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Neuronal fate determinants of adult olfactory

bulb neurogenesis
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Pierre-Marie Lledo? & Magdalena Gétz'»

Adult neurogenesis in mammals is restricted to two small regions, including the olfactory bulb, where GABAergic and
dopaminergic interneurons are newly generated throughout the entire lifespan. However, the mechanisms directing them towards
a specific neuronal phenotype are not yet understood. Here, we demonstrate the dual role of the transcription factor Pax6 in
generating neuronal progenitors and also in directing them towards a dopaminergic periglomerular phenotype in adult mice. We
present further evidence that dopaminergic periglomerular neurons originate in a distinct niche, the rostral migratory stream, and
are fewer derived from precursors in the zone lining the ventricle. This regionalization of the adult precursor cells is further
supported by the restricted expression of the transcription factor Olig2, which specifies transit-amplifying precursor fate and
opposes the neurogenic role of Pax6. Together, these data explain both extrinsic and intrinsic mechanisms controlling neuronal

identity in adult neurogenesis.

Recent progress shows not only that neurons suitable for transplanta-
tion can be generated from embryonic or adult neural stem cells
maintained in culture, but also that the adult brain itself produces
new cells capable of regenerating functional neurons in diseased
areas"2. These findings raise new hope for development of cell therapy
in neurodegenerative disorders, but they require a thorough under-
standing of the mechanisms directing adult neural stem cells toward
specific neuronal phenotypes.

Neurogenesis supplying the adult olfactory bulb is an excellent
system in which to study these mechanisms, as two distinct types of
interneurons are continuously generated throughout adulthood?->:
neurons located in the granule cell layer (GCL) inside the olfactory
bulb (granule neurons), and a diverse set of neurons in the outer region
of the olfactory bulb, in the glomerular layer (Fig. la,b). Granule
neurons are homogenously GABAergic, whereas of the periglomerular
neurons in the glomerular layer, only 40% are GABAergic, and of those,
65% are dopaminergic®. The remaining periglomerular neurons con-
tain either calretinin or calbindin’~®. Normally, the majority of newly
generated neurons are granule neurons, with only a small proportion
acquiring a periglomerular neuron fate’. However, the molecular
mechanisms that specify these neuronal subtypes in the appropriate
composition are still unknown.

During development, the fate of neuronal subtypes is specified in the
precursor cells by a precise transcription factor code along the dorso-
ventral and rostrocaudal axes!®. This principle also seems to apply to

the developing telencephalon, where distinct dorsoventral domains
generate distinct types of neurons!'=13. It is not clear whether the
concept of regional specification of neuronal subtypes might also apply
for adult neurogenesis, because dorsoventral patterning is less obvious
in the adult brain, as massive cell type mixing occurs postnatally in the
subependymal zone (SEZ)'4. In fact, adult olfactory bulb neurogenesis
has so far been perceived as a single lineage originating from astroglia-
like stem cells immunoreactive for glial fibrillary acidic protein (GFAP;
type B cells) lining the lateral wall of the lateral ventricle
(Fig. 1c,d'™19), These adult neural stem cells divide slowly, whereas
their progeny, the transit-amplifying precursors (type C cells)!>!5,
divide fast and generate neuronal precursors (type A cells) that already
express neuronal traits such as PSANCAM or doublecortin and migrate
through the rostral migratory stream (RMS) towards the olfactory
bulb*® (Fig. 1c,d). However, when and how this lineage diverges to
generate distinct types of neurons is not known.

Here we demonstrate that Pax6 upholds adult olfactory bulb
neurogenesis by promoting the generation of neuronal progenitors
and directing them towards the dopaminergic periglomerular
phenotype. By contrast, Olig2 specifies the transit-amplifying
precursor fate, opposes the neurogenic role of Pax6 and promotes
oligodendrogenesis. We further show that dopaminergic periglomeru-
lar neurons are predominantly generated in the RMS, highlighting
intrinsic and extrinsic mechanisms governing fate determination in
adult neurogenesis.
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Figure 1 Expression of the transcription factors Pax6 and Olig2 in the
SEZ-olfactory bulb pathway. (a) Micrograph of a DAPI-labeled section of

the olfactory bulb (rostral up, caudal down, dorsal right, ventral left).

(b) Schematic drawing of section in a with same orientation. (c) Schematic
drawing illustrating the lineage and cell type markers of adult neural
precursors. (d) Schematic drawing of a sagittal section of an adult mouse
brain depicting the localization of the micrographs in a,e,f,g,i,j,k,I (red
boxes). (e—j) Micrographs of Pax6-immunopositive cells at different
rostrocaudal levels in the SEZ and RMS. Inset in e: PSANCAM immuno-
staining in green, Pax6 in red. TH, tyrosine hydroxylase. Panel j shows
micrographs of the z-stack of the confocal picture along the y-axis (right) and
the x-axis (left). Insets in i and j show localization of the micrographs. (k,I)
Micrographs of Olig2-immunoreactive cells. SEZ: subependymal zone, RMS:
rostral migratory stream, CC: corpus callosum, OB: olfactory bulb, GL:
glomerular layer; GCL: granule cell layer; DCX, doublecortin. Scale bars:

a, 500 pm; e,f,hk,I: 60 um (4 um for the inset); g,i: 150 um; j: 20 pm.

RESULTS

Localization of Pax6 and Olig2 in the SEZ-olfactory bulb pathway
As described above, the apparent coexistence of Olig2 and Pax6 in the
adult SEZ prompted us to examine their exact spatial location, as these
transcription factors do not occur in the same domain of the devel-
oping telencephalon. Indeed, the localization of Pax6 and Olig2 in adult
neural precursors revealed a marked difference along the rostrocaudal
extension of the SEZ-RMS system that had previously not been noticed
(Fig. 1e,f,g,h,k]). The number of Pax6-immunostained cells was lowest
in the region lining the ventricle, where only 7 + 3% of DAPI-labeled
cells were Pax6-positive (n = 223, three animals; Fig. 1e). In the caudal
RMS immediately adjacent to the SEZ, however, the proportion of
Pax6-immunopositive cells increased to 40 + 4% (n = 167, three
animals; Fig. 1f) with a further increase to 61 + 5% (n = 221, three
animals; Fig. 1g) in the central RMS, where the descending limb of the
RMS intersects with the horizontal limb. The number of Pax6-positive
cells then decreased when cells reach the olfactory bulb (25 + 3%
of DAPI-labeled nuclei are Pax6-positive inside the RMS in the
olfactory bulb; n = 162, two animals; Fig. 1h) and only a few Pax6-
immunopositive cells were scattered throughout the olfactory bulb
(Fig. 1i). The same distribution was also observed at the mRNA level

e, (data not shown).

Within this expression gradient, Pax6 is found in similar cell types.

=" Most of the Pax6-positive cells were migrating neuroblasts, as shown by

PSANCAM or doublecortin (DCX) immunostaining throughout the
SEZ and RMS (SEZ: 74 + 4% of Pax6-positive cells were DCX-
positive, n = 235, two animals; RMS: 67 + 5%, n = 563, two animals).
We did not detect colocalization of Pax6 and GFAP at any position
(< 1%, n = 142, three animals). Thus, Pax6-positive cells are mostly
neuroblasts, and one-third are precursors at a less committed stage
throughout the SEZ-RMS system. There was a notable accumulation of
Pax6-positive cells in the glomerular layer (Fig. 1i), where most Pax6-
immunoreactive cells had differentiated into postmitotic neurons
(83 + 7% of Pax6-positive cells were NeuN-positive, n = 228, three
animals). In contrast, hardly any of the Pax6-positive cells in the
GCL were NeuN-positive (11 + 4%, n = 341, three animals),
suggesting that Pax6 is downregulated in differentiating granule
neurons, but not in periglomerular neurons. In the glomerular
layer, Pax6 is mostly expressed in tyrosine hydroxylase (TH)-immu-
nopositive neurons (Fig. 1j; 78% of Pax6-positive cells in the
glomerular layer were TH-positive, and 95% of TH-positive neurons
were Pax6-positive, n = 683, three animals), suggesting a tight
correlation between Pax6 and dopaminergic periglomerular neurons.
Most dopaminergic periglomerular neurons also contained GABA
(79 £ 3%, n = 293 cells, two animals), and all of them also expressed
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Pax6. In contrast, very few Pax6-positive neurons in the glomerular
layer were colabeled with calretinin (2 + 1% of Pax6-positive cells;
n =361 cells, one animal) or with calbindin (10 + 1% of Pax6-positive
cells; n = 437 cells, two animals). Taken together, these data suggest that
Pax6 is regulated dynamically within the SEZ-RMS pathway: first, Pax6
is upregulated in most neuroblasts along the RMS but later is down-
regulated during neuronal differentiation in most neurons, except in
the dopaminergic neurons of the glomerular layer.

The expression of the transcription factor Olig2 did not overlap
with Pax6 (n = 221, two animals; see also ref. 19) and showed
the opposite rostrocaudal gradient: 18 + 4% of DAPI-positive cells
were Olig2-immunopositive in the SEZ (n = 341, two animals),
whereas only 2 + 1% (n = 412, two animals) of the DAPI-positive
cells in the center of the RMS were Olig2-positive (Fig. 1k]). In
contrast to Pax6, the number of Olig2-positive cells did not increase
again, and we did not detect any Olig2-immunopositive neurons
within the olfactory bulb (n = 255, two animals). Olig2 hardly ever
co-localized with PSANCAM or DCX (SEZ: < 1%, n = 181; RMS,
n = 123; two animals each) or with GFAP (< 1% in SEZ, n = 120;
RMS, n = 88; two animals each). Thus, Olig2 is expressed exclusively in
type C transit-amplifying precursors in the SEZ, consistent with our
previous data®®.

The role of Pax6 and Olig2 in adult neural precursors

Next, we examined the cell-autonomous function of Pax6 and Olig2 by
the use of replication-incompetent retroviral vectors that allow the
manipulation of gene expression in few progenitor cells and in all of
their respective progeny within a normal environment. Given the
pronounced gradient of Pax6 and Olig2 in the SEZ-RMS system, we
decided to compare the manipulation of these transcription factors at
both positions. When injections of viral vectors containing GFP (green
fluorescent protein'® (see Methods) were stereotaxically targeted to the
SEZ72021 95 + 29 of all GFP-positive cells were still located close to
the SEZ 3 d after injection, and only 5 + 2% were detected at some
distance, within the RMS (n = 45, one animal; Fig. 2a,b; for 7 d after
injection, see Fig. 2e,f). When the injection coordinates were modified
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to target the central RMS, we reliably observed the vast majority of
GFP-positive cells 3 d after injection migrating forward in the RMS (72
+ 1% in the RMS outside the olfactory bulb, 21 + 5% in the RMS
inside the olfactory bulb) with only 6 + 1% of cells apparently
migrating backwards to the SEZ (n = 66, one animal; Fig. 2c,d).
Thus, the targeted injection of viral vectors allows manipulation of gene
expression locally at two distinct places of the SEZ-RMS system.

To manipulate the expression patterns of Pax6 and Olig2 in the
SEZ and the RMS, we used vectors containing the wild-type forms
of Pax6 or Olig2 and GFP mediated by the IRES sequence
(Olig2IRESGFP)'°. As dominant-negative constructs, we used Pax6er-
grailed??, which contains the engrailed repressor domain instead of the
normal transactivating domain of Pax6; for Olig2, the repressor domain

Pax6eng

GFP Olig2vP16
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Figure 2 Functional analysis of the transcription
factors Pax6 and Olig2 in adult neurogenesis.
(a,c,e) Schematic drawings illustrating the
injection sites (RMS, SEZ) of the viral vectors.
Red boxes in e indicate the localization of the
micrographs in g,h,j,k. (b,d,f) Micrographs
depicting the localization of GFP-positive cells at
different times after injection into the SEZ (b,f,j)
or RMS (d). Insets (red) in b and d show GFP-
positive cells in higher magnification. Arrows in
b,d.f,j indicate GFP-positive cells. (g,h,j,k)
Micrographs of double immunostaining in sagittal
sections of the adult mouse SEZ (g,h,j) and corpus
callosum (j,k) 7 d after vector injection (arrows
indicate double-positive cells). Panel h: GFAP
immunostaining, red; GFP, green. Pax6eng:
Pax6engrailedIRESGFP virus. Micrographs below
and to the right of g,h show zstacks of the
confocal pictures along the y-axis (right) and the
x-axis (left). (i,I) Histograms summarizing
quantification of GFP-positive SEZ cells 7 d after
injection of the viral vectors indicated on the
x-axis. Note that Pax6 plays a role in neurogenesis,
whereas Olig2 promotes the generation of marker-
negative cells. Scale bars: b,d,f, 500 um (insets:
200 pm); g,h: 8 um; j: 180 um; k: 40 pm.

of Olig2 was removed (see Methods) or
replaced with the transactivator domain
VP16  (Pax6IRESGFP or OIlig2IRESGFP;
ref. 23). Previous in vivo and in vitro studies
have shown that these constructs produce the
opposite effect from the wild-type transcrip-
tion factor, suggesting that they indeed antag-
onize the function of Pax6 and Olig2,
respectively!®?224 We performed further
control experiments that compared the domi-
nant-negative constructs with loss-of-function
conditions (Supplementary Fig. 1). These
experiments showed that dominant-negative
constructs are specific and exert no effects in
cells that do not endogenously express the
respective transcription factor.

When virus with wild-type Pax6 (ref. 19)
was injected into the adult SEZ (Fig. 2g,i), a
larger number of Pax6-transduced precursors
progressed to the neuronal lineage (DCX-
immunopositive; n = 281, three hemispheres,
three animals) than in those infected with the
control virus (n 183, four hemispheres,
three animals; P < 0.001) 1 week after injec-
tion (Fig. 2g,i). Likewise, we observed a prominent reduction in the
proportion of neuroblasts (to 42% of the control, n 100, two
hemispheres, two animals; P < 0.001) and a respective increase in
other precursors in the SEZ 1 week after transduction with Pax6en-
grailedIRESGFP vectors (Fig. 2h,i). We observed a comparable reduc-
tion of infected precursors assuming a neuronal precursor fate (DCX-
positive, to 39 + 11%, n = 83, three hemispheres, two animals;
Supplementary Fig. 1) compared with the control virus injections
(control: n = 70, two hemispheres, two animals; P < 0.05) when
we deleted Pax6 using Cre virus injection into mice in which the
N-terminal part including the paired domain of the Pax6 gene was
flanked by loxP sites®>. Analyses of TUNEL staining performed 3 or 7 d
after viral injection showed no differences in death of infected cells,
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Figure 3 Quantitative localization analysis of infected cells after virus injection into the SEZ or the RMS.

(a—e) Histograms showing localization of GFP-positive cells after infection with the following vectors: control virus
containing GFP only (a), Olig2IRESGFP (b), Olig2VP16IRESGFP (c), Pax6IRESGFP (d), Pax6engrailedIRESGFP (e).
Virus was injected either into the SEZ or into the RMS and animals were killed at different times after

infection (7 d, 21 d for SEZ infection or 14-18 d for RMS infection). Only precursor cells infected in the SEZ,
not those in the RMS, were able to generate oligodendrocytes, and Olig2-infected cells migrated faster into the
corpus callosum and differentiated into many more oligodendrocytes than did control infected cells. In contrast,
Pax6 increases the number of neurons in the olfactory bulb 7 d after injection into the RMS, compared with the
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control virus injection (compare a and d, black bars), whereas Pax6engrailed virus reduces the proportion of neurons in the olfactory bulb upon injection into
the SEZ (white and gray bars in e). Cells infected with the Pax6engrailed virus in the SEZ remained in the SEZ to a larger extent, and virtually no cells reach
the layers of the olfactory bulb. Thus, endogenous Pax6 function seems to be required for neuroblast specification and migration.

suggesting that selective cell death of precursor subtypes does not play a
major role in the observed changes. These results implicate Pax6 in the
regulation of adult neurogenesis, supposedly by means of its coordi-
nated effects on cell proliferation and cell fate as observed in cerebral
cortex development?%27,

Olig2 exerted effects opposite to Pax6 on precursor cells in the adult
SEZ. Olig2 overexpression resulted in a decrease in neuronal precursors
immunoreactive for DCX (Fig. 2I; to 35 + 3% of control; n = 181,
three hemispheres, three animals, P < 0.001) to levels comparable to
those achieved with Pax6engrailed expression (compare Fig. 2i and
Fig. 21). However, the decrease in neuronal precursors resulted mostly
from an increase in precursors negative for both GFAP and DCX:
supposedly the transit-amplifying type C cells. Indeed, consistent with
the expression of endogenous Olig2 exclusively in this precursor
type, expression of its dominant-negative form, Olig2VP16, virtually
abolished this precursor cell type (Fig. 21). Similar effects were obtained
with a loss-of-function construct containing only the Olig2bHLH
domain but no repressor domain (Supplementary Fig. 1). Thus,
Olig2 is necessary and sufficient to specify transit-amplifying precur-
sors in the SEZ. Taken together, these data support functional roles as
deduced from protein localization: Olig2 is crucial for the specification
of transit-amplifying fate, whereas Pax6 is important for neuronal fate.

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

Olig2 promotes adult oligodendrogliogenesis

When overexpressing Olig2, we also noted a prominent emigration
from the SEZ-RMS system 3 d after viral injection (Fig. 2j), whereas no
cells infected with the control virus were located outside the SEZ-RMS
system at this stage (< 1%, n = 45, one animal; see above). However,
7 d post-injection in control virus injections, some descendants of the
infected cells had left the RMS and migrated to the corpus callosum
(Fig. 3a, 1 + 1%, n = 201, four hemispheres, three animals); this
reached 11 + 4% (n = 242, four hemispheres, three animals) 21 d after
injection. These cells were identified as oligodendrocytes or their
precursors by CCl or Sox10 immunoreactivity, respectively. One
week after wild-type Olig2 virus injection into the SEZ, 50 + 9% of
all infected cells (n = 207, three hemispheres, three animals, P < 0.001
compared to control) were detected within the corpus callosum
(Fig. 3b) and had acquired oligodendrocyte identity (Fig. 2k). The
increase in oligodendrogliogenesis was accompanied by a decrease in
neuronal precursors as well as in the proportion of neurons reaching
the olfactory bulb (Figs. 21 and 3b), suggesting that neurons and

oligodendrocytes originate from the same progenitors in the SEZ rather
than from direct transduction of oligodendrocyte precursors in the
corpus callosum. Indeed, the maintenance of Olig2 expression inter-
feres with neuronal differentiation, as previously shown?®2°, Consistent
with a role for Olig2 in the endogenous low degree of oligodendro-
gliogenesis, this was completely blocked after injection of Olig2VP16
virus in the SEZ (Fig. 3c).

RMS precursors are restricted toward a neuronal fate

Given the gradient of these transcription factors along the RMS, we next
performed the same functional analysis by injection into the RMS
(Fig. 2¢,d). These experiments showed differences in the cell-type speci-
fication at this position that intrigued us. When the Pax6engrailed virus
was injected into the RMS, the effect on neurogenesis 7 d after injection
was weaker than when the virus was injected into the SEZ (control: 94
+ 1% DCX-positive cells among GFP-positive cells, # = 80, two hemi-
spheres, two animals; Pax6engrailed: 78 + 4%, n = 80, two hemi-
spheres, two animals; Fig. 3e). Thus, precursors are further committed
to the neuronal lineage within the RMS than in the SEZ, and this
commitment is hardly reversible by Pax6engrailed transduction. Simi-
larly, overexpression of Olig2 in the RMS could not elicit oligoden-
drocyte generation (n = 207, five hemispheres, three animals Fig. 3b).
Taken together, these data indicate that precursors in the RMS are
further fate-restricted, and instead of promoting the generation of non-
neuronal cells, both Pax6engrailed and Olig2 transduction still resulted
in a large number of cells progressing toward the neuronal lineage.

The role of Pax6 in neuronal subtype specification

Next, we examined neuronal subtypes generated by precursors manipu-
lated within the SEZ or the RMS 2-3 weeks after injection. First, we
compared the neuronal subtypes generated by cells infected with the
GFP control virus in the SEZ or the RMS. Consistent with previous
data®?%21) most SEZ precursors gave rise to GFP-positive neurons in
the GCL (94 + 2%, n = 316, four hemispheres, three animals) and few
neurons were detected in the glomerular layer (2 + 1%, Fig. 4e).
Notably, control virus injection into the RMS resulted in a significantly
larger proportion of periglomerular neurons among all GFP-positive
cells in the olfactory bulb (30 + 3%, n = 379, three hemispheres, two
animals; Fig. 4f; P < 0.001 compared with control). These results
suggest a new concept: namely, that many periglomerular neurons
originate at a rostral position of the SEZ-RMS system. However, the
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Figure 4 Functional analysis of Pax6 and Olig2 in
the specification of neuronal subtypes in adult
neurogenesis. (a) Injection sites, as in Figure 2.
(b) Micrograph of the olfactory bulb. Red boxes:
position of the micrographs in c,d,g. (c,d,g) GFP-
positive neurons in the olfactory bulb with
micrographs of zstacks of the confocal pictures
along the y-axis (right) and the x-axis (left). Inset
in d: higher magnification. ¢ depicts a double-
stained periglomerular neuron in the glomerular
layer (NeuN, red; GFP, green). d shows double-
stained neurons in the granule cell layer (GCL)
(NeuN, red; GFP, green). (e,f) Percentage of GFP-
positive cell types in the olfactory bulb 21 d after
injection of viral vectors into the SEZ (e) or 14—
16 d after injection into RMS (f). GN, granule
neurons; PGN, periglomerular neurons. Note that
Pax6 transduction increases the generation of
periglomerular neurons located in the glomerular
layer. (g) Micrograph of a GFP— and TH-double
immunoreactive cell. (h) Percentage of TH-
positive periglomerular neurons after viral vector
injection into the SEZ (3 weeks survival) or RMS
(2 weeks). Note that only RMS, but few SEZ
precursors generate TH-positive periglomerular
neurons (green) and that this fate is strongly
promoted by Pax6 (gray), whereas blocking Olig2
function (Olig2VP16) has no effect (yellow).

(i) Proportion of BrdU-labeled cells in glomerular
layer (GL) and GCL of the olfactory bulb at
different times after BrdU injection (y-axis). Scale
bars: b, 100 pum; ¢, 50 um; e: 150 um (inset,
30 um); g: 30 um.
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majority of progenitor cells infected in the RMS (70% + 2, n = 379,
three hemispheres, two animals; Fig. 4f) were still granule neuron
precursors. As most neuronal precursors in the RMS contain Pax6
(64% + 2, n = 235, two animals), these data further support the idea
that Pax6 is also contained in granule neuron precursors.

Given that Pax6 persisted in postmitotic periglomerular neurons,
whereas it was downregulated in postmitotic granule neurons, we next
examined whether the retrovirally mediated persistence of Pax6 protein
in olfactory bulb neurons would be sufficient to instruct the differ-
entiation towards the periglomerular neuron fate. Indeed, Pax6 over-
expression in RMS precursors was sufficient to convert the fate of 70 +
2% of granule neurons in the control injections to a periglomerular
neuron fate, with almost all of the neurons overexpressing Pax6 located
in the glomerular layer (85 + 5%, n = 90, three hemispheres, three
animals, P < 0.001 compared with control; Fig. 4f). These data
implicate Pax6 as a key determinant for periglomerular neuron
neuronal subtype specification. Indeed, injection of Pax6engrailed-
IRESGFP virus into the RMS significantly reduced the proportion of
periglomerular neurons normally generated there to less than one-third
of the value obtained in control virus injections (6 + 2%, n = 141, four
hemispheres, three animals, Fig. 4d,f, P < 0.001 compared to control),
suggesting that the maintenance of endogenous Pax6 expression in
RMS precursor cells is required to progress towards a periglomerular
neuron subtype. Pax6 virus injection into the SEZ was also sufficient
to instruct periglomerular neuron fate (30 + 5%, P < 0.001,
compared with control, n = 80, three hemispheres, three animals,
Fig. 4c,e), albeit to significantly lower levels than in the RMS injections
(P < 0.001 comparing Pax6 virus injection into SEZ and RMS).
These data may be explained by SEZ precursors being biased,

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

=

", / Basal ' Lateral
RMS ganglia W ventricle

g Basal ' Lateral
AFvaS ganglia

¥ ventricle

g Pax6-infected RMS l

ARTICLES

] C Pax6-infected ‘SEZ

GL

-h

SEZ 100 RMS
90 @ GFP 90 = GFP
80 ® Olig2 80 M Olig2
70 O Olig2VP16 70 [ Olig2VP16
60 W Pax6 60 W Pax6
[ Pax6eng

Percentage of GFP+ cells
fe
o

Percentage of GFP+ cells
o
o

GN PGN GN

PGN

Non- Non-
neuronal cells neuronal cells

® o
S o

N
o

TH+ neurons/GFP+ PGN%
n
o

Percentage of BrdU+ cells
(=2}
o

1h12h 2d 5d 12d21d
Survival time

either by intrinsic or extrinsic factors, toward a granule neuron fate,
suggesting a new concept of early neuronal subtype specification
during adult neurogenesis.

Given the close correlation of Pax6 and TH immunoreactivity, we
next examined whether Pax6 overexpression was also sufficient to
induce differentiation of periglomerular neurons toward a dopaminer-
gic transmitter phenotype. Indeed, 2-3 weeks after viral injection, the
number of TH-positive periglomerular neurons was significantly
greater after Pax6 transduction than after control injections, in both
SEZ and RMS (Fig. 4h). Since it is well established that the final
acquisition of TH immunoreactivity for newborn neurons takes several
weeks®® and requires synaptic contacts®!, we also examined TH
immunoreactivity 3 months after viral injection. By then, 33 + 6%
of all GFP-positive periglomerular neurons resulting from control virus
injections in the RMS had acquired TH immunoreactivity (n = 123,
three hemispheres, two animals). Notably, about one-half of all GFP-
positive periglomerular neurons had acquired TH immunoreactivity
2-3 months after injection of Pax6 virus into the RMS (Fig. 4g; 48 +
1%, n = 116 GFP-positive periglomerular neuron from four hemi-
spheres, three animals; P < 0.05 as compared to control). Thus, Pax6
overexpression significantly promotes the acquisition of a dopaminer-
gic transmitter phenotype in adult neurogenesis.

In the RMS injections, Olig2 was able to interfere with the differ-
entiation of periglomerular neurons (Fig. 4f; n = 373, four hemi-
spheres, two animals, P < 0.001 compared to control). In contrast,
Olig2VP16 expression exerted no significant effects on neuronal sub-
type specification in the RMS (Fig. 4e,f), further supporting the idea
that it does not exert non-specific effects on precursors devoid of
endogenous Olig2, as precursors in the RMS are (see above). As Olig2 is
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not expressed in RMS precursors, we wondered whether the ectopic
expression by Olig2 virus might exert its effects by downregulation of
Pax6. Indeed, few Olig2-infected precursor cells in the RMS expressed
Pax6 7 d after infection (Olig2IRESGFP: 19 + 1%, n = 99, one
hemisphere, one animal), compared with a majority of Pax6-positive
cells (80 + 3%, n = 163, one hemisphere, one animal) after control
virus injection.

Injections of Olig2- or Olig2VP16-containing viruses into the SEZ
did not to elicit any change in neuronal subtype specification (Fig. 4e;
Olig2: P > 0.05 compared with control, n = 176, three hemispheres,
three animals; Olig2VP16: P > 0.05 compared with control, n = 406,
four hemispheres, three animals). Taken together, these data suggest
that Olig2 does not exert a direct effect on neuronal subtypes, and that
endogenous Olig2 expression in the immature type C precursors is not
required for granule cell specification. These data, taken together with
the results for Pax6, would imply that neuronal subtypes are specified at
later stages in the lineage progression.

Distinct precursor niches in the SEZ and RMS

While the above data imply that Pax6 is a potent intrinsic fate
determinant for the specification of periglomerular neuron versus
granule neuron fate, our results also point to an important role of
the local environment of the adult neural progenitor cells, as vector
injections into the RMS resulted in a larger number of periglomerular
neurons than injections into the SEZ. To test this idea further, we
combined birthdating analysis by injection of the DNA synthesis
marker BrdU with an analysis of the time needed for migration towards
the olfactory bulb. If neurons were born close to the olfactory bulb, they
should reach the olfactory bulb shortly after their birth, while those
coming from more remote positions would need a longer time. Adult
mice were injected once with BrdU and allowed to survive for
increasing periods of time. In agreement with our viral vector injection
data, most BrdU-positive cells in the olfactory bulb, 21 d after injection
of BrdU, were localized in the GCL (88.2 + 1.1%, n = 5 animals). In
order to evaluate the dynamics of granule neuron and periglomerular
neuron arrival to the olfactory bulb, we expressed their number after
each survival period as a percentage of the final maximal density
observed in the GCL and glomerular layer, respectively. Notably, 2 d
after BrdU injection, the density of BrdU-positive cells markedly
increased and reached its half-maximal value in the glomerular layer,
but not in the GCL (Fig. 4i). Twelve days after BrdU injection, labeled
cells reached their maximal density in both the glomerular layer and
GCL (Fig. 4i), consistent with the time needed for migration from the
SEZ72130 These experiments, together with the results obtained by
viral vector injections, suggest that a considerable proportion of the
newborn periglomerular neuron arise from the rostral part of the RMS
close to the olfactory bulb.

DISCUSSION

Our results allow several crucial new insights into the mechanisms
directing adult neural precursors toward specific lineages. First, we
demonstrate a dual role of the transcription factor Pax6 in controlling
both the degree of adult neurogenesis and periglomerular neuron fate.
Pax6 was found to be crucial for generation of neuronal progenitors as
well as for direction of neurons towards the glomerular layer and
acquisition of a dopaminergic phenotype. This dual role is reflected in
two expression waves of Pax®6: it is upregulated in neuronal precursors
of both periglomerular neurons and granule neurons in the SEZ-RMS
system, and although granule neurons then downregulate Pax6 during
their postmitotic differentiation, many periglomerular neurons main-
tain Pax6 expression as postmitotic neurons.

Second, our results suggest a new concept of a spatial separation of
granule neuron and periglomerular neuron specification. Targeting
retroviral lineage labeling to the SEZ or the RMS demonstrates the
distinct bias of these precursors toward different neuronal subtypes. In
particular, retroviral lineage tracing showed that SEZ precursors gen-
erate very few periglomerular neurons, whereas precursors located in
the RMS give rise to a significantly larger population of periglomerular
neurons. These data are consistent with BrdU birthdating experiments
demonstrating that many periglomerular neurons are generated close
to the olfactory bulb, whereas most granule neurons are generated at a
considerable distance. These data suggest that in adult neurogenesis,
different neuronal subtypes are specified at different positions.

The role of Olig2 and Pax6 in lineage progression

Adult SEZ precursors proceed from a less-committed state (stem cell,
transit-amplifying cell) to a more-committed neurogenic state (neuro-
blasts, Fig. 1c). Our results implicate Olig2 and Pax6 as key factors
in regulating this progression. Whereas Olig2 promotes a transit-
amplifying precursor state, Pax6 opposes this role and promotes
progression toward the neuronal lineage consistent with their role in
neurosphere cultures'”!%32, Pax6 deletion by injection of virus con-
taining Cre or dominant-negative constructs into the SEZ blocks
further Pax6 function that is necessary for progression of the neuronal
lineage. When Pax6 function is blocked in the SEZ, almost all infected
precursors deviate from the neuronal lineage: only 30% of precursors
are DCX-positive 1 week after Pax6engrailed virus infection, and they
never reach the olfactory bulb and differentiate into proper neurons. As
similar results were obtained by genetic deletion of Pax6 in the SEZ, we
conclude that neuronal specification is still reversible in almost all
transduced SEZ precursors. This conclusion fits well with the idea that
upregulation of Pax6 mediates an irreversible commitment to the
neuronal lineage. Most neuronal precursors in the SEZ have very low
levels of Pax6 not yet detectable by immunocytochemistry, but they
soon become Pax6 immunoreactive within the RMS already adjacent to
the SEZ. Most neuronal precursors migrating along the RMS express
high levels of Pax6 and have obviously upregulated its crucial target
genes for neurogenesis. At this stage, the fate of most neuronal
precursors (70% of granule neuron precursors in the RMS) can no
longer be reversed, with the exception of the periglomerular neuron
precursors (30% of periglomerular neuron precursors in the RMS),
which seem to be specified much closer to the olfactory bulb than the
granule neuron precursors.

Consistent with this idea of progressive neuronal fate specification,
high levels of Olig2 are able to convert neurogenesis to oligodendro-
gliogenesis only in the SEZ, and its expression is restricted to the
transit-amplifying cells in the SEZ, not the RMS. Although cells with
the antigenic characteristics of transit-amplifying precursors are detect-
able in the RMS, they are not Olig2-immunopositive, suggesting that
this lineage differs intrinsically from the lineage in the SEZ. One
interpretation is that these cells are also not bi-potent, as there is no
oligodendrogliogenesis from RMS cells (Fig. 3), consistent with a role
of Olig2 in bipotent cells during development!®?%3233 However,
further analysis will have to clarify the extent to which the supposed
type C cells in the RMS really have transit-amplifying identity' 1734, A
small but significant lineage of oligodendrocytes was also apparent in
control virus injections into the SEZ and was blocked by Pax6 over-
expression, or loss of function or dominant-negative constructs of
Olig2. Thus, our study demonstrates that adult SEZ cells commit to
both neuronal and glial lineages. The difference between these two
lineages seems to be determined by factors regulating Olig2. If Olig2 is
downregulated, progression to the neuronal lineage can occur (see also
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refs. 23,24,28,29,33), whereas its maintenance promotes an oligoden-
droglial fate (see Methods). Taken together, these results add two key
molecular players to the regulation of adult neurogenesis and add an
important set of descendents (namely, the oligodendrocytes) to the list
of cell types generated by adult neural precursors.

Patterning of the SEZ-RMS system

From the results discussed above, two observations point to a regio-
nalization of lineage and fate along the SEZ-RMS system. First, transit-
amplifying precursors in the SEZ and RMS differ by their expression of
Olig2, suggesting that these lineages diverge at an early stage of
commitment. Second, many periglomerular neuron precursors
become fate-restricted at a much more rostral position than granule
neuron precursors. These data imply that at least a considerable
proportion of granule neurons and periglomerular neurons, respec-
tively, are specified at distinct locations along the SEZ-RMS system.
Indeed, the spatially distinct specification and birth of some periglo-
merular neuron precursors was also apparent from two further
independent sets of experiments. BrdU birthdating analysis shows
that a significant proportion of periglomerular neurons arrives in
the olfactory bulb only a few days after BrdU injection, whereas this
takes about 2 weeks for granule neurons. These data may theoretically
be explained by different speeds of cell migration, in which case
the periglomerular neurons should migrate with 5-10x higher
speed of migration (about 170-340 pm/hour)®. However, retroviral
lineage tracing of precursors in the SEZ shows very few periglomerular
neurons (see also refs. 7, 20), arguing against the possibility that
many periglomerular neurons are in the same lineage as granule
neurons but become postmitotic at more rostral positions. In contrast,
when control virus is injected into the central RMS, a significantly
higher proportion of labeled newborn neurons became periglomerular
neurons. These results indicate that there are laminar differences
between the fate of cells originating in the central RMS and those
originating in the SEZ. However, some periglomerular neurons
also originate in the SEZ3®, and it will be important to identify their
specific phenotype.

Neural subtype specification by Pax6
During development, the local environment specifies fate by regulating

=" intrinsic determinants. Our results implicate Pax6 in such a role, as

granule neurons downregulate Pax6 during neuronal differentiation
within the olfactory bulb, whereas Pax6 is maintained in the TH- and
calbindin-positive subset of periglomerular neurons. We have con-
firmed the importance of the late expression of Pax6 in a specific
neuronal sublineage at the functional level, as retroviral transduction of
Pax6 allows maintenance of Pax6 expression, and this results in the
almost complete conversion of all precursors in the RMS towards a
periglomerular neuron fate. Thus, although granule neuron precursors
in the RMS are firmly restricted to the neuronal lineage and can no
longer be converted to a glial lineage, at least by the cues assessed here,
their neuronal subtype is not yet fixed, and maintenance of Pax6 is
sufficient to direct them to a periglomerular neuron fate. These data
show that Pax6 is sufficient to instruct a periglomerular neuron fate in
adult neurogenesis, even though SEZ precursors seem to be less
amenable to this fate conversion.

Our results also suggest that endogenous Pax6 levels are important
for periglomerular neuron specification. While Pax6engrailed trans-
duction was not conclusive in this regard because neurogenesis of
periglomerular neuron precursors was abolished altogether, Olig2 virus
injected into the RMS still allowed neuronal differentiation of most
infected precursors (90%), although none acquired a periglomerular
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neuron identity. These data suggest that the delayed downregulation of
Pax6 in Olig2-infected precursors still allows neuronal differentiation
but no longer allows the acquisition of a periglomerular neuron fate,
for which a late phase of Pax6 expression seems to be crucial. These
data are particularly exciting, as Pax6 imposes not only a laminar bias
in the differentiation of olfactory bulb neurons, but also promotes the
acquisition of a dopaminergic transmitter phenotype. The discovery of
fate determination of dopaminergic neurons in the adult mammalian
forebrain may be relevant for human patients, where some new
neurons were also detected in the olfactory bulb®’, even though RMS
has not been observed in human brains®®. Furthermore, an upregula-
tion of TH-positive periglomerular neurons has been reported in
Parkinson’s patients, reflecting the apparent attempt to increase this
neuronal phenotype®. Thus, new insights into key regulators of
endogenous adult neural stem cells are the key to diverting these cells
towards a desired type.

METHODS

Retroviral vectors. The Pax6engrailed plasmid described in ref. 22 and the
Olig2bHLH construct containing the amino acids 1-165 of the Olig2 protein
were inserted in sense orientation into the EcoRI unique restriction site of
the retroviral vector pMXIG'®?® between the upstream long terminal repeat
and the IRES sequence. The control virus (CMMP plasmid containing only
GFP), as well as the Pax6, Olig2 and Olig2VP16 constructs and the viral
production by gpg helper-free packaging cells were previously described!®. Viral
titers typically were 10°~107. Consistent with previous analysis, reliable coex-
pression of GFP and Olig2 or Pax6 was observed 3, 7 and 21 d after viral
transduction, with exception of neurons in the olfactory bulb that had down-
regulated Olig2 14 d after transduction. The lentiviral vectors (LV-GFP and LV-
Cre) used are based on a recently described vector system*® and were produced
as described?!.

Animals and stereotaxic injections. Injections of retroviral particles were done
stereotaxically on 9- to 10-week-old male mice as decribed’. All mouse lines
were maintained on a C57BL6/] background. The following coordinates
were used for virus injections (relative to bregma): for SEZ, anterioposterior
= 0.75; mediolateral = 1.2; dorsoventral = 1.7; for RMS, anterioposterior
= 3.3; mediolateral = 0.82; dorsoventral = 2.9. All experimental procedures
were done in accordance with Society for Neuroscience and European
Union guidelines and were approved by our institutional animal care and
utilization committees.

Immunocytochemistry and BrdU birthdating. Immunostaining was carried
out on 20-pum cryosections as described!’; the following primary antibodies
were used: anti-GFAP (Sigma, mouse IgGl), 1:200; anti-GFP (Clontech,
rabbit), 1:1,000; anti-Sox10 (kindly provided by M. Wegner, Institute for
Biochemistry, University Erlangen-Nurnberg; guinea pig), 1:1,000; anti-Pax6
(BABCO, rabbit), 1:500; anti-PSANCAM (kindly provided by P. Durbec,
Institut de Biologie du Développement de Marseille; IgM), 1:500; anti-CC1
(Oncogene, IgG2B), 1:200; anti-DCX (Chemicon, guinea pig), 1:2,000; anti-
NeuN (Chemicon, IgG1), 1:50; anti-TH (Pel-Freez, rabbit), 1:500; anti-Cre
(Covance Research Product, rabbit), 1:5,000. Primary antibodies were detected
by subclass-specific secondary antibodies labeled with FITC or TRITC or
enhanced with the tyramide amplification kit (PerkinElmer). TUNEL staining
was carried out using the cell death kit (Roche). Two- to three-month-old
C57Bl/6] mice were injected intraperitoneally with a DNA synthesis marker,
5-bromo-2’-deoxyuridine (BrdU; 50 mg/kg body weight, dissolved in 0.9%
NaCl with 0.4 N NaOH). After different survival times following a single BrdU
pulse, coronal sections of olfactory bulb were cut serially using a vibrating
microtome (VT1000S, Leica) and detection and quantification of BrdU profiles
were performed as previously described’. Stainings were analyzed with confocal
microscopes (Leica, Zeiss).

Statistical analysis was done with the unpaired Student’s t-test; n corre-
sponds to the number of all cells analyzed. For the injections, the s.e.m.
represents the variance between different injections into different animals;
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that is, a single data point represents all of the GFP-positive cells counted
in one animal. Usually two injections per animal were performed in
both hemispheres.

Note: Supplementary information is available on the Nature Neuroscience website.
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