 in (G) to (J).

(K) Quantification of BIII-TUB expression in CerebAstro culture 7 dpn with Ascl1-DsRed (black bar), Neurog2-DsRed (gray bar), or control
plasmid dsRed (white bar) (see Figure S1 for control condition). ***p < 0.001. N.F, not found.

(L-W) Expression of mature neuronal markers in lineage-reprogrammed CerebAstro iNs 15 dpn. Example of RFP* ASCL1-iNs (L-N) and
NEUROG2-iNs (0-Q), stained for MAP2. Example of RFP* ASCL1-iNs (R-T) and NEUROG2-iNs (U-W) stained for NEUN.

(X) Quantification of MAP2* and NEUN* among RFP* cells 15dpn with ASCL1 (black bar) or NEUROG2 (white bar).

(Y) Quantification of BrdU incorporation and BIII-TUB expression in nucleofected cells 8 dpn with ASCL1 or NEUROG2. Nuclei are stained

with DAPI (blue).

Data are derived from six independent experiments (mean + SEM). Scale bars, 25 pm. See Figures S1-S3.
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Functional Properties of Cerebellum Astroglia-

Derived iNs

After, we investigated the phenotypic maturation of
lineage-reprogrammed CerebAstro iNs. For this, nucleo-
fected cultures were maintained for 2 weeks in differentia-
tion medium and assessed for the expression of the
neuronal microtubule-associated protein 2 (MAP2) and
the neuronal nuclei protein Foxb3 (NEUN). We observed
that CerebAstro transfected with either ASCL1 or
NEUROG2 reprogrammed into iNs expressing MAP2
(ASCL1: 83% = 7%, n = 321 cells; NEUROG2: 91% + 9%,
n = 236 cells) and NEUN (ASCL1: 90% + 9%, n = 365 cells;
NEUROG2: 92% + 5%, n = 210 cells) (Figures 1L-1X). To
further stimulate the synaptic maturation of iNs, we grew
transfected CerebAstro in the presence of co-cultured neu-
rons (see Supplemental Experimental Procedures). Thirty
days after nucleofection we could observe expression of
SYNAPSIN 1, a synaptic vesicle protein involved in the con-
trol of neurotransmitter release (Hvalby et al., 2006), in
juxtaposition to dsRed* processes (Figures 2A-2H), suggest-
ing that iNs could be establishing synaptic contacts with
co-cultured neurons.

To study the electrical properties of iNs, we performed
patch-clamp recordings of fourteen ASCL1-iNs and nine
NEUROG?2-iNs grown in the absence of co-cultured pri-
mary neurons (Figures 2I-2L). Of the 14 ASCL1-iNs, ten
responded with action potentials and had a mean input
resistance of 337 + 76 MQ, a mean resting membrane po-
tential of —52 + 2 mV, and a mean action potential ampli-
tude of 50 + 7 mV following minimal depolarizing current
injections (50 pA, 500 ms) (Figure 2L). NEUROG2-iNs
(n = 9 cells) had a mean input resistance of 352 + 78
MQ, a mean resting membrane potential of —56 + 2 mV,
and a mean action potential amplitude of 42 + 4 mV
following the same current injection (50 pA, 500 ms) (Fig-
ure 2L). Hyperpolarizing currents (—100 pA, 500 ms)
generated rebound action potentials in 50% (5/10) of
the ASCLI-cells with a mean amplitude of 63 + 4 mV
and 22% (2/9) of the NEUROG2-cells with a mean ampli-
tude of 39 + 2 mV (Figure 2I). Notably, some iNs showed
spontaneous electrical activity, further suggesting that
iNs established synaptic contacts in the culture (Figure 2I).
Recorded iNs could be classified into cells with spikelets
(40% of ASCL1-iNs; 66% of NEUROG2-iNs), cells with a
few spikes (40% of ASCL1-iNs; 22% of NEUROG2-iNs),
and regular spiking cells (30% of ASCL1-iNs; 11% of
NEUROGZ2-iNs) (Figures 21 and 2J). Moreover, current-
voltage relationships of ASCL1-iNs and NEUROG2-iNs
revealed a significant difference between instantaneous
values in response to hyperpolarizing current injections
(Figure 2K). Collectively, these observations suggest that
NEUROG?2 or ASCL1 can efficiently reprogram cerebellum
astroglia into functional iNs.

ASCL1 and NEUROG2 Induce Different Neuronal
Subtypes in Astroglia of Different Origin

Another important aspect of neuronal differentiation is the
establishment of axial polarity and process growth (Barnes
and Polleux, 2009; Whitford et al., 2002; Takano et al.,
2015). Interestingly, we noted that iNs displayed different
morphologies 15 days after expression of ASCL1 or
NEUROG?2 in CerebAstro or CtxAstro (Figure S4). To quan-
tify these differences, we analyzed morphological features
of iNs using the Sholl analysis. We found that iNs derived
from CerebAstro expressing ASCL1 displayed significantly
longer processes, with an increased amount of secondary
and tertiary branches compared with iNs expressing
NEUROG?2 (Figure S4F). Notably, we also found that iNs
derived from CerebAstro expressing ASCL1 were more
complex than those derived from CtxAstro expressing
the same TF, whereas the opposite was observed with
NEUROG?2 (Figures S4H-S4I).

Next, we set out to measure the axial distribution of cell
processes (Figures S4G and S4K). We observed that expres-
sion of ASCL1 in CerebAstro generate higher polarized iNs
than NEUROG2 (Figure S4G). The opposite result was
observed when we compared iNs derived from CtxAstro
(Figure S4K). Collectively, these morphological parameters
indicate that both the TF and the type of reprogrammed
astroglial cell may interfere with iNs phenotypes.

To further investigate possible phenotypic distinctive-
ness of iNs, we analyzed the expression of the neurotrans-
mitter GABA and glutamate, as well as TBR1, a TF associ-
ated with glutamatergic neurons (Hevner et al., 2006), in
iNs derived from CerebAstro or CtxAstro (Figures 3 and
S5). We observed that the percentage of GABA was higher
than GLUTAMATE-expressing iNs following expression of
both ASCL1 and NEUROGZ2 in CerebAstro (Figures 3A-3S;
CerebAstro GABA* iNs ASCL1: 70% =+ 6%, n = 68 cells and
NEUROG2: 59% + 7%, n = 58 cells; CerebAstro Glut™ iNs
ASCL1: 38% + 6%, n = 52 cells and NEUROG2: 48% =+
2%, n = 63). The GABAergic phenotype of astroglia-
derived iNs was also confirmed using astrocytes isolated
from GAD67-GFP mice (Figures 3T-3Z'). In contrast, the
same TFs induced different fates in CtxAstro. While iNs
derived from CtxAstro reprogrammed with NEUROG2 ex-
pressed mostly GLUTAMATE, ASCL1 induced more GABA
expression (Figures 3S and S5G-S5L; CtxAstro GABA" iNs
ASCL1: 64% + 15%, n = 60 cells and NEUROG2: 19% =
7%, n = 50 cells; CtxAstro GLUT" iNs ASCL1: 50% + 9%,
n = 67cells and NEUROG2: 81% + 4%, n = 54 cells). We
also noted that NEUROG2 induced the expression of
TBR1 only in CtxAstro (Figures SSA-SSF; 79% =+ 2% of
TBR1"%, n = 30 iNs).

Next, to evaluate whether iNs derived from CtxAstro or
CerebAstro adopt the phenotype of distinct GABAergic
classes, we compared the expression of the calcium binding
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(A-H) Lineage-reprogrammed CerebAstro iNs express SYNAPSIN 1 (green) 30 dpn with Ascl-DsRed or Neurog2-DsRed plasmids. Example of
RFP*/SYNAPSIN® iNs 30 dpn with ASCL1 (A-D) or NEUROG2 (E-H). (D-H) Magnifications of dashed boxes in (C) and (G), respectively.

(I-L) Electrophysiological properties of ASCL1- and NEUROG2-iNs. Current clamp traces from ASCL1-iNs showing spikelet (left), few spikes
(middle), and regular spiking (right) in response to depolarizing current injections (50 pA, 500 ms) (I, top). Arrows highlight spontaneous
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(J) Example of current clamp traces from a NEUROG2-iNs responding with a few spikes to depolarizing current injections (50 pA, 500 ms) (J,
top). Note the deeper sag due to hyperpolarizing current injections (—100 pA, 500 ms) compared with ASCL1-iNs. Fluorescence image of

the recorded NEUROG2-iN (J, bottom).

(K) Current-voltage relationships for ASCL1-iNs (circles) and NEUROG2-iNs (triangles) measured at the beginning of the onset of the

current steps.

(L) Plot of mean input resistance, resting membrane voltage, and mean action potential amplitude following the current injection (50 pA,

500 ms) of ASCL1-iNs (black plot) and NEUROG2-iNs (white plot).
Data are derived from three independent experiments (mean + SEM). Scale bars, 50 pum.
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(A-J) Examples of CerebAstro-derived RFP* iNs expressing GABA 20 dpn with either ASCL1 (A) or NEUROG2 (D). Single confocal z stacks are
shown in higher magnification to confirm the colocalization of GABA and RFP in iNs (B, C, and E-J). Observe the similar pattern of GABA
expression between co-cultured hippocampal neurons (RFP™, yellow arrowhead in D) and iNs (RFP*, white arrowheads in D).

(K-R) Example of CerebAstro-derived RFP* iNs expressing GLUT 20 dpn with either ASCL1 (K-0) or NEUROG2 (P-R). Single confocal z stacks
are shown in higher magnification to confirm the colocalization of glutamate and RFP in iNs (B, C, and E-J). Observe the presence of GLUT™
(K-M, yellow arrowhead) and GLUT* (K, N, and 0, white arrowhead) RFP* iNs.

(S) Quantification of GABA™ and GLUT" cells among RFP* iNs derived from CerebAstro nucleofected with ASCL1 (orange) or NEUROG2
(yellow) and CtxAstro nucleofected with ASCL1 (dark green) or NEUROG2 (light green). *p < 0.05, **p < 0.01, ***p < 0.001.

(T-Z') Expression of GFP in CerebAstro and CtxAstro derived from GAD67-GFP mice 12 dpn with ASCL1. Example of RFP*/GFP*/BIII-TUB™ iN
derived from CerebAstro (T, dashed box magnified and showing single channels in U-W) or CtxAstro (X, dashed box magnified and showing
single channels in Y=Z'). GLUT, GLUTAMATE; BIII-TUB, BIII-TUBULIN. Statistical test: two-way ANOVA followed by Bonferroni’s post hoc
test (mean + SEM).

Data are derived from 3 independent experiments. Scale bars, 25 pm. See also Figure S5.

Stem Cell Reports | Vol. 9 | 162—176 | July 11,2017 167




[__RFP PARV DAPI ] [ RFP PARV DAPI |

s}
3 3 z
S o o
0w n » Q
< Q < &
Ke) ‘L o S
o = [Re)
o 3 TS T
] < O >
< 2
CerebAstro+Ascl1-DsRed [l CtxAstro+Ascl1-DsRed
o 8 [ CerebAstro+Neurog2-DsRed
58
8 :. 100 _—
=G
O @ *
O dekk
< 2 80 .
a
8- 60-
14
3 S 404
24 S
<& 20+
25
[Ce)
3 3
O o 0
< CALB
Astroglia from PV-Cre/CAG-CAT-GFP mice | T B GFP+ (PV)
PN Bi-TUB m100— I GFP- (PV) pisic
o) R /Y 2 80- -
°% Y ¥
®» Q o 60
1% -
g « 40+
[OR] o
O 9o
: i j N
T
0_

Ascl1-DsRed  Neurog2-DsRed
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(A-N) Examples of CerebAstro-derived iNs expressing PARV or CALB 30 dpn with either ASCL1 (A and G) or NEUROG2 (D and L). Single
confocal z stacks of the two iNs (white and yellow arrowheads) are shown in higher magnification to confirm the colocalization of RFP with
PARV (B, C, E, and F) or CALB (H-K, M, and N).

(0) Quantification of CALB* and PARV" cells among RFP* iNs derived from both CerebAstro nucleofected with either ASCL1 (orange) or
NEUROG2 (yellow) and CtxAstro nucleofected with ASCL1 (green). *p < 0.05, ***p < 0.001.

(P) Example of NEUROG2-iN reprogrammed from CerebAstro isolated from PARV-Cre/CAG-CAT-GFP mice.

(Q-S) Single confocal z stacks are shown in higher magnification to confirm the colocalization of RFP, GFP, and BIII-TUB.

(T) Quantification of ASCL1-iNs and NEUROG2-iNs expressing GFP after lineage reprogramming of PARV-Cre/CAG-CAT-GFP CerebAstro (two-
way ANOVA followed by Bonferroni’s post hoc test, mean + SEM). CALB, CALBINDIN; PARV, PARVALBUMIN; TUB, TUBULIN. **p < 0.01,
***n < 0.001.

Data are derived from three independent experiments. Scale bars, 20 um. See also Figure S6.

proteins CALBINDIN (CALB) and PARVALBUMIN (PARV) a higher ratio of CALB" iNs, whereas NEUROG2 induced a
in iNs after expression of NEUROG2 or ASCL1 (Figure 4). higher ratio of PARV* iNs (Figures 4A-40; ASCL1: 72% =+
We observed that ASCL1 expression in CerebAstro induced 11%, and NEUROG2 40% + 10% CALB" iNs; n = 170 and

168 Stem Cell Reports | Vol. 9 | 162—176 | July 11,2017



118 cells, respectively; ASCL1: 30% + 4% and NEUROG2
65% + 7% PARV™ iNs; n = 120 and 143 cells, respectively).
Interestingly, we also observed that more than half of
CerebAstro-derived CALB™ iNs expressed CTIP2 (Figure S6)
a transcription factor present in Purkinje neurons (Leid
etal., 2004). Additionally the parvalbuminergic phenotype
of iNs was assessed using astrocytes isolated from PARV-
Cre/CAG-CAT-GFP mice (Figures 3P-3T). We observed
that 10 dpn with ASCL1 a similar proportion of iNs ex-
pressed GFP compared with iNs expressing PARV at 20
dpn (Figures 40 and 4T). However, the proportion of
GFP" iNs at 10 dpn after NEUROG2 expression was lower
than that expressing PARV at 20 dpn (Figures 40 and 4T),
suggesting that the expression of PARV in NEUROG2-iNs
is regulated at some point between 10 and 20 dpn.

In contrast, ASCL1 expression in CtxAstro induced
similar rates of CALB* and PARV* iNs (Figure 40; CALB:
53% + 17% iNs; PARV: 55% = 6% iNs; n = 138 and 127
cells, respectively). Yet ASCL1 induced a significantly
higher fraction of PARV™ iNs in CtxAstro compared with
CerebAstro (Figure 40). Altogether, these results indicate
that ASCL1 and NEUROG? instruct different subtypes of
GABAergic iNs depending on the origin of the reprog-
rammed astroglial cell.

CtxAstro, but Not CerebAstro, Nucleofected with
NEUROG?2 Differentiate into Pyramidal-like Neurons
after Transplantation in the Postnatal Mouse Cerebral
Cortex

The distinctive iNs phenotypes observed in vitro raised the
question as to whether these cells would keep such hall-
marks after integration in a pre-existing circuitry. To inves-
tigate this possibility, we transplanted cortical and cere-
bellum astroglia following nucleofection with NEUROG?2,
ASCL1, or control plasmid in the postnatal mouse cerebral
cortex and studied the phenotypes of grafted cells. To facil-
itate the identification of grafted cells, we transplanted
astroglial cells isolated from GFP mice (Okabe et al.,
1997) into wild-type animals. Twenty days post transplan-
tation (dpt), animals were perfused and grafted cells were
analyzed for their morphology and chemical markers (Fig-
ure 5). We observed that virtually all CtxAstro population
nucleofected with control plasmid kept astroglial mor-
phologies (Figures 5A and 5C; n = 1,145 GFP* cells, n = 4
host animals). Interestingly, astroglial cells adopted mor-
phologies similar to those of endogenous astrocytes in
the gray and white matter (Figures S7A-S7C; Emsley and
Macklis, 2006). In sharp contrast, about one-fifth of
CtxAstro nucleofected with NEUROG2 and transplanted
into the postnatal cerebral cortex adopted neuronal mor-
phologies in all animals analyzed (n = 2,338 GFP* cells in
five host animals, 18% + 7%) (Figures 5B-50). Intriguingly,
we noted that about half of iNs settled in the layers II/III of

the cerebral cortex (Figure 5D). Induced neurons adopted a
pyramidal neuron-like morphology with apical dendrites
toward the molecular layer and basal dendrites projecting
radially (Figures SE and SF). We also observed basal axonal
processes directed toward the white matter (Figure SE).
Interestingly, some GFP" processes were observed in the
contralateral corpus callosum (Figures S7K-870), suggest-
ing that such processes originated from transplanted iNs.
Some iNs showed very complex morphologies with several
secondary and tertiary dendrites (Figure 5G), and the ma-
jority of these cells also showed dendritic spines (Figure 51,
66% + 8% of pyramidal-like iNs, n = 29 cells). Most cells
with neuronal morphology also expressed NEUN" (Figures
5J-5L) and about 60% of iNs in layer II/III expressed the TF
CUX1 (Figures SM-50, n = 15 cells). These data suggest
that cortical astroglia reprogrammed with NEUROG2 can
differentiate into pyramidal-like iNs in vivo.

In contrast, however, we found only a very small
number of GFP* cells with neuronal morphology
following transplantation of CerebAstro nucleofected
with NEUROG2, as well as CtxAstro or CerebAstro
nucleofected with ASCL1 (Figures S7D-S7I; >500 cells
counted/animal). Still, different from iNs derived
from CtxAstro reprogrammed with NEUROG2, those
iNs displayed morphologies reminiscent of non-
spiny GABAergic interneurons (Figures S7D-S7F) and
some expressed CALBINDIN (Figure S7G), suggesting a
GABAergic phenotype. These observations suggest
that reprogramming and survival of iNs following
transplantation are affected by both the origin of the re-
programmed cell and TF used.

CerebAstro and CtxAstro iNs Integrate as Olfactory
Bulb Interneurons upon Transplantation in the SVZ
Next, we set out to test whether integration of iNs could be
facilitated by transplantation into a neurogenic milieu. To-
ward this aim, we transplanted CerebAstro and CtxAstro in
the SVZ of postnatal animals following their nucleofection
with either ASCL1 or dsRed. Thirty days after transplanta-
tion, we observed a substantial number of GFP* cells in
the rostral migratory stream (RMS) and olfactory bulb
(OB) of host animals (Figures 6A-6F). In the control group,
virtually all GFP* cells nucleofected with control plasmid
retained astrocytic morphologies in the SVZ, RMS, and
OB (Figures S7P-S7Q, n > 300 cells). In contrast, a signifi-
cant fraction of CtxAstro and CerebAstro nucleofected
with ASCL1 adopted morphologies typical of bona fide
OB neurons. Notably, iNs adopted typical morphologies
of neurons of the granule cell layer (GCL) or periglomerular
(PGL) (Figures 6H-6U) and expressed the mature neuronal
marker NEUN (Figures 6Q and 6R). However, the ratio of
iNs in the GCL and PGL varied depending on the reprog-
rammed astroglia (Figure 6G). While iNs derived from
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Figure 5. Cortical Astroglia Nucleofected
with NEUROG2 Integrate as Pyramidal
Cell-like iNs In Vivo

(A and B) Examples of GFP* CtxAstro 20 days
post transplantation (dpt) in the postnatal
mouse cerebral cortex. Observe the as-
trocytic morphology of CtxAstro nucleo-
fected with control plasmid (Ctrl) in the
cortical layer II (A), and the presence of

=[] Astroglial
mophology

Il Neuronal
morphology

Neurog2

GFP* cells with neuronal morphology in

CtxAstro+Neurog2

CtxAstro+Neurog2

CtxAstro mostly adopted the fate of GCL neurons (types I
and III) (CtxAstro®™ ASCL1: 68% + 14%, n = 117 cells;
CerebAstro* ASCL1: 28% + 10%, n = 87 cells), iNs derived
from CerebAstro preferentially integrated as PGL neurons
(CerebAstro* ASCL1: 71% = 10%; CtxAstro* ASCL1: 31%
+ 14%). We also observed a small number of iNs with
granular- and periglomerular-like morphologies after trans-
plantation of CtxAstro nucleofected with NEUROG2 in the
SVZ (Figures S7R-S7S). Notably, the expression of calcium
binding proteins in OB iNs was different from that
observed in vitro (Figure 4). We could not observe PARV*
iNs or CALB" iNs in the OB after transplantation of both
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animals transplanted with CtxAstro nucle-
ofected with NEUROG2 (B, arrowhead).

(C) Quantification of cells showing as-
troglial or neuronal morphology 20 days
after transplantation. ***p < 0.001.

(D-H) Examples of GFP* pyramidal-like iNs
observed in the cerebral cortex following
transplantation of CtxAstro nucleofected
50 with NEUROG2. Note the typical pyramidal
cell morphology of iNs in layers II and III of
the host cerebral cortex (D, dashed boxes).
(E and F) Magnification of dashed boxes
shown in (D) revealing the apical dendrite
(white arrowheads), basal dendrites (white
arrows), and axonal process of iNs (yellow
arrowheads). (G) Example of iN in layer II of
the cerebral cortex showing spiny dendrites
(dashed box magnified in H), suggestive of
a glutamatergic identity.

(I) Quantification of spiny and non-spiny
iNs in the cerebral cortex of host animals.
**p <0.01.

(J-L) GFP*iN 20 dpt expressing the mature
neuronal marker NEUN (J and K, white ar-
rows).

(M-0) GFP* iN 20 dpt expressing the tran-
scription factor CUX1 (M-N, white arrow-
heads). Nuclei are stained with either DAPI
(blue) or TO-PRO3 (red).

Statistical test in (C) and (I): Student’s t
test (mean + SEM). n = 5 animals/condi-
tion. WM, white matter. Scale bars, 50 pm.
See also Figure S7.

[JNon spiny
@ Spiny
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CerebAstro and CtxAstro in the postnatal SVZ (Figures
65-6U and data not shown).

Finally, we transplanted ASCL1 lineage-reprogrammed
CtxAstro in the adult SVZ. We observed that, similar to
our experiments in the postnatal brain, GFP cells also
migrated throughout the RMS and reached the OB (Fig-
ure 7). However, many cells, albeit with neuronal
morphology, remained in the RMS (Figures 7C, 7D, and
7H). Among the cells that differentiate within the OB,
we observed exclusively iNs in the GCL with morphol-
ogies of granular neurons (Figures 7A, 7E, and 7H,
58.9% + 8%, n = 98 counted cells, n = 2 animals).



CerebAstro+Ascl1 | [ GCL neurons Figure 6. Cerebellar and Cortical Astro-
glia-Derived iNs Integrate in the Post-

190 o R natal Olfactory Bulb
T e (A-F) Coronal sections obtained from a
@ mouse brain 30 dpt of CerebAstro nucleo-
_ 2 60+ fected with ASCL1. GFP cells grafted in the
> £ SVZ (A), anterior RMS (B), and 0B (C).
; § 40 Dashed boxes in (A) to (C) are magnified in
G| K 15 . (D) to (F).
ES (G) Quantification of iNs in the GCL or PGL
o of the OB following transplantation of
AiR‘O ii:?: CerebAstro or CtxAstro nucleofected with
ASCL1 in the SVZ. ***p < 0.001.

(H-L) Examples of GFP™ 0B iNs derived from
CerebAstro nucleofected with ASCL1. Note
the typical morphology of granular (H) or
periglomerular (I) OB neuron adopted by
iNs. Observe also the expression of NEUN
(J-L, white arrowhead).

(M-R) Examples of GFP* iNs in the 0B,
derived from CtxAstro nucleofected with
ASCL1. Observe the typical morphologies of
iNsin the PGL (N, white arrowhead points to
the cell soma and yellow arrowheads indi-
cate the processes of the same cell) and GCL
(0 and P). (Q and R) Example of a granular-
like iN expressing NEUN (white arrow-
heads).

(S) Immunohistochemistry for PARV (red)
and GFP (green) in the OB of a transplanted
animal.

(T and U) Magnification of cells in (S):
PARV* cell (yellow arrowheads), GFP*/
PARV™ iNs (white arrowheads).

PARV, PARVALBUMIN; SVZ, subventricular
zone; RMS, rostral migratory stream; 0B,
olfactory bulb; GL, glomerular layer; EPL,
external plexiform layer; GCL, granule cell
layer. Nuclei are stained with DAPI (blue).
Statistical test: two-way ANOVA followed by
Bonferroni post hoc test (mean + SEM). N =
5 animals/condition.

Scale bars, 50 um. See also Figure S7.
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Some of these cells expressed GABA (Figures 7F and 7G). Altogether, these data suggest that the neurogenic envi-
Still different from transplantation in the postnatal SVZ, ronment in the SVZ plays an instructive role in the pheno-
we did not detect GFP* cells with astroglial morphology typic specification of iNs. However, the origin of astroglial
in the OB following transplantation of CtxAstro in the cells and the TF used for reprogramming interfere with the
adult SVZ. final fate of iNs.
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Figure 7. Cortical Astroglia Are Reprogrammed into iNs in the Adult SVZ-RMS-0B
(A-G) Immunostainings showing GFP* CtxAstro nucleofected with ASCL1 30 dpt in the adult SVZ. Example of granular cell-like iNs observed
in the OB (A, white arrowheads; magnified in B). Example of iNs found in the anterior RMS (C, yellow arrowhead; magnified in D). Example

of GFP* granular cell-like iN expressing GABA (E-G).

(H) Quantification of iNs located in the GCL (white bar) or RMS (gray bar) 30 dpt (Student’s t test, mean + SEM).
GCL, granule cell layer; RMS, rostral migratory stream; 0B, olfactory bulb; ns, not significant. Nuclei are stained with DAPI (blue). n =3

animals/condition.
Scale bars, 50 um.

DISCUSSION

Here we show that, similar to their CtxAstro counter-
parts, postnatal CerebAstro can be efficiently lineage re-
programmed into functional iNs using a single TF. More
importantly, we reveal that astroglial cells isolated from
different regions and reprogrammed by overexpression
of NEUROG2 or ASCL1 generate iNs with different
morphological and neurochemical phenotypes. Finally,
we demonstrate that integration of iNs after transplanta-
tion depends on several factors such as the origin of astro-
glia population, the TF used, the region of transplant, and
the age of the transplanted animal.

Studies focused on astroglial cells reprogramming into
neurons exclusively used CtxAstro as starting cell popula-
tion (Berninger etal., 2007; Heinrich et al., 2010). However,
it remained unclear whether astroglial cells isolated from
other regions of the CNS could be reprogrammed into iNs
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using the same TFs. Here, we show that postnatal cere-
bellum astroglia can be reprogrammed into neurons
following overexpression of NEUROG2 or ASCL1 at rates
similar to those observed in postnatal cortical astroglia.
This study therefore extended neurogenic potential to
cerebellum astroglia, suggesting that neurogenic potential
may be a hallmark of every astroglia population of the
CNS. We chose to use cerebellum because NEUROG2 and
ASCL1 lineages contribute different neuronal phenotypes
compared with the cerebral cortex.

In fact, ASCL1 and NEUROG?2 are TFs belonging to the
basic helix-loop-helix family and expressed in different
regions of the developing CNS. In the telencephalon,
ASCL1 is mostly expressed by progenitors in the ganglionic
eminences and contributes to the generation of cortical
GABAergic neurons, whereas NEUROG2 is mostly ex-
pressed by dorsal progenitors that generate glutamatergic
neurons (Fode et al., 2000; Parras et al., 2002; Schuurmans



and Guillemot, 2002). These developmental roles of TFs
have been suggested to explain the phenotype of lineage-
reprogrammed CtxAstro iNs (Heinrich et al., 2010). How-
ever, the very same TFs are expressed by progenitors
contributing inhibitory interneurons and Purkinje cells of
the cerebellar cortex (Zordan et al., 2008; Kim et al., 2008).

According to these roles in the developing cerebellum, we
show that ASCL1 and NEUROG2 reprogram CerebAstro
mostly into GABAergic iNs. Moreover, expression of calcium
binding proteins reveals that ASCL1 and NEUROG?2 lineage-
reprogrammed CerebAstro iNs are distinct: while ASCL1 in-
duces mostly CALBINDIN expression, NEUROG2 induces
PARVALBUMIN. These observations are in line with previ-
ous suggestions of these TFs instructing distinct neuronal
phenotypes in the developing cerebellum (Zordan et al.,
2008). Moreover, we observed that most iNs displaying com-
plex morphologies after ASCL1 also expressed CALBINDIN
and CTIP2, which are typical hallmarks of Purkinje cells.

Electrophysiological recordings of CerebAstro-derived
iNs indicate similarities and possible differences to CtsAs-
tro-derived iNs. In fact, resting membrane potential, action
potential amplitudes, and input resistance of CerebAstro-
derived iNs are similar to values previously reported to
CtxAstro-derived iNs (Berninger et al., 2007). However,
ASCL1 expression in CerebAstro induces the generation
of 30% regular spiking iNs, whereas no regular spiking
iNs could be observed in CtxAstro reprogrammed with
ASCL1 and DIx2 (Heinrich et al., 2010). Future experiments
should systematically compare the electrophysiological
properties of iNs generated from distinct astroglia, reprog-
rammed with different TFs.

Considering that ASCL1 and NEUROG2 reprogram
CtxAstro into iNs adopting mostly a GABAergic or glutama-
tergic phenotype, respectively (Heinrich et al., 2010 and our
own data), which is reminiscent of the roles of those TFs in
the developing telencephalon, a parsimonious explanation
for these data is that astroglial cells retain a molecular mem-
ory of the region from where they were isolated. In fact,
corroborating this idea, many recent data indicate that re-
programmed somatic cells retain residual DNA methylation
signatures characteristic of their somatic tissue of origin.
These are called “memory” of origin and indeed favor their
differentiation toward lineages related to the donor cells
(Hu et al., 2010; Kim et al., 2010; Polo et al., 2010; Tian
et al., 2011). Astroglial cells from separate regions of the
CNS may present different chromatin modifications in
genes targeted by neurogenic TFs. These modifications are
likely to occur in early progenitor cells, under influence of
distinct morphogenetic signals at different domains of the
developing CNS (Kiecker and Lumsden, 2005; Lupo et al.,
2006), before generation of neurons and glial cells. This
patterning contributes to generate neuronal diversity but
would also be inherited by astroglial cells within the same

lineage (Costa et al., 2009; Gao et al., 2014). Alternatively,
astroglial cells obtained from different regions could express
different sets of microRNAs or long non-coding RNAs
involved in the specification of neuronal fates (Flynn and
Chang, 2014; Jonsson et al.,, 2015). Future experiments
should help to elucidate the exact molecular machinery
controlling the acquisition of neuronal phenotypes during
lineage reprogramming. It will also be interesting to test
whether astroglial cell types isolated from other CNS re-
gions, such as the spinal cord and retina, generate iNs
phenotypically similar to neurons of these regions.

In accordance with our observations in vitro, iNs derived
from NEUROG?2 lineage-reprogrammed CtxAstro and trans-
planted in the postnatal cerebral cortex mostly adopted a
phenotype of pyramidal spiny neurons, which are glutama-
tergic in this region (Shepherd, 2003). Similarly, previous
data in the literature have shown that NEUROD1, a down-
stream target of NEUROG2, converts cerebral cortex reactive
astrocytes into TBR1* iNs in situ (Guo et al., 2014). However,
iNs morphologies described here are much more elaborate,
showing typical apical and basal dendrites as well as long-
distance axonal projections. One possible explanation for
this thorough differentiation of iNs could be that NEUROG2
targets genes important for morphological maturation of
cortical pyramidal cells that are not regulated by NEUROD1.
In fact, it has been shown that phosphorylation of a single
tyrosine residue (T241) of NEUROG?2 is necessary and suffi-
cient to control radial migration, neuronal polarity and den-
dritic morphology of pyramidal neurons (Hand et al., 2005).
We assume that NEUROG2 phosphorylation happens in
grafted iNs within the host-developing cortex and there-
fore permits the development of a mature pyramidal
morphology. In contrast, however, CerebAstro expressing
NEUROG?2 and transplanted in the postnatal cerebral cortex
differentiate into a very small number of iNs with GABAergic
interneuron phenotypes. Thus, NEUROG2 expression alone
is not sufficient to reprogram all astroglial populations into
pyramidal-like iNs in vivo. Finally, we found very few cells
with GABAergic interneuron-like morphologies in the
cerebral cortex of animals transplanted with cortical or
cerebellum or cerebral cortex astroglia nucleofected with
ASCL1, further supporting the notion that both the origin
of the astroglial cell and the TF used for reprogramming are
important in determining the final fate of iNs in vivo.

The environment in the postnatal cerebral cortical may not
be permissive for all lineage-reprogrammed astroglial cells to
differentiate into iNs. In fact, after transplantation in the
neurogenic subventricular zone, we observed that both cere-
bellar and cortical astroglia nucleofected with ASCL1 could
migrate throughout the RMS and differentiate in the OB as
GCL-and PGL-like interneurons. This suggests that the milieu
in the postnatal SVZ is not only more permissive to lineage-re-
programmed astroglia iNs, but also plays instructive roles in
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the phenotype of the iNs. Interestingly, however, despite this
instructive role of environment, ASCL1 lineage-reprog-
rammed cortical and cerebellar astroglia iNs generated GCL-
and PGL-like interneurons at different ratios, suggesting
that the origin of the astroglial cell still play some role in
fate determination. A few iNs were also detected in the OB
after transplantation of cortical astroglia nucleofected with
NEUROG2. One possible explanation for this difference could
be the distinct roles played by ASCL1 and NEUROG?2 in the
postnatal SVZ. While the former is required for generation
of most OB interneurons, especially granule cells (Parras
et al., 2004), NEUROG2 contributes to the generation of a
very small proportion of juxtaglomerular neurons (Win-
penny et al., 2011).

Of note, we observed GFP* cells with astrocytic morphol-
ogies in the RMS and OB of all animals transplanted with
both cortical and cerebellar astroglia at postnatal stages,
regardless of the plasmid used for transfection (control-,
Neurog2-, or Ascll-DsRed). Most of these cells did not
express dsRed (non-transfected cell) and some did (trans-
fected but not reprogrammed). This observation suggests
that transplanted astrocytic cells can also respond to migra-
tion cues in the SVZ-RMS-OB system and integrate in the
OB. Accordingly it has been recently shown that astrocytes
are constantly added to the OB after generation in the SVZ
(Sohn et al., 2015).

Finally, we also observed that integration in the adult
brain is more limited than in the postnatal brain. In fact,
we could not observe integration of iNs after transplanta-
tion in the adult cerebral cortex (data not shown). In the
adult OB we could detect some iNs following transplanta-
tion of cortical astroglia transfected with ASCL1. Interest-
ingly, an important fraction of iNs in the adult OB seems
to have a problem in reaching the GCL.

Altogether, our results indicate that lineage reprogram-
ming of astroglial cells into neurons by neurogenic TFs is
more complex than previously thought. In fact, they
show that a same TF can induce the generation of glutama-
tergic or GABAergic iNs, which would have a completely
different role in a neuronal circuitry. Moreover, they
demonstrate that both the origin and the region of integra-
tion play an important role in the phenotypic specification
of iNs. These results have critical relevance for future cell-
based therapies, using either transplantation of exogenous
lineage-reprogrammed astroglial cells or direct in situ line-
age reprogramming of resident astroglia.

EXPERIMENTAL PROCEDURES

Astroglia Culture and Nucleofection

Postnatal CerebAstro and CtxAstro were isolated from mice on
P5-P7. Cerebral cortex gray matter and entire cerebellum were
removed and mechanically dissociated. Tissues from both regions
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were plated separately in culture flasks containing Astromedium
(see Supplemental Experimental Procedures). After 3-4 days, me-
dium was replaced with fresh Astromedium. After confluence, as-
troglial cells were nucleofected with pCAG-Neurog2-IRES-DsRed,
PpCAG-Ascl1-IRES-DsRed, or the control plasmid pCAG-IRES-DsRed
using 4D nucleofector (LONZA) (see Supplemental Experimental
Procedures). Next, cells were plated at densities from 7 x 10* to
1 x 10° cells/well on poly-D-lysine-coated 24-well tissue plates
containing serum-free differentiation medium. For some experi-
ments, primary cells isolated from the neonatal brain were co-
cultured at 5 days post nucleofection (see Supplemental Experi-
mental Procedures).

Cell Transplantation

CerebAstro and CtxAstro were isolated from postnatal GFP animals
and cultured as described above. After nucleofection, cells were
counted, suspended in serum-free DMEM-F12 (Gibco) at 3-5 x
10° cells/uL, and maintained on ice until transplantation pro-
cedure. One microliter of cell suspension was gently injected
using a pulled glass capillary coupled to a manual injector in
the cerebral cortex or SVZ of PO-P2 C57BL/6 mice anesthetized
by hypothermia. Transplantation in young adults (P30-P60)
C57BL/6 mice were performed under isoflurane anesthesia.
Cells were injected using a nanoinjector (Nanoliter 2010, WPI)
coupled to a glass capillary using the following stereotactic coordi-
nates (in mm): SVZ (anteroposterior [AP], 0.6; mediolateral [MV],
1.2; dorsoventral [DV], 1.8) and cortex (AP, 1.58; ML, 3.44; DV,
1.40).

Quantifications and Statistical Analysis

Quantification of neuronal reprogramming and iNs phenotype
in vitro was performed in at least three independent batches of
cell culture. For the transplantation studies in the postnatal brain,
we analyzed three to five animals for each condition (type of astro-
glial cell, TF used, and region of grafting). Total number of cells
analyzed is described throughout the text (see also Supplemental
Experimental Procedures). Statistical tests were performed using
GraphPad Prism version 5.00 for Windows (www.graphpad.
com). Confidence interval is 95%. Statistical significance is indi-
cated in the figures as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, one table, and four movies and can be
found with this article online at http://dx.doi.org/10.1016/j.
stemcr.2017.05.009.
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