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SUMMARY

The adult rodent subventricular zone (SVZ) generates neural stem cells (NSCs) throughout life that migrate to the olfactory bulbs (OBs)
and differentiate into olfactory interneurons. Few SVZ NSCs generate oligodendrocyte precursor cells (OPCs). We investigated how neu-
rogliogenesis is regulated during aging in mice and in a non-human primate (NHP) model, the gray mouse lemur. In both species,
neuronal commitment decreased with age, while OPC generation and myelin content unexpectedly increased. In the OBs, more tyrosine
hydroxylase interneurons in old mice, but fewer in lemurs, marked a surprising interspecies difference that could relate to our observation
of a continuous ventricle in lemurs. In the corpus callosum, aging promoted maturation of OPCs into mature oligodendrocytes in mice
but blocked it in lemurs. The present study highlights similarities and dissimilarities between rodents and NHPs, revealing that NHPs are a

more relevant model than mice to study the evolution of biomarkers of aging.

INTRODUCTION

Adult neural stem cells (NSCs), localized within the rodent
subventricular zone (SVZ), produce neuronal and glial cells
throughout life. Adult SVZ NSCs give rise mainly to young
immature neurons, neuroblasts, which migrate tangen-
tially through the rostral migratory stream (RMS) toward
the olfactory bulbs (OBs) (Lim and Alvarez-Buylla, 2016;
Ming and Song, 2011). In the OBs, neuroblasts differentiate
into mature and functional dopaminergic and GABAergic
interneurons (Lepousez et al., 2013; Lois and Alvarez-
Buylla, 1993, 1994). Furthermore, under physiological con-
ditions, few SVZ NSCs generate oligodendrocyte precursor
cells (OPCs) (Menn et al., 2006; Suzuki and Goldman,
2003) capable of migrating toward the corpus callosum,
where they differentiate into myelinating oligodendro-
cytes. After a demyelinating insult, SVZ OPCs can partici-
pate to myelin repair (Keirstead and Blakemore, 1999;
Nait-Oumesmar et al.,, 1999; Remaud et al., 2017; Xing
et al., 2014).

In rodents, several studies have demonstrated an age-
related decline in proliferation and neuroblast formation
(Enwere et al., 2004; Luo et al., 2006; Piccin et al., 2014;
Shook et al., 2012), reducing the supply of newborn olfac-
tory interneurons (Bouab et al., 2011; Capilla-Gonzalez
et al., 2013; Daynac et al., 2016; Shuboni-mulligan et al.,
2019). The decline in SVZ neurogenesis over the course of
life has also been observed in some primates, including hu-
mans. In both, SVZ neurogenesis declines rapidly after
birth (Bergmann et al., 2012; Gil-Perotin et al., 2009; Pen-
cea et al., 2001; Sanai et al., 2011; Sawamoto et al., 2011;

Wang et al., 2011). Moreover, although the production of
new SVZ OPCs seems to be preserved throughout life
(Capilla-Gonzalez et al., 2013), little is known about
whether the capacity of NSCs to commit toward a glial
fate is preserved in old rodents and non-human primates
(NHPs). Likewise, the age-related effects on NHP olfactory
neuronal circuits are unknown, although the integration
of new olfactory interneurons decreases by half from the
earliest stages of life in the marmoset, a monkey (Akter
et al., 2020), and appears to be negligible in humans (Berg-
mann et al., 2012).

In view of the strong similarities between humans and
NHPs and their disparity with rodents, further studies on
NHPs are required to develop more translational strategies
to address the lack of knowledge on age-related neurode-
generative diseases in humans. An emerging basal NHP
model is the gray mouse lemur (Microcebus murinus), a Mal-
agasy prosimian NHP. Lemurs are genetically closely
related to humans (estimated 91% nucleotide identity be-
tween human and lemur orthologs) and have roughly
half the genetic distance between mouse and human (Mar-
gulies et al., 2007). Moreover, lemurs present more advan-
tages compared with other NHPs in terms of size, rapid
reproduction, lifespan, and relatively large litters (Ezran
et al., 2017). Considering its size and weight, the lemur
has a relatively long life expectancy, four times longer
than mammals with an equivalent body mass (reviewed
in Languille et al., 2012), suggesting that lemurs could pro-
vide further knowledge on aging processes (Ezran et al.,
2017; Languille et al., 2012; Perret, 1997; Pifferi et al.,
2014; Rahman et al.,, 2017). The lemur shows features
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identical to human cerebral aging (reviewed in Languille
et al., 2012) and spontaneously develops age-related defi-
cits, such as (1) biological rhythm disorders, including
abnormal sleep/wake rhythms (Cayetanot et al., 2005);
(2) hormonal secretion disruption (Aujard et al., 2001; Per-
ret and Aujard, 2006; Pifferi et al., 2014); (3) cognitive
decline, including reduced executive function and spatial
memory (Chaudron et al.,, 2021; Languille et al., 2012,
2015; Picq et al., 2012); as well as (4) Alzheimer disease-
related neuropathologies (Laurijssens et al., 2013). Finally,
neurogenesis has been recently described in the lemur
SVZ and OB (Royo et al., 2018). Therefore, NHPs are models
complementary to rodents (as observed previously by
Pellegrino et al., 2018) and have significant translational
potential for studying human aging.

The overall objective of this study is to extend our knowl-
edge on NSC fate commitment in a NHP as a function of ag-
ing in comparison with rodents. To this end, we evaluated
the age-related effects on the (1) neuro-gliogenesis balance
in the mouse and lemur SVZ, (2) interneuronal networks in
the OBs as well as olfactory function, and (3) myelination
of the corpus callosum. Our work demonstrated funda-
mental differences between NHPs and rodents that under-
score the advantage of the lemur in aging studies, making
this model particularly interesting for understanding the
mechanisms underlying myelin and neurodegenerative
diseases and potential treatments.

RESULTS

Aging favored SVZ oligodendrogenesis at the expense
of SVZ neurogenesis

We first investigated the impact of aging on NSC determi-
nation in the dorsal SVZ of young, middle-aged, and aged
(2, 12, and 18 months old respectively) male mice using
markers for neuronal (doublecortin or DCX+) and oligo-
dendroglial (OLIG2+) precursors (Figure 1A). As expected
(Capilla-Gonzalez et al., 2013), the density of DCX+ neuro-
blasts decreased as a function of age by more than half in
18-month-old mice compared with young adults (Bonfer-
roni test, p < 0.05; Figure 1B). In contrast, the density of
OLIG2+ OPCs was significantly higher in middle-aged
and aged mice (Bonferroni test; p = 0.002 and p = 0.012,
respectively; Figure 1C) compared with young mice.
Accordingly, the neuron/glia ratio shifted from +0.9/0.1
in young adults to +0.7/0.3 in old mice (Bonferroni test,
p < 0.0001; Figure 1G).

In parallel, we analyzed the age-related effect on neuro-
gliogenesis in the lemur distal SVZ (Figure 1D). As in
mice, the density of DCX+ neuroblasts gradually decreased
during aging (Spearman correlation, p = 0.023; Figure 1E),
whereas the generation of OLIG2+ OPCs was more than

2-fold higher in 9-year-old compared with 3-year-old ani-
mals (Spearman correlation, p = 0.002; Figure 1F). In
3-year-old lemurs, more than 80% of committed cells
were DCX+ neuroblasts, and only 20% were OPCs, but
this ratio gradually shifted to +0.5/0.5 in 9-year-old ani-
mals (Bonferroni test, p < 0.0001; Figure 1G). Hence, the
distal SVZ output was predominantly neurogenic in the
young adult and became undifferentiated in the aged
lemur; i.e., no preference for generating more neuroblasts
than OPCs. Therefore, aging reduced SVZ neurogenesis,
while OPC genesis became more prominent in mice and
in lemurs.

Then, we compared the in vitro self-renewal potential of
young versus aged mice SVZ NSCs using the well-estab-
lished neurosphere model. Please note that the neuro-
sphere experiment was carried out only once and, thus,
did not allow us to perform statistical tests. To expand
specifically the pool of NSCs at the expense of committed
progenitors, neurospheres can be serially subcultured
(passaged several times) (Azari et al., 2010). Floating neuro-
spheres were imaged to determine neurosphere numbers
per well (Figure 2A) over serial clonal passaging from pri-
mary neurospheres (NS I) to NSC-enriched neurospheres
(NS V). Aged SVZ cells generated approximately 50% fewer
NS Is than young SVZ cells. After five passages, the number
of NS Vs generated from middle-aged and aged SVZ NSCs
was lower than those from young SVZ NSCs. These data
confirm that aged NSCs have lower proliferation and self-
renewal capacities (Ahlenius et al., 2009; Enwere et al.,
2004; Piccin et al., 2014).

NS Is and NS Vs were then dissociated and plated without
growth factors during 5 days, and percentages of DCX+
neuroblasts (Figure 2B) and OLIG2+ OPCs (Figure 2C)
were quantified. NS Is derived from 12- and 18-month-
old mice generated 67% and 42% fewer neuroblasts than
young adult mice. However, after five passages, neuroblast
generation is not altered by age (Figure 2B). While the pro-
portion of neuroblasts was unchanged between passages I
and V for middle-aged and aged SVZ NSCs, NSC enrich-
ment was associated with a 77% drop in the proportion
of DCX+ neuroblasts in 2-month-old mice (Figure 2B). In
parallel, NS Is derived from 18-month-old mice generated
50% more OLIG2+ OPCs compared with the other two
age groups (Figure 2C). Moreover, NS Vs generated from
12- and 18-month-old mice produced, respectively, 30%
and 45% more OPCs than those from young adult mice.
Interestingly, NSC enrichment favored OPC production
in all three age groups. Together, our in vivo and in vitro
experimental approaches demonstrate that aged SVZ
NSCs commit increasingly to the glial lineage, unlike
young NSCs, which generate predominantly neuroblasts.

Last, we characterized the molecular signature changes
that underlie this progressive determination of NSCs
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Figure 1. Aging affected the neurogenesis/oligodendrogenesis balance in vivo similarly in mice and lemurs

(A) DCX+ neuroblasts and OLIG2+ OPCs within the dorsal SVZ of 2- and 18-month-old male mice.

(B and C) The neuroblast density (B) is reduced, whereas the OPC density (C) is increased in the SVZ in middle-aged and aged mice
compared with young mice.

(D) DCX+ neuroblasts and OLIG2+ OPCs within the distal SVZ of 3- and 9-year-old lemurs.

(E and F) Neuroblast (E) and OPC (F) densities are negatively and positively correlated, respectively, with the animals’ age.

(G) The ratio of DCX+ neuroblasts versus OLIG2+ OPCs in the SVZ is reduced in aged animals compared with young mice and lemurs.
Scale bars, 100 um. Mice: n = 10, one-way ANOVA followed by Bonferroni test; lemurs: n = 6-10, Spearman correlation. *p < 0.05,
**p < 0.01, ***p < 0.001. LV, lateral ventricle.
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toward a glial fate. To this end, we investigated gene expres-
sion profiles using RNA extracted from neurospheres, using
primers for NSCs/progenitors (Sox2 and Msi; Figure 2D),
neuronal precursor cells (DIx2 and Dcx; Figure 2E), and
OPCs (Olig2 and Ng2; Figure 2F) by qRT-PCR. No effects
of aging were observed in expression of Sox2 and Msi.
In NS Is derived from old mice, we found potentially
decreased DIx2 and Dcx expression. Decreased Dcx expres-
sion as a function of aging was also observed in NS Vs. Sur-
prisingly, DIx2 expression seemed upregulated in aged NS
Vs. Concerning OPCs, although Olig2 expression was not
modified with aging, Ng2 was apparently upregulated in
NS Is and NS Vs, suggesting a pro-gliogenic effect of aging.
Altogether, these results suggest that aged NSCs have
intrinsic capacity to generate more OPCs than neuronal
progenitors compared with young NSCs.

Anatomical description of the gray mouse lemur
continuous ventricle

The anatomical structure of adult lemur ventricular walls
was examined at three levels of the rostro-caudal axis: ante-
rior (Figure S1A), median (Figure S1B), and posterior (Fig-
ure S1C). At the anterior level, a cavity corresponding to
the lateral ventricle (LV) is observed. This cavity elongates
and forms a dorsolateral extension between the corpus cal-
losum and the striatum at the median level. At the posterior
level, the ventricular wall is subdivided into two distinct
areas: a narrow space between the corpus callosum
and the striatum in which the two opposite ventricular
walls are very close to each other or collapsed (dorsal
part) and a ventricular space containing cerebrospinal fluid
(distal part).

This particular anatomical organization of the lemur SVZ
(Figure S1D) suggests a different organization of the RMS.
In the adult lemur, the morphology of the RMS-like
pathway was first examined using brain sagittal sections
stained with DAPI nuclear dye (Figure S1E). As for other
NHPs, the LV of lemurs extends toward the OBs in a contin-
uous tube-like shape (Curtis et al., 2007; Gil-Perotin et al.,
2009; Kam et al., 2009; Wang et al., 2011). Consequently,
this continuous ventricle begins at the ventral part of the

LV, grows rostro-dorsally along the rostrum of the corpus
callosum, takes a latero-rostro-ventral turn to traverse the
striatum, and enters the olfactory tract. Finally, the contin-
uous ventricle terminates in the anterior nucleus of the OB
and forms an olfactory ventricle in the granular cell layer,
the innermost layer of the OB.

DCX-expressing neuroblasts were found throughout
the RMS-like pathway, organized around the continuous
ventricle (Figure S1F). Neuroblasts formed chain-like
structures and exhibited a heterogeneous morphology de-
pending on their location in the RMS, notably in terms of
shape and length of processes. At the edge of the LVs,
neuroblasts have an immature morphology with spherical
cell bodies (frame F1), while they adopt a fusiform and
unipolar extension toward the middle of the RMS (frame
F2). In the olfactory tract and OBs, neuroblasts had the
same morphological characteristics as mature neurons
(i.e., an elongated cell body and long processes; bipolar
form, frame F3), suggesting that neuroblast migration
and/or maturation processes occur in the adult lemur
forebrain.

Age-related effects on the cellular organization of the
RMS
To determine whether the decrease in SVZ neurogenesis
during aging alters the amount of migrating neuronal pre-
cursors, we quantified DCX+ neuroblasts along the entire
RMS in both species (Figure 3). As expected, the density
of DCX+ neuroblasts sharply decreased with age, by
approximately 60% in middle-aged and aged mice
compared with young adults (Bonferroni test; p = 0.005
and 0.0002, respectively; Figure 3A). Glial cells, particularly
astrocytes, provide a substrate for neuroblast migration and
survival throughout the RMS (Gengatharan et al., 2016).
We therefore quantified glial cells in the RMS and showed
that the densities of OLIG2+ OPCs (ANOVA test, p > 0.05;
Figure 3B) and GFAP+ (glial fibrillary acidic protein) astro-
cytes (ANOVA test, p > 0.05; Figure 3C) were not modified
during aging.

Interestingly, we observed that neuroblasts derived from
old lemurs did not form migratory chains and were often

Figure 2. In vitro proliferation and determination of young versus aging SVZ NSCs
(A) NS I formation is not affected by aging, while SVZ NSCs derived from aged mice generate fewer neurospheres after 5 passages (N =8

wells per group).

(B) DCX+ neuroblast generation derived from middle-aged and aged NS Is decreased. The proportion of DCX+ neuroblasts after 5 passages is
not affected by aging (N = 30 images per group) but seemed to be decreased in 2-month-old mice.
(C) OLIG2+ OPC densities derived from aged NS Is and NS Vs are increased. The enrichment in NSCs increased OPC formation in the three age

groups (N = 30 images per group).

(D) Gene expression levels in primary (NS I) and enriched neurospheres (NS V) generated from young versus aged SVZ NSCs.
(D-F) Gene expression analysis of (D) NSC/progenitor markers (Sox2 and Msi), (E) neuronal progenitor (Dlx2) and neuroblast (Dcx) markers,

and (F) oligodendrocyte markers (0lig2 and Ng2).
N = 5-8 wells per group. Scale bars, 100 pm.
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found isolated. A negative correlation between the density
of DCX+ neuroblasts and the animals’ age was observed,
showing a 70% reduction of neuroblasts located in the
RMS of 9-year-old lemurs compared with young adults
(Spearman correlation, p = 0.0013; Figure 3D). As in mice,
the two populations of glial cells present in the RMS are
unaffected by aging (Spearman correlation, p > 0.05; Fig-
ure 3E). These results strongly indicate that, as in mice,
aging alters the generation of neuroblasts and their migra-
tion/survival within the RMS, most likely decreasing the
pool of neuroblasts that serves the formation of new olfac-
tory interneurons.

Dopaminergic interneurons are the only
subpopulation affected as a function of age in both
species

In the OBs, SVZ-derived neuroblasts differentiate into gran-
ular and periglomerular interneurons that migrate to the
granular/mitral and glomerular cell layer, respectively (Al-
varez-Buylla et al.,, 2001; Lim and Alvarez-Buylla, 2016;
Figures 4A and 5A). Therefore, we analyzed the different
OB interneurons, Calretinin (CR), Calbindin (CB), and
tyrosine hydroxylase (THy) interneurons. The density of
CR+ interneurons was not modified in the mitral or in
the granular cell layers in aged mice (ANOVA test,
p>0.05; Figures 4B-4D) and lemurs (Spearman correlation,
p > 0.05; Figures 5B-5D). The glomerular cell layer, the
outermost OB layer, is composed of the three interneuron
populations (Lim and Alvarez-Buylla, 2016). Again, the
density of CR+ and CB+ interneurons was unaffected by ag-
ing in mice (ANOVA test, p > 0.05; Figures 4E and 4F) and
lemurs (Spearman correlation, p > 0.05; Figures 5E and
5F). In contrast, aging affected THy+ dopaminergic inter-
neurons but in an opposite manner in both species; their
density was higher in 18-month-old mice (Bonferroni
test, p < 0.0001; Figure 4G), whereas a 50% loss was
observed in older lemurs compared with young adults
(Spearman correlation, p < 0.0001; Figure 5G). These data
demonstrate that the age-dependent decrease of SVZ
neurogenesis does not impact GABAergic interneuron pop-
ulations in either species. Interestingly, only the density of
dopaminergic neurons was modified with aging, but differ-
ently in both species.

Rodent olfactory memory is impaired during aging
Then, we assessed the age-related effects on odor discrimi-
nation and memorization abilities in mice using the habit-
uation-dishabituation and the short-term olfactory mem-
ory test (Arbuckle et al., 2015; Lazarini et al., 2009). First,
aging did not impair the ability to discriminate easily
distinguishable non-social and social odors, as observed
by the decreased investigation time after three consecutive
presentations of the same odor, or the increase when a
novel odor was presented (Bonferroni test, p < 0.05;
Figure 4H).

In the short-term olfactory memory test, the investiga-
tion time of young adults was significantly reduced over
the four successive odor presentations (Bonferroni test,
p < 0.05; Figure 4I). In middle-aged and aged mice, the
investigation time decreased with the two first presenta-
tions (Bonferroni test, p < 0.0001). However, after 30-min
and 1-h intervals (for both time points: Bonferroni test,
p < 0.05), the investigation time in 12- and 18-month-old
mice increased significantly and was almost as long as the
first presentation for the older mice (Bonferroni test,
p > 0.05). This shows that middle-aged and aged mice are
less able to memorize easily distinguishable odors. Conse-
quently, both groups spent significantly more time investi-
gating the odor during the memorization phase compared
with young adults (Bonferroni test, p < 0.001). Together,
these results show that decreased SVZ neurogenesis during
aging is strongly associated with impairment of short-term
olfactory memory.

Aging favored recrudescence and maturation of
oligodendrocytes in the corpus callosum of both
species

Because aging increased SVZ OPC generation in mice and
lemurs, we hypothesized that the OPC density in the
corpus callosum would also change with age (Figure 6). In
mice, the corpus callosum surface (ANOVA test, p > 0.05;
data not shown) and the density of OLIG2+ parenchymal
OPCs (pOPCs) (ANOVA test, p > 0.05; Figure 6A) were not
modified during aging, suggesting that this oligodend-
roglial population is maintained throughout life. Next,
we evaluated whether aging affected oligodendroglial line-
age progression and maturation. We immunostained the

Figure 3. Aging decreased the density of neuroblasts throughout the RMS in both species

(A) DCX+ neuroblasts along the entire RMS of 2- and 18-month-old mice (left boxes). The insets show the migratory chain of neuroblasts
localized at the beginning (A1 and A3, near the LV) and the end of the RMS (A2 and A4, near the 0B). On the right is a schematic sagittal
representation of neuroblast migratory chains along the RMS. The neuroblast density is reduced in 12- and 18-month-old mice.

(B and C) The OPC (B) and astrocyte (C) densities were equivalent in the three age groups.

(D) A negative correlation was found between the neuroblast density and the age of the lemurs.

(E) The astrocyte and OPC densities are unaffected during aging in the lemur RMS.

Scale bars, 100 um (A-D) and 50 um (E). White arrows point to OLIG2+ OPCs. Mice: n = 10, one-way ANOVA followed by Bonferroni test;
lemurs: n = 4-7, Spearman correlation. ***p < 0.001. 0B, olfactory bulb.

540 Stem Cell Reports | Vol. 18 | 534-554 | February 14, 2023



o)

Granular ¥itr§|

c Mitral cell layer CD

ns

150

2 months
CR+ cells/mm?

IS

T T
2m 12m 18 m

Granular cell layer @
ns
150 — e

_ -

=)

CR+ cells/mm?

18 months

0

T T
2m 12m 18 m

Glomerular cell layer @
ns

350
300
E 250
G 200
8150
& 100+
© s0-

60 ns

'S
=)
1

CB+ cells/mm?
N
o
1

=3

120+
100

®
=]
1

THy+ cells/mm?
@
o o
1 1

N
=]
1

o

H = 500 I3 1.0 a
o & —— 2 months [ 2%
£ § 4001 — 12montns i 22 gad T
%5 18 months b %
2 g 300 S & 0.6
&2 §e 5
% 8 200 23 0.4 H
g E § £ —— 2 months
= ¢ 100 £ £ 029 — 12months
£ 8 — 18 months ¢ %
-+r——_"T+—TTTTTT T T o 0.0 T T T T
12 312 3123123123 s Presentation Habituation Memory Memory
Water Lemon Orange  Male urine Female urine 1 (30 min) (1h)

blossom

(legend on next page)

Stem Cell Reports | Vol. 18 | 534-554 | February 14,2023 541



;0‘
(&

protein adenomatous polyposis coli (APC or CC1), which
labels mature myelinating oligodendrocytes and evaluated
the proportion of pOPCs (OLIG2+ CC1—) versus mature ol-
igodendrocytes (OLIG2+ CC1+; Figure 6B). Unexpectedly,
we found a 10% increase in the proportion of mature
oligodendrocytes in middle-aged and aged mice and,
consequently, a 10% decrease in pOPC proportion (Bonfer-
roni test, p < 0.05), suggesting that aging promotes
generation of mature oligodendrocytes in the mouse
corpus callosum close to the LVs. In line with these results,
we visualized myelin content in the corpus callosum using
the FluoroMyelin Green fluorescent myelin stain (Fig-
ure 6C). FluoroMyelin staining intensity drastically
increased in 12- and 18-month-old mice compared with
young adults (Dunn’s test, p = 0.05 and 0.0009, respec-
tively), suggesting progressive myelination of the corpus
callosum throughout aging.

Similar to mice, the corpus callosum area of lemurs re-
mained unchanged during aging (Spearman correlation,
p = 0.27; data not shown), whereas the density of
OLIG2+ OPCs was more than 2-fold higher in 9-year-old le-
murs compared with young adults (Spearman correlation,
p < 0.0001; Figure 6D). In contrast to mice, a 20% decrease
in the proportion of mature oligodendrocytes in aged
lemurs was found (Dunn’s test, p < 0.05; Figure 6E),
suggesting that aging blocks oligodendrocytes at the pre-
cursor stage in the lemur corpus callosum. Next, the
FluoroMyelin signal intensity progressively increased dur-
ing adult life and was twice as high in 9-year-old animals
compared with young adults (Spearman correlation, p =
0.0008; Figure 6F), suggesting that the corpus callosum of
lemurs is also gradually myelinated during aging.

In parallel, we analyzed myelin content in another white
matter area, the striatum, in mouse and lemur models (Fig-
ure S3). In both species, FluoroMyelin integrative density
was not altered during aging (Dunn’s test and Spearman
correlation, p > 0.05), suggesting that OPCs generated
during aging populate predominantly the corpus callosum
and not another white matter area to produce mature
oligodendrocytes.

Existence of olfactory neurogenesis in the lemur,
sensitive to aging

In the lemur OBs, the presence of a ventricular cavity
strongly suggests the existence of olfactory neurogenesis.
We therefore identified the presence of SOX2-expressing
neural stem/progenitor cells (NSPCs) in the lemur OBs (Fig-
ure S2A). As expected, NSPCs were detected in the ventric-
ular wall (Figure S2B) but also in the three layers of the OB
(Figures S2E-S2G). Surprisingly, the olfactory ventricular
surface gradually decreased during aging, by approxima-
tively 70% in 9-year-old animals compared with young an-
imals (Spearman correlation, p = 0.0015; Figure S2C).
SOX2-expressing NSPC densities in the ventricular border
of the OB were similar between the different age groups
(data not shown). However, because the olfactory ventri-
cular surface was significantly smaller in older animals, ab-
solute numbers of SOX2+ NSPCs progressively decreased
during aging (Spearman correlation, p = 0.04; Figure S2D).
We also found an age-related decline in the density of
SOX2+ NSPCs in the three layers of the OB: the glomerular
(Spearman correlation, p = 0.0004; Figure S2E), granular
(p < 0.0001; Figure S2F), and mitral cell layers (p = 0.037;
Figure S2G). Like SVZ neurogenesis, olfactory neurogenesis
also appears to be sensitive to aging in the lemur.

DISCUSSION

Age-related effects on SVZ-OB neurogenesis have been
extensively studied in rodents. They clearly show a
decrease in the generation of SVZ-derived neuroblasts dur-
ing aging (Enwere et al., 2004; Luo et al., 2006; Piccin et al.,
2014; Shook et al., 2012). However, little is known about
these processes in primates, especially in humans, in
whom postnatal SVZ neurogenesis is still debated. In
contrast to rodents, for which neuronal production con-
tinues throughout adulthood, NHP species, closer to hu-
mans, are a more suitable model to assess the aging pro-
cesses. Use of NHPs will provide a better understanding of
how the mammalian brain evolved and, thus, to determine

Figure 4. OB organization throughout life and olfactory behavior analysis in mice

(A) Schematic of the three OB layers in mice.

(B) Calretinin+ (CR) interneurons in the mitral and granular cell layers of 2- and 18-month-old mice.

(C and D) The density of CR+ interneurons in the mitral and granular cell layers was equivalent in the three age groups.

(E and F) The densities of CR+ (E) and CB+ (F) interneurons are equivalent in the three age groups in the glomerular cell layer.

(G) The density of THy+ interneurons is increased in 18-month-old mice.

(H) Aged mice were able to discriminate odors, as observed by the reduced investigation time during three consecutive presentations of
the same odor and increased investigation time when a novel odor was presented.

(I) The short-term olfactory memory is impaired in middle-aged and aged mice, as shown by the increased investigation time 30 min and
1 h after the previous presentation. Asterisks mark differences between groups at one time point and letters between time points within

one group.

Scale bars, 100 um. n = 10, one-way ANOVA followed by Bonferroni test, ***p < 0.001.
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the species most suited to study the mechanisms of human
brain plasticity. For this purpose, we used the most basal
NHP, the gray mouse lemur. Lemurs span about half the ge-
netic distance between mouse and human (Margulies et al.,
2007). Furthermore, age-related brain alterations in lemurs
are comparable with those described for human neurode-
generative pathologies (Languille et al., 2012; Bons et al.,
2006). Thus, the lemur model represents an attractive
bridge between rodents and humans to highlight the evo-
lution of the cellular and molecular mechanisms impacted

by aging.

Age-dependent physiological decline in SVZ
neurogenesis

By combining in vivo and in vitro approaches, we found a
limited self-renewal potential of aged NSCs and a signifi-
cant decrease in the production of SVZ-derived neuroblasts
during aging in mice and lemurs. Interestingly, DCX+ neu-
roblast density in the lemur SVZ and RMS is significantly
lower than in the mouse; 70% and 60%, respectively.
This result strongly suggests that, despite the drastic reduc-
tion in neuroblast generation during the NHP postnatal
period (Gil-Perotin et al., 2009; Pencea et al., 2001; Sawa-
moto et al., 2011), the lemur SVZ continues to produce
neuroblasts throughout adult life, albeit at a lower level.
Furthermore, we also demonstrated an age-related decline
in neuroblast density in the RMS of mice and lemurs,
which could be a consequence of (1) fewer neuroblasts
generated in the SVZ and/or (2) impaired neuroblast migra-
tion (Capilla-Gonzalez et al.,, 2013; Shuboni-mulligan
etal., 2019), thus decreasing the supply in newly formed ol-
factory interneurons. However, this decrease is not a conse-
quence of astrocyte scaffold deterioration during aging. For
instance, the age-related changes in SVZ neurogenesis in
marmosets results in a 50% reduction of newly formed
olfactory interneurons (Akter et al., 2020). Likewise, the
integration of newborn olfactory neurons into the human
pre-existing neuronal networks seems to be negligible
(Bergmann et al., 2012; Wang et al., 2011).

Generation of the three olfactory interneuron pop-
ulations depends on a spatiotemporally regulated tran-
scriptional code along the dorso-latero-ventral SVZ (Al-
varez-Buylla et al., 2008; Bovetti et al., 2007; Kohwi et al.,
2007). Granular and periglomerular GABAergic interneu-

rons are generated from the ventral SVZ (Merkle et al.,
2007), while THy+ interneurons are largely derived from
the dorsal SVZ (Kohwi et al., 2007; Merkle et al., 2007;
Young et al., 2007). In our study, we showed that, in both
species, GABAergic interneuron populations remain stable
throughout life, as observed previously in older mice (Mir-
ich et al., 2002). However, the dopaminergic interneuron
population changed during aging, but in a different way
depending on the species. In mice, although aging nega-
tively regulates SVZ neurogenesis and, hence, the supply
of new olfactory interneurons, the density of dopaminergic
interneurons increased over the course of aging, suggesting
that the continuous supply of newly formed neurons
throughout life is mainly derived from the dorsal SVZ.
These SVZ-derived newborn neurons mostly give rise to
dopaminergic interneurons, leading to a progressive
increase in the size of this interneuronal population.
In contrast, the dopaminergic interneuron population
in the lemur OBs decreased concomitantly with the drop
in SVZ neurogenesis in old animals. This discrepancy be-
tween both mammalian species may imply different tem-
poral apoptotic windows. In rodents, apoptosis occurs
mainly during neuroblasts migration along the RMS (Platel
et al., 2019), while in marmosets, it appears during olfac-
tory neuronal maturation (Akter et al., 2020). Assuming
that cerebral plasticity processes in lemurs could be similar
to marmosets, a gradual decrease in the dopaminergic
interneuronal population size during aging could be ex-
plained by an increase in THy+ interneuron apoptosis.
Moreover, the majority of neuroblasts generated in the mu-
rine SVZ migrate to the OBs, while a much larger part of hu-
man and NHP SVZ neuroblasts, whose function is still un-
known, also migrates to the neocortex (Bernier et al., 2002;
Gould et al., 1999), ventral medial prefrontal cortex (Par-
edes et al., 2016; Sanai et al., 2004), amygdala and piriform
cortex (Bernier et al., 2002), and striatum (Bédard et al.,
2006; Ernst et al., 2014). Therefore, we hypothesize that
fewer neuroblasts populate the NHP OBs compared to ro-
dents, which could also explain why THy+ interneurons
decreased in number during aging in lemurs.

The functional contribution of olfactory interneuronal
populations is partially unknown. Only the role of dop-
aminergic neurons in odor detection and discrimination
is currently established (Cave and Baker, 2009). In

Figure 5. OB organization throughout life in lemurs
(A) Schematic of the three OB layers in lemurs.

(B) CR interneurons in the mitral and granular cell layers of 3- and 9-year-old lemurs.
(Cand D) No correlation was found between the density of CR+ interneurons and the animals’ age in the mitral and granular cell layer

groups.

(E and F) The densities of CR+ (E) and CB+ (F) interneurons were not affected by aging in the glomerular cell layer.
(G) A negative correlation was observed between the THy+ interneuron density and the animals’ age.

Scale bars, 100 um. n = 5-9, Spearman correlation.
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rodents, selective ablation of dopaminergic neurons by
6-hydroxydopamine injection (Zhang et al., 2019), the
dopaminergic D2 receptor (Escanilla et al., 2009; Tillerson
et al., 2006), or the dopaminergic transporter (Tillerson
et al., 2006) strongly impairs odor discrimination abilities.
Likewise, the olfactory preference of rodents was altered
following downregulation of dopaminergic neurons and
was physiologically rescued by the continuous supply of
SVZ-derived newborn neurons (Lazarini et al., 2014). In
parallel, increased densities of dopaminergic neurons by
odor enrichment (Bonzano et al., 2014) or overexpression
of two cell cycle regulators, Cdk4/CyclinD1 (Bragado Alonso
et al., 2019), that increased proliferation of SVZ progeni-
tors, thus improved odor discrimination performance
without affecting GABAergic neuronal populations.
Together, these results highlight the fundamental role of
dopaminergic interneurons, the first relay of olfactory in-
formation, in neuronal plasticity mechanisms and adapta-
tion of the olfactory system. In our model of physiological
aging, we demonstrated a specific increase in dopaminergic
interneuronal density in the glomerular cell layer of
18-month-old mice. The functional significance of this up-
regulation over the course of aging could maintain and
ensure a fine-tuning of the olfactory discrimination in
aged mice, necessary for their survival. Thus, the significant
decrease in the population of dopaminergic interneurons
in lemurs agrees with the age-related decline of olfactory
discrimination capacities described previously in this spe-
cies (Aujard and Némoz-Bertholet, 2004). Likewise, olfac-
tory capacity in smell identification tests was strongly
altered during aging in humans (Ship et al., 1996; Stevens
and Dadarwala, 1993). Further work is necessary to deter-
mine which olfactory behaviors in NHPs change during ag-
ing. In parallel, we demonstrated that the short-term olfac-
tory memory is reduced in old mice. Olfactory memory
appears to be correlated with the number of newborn olfac-
tory neurons generated throughout life (Breton-Pro-
vencher et al., 2009; Nicolis di Robilant et al., 2019; Roche-
fort et al., 2002). In fact, the study by Breton-Provencher
et al. (2009) shows that adult SVZ neurogenesis is impor-
tant to maintain proper OB network function and that
newborn olfactory interneurons are involved in some

odor-related tasks, including short-term olfactory memory.
In this study, SVZ neurogenesis was abolished by an antimi-
totic treatment (cytosine arabinoside or AraC) that
removed mitotic cells, thereby disrupting short-term olfac-
tory memory and the odor detection threshold without
altering odor discrimination or long-term olfactory mem-
ory. Furthermore, AraC treatment did not affect the total
number of olfactory interneurons, dendrite length, or
spine density, demonstrating that the pre-existing network
of interneurons is not altered by decreased SVZ neurogene-
sis. However, ablation of SVZ neurogenesis reduced the
inhibitory synapses received by mitral cells, their fre-
quency of spontaneous inhibitory postsynaptic currents
(IPSCs), and their synchronized activity. Taken together,
these changes in the mitral cell network altered the short-
term olfactory memory in AraC-treated mice. Thus, the
age-related decline in SVZ neurogenesis could induce the
same pattern in olfactory interneuron networks, similar
to what happens when neurogenesis is abolished.

NSC fate is increasingly oriented to a glial fate during
aging

Several studies have shown that SVZ oligodendrogenesis is
maintained during aging in rodents (Bouab et al., 2011;
Capilla-Gonzalez et al.,, 2013) and humans (Bergmann
et al.,, 2012; Ernst et al.,, 2014; Weissleder et al., 2016)
and can be increased in some pathological conditions,
notably after a demyelinating insult (Nait-Oumesmar
et al., 2007). Furthermore, myelination of the corpus
callosum occurs gradually after birth in marmosets (Akter
et al., 2020) and humans (Yeung et al., 2014). In our
study, SVZ NSCs in older mice and lemurs had a higher
ability to produce SVZ OPCs compared with those in
young animals. More precisely, although the majority
(about 70%) of NSCs in aged mice preferentially
generated neuroblasts, a 20% increase in OPC production
was observed during aging. In lemurs, half of the NSCs
derived from aged animals committed to a glial fate (i.e.,
around 20% more OPCs generated compared with mice),
indicating that NHP NSCs are more prone to generate
OPCs than rodent NSCs as a function of age. The
neuronal or oligodendroglial identity is intrinsically

Figure 6. Aging promoted oligodendrocyte generation and myelin content in the corpus callosum

(Aand B) In mice, OLIG2+ pOPCs are unaffected by age (A), whereas the ratio of 0LIG2+CC1+ mature oligodendrocytes versus OLIG2+CC1—
pOPCs (B) showed an increased proportion of mature oligodendrocytes in aged mice.

(C) The FluoroMyelin integrative density is progressively increased as a function of age.

(D) In lemurs, the OLIG2+ pOPC density is progressively increased as a function of age.

(E) The ratio of OLIG2+CC1+ mature oligodendrocytes versus OLIG2+CC1— pOPCs shows a decreased proportion of mature oligodendrocytes

in aged lemurs.

(F) A positive correlation between the FluoroMyelin integrative density and the animals’ age was observed in the corpus callosum.
Scale bars, 100 um and 300 um (C-F). Mice: n = 10, one-way ANOVA followed by Bonferroni test; lemurs: n = 6-10, Spearman correlation.

*p < 0.05, **p < 0.01, ***p < 0.001.
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defined at the NSC stage (Adlaf et al., 2016; Menn et al.,
2006; Ortega et al., 2013; Parras et al., 2004; Poiana et al.,
2020), strongly suggesting that SVZ NSCs are unipotent.
However, whether and how aging affects intrinsic
properties of NSCs that govern their fate is not yet
understood. The gene expression profile of aged mouse
SVZ NSCs share transcriptional signatures of glial
precursor cells (Dawson et al., 2003). Indeed, we found
that they expressed higher levels of Ng2 mRNA than
young NSCs together with lower Dcx expression,
indicating that NSCs with a gliogenic profile could be
selected or survive better during aging, thus producing
more OPCs at the expense of neuronal progenitors. Along
the same line, NSCs cultured from aged mouse SVZs
became increasingly engaged in glial fate choice.
However, DIx2 was more expressed in middle-aged and
aged mice, suggesting that aging downregulated Dcx
expression and SVZ neuroblast density by slowing
NSPC determination toward a neuronal fate. We also
provide evidence that NSC enrichment, independent
of age, promotes oligodendrogenesis and favors NSC
reprogramming.

The adult mammalian brain is composed of two distinct
OPC populations, i.e. SVZ OPCs continuously generated
throughout adult life from SVZ NSCs, and resident pOPCs,
which are produced during development and remain
quiescent in the adult parenchyma (Psachoulia et al.,
2009; Tokumoto et al., 2017). Under pathological condi-
tions, in some animal models of demyelinating diseases,
SVZ OPCs migrate toward the corpus callosum, where
they differentiate into mature myelinating oligodendro-
cytes, allowing myelin repair in mice and humans (Brousse
et al., 2015; Jablonska et al., 2010; Nait-Oumesmar et al.,
1999; Remaud et al., 2017; Xing et al., 2014). In parallel
to the increased production of SVZ OPCs during aging,
the proportion of mature myelinating oligodendrocytes
in the corpus callosum, just above the LVs, increased in
old mice, showing that aging favors the differentiation
and maturation of OPCs in this white matter area. Unex-
pectedly, while the total oligodendrocyte density in the
lemur corpus callosum had more than doubled during ag-
ing, the majority were stuck in the precursor stage. This
result is consistent with a recent study showing (1) a
reduced number of new myelinating oligodendrocytes in
the corpus callosum of rhesus monkeys during aging and
(2) a decreased differentiation potential into mature oligo-
dendrocytes from OPCs that are blocked at the progenitor
stage (Dimovasili et al., 2022).

Because most pOPCs fail to differentiate into new myeli-
nating oligodendrocytes (Chang et al., 2000; Wolswijk,
1998; Xing et al., 2014), the gradual enhancement of
mature oligodendrocytes observed during aging in the
mouse corpus callosum could be linked to the rise of

SVZ OPCs in the aged SVZ. Although aging prevents
maturation of OPCs in lemurs, unlike in mice, it was asso-
ciated with increased myelin content (as seen using
FluoroMyelin) in both species and could reflect an imp-
roved ability of SVZ OPCs to differentiate into functional
oligodendrocytes capable to myelinate new axons or
strengthen pre-existing connections. Indeed, several stu-
dies demonstrated that, after a demyelinating insult, oligo-
dendrocytes derived from rodent SVZ OPCs produce
myelin of normal thickness, whereas pOPCs generate
thinner myelin sheaths, leading to incomplete remyelina-
tion. Therefore, these observations indicate that SVZ-
derived oligodendrocytes are more efficient to functionally
repair myelin than pOPCs in response to a demyelinating
insult in the corpus callosum (Brousse et al., 2015; Remaud
et al., 2017; Xing et al., 2014). Understanding how aging
preferentially regulates SVZ NSCs toward an oligodendrog-
lial fate to produce more OPCs throughout life could open
new avenues to enhance endogenous myelin repair in mul-
tiple sclerosis and other demyelinating diseases.

In humans, evidence of a potential age-related decline in
myelin content is controversial and requires longitudinal
studies. Interestingly, oligodendrocyte numbers and
myelin content increase progressively after birth and reach
a plateau at middle age (Lynn et al., 2021; Yeung et al.,
2014). Thus, myelination of the corpus callosum occurs
rapidly in early life and remains relatively stable with ag-
ing. These results contradict previous studies showing
age-related microstructural changes in the corpus cal-
losum, probably caused by insufficient myelin synthesis,
transport dysfunction, and/or demyelination (Branzoli
et al., 2016; Faizy et al., 2018). In NHPs, only two studies
have investigated myelination of the corpus callosum dur-
ing aging, notably in the rhesus macaque (Peters and Se-
thares, 2002) and the common marmoset (Phillips et al.,
2019). In both species, a thinner myelin sheath was
observed with age, without axonal degeneration. Indeed,
fewer than 0.5% of the axons showed age-related alter-
ations (Peters and Sethares, 2002). Therefore, the increased
proportion of mature oligodendrocytes in aged mice,
coupled with higher expression of FluoroMyelin in the
corpus callosum of mice and lemurs, suggest (1) sustained
myelin formation in older individuals, (2) limited or no
myelin degradation in the corpus callosum, and (3) a con-
stant or even increased supply of new SVZ-derived OPCs.

Does a continuous ventricle play a role in maintaining
olfactory neurogenesis?

Neuroanatomical analysis of the SVZ-OB axis in lemurs has
shown the presence of a continuous ventricle that extends
from the LVs to the OBs. Interestingly, the olfactory ven-
tricular cavity is predominantly composed of SOX2+ pro-
genitors, suggesting an active olfactory neurogenesis.
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Moreover, this OB neurogenesis is sensitive to aging since
the SOX2+ progenitor density was reduced in old lemurs
(Figure S2). This ventricular extension could favor the
continued supply of various molecules and hormones
important for proper brain development and functioning
and for local control of proliferation and differentiation
of olfactory progenitors.

This ventricular extension has been previously described
in rabbits (Luzzati et al., 2003), sheep (Brus et al., 2013),
opossums (Tepper et al., 2021), wild dogs (Chengetanai
et al., 2020) and some NHPs, such as macaques, rhesus
monkeys, and common marmosets (Gil-Perotin et al.,
2009; Sawamoto et al., 2011; Wang et al., 2011). Intrigu-
ingly, all of these species are photoperiodic animals whose
main physiological functions, including reproduction, are
controlled by day length (Butruille et al., 2021). In adult
humans, several studies have also demonstrated the pres-
ence of a continuous ventricle along a cerebrospinal
fluid-filled migratory stream (Curtis et al., 2007; Kam
et al., 2009; Sawamoto et al., 2006). However, the physio-
logical function of this ventricular extension is not yet
known. Surprisingly, proliferating cells were found along
the continuous ventricle in the adult human forebrain,
indicating neurogenic processes (Kam et al., 2009). There-
fore, adult human OBs constitute another potential source
of NSCs capable of generating new neurons (Alizadeh et al.,
2017; Durante et al., 2020; Liu and Martin, 2003; Pagano
et al., 2000). However, the function of the SVZ-OB axis is
still debated in humans because of the rapid decline in neu-
roblast production after birth (Sanai et al., 2011; Wang
et al., 2011). Thus, the absence of postnatal human SVZ
neurogenesis could be compensated by neurogenesis oc-
curing in the OBs that would take over the production of
new neurons after birth. Surprisingly, human OB NSCs
grafted into the injured central nervous system do not
develop tumors and thereby differ from embryonic NSCs,
commonly used for transplants, and, thus, might be better
candidates for combatting neurodegenerative diseases
(Marei et al., 2015).

Similarities and dissimilarities between rodents and
NHPs

Analysis of NSC fate during aging in mice and lemurs re-
vealed key differences that may explain the dissimilarities
between rodents and humans. First, while the SVZ remains
pro-neurogenic in aged mice, it generates as many neuro-
blasts as OPCs in lemurs. Thus, the NHP SVZ loses its pref-
erential capacity to generate new neurons during aging.
Second, in mice, aging promotes maturation of OPCs
into mature oligodendrocytes in the corpus callosum,
which could confer a better protection against demyelin-
ating insults. In contrast, aging blocks oligodendrocyte dif-
ferentiation at the OPC stage in the lemur, preventing their
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maturation, which could alter myelin production, as
observed previously in humans (Branzoli et al., 2016; Faizy
et al.,, 2018). Third, only the dopaminergic population is
sensitive to aging, but in different ways, depending on
the species, leading to preserved olfactory discrimination
in mice but an altered one in lemurs. Fourth, the presence
of a continuous ventricle in the lemur suggests active olfac-
tory neurogenesis in NHPs, also sensitive to aging. In
conclusion, use of NHPs could be crucial to develop trans-
lational strategies to circumvent the technical problems
encountered in humans and to increase our knowledge
about age-related neurodegenerative diseases in humans.

EXPERIMENTAL PROCEDURES
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Materials availability

This study did not generate any unique reagents.

Data and code availability

No large datasets and new code were generated in this study.

Animals

Two, 12 and 18 months-old C57BL/6] wild-type male mice were
purchased from Janvier (Le Genest-Saint-Isle, France) and kept in
ventilated cages under a 12:12 h light-dark cycle. Chow and water
were available ad libitum. Male and female lemurs (M. murinus) 3—
9 years old were born and raised in the laboratory colony of UMR
7179 (CNRS/MNHN, France, license approval A91.114.1). Animals
were maintained in cages equipped with branches and wooden
nests at constant temperature (25°C-27°C) and humidity (55%). Le-
murs were exposed to the winter-like short-day-length photoperiod
(10:14 h light-dark cycle). In the Brunoy colony, the animal median
age was estimated to be 4.9 years for females and 5.7 years for males
(Languille et al., 2012). Therefore, the senescence of animals was es-
tablished from 6 years, associated with increased energy loss (body
mass, resting metabolism) (Djelti et al., 2016; Perret, 1997; Pifferi
et al., 2018). All experiments were approved by the Comité d’éthi-
que Cuvier (n° 68) ethical board (authorization 22530-2019100
917156614 and 13064-2018011615434702) and performed in strict
accordance with European Directive 2010/63/EU.

Tissue preparation

Mice and lemurs were anesthetized with pentobarbital (130 mg/kg
and 50 mg/kg respectively, Centravet) and perfused intracardially
with 4% paraformaldehyde in 1x PBS (0.1 M, pH 7.4). 24 h after
fixation, brains were cryoprotected in 30% sucrose in 1x PBS at
4°C. Brains were then cut in half along the median line, and blocks
were embedded in OCT (Sakura), frozen, and stored at —80°C.
Right hemispheres were cut coronally and left hemispheres sagit-
tally. Mouse tissues were cut at 12 pm on a cryostat (Leica), directly
mounted onto Superfrost Plus glass slides (Thermo Fisher Scienti-
fic), and stored at —80°C. For lemurs, 12-pm-thick coronal sections
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of the OBs were directly mounted onto Superfrost Plus glass slides,
and floating 30-pm-thick coronal and sagittal sections were stored
at —20°C in cryoprotectant solution.

Immunohistochemistry
All reagents are listed in Table S1. The procedure is described in the
supplemental information.

Neurosphere culture and differentiation
The procedure is described in the supplemental information. This
experiment was performed only once.

Imaging and quantification

Images were acquired using a Leica TCS-SP5 confocal microscope
under 400x magnification. The in vivo acquisitions were done on
single snap images (1,024 x 1,024 pixels) for mice and on Max In-
tensity Z projections of 5-pm stack images for lemurs. To analyze
the neuron-glia ratio, coronal sections of the dorsal SVZ (5-8 sec-
tions per mouse) and distal SVZ (3-5 sections per lemur) were ac-
quired. To quantify oligodendrocytes in the corpus callosum, three
images were acquired per section (5-8 sections per mouse and 3-5
sections per lemur). To analyze the migration of neuroblasts and
glial cells from the SVZ to the OBs, the entire structure of the
RMS was imaged using sagittal sections (3-5 sections per animal).
The entire RMS-like pathway of lemurs stained with DAPI was ac-
quired under 100X magnification. Finally, to quantify neuronal
populations in the OBs of both species and SOX2+ progenitors
in the OBs of lemurs, 4 regions of interest (ROIs) were imaged
per coronal section (5 sections per animal). Cell quantification
was performed with FIJI software, using the cell counter plugin.
The cell density (number/mm?) was calculated by counting the
number of immuno-positive cells per area.

For the myelination assay, the entire corpus callosum and striatum
stained with FluoroMyelin was acquired under 100 x magnification.
Three to five sections were imaged per animal the same day, with the
same fluorescent excitation for all samples. The FluoroMyelin inte-
grative density was automatically measured with FIJI software in the
entire corpus callosum and in 10 ROIs for the striatum.

The in vitro acquisitions were done on Max Intensity Z projections
of 4-um stack images. Ten pictures (370 x 370 mm?) per well from
each condition were taken, and the number of DCX+ and OLIG2+
cells was divided by the total number of DAPI nuclei present in the
image.

RNA extraction and qRT-PCR
The procedure is described in the supplemental information.

Olfactory behaviors
The procedure is described in the supplemental information.

Statistical analysis

Statistical analyses were performed with GraphPad Prism8
(GraphPad, San Diego, CA, USA) and StatXact8 (Cytel) software.
Data were first subjected to D’Agostino and Pearson normality
tests. For mice, comparisons of the three groups of age were done
using a one-way ANOVA test followed by Bonferroni post hoc

test in case of significance or a Kruskal-Wallis test followed by
Dunn’s post hoc test. A two-way repeated-measures ANOVA fol-
lowed by a Bonferroni post hoc test was used to analyze the olfac-
tory behavioral tests. For QRT-PCR data, Dixon’s Q test was used for
identification and rejection of outliers, and a Kruskal-Wallis test
was used to compare the three age groups. For lemurs, data were
analyzed using computed non-parametric Spearman correlation
to assess whether a positive or negative correlation existed between
the different age groups and the marker studied. “n” refers to the
number of animals for the mouse study, and “N” refers to the num-
ber of sections for the lemur study (the number of animals was too
small to perform statistics). Differences were considered statisti-
cally significant when p < 0.05. Values are presented in the histo-
grams and expressed as mean =+ standard error of the mean (SEM)
or as boxplots with medians and minimum and maximum values.
Correlation results are shown as linear regression.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.12.015.
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