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SUMMARY

Although adult subependymal zone (SEZ) neural stem cells mostly generate GABAergic interneurons, a small progenitor population ex-
presses the proneural gene Neurog2 and produces glutamatergic neurons. Here, we determined whether Neurog2 could respecify SEZ neu-
ral stem cells and their progeny toward a glutamatergic fate. Retrovirus-mediated expression of Neurog2 induced the glutamatergic lineage
markers TBR2 and TBR1 in cultured SEZ progenitors, which differentiated into functional glutamatergic neurons. Likewise, Neurog2-
transduced SEZ progenitors acquired glutamatergic neuron hallmarks in vivo. Intriguingly, they failed to migrate toward the olfactory
bulb and instead differentiated within the SEZ or the adjacent striatum, where they received connections from local neurons, as indicated
by rabies virus-mediated monosynaptic tracing. In contrast, lentivirus-mediated expression of Neurog2 failed to reprogram early SEZ neu-
rons, which maintained GABAergic identity and migrated to the olfactory bulb. Our data show that NEUROG2 can program SEZ progen-

itors toward a glutamatergic identity but fails to reprogram their neuronal progeny.

INTRODUCTION

Accruing evidence indicates that neural stem cells (NSCs)
lining the walls of the lateral ventricle in the postnatal
and adult subependymal zone (SEZ) exhibit regional iden-
tity, thereby conferring fate restrictions on NSCs (Obernier
and Alvarez-Buylla, 2019). Because of this characteristic
mosaic organization of the SEZ, NSCs residing in different
SEZ domains along the rostro-caudal and dorsal-ventral
axes generate neurons of distinct subtype identities and
become subsequently destined for distinct sub-domains
within the olfactory bulb (OB) (Azim et al.,, 2015; Brill
et al., 2009; Cebrian Silla et al., 2021; Merkle et al., 2007;
Sequerra, 2014). Grafting experiments indicate that these
region-specific identities do not become erased upon
placing NSCs into heterotopic locations, suggesting that
extrinsic signals provided locally are not sufficient to repro-
gram the intrinsic fate restrictions of NSCs (Merkle et al.,
2007). Furthermore, regional fate restrictions appear to
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extend even to the decision between neuronal and glial
fates, as indicated by the fact that oligodendrogliogenic
NSCs are enriched in the dorsal and septal SEZ and may
constitute a lineage distinct from neurogenic NSCs (Del-
gado et al., 2021; Llorens-Bobadilla et al., 2015; Mizrak
et al., 2019; Ortega et al., 2013).

Although the majority of NSCs from the adult SEZ give
rise to several types of GABAergic or tyrosine hydroxy-
lase-expressing interneurons (Lim and Alvarez-Buylla,
2014), previous work has shown that a small subpopula-
tion of NSCs located in the dorsal SEZ can generate juxta-
glomerular glutamatergic neurons (Brill et al., 2009). This
subpopulation is characterized by sequential expression
of PAX6, NEUROG2, TBR2, and TBR1 (Brill et al., 2009)
that characterizes glutamatergic neuron producing line-
ages throughout the forebrain (Hevner et al., 2006). Forced
transcription factor expression can alter fate restrictions of
neural cells beyond the stem cell stage (Arlotta and Ber-
ninger, 2014; Rouaux and Arlotta, 2013). Forced expression
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of Pax6 (Hack etal., 2005), DIx2 (Brill et al., 2008), and Fezf2
(Zuccottietal., 2014) has been shown to shift subtype spec-
ification within the adult SEZ in vivo. When cultured under
neurosphere conditions (high concentrations of epidermal
growth factor [EGF] and fibroblast growth factor-2 [FGF2]),
adult SEZ stem and progenitor cells could be directed to-
ward generation of fully functional glutamatergic neurons
by retrovirus-mediated expression of Neurog2 (Berninger
et al., 2007b). Moreover, upon transplantation into the
adult hippocampal dentate gyrus, Neurog2-expressing adult
SEZ stem or progenitor cells exhibited morphological sim-
ilarities to endogenous dentate granule neurons and
some degree of functional integration (Chen et al., 2012).
However, exposure to EGF and FGF2 exerts dramatic effects
on NSCs that may include a partial loss of regional specifi-
cation (Gabay et al.,, 2003; Hack et al.,, 2004) and may
render these cells more permissive to NEUROG2. Thus, in
the present study, we addressed the question of whether
NEUROG2 can overcome fate restrictions of adult SEZ
stem and progenitor cells in the absence of elevated growth
factor signaling and drive these toward the acquisition of a
glutamatergic phenotype and, if so, whether such effect
would extend into the life of adult-generated SEZ-derived
neuroblasts and postmitotic neurons.

RESULTS

NEUROG?2 activates forebrain glutamatergic
neurogenesis in SEZ progenitors but fails to do so in
young postmitotic neurons

Given that adult-generated glutamatergic OB neurons orig-
inate from progenitors located in the dorsal part of the SEZ
that express NEUROG2 (Brill et al., 2009), we wondered
whether ectopic expression of this transcription factor
could program progenitors from the ventral SEZ, which
otherwise give rise almost exclusively to GABAergic inter-
neurons, toward a glutamatergic neuron identity. To
address this question we took advantage of an adherent
culture of the adult SEZ (Costa et al., 2011; Ortega et al.,
2011), which preserves the ratio of GABAergic and gluta-
matergic neurogenesis as observed in vivo (Brill et al.,
2009), and transduced proliferating progenitors with a
retrovirus encoding Neurog2, followed by the reporter dsRed
behind an internal ribosomal entry site (IRES) (RV-CAG-
Neurog2-1RES-dsRed) or, alternatively, with a control retro-
viral vector encoding only dsRed after the IRES (RV-CAG-
IRES-dsRed) (Figure 1A). We first investigated whether
Neurog2 expression would trigger morphological changes
in the SEZ-derived neurons that might reflect a change in
neuronal subtype identity (Figures 1 and S1). We observed
that the TUBB3-positive neurons expressing Neurog2 ex-
hibited a more complex arborization than the control cells

already at 5 days post-transduction (DPT), as indicated by a
larger number of Sholl intersections of traced processes
(Figures S1A and S1C). At 9 DPT, the neurons derived
from the Neurog2-transduced cells still displayed more
complex arbors and markedly increased the length of the
processes, compared with control-transduced cells
(Figures 1B-1E, S1B, and S1C). Moreover, plotting neurite
length versus the number of intersections revealed that
the Neurog2-transduced cell population distinctly segre-
gated from the control-transduced counterparts (Figure 1F),
suggesting that NEUROG?2 instructs differentiation of SEZ
progenitors toward a neuronal subtype morphologically
distinct from the non-manipulated neuronal SEZ lineages.
At a later stage of 12 DPT, both control and Neurog2-trans-
duced cells showed a plateau or a slight decrease in neurite
length and complexity (Figures SIA-S1C), but the differ-
ences in morphological complexity between the control
and Neurog2-transduced cells persisted.

Given NEUROG2'’s well-established role in driving fore-
brain progenitors toward a glutamatergic neuron identity
(Dennis et al., 2019; Fode et al., 2000; Kovach et al.,
2013), we next studied whether forced Neurog2 expression
induced hallmarks of glutamatergic neurogenesis such as
the sequential expression of the transcription factors
TBR2 and TBR1 (Hevner et al., 2006). Indeed, at 7 DPT,
TBR2 was expressed in a subpopulation of Neurog2-trans-
duced cells (44% =+ 7%; Figures 2A and 2D). At S DPT,
TBR1 was detected in few cells (7% = 9%) (Figure S2A),
while at 9 DPT, it was expressed by the majority (62% =+
5%; Figures 2A, 2D, and S2A), slightly decreasing by 12
DPT (50% = 9%; Figure S2A). Both transcription factors
were scarcely detected in controls (3% =+ 1% for TBR2 and
3% + 3% for TBR1) (Figures 2D and S2A-S2C). Consistent
with a change toward a glutamatergic neuron identity, Neu-
rog2-transduced neurons were mostly negative for the
neurotransmitter y-aminobutyric acid (GABA), in contrast
to control virus-transduced cells (RV-Neurog2, 13% + 7%,
RV-control, 80% =+ 14%; Figures 2C, 2D, and S2C). Finally,
in long-term cultures of Neurog2-transduced cells we de-
tected abundant expression of the vesicular glutamate
transporter 1 (VGlutl), which was virtually absent in con-
trol cultures, as previously reported (Brill et al., 2009) (Fig-
ure S2D). Likewise, patch-clamp recordings in these long-
term cultures showed that, while control cells mostly
formed functional GABAergic synapses, as reported previ-
ously (Brill et al., 2009; Costa et al., 2011), Neurog2-express-
ing neurons gave rise to glutamatergic transmission as illus-
trated by the pair-recording shown in Figure S2E (n = 6 pairs
analyzed).

In the above experiments, use of retroviral vectors encod-
ing Neurog?2 restricted transduction to dividing cells, most
of which are transit-amplifying precursors (TAP) (Costa
et al., 2011; Doetsch et al., 2002). We next asked whether
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Figure 1. Neurons derived from SEZ progenitors transduced with a Neurog2-encoding retroviral vector develop more complex

morphologies

(A) Scheme of the retroviral vectors (RV) CAG-Neurog2-IRES-dsRed and control CAG-IRES-dsRed.
(B) Micrographs depict TUBB3-positive neurons derived from SEZ progenitors that had been transduced 9 days earlier with the control or

Neurog2-encoding retrovirus.

(C) Pictures are examples of neuronal processes traced in neurons from (B).

(D-F) Graphs show the total number of intersections and process length as determined by Sholl analysis in control- and Neurog2-
transduced neurons. Note that the expression of Neurog2 increased the length and number of intersections.

Error bars indicate mean + SD, 75-78 neurons/group from 3 independent cultures, Kolmogorov-Smirnov test (D and E). Scale bars: 20 um

(B and C). See also Figure S1.

induction of a glutamatergic program would be possible at
later stages of lineage progression (i.e., after the last cell
division when these cells become postmitotic and
commence differentiation). Thus, we used lentiviral vec-
tors, which transduce both dividing and non-dividing
cells, encoding either Neurog2 and eGfp (LV-hSyn-Neurog2-
IRES-eGfp) or eGfp reporter alone as control (LV-hSyn-
IRES-eGfp). In these constructs, the expression of Neurog2
and the reporter are driven by the minimal human synap-
sin promoter (hSyn; Figure S3A), which is transcriptionally
active only in postmitotic neurons (Gascon et al., 2008).
Accordingly, transduction of primary cortical cultures
using either construct led to efficient expression of eGfp
restricted to TUBB3-immunoreactive neurons (Figures
S3B and S3C) while transduction with LV-hSyn-Neurog2-
IRES-eGfp resulted in efficient expression of NEUROG2 in
eGFP*/TUBB3™" neurons (Figure S3C). We next transduced
adult SEZ cultures with these lentiviruses. Contrary to the
effect mediated by retroviral expression of Neurog2 at the
progenitor stage, lentiviral expression of Neurog2 in imma-
ture postmitotic neurons did not induce TBR2 (4% + 6%) or
TBR1 (1% + 2%) (Figures 2B and 2D). Indeed, the percent-
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age of cells positive for TBR2 and/or TBR1 in LV-hSyn-
Neurog2-1RES-eGfp-transduced cultures was comparable
with LV-hSyn-IRES-eGfp controls (1 + 1% for TBR2 and
3% + 3% for TBR1) (Figures 2D, S2B, and S2C). In agree-
ment with the failure of NEUROG2 to activate a glutama-
tergic program in postmitotic neurons (Figures 2B-2D,
and S3D), cells transduced with LV-hSyn-Neurog2-IRES-
eGfp maintained GABA immunoreactivity (LV-Neurog2,
90% =+ 9%; LV-control, 81% + 18%; Figures 2C and 2D;
see controls in Figure S2C).

Together, these data indicate SEZ progenitors targeted by
Neurog2-encoding retrovirus undergo fate conversion
whereas targeting their postmitotic progeny with a Neu-
rog2-encoding lentivirus fails inducing glutamatergic line-
age progression.

NEUROGZ2-mediated fate conversion of adult NSC
progeny in vivo

Next, we investigated the effects of forced Neurog2 expres-
sion in actively dividing adult SEZ progenitors in vivo. To
this end, we stereotactically injected retroviruses encoding
dsRed or Neurog2-IRES-dsRed into the adult SEZ. At 2 DPT,
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Figure 2. NEUROG2 induces glutamatergic neuron hallmarks when expressed in dividing progenitors but not in young postmitotic
neurons

(A) Cells from primary SEZ cultures transduced with the RV-CAG-Neurog2-IRES-dsRed differentiate into TUBB3-positive neurons expressing
TBR2 (arrows, left panel) at 7 DPT and TBR1 at 9 DPT (arrows, middle panel).

(B) Cells transduced with the lentiviral hSyn-Neurog2-IRES-eGfp vector fail to induce TBR2 (arrowheads, left panel) or TBR1 (arrowheads,
right panel). Note the cluster of non-transduced progenitors expressing TBR2 occurring at low frequency in SEZ cultures.

(C) Cells in primary cultures of the SEZ transduced with the lentiviral hSyn-Neurog2-IRES-eGfp vector retain GABA immunoreactivity (left
panel, arrows) at 7 DPT, while those that had been transduced with the retroviral CAG-Neurog2-IRES-dsRed do not express GABA (right
panel, arrowheads).

(D) Histogram showing the proportion of transduced cells that were immunoreactive for TBR2, TBR1, or GABA following transduction with
control or Neurog2-encoding retroviruses and lentiviruses.

Error bars indicate mean + SD, n = 3 independent experiments. One-way ANOVA followed by Tukey’s honestly significant difference (HSD)
post hoc test. Scale bars: 60 um (A and C). See also Figures S1 and S2. See also Figure S2.
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we observed no differences in the dorsoventral distribution
of RFP* cells between the two cohorts (as shown in
Figures S4A and S4B), indicating that the two viruses did
not exhibit unexpected differential tropism toward specific
SEZ subregions. Likewise, there were no differences in the
cell types transduced by these viruses, primarily consisting
of glial fibrillary acidic protein (GFAP)-negative/immature
neuron marker doublecortin (DCX)-negative or GFAP-
negative/DCX-positive cells (Figures S4C and S4D), corre-
sponding to TAP and their resulting neuroblast progeny.
A minority of cells were GFAP*, indicating that a small
number of self-renewing NSCs (Doetsch et al., 1999), or
proliferating parenchymal astrocytes (Garcia et al., 2004)
(see histogram in Figure S4D) had been transduced. Neither
microglial (CD45%) nor oligodendroglial (NG2™) cells were
identified in brains injected with either control or Neu-
rog2-encoding viruses. By 7 DPT, there were also no signif-
icant differences in terms of dorsoventral distribution of
the RFP* cells (Figures S4E and S4F). However, at this time
point, RV-CAG-IRES-dsRed-transduced cells revealed the
expected picture of retrovirally labeled cells chain-
migrating along the entire extent of the rostral migratory
stream (RMS) toward the core of the OB (Lois et al., 1996)
(44% + 7% of cells were found in the SEZ, 19% + 10% of
cells were migrating in the RMS, and 37% = 9% of cells
had reached the OB; n = 3 mice, 10,197 cells analyzed)
(Figures 3A-3D and 3I). Following transduction with
RV-CAG-Neurog2-IRES-dsRed, the proportion of transduced
cells immunoreactive for DCX remained unchanged (Fig-
ure S5). However, in sharp contrast to control-transduced
cells, Neurog2-expressing progenitors exhibited a drasti-
cally altered migratory behavior, abandoning chain migra-
tion (2% = 1% of cells in the RMS; n = 3 mice, 823 cells
analyzed) (Figures 3E-3I). Consequently, only very few
cells reached the OB (2% + 2%) (Figures 3E, 3H, and 3I),
while most of them remained in the SEZ or entered the

adjacent striatum (96% + 1%) (Figures 3E, 3F, and 3I). In
some cases, Neurog2-expressing cells differentiated into
neurons with a dendritic arborization exhibiting dendritic
spines (Figures 3] and 3K). This pattern of differentiation
was not observed upon injection of control virus. To assess
whether Neurog2-transduced cells acquire a glutamatergic
neuron identity in vivo, we immunostained for TBR2 and
TBR1. Virtually no Tbr2-positive cells were detected in con-
trols in the ventral SEZ (0.7% + 0.3% of control-transduced
cells; 7 DPT, n = 3 mice, 962 cells analyzed). In sharp
contrast, 36% + 8% of Neurog2-expressing cells were found
to be TBR2 immunoreactive (7 DPT, n = 3 mice, 95 cells
analyzed) (Figures 3L and 3N). Likewise, 35 + 5% of Neu-
rog2-transduced cells were TBR1 positive (7 DPT, n = 3
mice, 147 cells analyzed), while control-transduced cells
were by and large TBR1 negative (0.5% + 0.4%, 7 DPT,
n = 3 mice, 333 cells analyzed) (Figures 3M and 3N). These
data indicate that Neurog2 expression is capable of enforc-
ing a glutamatergic neuron program onto SEZ progenitors.

The fact that Neurog2-expressing neurons in the striatum
displayed dendritic spines (Figure 3K), strongly suggested
that these cells may serve as postsynaptic targets of striatal
host circuit neurons. To further examine whether these
neurons indeed receive presynaptic input within the stria-
tum in vivo, we used rabies virus (RABV)-mediated transsy-
naptic tracing (Wickersham et al., 2007) to identify poten-
tial presynaptic partners. We first injected the retrovirus
RV-DsRedExpress2-T2A-G-IRES-TVA together with the RV-
Neurog2-IRES-dsRed into the SEZ, thereby conferring at
the same time susceptibility to RABV transduction and ca-
pacity for transsynaptic spread (Bergami, 2015; Deshpande
et al., 2013) while programming these cells toward the glu-
tamatergic lineage. Eight days later, an EnvA-pseudotyped
and glycoprotein G gene-deleted eGfp-expressing RABV
was injected into the striatum, close to the SEZ, to target
neurons potentially transduced with the two retroviruses

Figure 3. Retrovirus-mediated Neurog2 expression alters the migration behavior of SEZ progenitors and induces their differen-
tiation toward a glutamatergic fate in vivo

(A-D) Sagittal view of an adult mouse brain depicts cells transduced with the control RV-CAG-IRES-dsRed (red) (B) within the SEZ,
migrating throughout the RMS (C), and reaching the OB (D).

(E-H) Micrographs show SEZ cells transduced with the RV-CAG-Neurog2-IRES-dsRed (red) in the areas corresponding to those in (A)-(D).
Note that at 7 DPT, only few transduced neuroblasts entered the RMS (G). They failed to reach the core of the OB (H) and instead remained
stationary in the anterior portion of the SEZ (F).

(I) Histogram showing the number of DCX-positive/dsRed-positive transduced cells in the SEZ, RMS, and OB at 7 DPT. Error bars indicate
mean + SD, n = 3/mice group, one-way ANOVA followed by Tukey’s HSD post hoc test.

(J and K) Higher magnification images show a cell from (E)-(H), transduced with the RV-CAG-Neurog2-IRES-dsRed, which had acquired a
pyramidal neuron-like morphology (J) with well-developed dendritic spines (K).

(Land M) Micrographs show expression of the transcription factors TBR2 (L) and TBR1 (M) (green) in SEZ cells transduced with retrovirus
encoding Neurog2 but not in cells transduced with the control retrovirus.

(N) Histogram showing the proportion of SEZ-derived neurons that express TBR2 and TBR1 following transduction with the control or the
Neurog2-encoding retroviral vectors. Note that more than one-third of Neurog2-expressing cells up-requlated TBR2 and TBR1 at 7DPT.
Error bars indicate mean + SD, n =3/mice group, t test. Scale bars: 1 mm (A and E), 100 um (B-D and F-H), 20 um (L and M), 10 um (J), and
5 um (K). See also Figures S4 and S5.
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(i.e., expressing TVA, G, Neurog2, and dsRed) (Figure 4A). Six
days later, as expected, cells that were presumably trans-
duced only with RV-DsRedExpress2-T2A-G-IRES-TVA but
not RV-Neurog2-IRES-dsRed had migrated by and large to
the OB (Figure 4B). In sharp contrast, in the striatum we
observed neurons that were both positive for dsRed and
eGFP, suggesting that they were successfully transduced
with both retroviruses as well as the RABV, thus serving
as potential starter cells for transsynaptic RABV spread
(Figures 4C-4E). Surrounding these putative starter cells,
we found numerous eGFP-only-positive neurons of diverse
sizes and morphologies, suggesting that different types of
local striatal neurons acted as presynaptic partners of the
SEZ-derived, Neurog2-programmed neurons (Figures 4C-
4H). In particular, we observed many eGFP-only-
positive neurons that exhibited morphologies of medium
spiny neurons, characterized by numerous spines (Fig-
ure 4H). Overall, we observed a connectivity index of
approximately 50 presynaptic cells versus putative starter
cells (eGFP/eGFP+dsRed cells; Figure 4I). In contrast, only
very few eGFP-positive cells were detected in the striatum
of animals injected without the Neurog2-encoding retro-
virus (Figures 41 and S6), demonstrating the requirement
of NEUROG2-mediated programming of SEZ progenitors
into striatum-resident neurons for successful tracing of pre-
synaptic partners in the striatum.

The cellular responsiveness to NEUROG2 in vivo
depends on prior lineage commitment

To assess whether NEUROG2 can still reprogram SEZ NSC
progeny already committed to a GABAergic neuron fate to-
ward the glutamatergic lineage in vivo, we next injected the
LV-hSyn-Neurog2-IRES-eGfp vector into the adult SEZ (Fig-
ure 5). The presence of eGFP/DCX-double-positive cells
leaving the SEZ and entering the RMS confirmed early-onset
expression of the lentiviral construct in vivo (Figure 5A).
However, lentivirus-driven expression of Neurog2 did not
induce aberrant migration, and most DCX-positive trans-

duced cells reached the OB (LV-hSyn-IRES-¢Gfp: 9% + 5%
of cells in SEZ, 3% + 0.6% of cells in RMS, and 88% + 5%
of cells in OB [n = 3 mice, 1,929 cells analyzed]; LV-hSyn-
Neurog2-IRES-eGfp: 10% = 4% of cells in SEZ, 3% + 1% of
cells in RMS, and 88% + 6% of cells in OB [n = 3 mice,
855 cells analyzed]; Figure 5B). At 10 DPT, a large number
of transduced cells were already present in the OB and
dispersed radially toward more superficial layers, where
they acquired the morphologies characteristic of GABAergic
granule cells or periglomerular neurons (Figures 5C and
5D), and did not express the glutamatergic lineage markers
TBR2 (Figures S5E and S5F) or TBR1 (Figures 5G and SH).
These results strongly suggest that Neurog2 expression fails
to alter the program of SEZ progeny in vivo once these
have acquired neuronal identity. To assess potential biases
due to variation in the expression levels caused by the
respective use of retroviral or lentiviral vectors, we injected
the RV-CAG-Neurog2-IRES-dsRed retrovirus directly into the
RMS elbow instead of the SEZ (Figure 6A). This approach
allowed targeting migrating neuroblasts that, while still
dividing, were already committed to the neuronal lineage.
In contrasts to injection of the same retrovirus into the
SEZ proper, cells transduced in the RMS populated different
layers of the OB (Figure 6B) and failed to activate TBR1
expression, either in the RMS (Figures 6E-6G) or the OB
(Figures 6B-6D). However, we did observe a modest reduc-
tion in the number of Neurog2-transduced cells reaching
the OB (Figure 6H). In conclusion, these experiments pro-
vide evidence that committed neuroblasts became refrac-
tory re-specification into glutamatergic neurons by
NEUROG2, while their migratory behavior can still be
compromised.

DISCUSSION

In the present study, we demonstrated that forced expres-
sion of Neurog2 redirects the program of proliferating adult

Figure 4. Neurons derived from Neurog2-programmed SEZ progenitors are locally connected

(A) Experimental design of RABV-mediated connectivity tracing. CAG-Neurog2-IRES-dsRed retrovirus and pCAG-DsRedExpress2-T2A-
G-IRES-TVA retrovirus were coninjected into the SEZ. Eight days later, an EnvA-pseudotyped and G gene-deleted eGfp-expressing RABV was
injected in the vicinity of the injection site of the retroviruses, and analysis was performed 6 days later.

(B) DSRED-only-positive cells were detected in the 0B, likely corresponding to cells transduced only with the pCAG-DsRedExpress2-T2A-
G-IRES-TVA that had migrated normally to the OB.

(Cand D) Upon NEUROG? transduction, putative starter cells (yellow, expressing both dsRed and GFP) were found in the striatum, and first-
order presynaptic partners (GFP only) could be traced locally.

(E) High-magnification micrographs depicting traced neurons forming physical contacts onto Neurog2-programmed neurons.

(F-H) Traced neurons exhibited various morphologies, many of which exhibited dendritic spines (inset in H).

(I) Histogram showing the proportion of GFP*/GFP*+dsRed” neurons (connectivity index) found following control or Neurog2 retrovirus
injection into the SEZ.

Error bars indicate mean + s.e.m., n = 3-5 mice/group, Mann-Whitney test. Scale bars: 100 um (B), 50 um (C), and 10 um (D-H). See also
Figure S6.
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SEZ progenitors, normally giving rise to GABAergic OB
neurons, toward generating neurons of the glutamatergic
lineage. This indicates that NEUROG2 can override re-
gion-specific fate restrictions of adult NSCs. However,
once SEZ-derived cells have differentiated into postmitotic
neurons, NEUROG2 can no longer induce a lineage switch
and neurons retain their GABAergic neuron identity. Thus,
there appears to be a restricted window during lineage pro-
gression from NSC to neuron during which NEUROG2 can
alter the program determining neuron class identity. Our
data support the notion that competence to respond to
NEUROG?2 is cellular stage dependent. Likewise, a recent
study has shown that early and late cortical progenitors
(i.e., cells fated for different cortical laminar identities)
respond differentially to NEUROG2 (Dennis et al., 2017).

Retroviruses predominantly transduce fast dividing pro-
genitors both in vitro and in vivo. Thus, by using a retroviral
vector for delivery of Neurog2, expression of the proneural
gene was presumably confined to activated NSCs and
TAPs as well as neuroblasts still dividing in the RMS. We
found that retrovirus-mediated Neurog2 expression re-
sulted in the acquisition of a glutamatergic neuron iden-
tity, as read out by TBR2 and TBR1 expression, only in those
progenitors residing in the SEZ but not the RMS. Further-
more, in accordance with a fate switch in vivo, cells targeted
within the SEZ no longer migrated to the OB, but instead
differentiated within the SEZ or the adjacent striatum.
Thus, part of the fate switch induced by Neurog?2 likely in-
volves an alteration of the migratory program normally
controlled by DIx2 (Brill et al., 2008). Of note, previous
work had shown that SEZ cells can be redirected from their
normal migration route toward other brain regions upon
co-transduction with retroviruses encoding Neurog2 and
Isl1 (Rogelius et al., 2008).

In sharp contrast to the effect of retrovirus-mediated
Neurog2 expression in SEZ progenitors, targeting Neurog2
to postmitotic neurons by using a lentivirus driving
transgene expression from the human synapsin promoter
(Gascon et al., 2008), failed to alter the already ongoing
program of OB interneuron differentiation. Lentivirus-

transduced cells continued migrating along the RMS to
the OB where they took position within the granule
cell layer and periglomerular layer for which most of
the adult-generated neurons in the SEZ are destined (Mer-
kle et al., 2007, 2014). Likewise, postmitotic expression of
Neurog2 did not cause overt changes in morphology as
eGFP-positive cells exhibited morphologies reminiscent
of OB interneurons.

Consistent with the in vivo data, primary cultures of
neurons derived from SEZ progenitors were GABA immu-
noreactive following postmitotic Neurog2 expression.
Finally, postmitotic Neurog2 expression failed to induce
the expression of TBR2 and TBR1. In the absence of
any evidence for a fate change, it thus appears that Neu-
rog2-expressing SEZ-derived neurons maintain an inter-
neuron identity normally acquired during lineage pro-
gression from NSC to neuron. These data suggest the
establishment of powerful epigenetic barriers (Baumann
et al., 2019) that impede a NEUROG2-instructed switch
from a GABAergic to glutamatergic neuron identity.
Interestingly, such barriers appear to be established prior
to or at the neuroblast stage as injection of Neurog2-en-
coding retrovirus into the elbow of the RMS failed to
cause re-specification toward a glutamatergic fate. How-
ever, the fact that migration toward the OB may still be
compromised indicates that the gene expression pro-
grams guiding migratory behavior are still malleable
under the influence of NEUROG2. These findings also
suggest that the programming potency of NEUROG2
sharply declines when neurons start to migrate through
the RMS and become postmitotic and is likely linked
to the maturation of the neuronal epigenome during
this transition, as indicated by the failure of upregulating
TBR2, which is known to be a direct target of NEUROG2
(Kovach et al., 2013; Ochiai et al., 2009). Alternatively, or
in addition to epigenetic barriers, the effectiveness of
NEUROG?2 action may be curtailed by signaling mecha-
nisms regulating its phosphorylation state (Quan et al.,
2016) or the formation of homo- versus heterodimers
(Li et al., 2012). Also, dynamically regulated changes in

Figure 5. Expression of Neurog2 fails to induce a glutamatergic phenotype in early neurons derived from the SEZ in vivo

(A) Micrograph shows early neurons (DCX, red) leaving the SEZ and expressing GFP (green), indicative of hSyn-promoter activity early
during fate commitment.

(B) Quantification of the number of DCX-positive/GFP-positive lentivirus-transduced cells in the SEZ, RMS, and OB at 10 DPT. Note that
expression of Neurog2 in early neurons does not affect their migration to the OB. Error bars indicate mean +SD, n = 3 mice/group, one-way
ANOVA followed by Tukey’s HSD post hoc test.

(C and D) Micrographs of the granule cell layer of the OB show lentivirus-transduced cells (green) migrating radially and integrating as
granule and periglomerular neurons (PGN, insets, DCX red) at 10 DPT.

(E-H) Transduction of SEZ cells with either hSyn-eGfp control (in green) or hSyn-Neurog2-IRES-eGfp (in green) lentiviruses does not lead to
the expression of TBR2 (in red) in granule neurons (E, F) or periglomerular neurons (PGN, insets), nor does it induce TBR1 expression in
granule neurons (G, H).

Scale bars: 50 um (B-F), 10 pum (insets in C-F), and 25 um (G and H).
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the level of protein synthesis during lineage progression
by miRNAs (Baser et al., 2019) may render the compe-
tence of SEZ progenitors differentially susceptible to
fate conversion. The failure of reprogramming at later
stages of adult NSC lineage progression is even more
intriguing given NEUROG2’s capacity to induce TBR2
and TBR1 in early postnatal cortical astrocytes in vitro
(Berninger et al., 2007a; Heinrich et al.,, 2010) and to
reprogram glia into glutamatergic neurons in vivo (Felske
et al., 2023; Gascon et al., 2016; Herrero-Navarro et al.,
2021). The developmental window-specific actions of
NEUROG2 on adult SEZ stem and progenitor cells
exhibit remarkable parallelism as well as differences to
that of the transcription factor FEZF2. FEZF2 was origi-
nally described as a transcription factor to specify the
fate of cortical progenitors toward a corticofugal identity
during development (Molyneaux et al.,, 2005). Subse-
quent work demonstrated that it can reprogram striatal
progenitors toward a corticofugal identity in vivo
(Rouaux and Arlotta, 2010), thus, causing not only a
switch from GABAergic to glutamatergic neuron fate,
but also eliciting a specific neuronal subtype conversion
(from medium spiny neurons to corticofugal pyramidal
neurons). Of note, FEZF2 reprogramming activity ex-
tends into early postmitotic life of a neuron but mark-
edly declines in the course of few days (Rouaux and
Arlotta, 2013), again suggesting the existence of a critical
window of nuclear plasticity that closes with epigenetic
changes that occur during neuronal maturation (Ama-
moto and Arlotta, 2014). Later, FEZF2 was found to pro-
gram NSCs in the postnatal and adult SEZ toward a glu-
tamatergic neuron identity (Zuccotti et al.,, 2014). In
contrast to our findings when using NEUROG?2, the
FEZF2-induced fate switch was restricted specifically to
the NSC stage but failed to convert both TAPs or dividing
neuroblasts. Moreover, in contrast to the re-routing of
Neurog2-expressing neurons reported here, progeny of
Fezf2-expressing NSCs still migrated to the OB. Thus,
cells of the adult SEZ NSC lineage exhibit differential
competence to respond to FEZF2 or NEUROG2 along
lineage progression.

Finally, RABV-mediated monosynaptic tracing indicates
that the Neurog2-programmed neurons re-routed to the stria-

tum received input from local neurons including medium
spiny neurons. Future studies will be required to understand
whether the integration of such non-canonical neurons pro-
vides functional excitatory input to the striatal circuitry, as it
was the case in neurons derived from reprogrammed striatal
astrocytes (Dorstetal., 2021), and if they could exert a mean-
ingful modulatory effect on striatal circuit function. Be that
as it may, our data provide evidence for remarkable plasticity
within the lineage of adult NSCs. It will be interesting to learn
whether this plasticity can be harnessed toward translational
approaches to recruit adult NSC progeny for brain repair
(Benraiss et al., 2013; Brill et al., 2009; Gage and Temple,
2013; Saghatelyan et al., 2004).

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding authors

Further information and requests for resources and reagents
should be directed to the corresponding authors, Sergio Gascon
(sgascon@cajal.csic.es) or Benedikt Berninger (benedikt.
berninger@kcl.ac.uk).

Materials availability

Materials can be requested from the corresponding authors.

Data and code availability

Data will be shared with the research community upon request.

Ethical approval

All animal procedures were performed in accordance with the
guidelines of the German Animal Welfare Act and the European
Directive 2010/63/EU for the protection of animals used for scien-
tific purposes, and was approved by the state of Bavaria under li-
cense number 55.2-1-54-2531-144/07 or the state of Rhineland-
Palatinate under license number 23 177 07-G-15-1-031.

SEZ primary culture

Following a previously established protocol by (Costa et al., 2011;
Ortega et al., 2011), SEZ cultures were prepared from the lateral
wall of the lateral ventricle of young adult (8-12 weeks) C57BL/
6] mice (Costa et al., 2011; Ortega et al., 2011). Briefly, tissue was
dissociated in 0.7 mg/mL hyaluronic acid (Sigma-Aldrich) and
1.33 mg/mL trypsin (Sigma-Aldrich) in Hank’s balanced salt solu-
tion (HBSS; Invitrogen) with 2 mM glucose (Sigma-Aldrich) at
37°C for 30 min. After this enzymatic treatment, an equal volume

Figure 6. RMS-resident dividing neuroblasts are refractory to glutamatergic re-specification following in vivo retroviral expression

of Neurog2

(A) The experimental design involved injecting the RV-CAG-Neurog2-IRES-dsRed retrovirus into the RMS elbow.

(B) A sagittal view of the adult mouse olfactory bulb (0B) revealed transduced cells (red) following retrovirus injection into the RMS elbow
when analyzed at 7 DPT. Transduced neurons could be observed across the OB.

(C-G) Micrographs show that transduced cells lacked TBR1 expression (green) in both the dorsal (C) and ventral (D) areas of the granule
cell layer (GCL) and also in the RMS (E), as opposed to preexisting non-transduced glutamatergic neurons in other areas (G).

(H) Histogram showing the number of dsRed-positive transduced cells in the RMS and OB at 7 DPT.

Error bars indicate mean + SD, n = 3/mice group, t test. Scale bars: 100 um (B) and 50 um (C-E).
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of an ice-cold medium consisting of 4% bovine serum albumin
(BSA; Sigma-Aldrich) in Earle’s balanced salt solution (EBSS; Invi-
trogen) buffered with 20 mM HEPES (Invitrogen) was added in or-
der to stop dissociation. Cells were then centrifuged at 200 x g for
5 min, re-suspended in ice-cold medium consisting of 0.9 M su-
crose (Sigma-Aldrich) in 0.5x HBSS, and centrifuged for 10 min
at 750 x g. The cell pellet was re-suspended in 2 mL ice-cold me-
dium consisting of 4% BSA in EBSS buffered with 2 mM HEPES,
and the cell suspension was placed on top of 12 mL of the same me-
dium and centrifuged for 7 min at 200 x g. The resulting cell pellet
was re-suspended in DMEM/F12 Glutamax (Invitrogen) supple-
mented with B27 (Invitrogen), 2 mM glutamine (Sigma-Aldrich),
100 units/mL penicillin (Invitrogen), 100 pug/mL streptomycin
(Invitrogen), buffered with 8 mM HEPES. Finally, cells were plated
on poly-d-lysine (Sigma-Aldrich) coated coverslips at a density of
200-300 cells/mm?, and after 2 h to allow settlement of the cells,
cultures were treated with retroviral or lentiviral vectors for
transduction.

Viral vector injections

Stereotactic injections of retrovirus and lentivirus were performed
in 2- to 3-month-old C57BL/6 male mice (Mus musculus). Prior to
stereotactic injections, mice were anesthetized using ketamine
(100 mg/kg; CP-Pharma) and xylazine (5 mg/kg; Rompun; Bayer)
and placed into a stereotaxic frame. Approximately, 0.5 pL viral
suspension was injected using a pulled-glass capillary at the
following coordinates (relative to bregma) to target the SEZ: 0.7
(anteroposterior), 1.2 (mediolateral), and 2.1-1.7 (dorsoventral).
For transsynaptic tracing experiments, 0.4 pL RABV was injected
in the striatum close to the initial retroviral injection in the SEZ
(to target primarily transduced cells, particularly Neurog2-
programmed cells that settled in the striatum) at the following
coordinates: 0.8 (anteroposterior), 1.3 (mediolateral), and 2.1-1.7
(dorsoventral).

Sample processing for immunohistochemistry

Mice were deeply anesthetized and then perfused transcardially
with saline (0.9%), followed by 4% paraformaldehyde (PFA;
P6148; Sigma-Aldrich) (w/v) for 30 min. After this initial fixation,
brains were dissected and post-fixed for at least 2 h in 4% PFA.
Sagittal brain sections were prepared at a thickness of 50 pm. For
detailed immunohistochemistry and immunocytochemistry pro-
tocols, see supplemental information.

Electrophysiology
Perforated patch-clamp recordings were performed as previously
described (Heinrich et al., 2011).

Image acquisition for quantitative analysis

Images stacks were acquired using an Olympus FV1000 (equipped
with 10x/0.4 N.A. air, 20%/0.8 N.A., and 60x/1.42 N.A. oil-immer-
sion objectives) or a Leica TCS SPS (equipped with a 20x/0.7 N.A.
dry objective; Institute of Molecular Biology, Mainz, Germany)
confocal microscope or an epifluorescence microscope (Zeiss
Axio Imager.M2 equipped with an ApoTome equipped with 20x/
0.7 N.A. dry objective). For additional information on the quanti-
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fication and analysis procedures, please refer to supplemental
information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.10.019.
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