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1  | INTRODUC TION

In the dentate gyrus of the adult hippocampus, a resident population 
of radial glia‐like neural stem cells (NSCs) with astrocytic properties 
(Seri, García‐Verdugo, McEwen, & Alvarez‐Buylla, 2001) generates 
neurons throughout adulthood in most mammals including humans 
(Eriksson et al., 1998; Moreno‐Jiménez et al., 2019; Spalding et al., 
2013). Neuronal precursors are generated from NSCs through asym‐
metric division and after a series of steps involving proliferation and 
differentiation (Kempermann, Jessberger, Steiner, & Kronenberg, 
2004) integrate functionally in the hippocampal synaptic network 

(van Praag et al., 2002). The addition of new neurons in the hippo‐
campus is important for new memory formation (Farioli Vecchioli, 
Sacchetti, Nicolis di Robilant, & Cutuli, 2018); learning (Zhang, Zou, 
He, Gage, & Evans, 2008); and responses to stress, anxiety, and fear 
(Bergami et al., 2008; Saxe et al., 2006; Snyder, Soumier, Brewer, 
Pickel, & Cameron, 2011), and it is necessary for the efficacy of 
antidepressants (Perera et al., 2011; Santarelli et al., 2003). Adult 
neurogenesis however declines sharply with age (Ben Abdallah, 
Slomianka, Vyssotski, & Lipp, 2010; Kuhn, Dickinson‐Anson, & 
Gage, 1996). In humans, confronting new data have been published 
recently suggesting that hippocampal neurogenesis declines sharply 
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Abstract
Adult neurogenesis persists in the hippocampus of most mammal species during 
postnatal and adult life, including humans, although it declines markedly with age. 
The mechanisms driving the age‐dependent decline of hippocampal neurogenesis are 
yet not fully understood. The progressive loss of neural stem cells (NSCs) is a main 
factor, but the true neurogenic output depends initially on the actual number of acti‐
vated NSCs in each given time point. Because the fraction of activated NSCs remains 
constant relative to the total population, the real number of activated NSCs declines 
in parallel to the total NSC pool. We investigated aging‐associated changes in NSCs 
and found that there are at least two distinct populations of NSCs. An alpha type, 
which maintains the classic type‐1 radial morphology and accounts for most of the 
overall NSC mitotic activity; and an omega type characterized by increased reactive‐
like morphological complexity and much lower probability of division even under a 
pro‐activation challenge. Finally, our results suggest that alpha‐type NSCs are able to 
transform into omega‐type cells overtime and that this phenotypic and functional 
change might be facilitated by the chronic inflammation associated with aging.
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in the infant brain (Sorrells et al., 2018) but also indicating that adult 
neurogenesis could be maintained throughout aging (Boldrini et al., 
2018; Moreno‐Jiménez et al., 2019). Aging‐related decline in adult 
neurogenesis is due to several mechanisms such as the loss of overall 
proliferative capacity (Cameron & McKay, 1999) and the progressive 
depletion of the NSC population (Bonaguidi et al., 2011; Encinas et 
al., 2011; Walter, Keiner, Witte, & Redecker, 2011). While the loss 
of overall proliferation is caused by the systemic and niche changes 
(glucocorticoid regulation, chronic inflammation, trophic factor im‐
balance, etc.) associated with aging, the progressive depletion of the 
NSC population can be mostly explained by the NSCs differentiation 
into astrocytes after several asymmetric divisions losing their stem 
cell capabilities (Encinas et al., 2011; Ziebell, Dehler, Martin‐Villalba, 
& Marciniak‐Czochra, 2018). One of the most intriguing aspects 
regarding the decline in adult neurogenesis is that even in an ever‐
declining population, the proportion of activated NSCs is small (2%–
5%), and therefore, the potential to maintain neurogenesis during 
aging exists by enhancing the recruitment of NSCs for activation. 
This can be experimentally achieved by increasing neuronal activity 
through electro‐convulsing shock (Segi‐Nishida, Warner‐Schmidt, & 
Duman, 2008); kainic acid (KA) injections (Huttmann et al., 2003; 
Sierra et al., 2015); or by reducing gamma‐aminobutyric acid (GABA) 
signaling to NSCs (Giachino et al., 2014; Song et al., 2012). We 
herein explore the properties of NSCs in aged mice to gain insight 
into these observations. We examined the morphology, the expres‐
sion of markers, and the mitotic capacity of NSCs in 3‐, 12‐, and 18‐
month‐old Nestin‐GFP mice, an extensively used transgenic line of 
mice in which NSCs can be readily visualized and identified.

2  | RESULTS

2.1 | The age‐induced loss of NSCs is accompanied 
by a change in morphological features

We analyzed the total population of NSCs at different time points 3, 
12, and 18 months old (m.o.) confirming the age‐associated decline 
of their number (Figure 1 and Supporting information Figure S1a,b). 
We used Nestin‐GFP transgenic mice, in which NSCs are readily 
visualized in the subgranular zone (SGZ) of the dentate gyrus (DG) 
(Mignone, Kukekov, Chiang, Steindler, & Enikolopov, 2004). NSCs 
are identified as radial glial‐like cells located at the SGZ, and with 
a long process crossing the granule cell layer (GCL) that ramifies 
into the molecular layer (ML, Figure 1a left image), these cells are 
positive for GFP (on the Nestin‐GFP transgenic line), nestin, GFAP, 
and brain lipid‐binding protein (BLBP) markers (Encinas, Vaahtokari, 
& Enikolopov, 2006; Kempermann et al., 2004; Seri et al., 2001). In 
aged mice (12 and 18 m.o.), the majority of Nestin‐GFP/GFAP cells 
remaining in the SGZ and the GCL presented a complex morphology 
with extensive branching and multipolar extensions similar to the 
reactive‐like morphology of reactive NSCs induced by hippocam‐
pal seizures (Sierra et al., 2015) (Figure 1a, right image) and in clear 
contrast to the typical morphology of type‐1 radial glia‐like NSCs 
(Figure 1a, left image).

To further investigate and quantify these differences in cell mor‐
phology, we analyzed the complexity of NSCs using 3D‐sholl analy‐
sis. Nestin‐GFP/GFAP NSCs within the SGZ and the GCL cells were 
randomly selected in order to measure morphological complexity by 
the quantification of the number of intersections between virtual 
spheres of increasing radius and the 3D reconstruction of the cell. 
We employed confocal‐imaging z‐stack reconstructions of NSCs 
(Figure 1b). This test was performed at the population level by an‐
alyzing random cells located in the SGZ + GCL, regardless of their 
morphology, to avoid any bias.

We observed a significant increase in the complexity in NSCs in 
aged mice (Figure 1c). Cells in 12‐ and 18‐month‐old mice presented 
a higher number of intersections within the 50 μm nearest to the nu‐
cleus than those NSCs from 3 m.o. mice, which in contrast presented 
more intersections in the distal portion of the cell, due to the profuse 
broccoli‐like arborization characteristic of radial NSCs.

We further analyzed morphological parameters such as length 
(measured as the distance from the center of the soma to the fur‐
thest cell tip), volume, or number of branches which can account 
for the increased morphological complexity associated with aging. 
NSCs in aged mice (18 m.o.) are significantly shorter than in younger 
(3 m.o.) mice (Figure 1d). The volume occupied by the NSCs in 12‐ 
and 18‐month‐old mice was threefold larger than in 3‐month‐old 
mice (Figure 1e). The number of primary processes, defined as the 
cytoplasmic prolongations that emerge directly from the soma, 
increased in aged mice being significantly higher in the two aged 
groups compared with the 3‐month‐old mice (Figure 1f). In contrast 
to the typical single radial process that characterizes NSCs in nor‐
mal conditions of young mice, several primary processes emerged 
from the NSCs of aged mice (Figure 1a,b, and f). Frequently, basal 
ramifications emerging from the hilus‐oriented portion of the cell 
body were found in the NSCs of aged mice. In addition, the number 
of secondary branches that emerged from the primary process was 
almost threefold higher in NSCs than older mice (Figure 1g). Finally, 
we found also a difference in the location of the cell body of NSCs 
which in older mice was positioned into the GCL and further from 
the hilus (Figure 1h). These results show that with aging NSCs not 
only are reduced in number but in addition they switch drastically 
their morphology to a more complex and reactive‐like one.

2.2 | Two types of morphologically NSCs are found 
in the aged DG

We noticed that rather than a generalized change in complexity in 
all NSCs, at least two morphologically distinct subpopulations, and 
different location of the soma, of Nestin‐GFP/GFAP‐positive cells 
could be found. The first type corresponds to the typical radial as‐
trocyte, type‐1, or radial NSCs whose morphological and functional 
properties have been extensively described (Encinas et al., 2011, 
2006; Filippov et al., 2003; Mignone et al., 2004; Seri et al., 2001; 
Sierra et al., 2015). Their soma is located in the SGZ, and they extend 
a single radial process that crosses the GCL and arborizes profusely 
in the molecular layer (Figure 1a). For the sake of distinction and 
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following previous nomenclature (Gebara et al., 2016), we will refer 
to these cells as “alpha” (α‐cells) from now onwards. The second 
phenotype corresponds to Nestin‐GFP/GFAP‐positive cells that are 
located predominantly in the GCL. These cells are more ramified, 
presenting several prolongations emerging from the soma toward 

the SGZ and the hilus. All their prolongations are thicker than in their 
α‐cell	counterparts.	We	will	refer	to	these	cells	as	“omega”	(Ω‐cells).	
Following these morphological criteria, these cells could be classified 
as “beta” (β‐cells), described recently (Gebara et al., 2016). However, 
in clear contrast to β‐cells,	Ω‐cells	do	not	express	S100β (Figure 2a 

F I G U R E  1   Neural stem cells (NSCs) drastically change their morphological properties with aging. (a) Confocal microscopy images 
showing the differences between NSCs in 3‐month‐old (3 m, left image) and 12‐month‐old (12 m, right image). Nestin‐GFP mice after 
staining for GFP (green) and GFAP (red). (b) Z‐stack projections of Nestin‐GFP+/GFAP+ cells prepared for 3D‐Sholl analysis. Color indicates 
distance from the center from closest (dark blue) to furthest (dark red). (c) Age‐associated differences in the complexity of NSCs (Nestin‐
GFP+/GFAP+ cells). (d) Quantification of the length (center of soma to furthest tip of NSCs). (e) Quantification of the NSC volume. (f) 
Quantification of the number of NSC primary processes (those emerging from the soma). (g) Number of NSC secondary processes, defined 
as those branching from the primary process. (h) Quantification of the distance between the center of cell body and the SGZ. Scale bar is 
10 μm in (a). *p < 0.05, **p < 0.01, ***p < 0.001 one‐way ANOVA after all pairwise multiple comparisons by Holm‐Sidak post hoc test (d‐h). 3 
versus 12 m, +p < 0.05, ++p < 0.01; 3 versus 18 m, *p < 0.05, **p < 0.01, ***p < 0.001; 12 versus 18 m, ●p < 0.05, repeated measures ANOVA 
followed by Bonferroni post hoc test in c. Bars show mean ± SEM. Dots show individual data
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F I G U R E  2   At least two populations of Nestin‐GFP+/GFAP+ cells are found in aged DG. (a) Confocal microscopy images (projection 
from z‐stacks) showing the increase in the complexity of neural stem cells (NSCs) over aging (3‐, 12‐, and 18‐month‐old mice). (b) Scheme 
showing the differential pattern of marker expression of cell types in the DG. (c) Quantification of the total number of the different NSC‐
like populations (α, β, and Ω) in 3‐, 12‐, and 18‐month‐old mice. (d) Quantification of the different NSC‐like populations (α, β, and Ω) in 
percentage showing the significant decrease of α‐cells and the concomitant increase in the proportion of Ω‐cells. The β‐cell subpopulation 
remains relatively constant. (e) Quantification of the α‐ and Ω‐cell complexity by 3D‐Sholl analysis in each time point (see table for statistical 
analysis). (f) Quantification of the complexity index (K‐index) showing a significant increase of the complexity in Ω‐cells and in the total 
population of NSCs with age. (g) Ward's hierarchical clustering based on 3D‐Sholl analysis to independently classify α and Ω cells in each age 
point. (h) Quantification of the cell volume by cell type and age point. (i) Quantification of the distance of the cell body to the SGZ. Scale bar 
is 20 μm in (a). (e) *p < 0.05, **p < 0.01, ***p < 0.001 repeated measures ANOVA followed by Bonferroni post hoc test. (c, d and f) one‐way 
ANOVA after all pairwise multiple comparisons by Holm‐Sidak post hoc test. (h–i) *p < 0.05, **p < 0.01, ***p < 0.001 by Student's t test. Bars 
show mean ± SEM. Dots show individual data
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and Supporting information Figure S2a). In order to quantify the 
absolute cell numbers of the distinct populations of Nestin‐GFP/
GFAP cells (Figure 2a) and their relative proportions over aging, we 
established objective and clear criteria to identify them. α‐cells pre‐
sent one single process emerging from the soma of at least 40 μm 
in length and that crosses the GCL bifurcating in the ML. Their cell 
body is located in the SGZ without any or very short (5 μm or less) 
basal processes. β‐cells: As previously characterized, these cells 
present a multibranched morphology; the cell body can be located 
either in the SGZ or in the GCL, and importantly, they express the 
S100β	 (Gebara	et	 al.,	2016).	Ω‐cells	present	a	multibranched	mor‐
phology with several primary processes emerging from the soma. 
The cell body is located in the GCL, and they bear basal processes 
that extend from the soma toward the SGZ or hilar region. They do 
not express S100β. To facilitate the understanding of the distinc‐
tion among the cell of interest and other that form part of the hip‐
pocampal neurogenic niche, a scheme summarizing the differences 
in marker expression is shown in Figure 2b.

The population of α‐cells declined sharply, from several thou‐
sands to a few hundred (12 m.o.) or dozens (18 m.o.) of cells with 
aging (Figure 2c). β‐cells followed a similar trend, but their absolute 
numbers were much lower already in the young mice (Figure 2c). In 
contrast,	 Ω‐cells	 increased	 significantly	 the	 size	 of	 its	 population	
from 3 to 12 months of age and then declined in the 18‐month‐old 
group although remaining above the 3‐month‐old mice (Figure 2c). 
Besides the lack of expression of S100‐ß and the expression of 
Nestin‐GFP and GFAP, α‐ and Ω‐cells shared the expression of other 
radial glia/NSC markers such as sex determining region Y‐box 2 
(Sox2), lysophosphatidic acid receptor 1 (LPA1), and brain lipid‐bind‐
ing protein (BLBP) (Supporting information Figure S2e‐j). Although 
the expression of Sox2 and BLBP suggests a close lineage relation‐
ship between α‐ and Ω‐cells, no claims can be made regarding their 
“stemness” as Sox2 and BLBP are also present in hippocampal astro‐
cytes. In turn, LPA1 has been recently described as a very specific 
marker of NSCs in the adult hippocampus (Walker et al., 2016).

When considering the proportion of each cell type to the total 
population of Nestin‐GFP/GFAP‐positive cells, a fundamental 
change was observed. While in 3‐month‐old mice α‐cells clearly 
comprised the majority of the NSCs population, it converted 
into the smallest subpopulation in 12‐ and 18‐month‐old animals 
(Figure	2d).	Conversely,	Ω‐cells	 represented	 the	smallest	 relative	
proportion in the 3‐month‐old mice, but were the largest sub‐
population in the animals of 12 and 18 months of age (Figure 2d). 
β‐cells represented a more stable relative population over time 
(Figure 2d). We focused our study on α	and	Ω‐cells,	as	β‐cells have 
already been well‐characterized, because they lack cell division 
and their expression of S‐100β suggests that they are a transitional 
step toward astrocytic differentiation (Gebara et al., 2016). We 
moved on to analyze the complexity of α	 and	Ω‐cells	 separately	
by 3D‐Sholl analysis in each age point. We found that the com‐
plexity of α‐cells did not change regardless of the age of the ani‐
mals,	whereas	the	complexity	of	the	Ω‐cell	population	significantly	
increased over time (Figure 2e). A readier visualization of this 

change can be obtained by plotting Sholl regression coefficient 
(k‐index), which is a measure of the rate of decay of intersections 
with their distance to the cell body center. Higher k values reflect 
larger changes, which is translated in higher complexity (Ferreira 
et al., 2014) at the different age points (Figure 2f). The complexity 
of	Ω‐cells	was	higher	than	that	of	α‐cells at 3 months of age, and it 
further increased at 12 months of age, being even higher at the 18‐
month‐old age point, whereas it did not change for α‐cells. When 
considering the total population of Nestin‐GFP/GFAP‐positive cells 
(and S100β‐negative), the complexity k‐index change parallels that 
of	Ω‐cells	(Figure	2f).	This	can	be	attributed	to	the	fact	that	with	
age the population of α‐cells	 gets	 depleted	 and	Ω‐cells	 increase	
their number and their proportion. We performed Ward's hierar‐
chical clustering (Ferreira et al., 2014) to independently classify α‐
cells	and	Ω‐cells,	and	compare	them	with	the	whole	population	of	
NSCs (Figure 2g). The analysis yielded three groups. α‐cells at 3, 
12, and 18 months of age clustered together with the total NSC 
population at 3 months, reflecting the fact that α‐cells account for 
most	of	the	NSCs	in	younger	animals.	Ω‐cells	at	3	and	12	months	
clustered with the total NSCs population at 12 months, reflecting 
how their morphology is clearly different form that of α‐cells and 
actually account for most of the NSC population at 12 months of 
age.	Finally,	Ω‐cells	at	18	months	clustered	together	with	the	total	
population	at	18	months,	 reflecting	not	only	 that	Ω‐cells	 are	 the	
most abundant cell type at this age point, but also that their com‐
plexity changes with aging (Figure 2g).

We then measured several morphological parameters that could 
account	for	the	observed	changes	in	complexity.	Ω‐cells	bear	more	
processes emerging directly from the soma (primary processes) 
than α‐cells (Supporting information Figure S2b), and these primary 
processes bifurcate with higher frequency (Supporting information 
Figure	S2c).	The	 length	of	Ω‐cells	 is	also	significantly	shorter	 than	
that of α‐cells (Supporting information Figure S2d). In addition, the 
cell	volume	is	larger	for	Ω‐cells	(Figure	2h)	and	the	distance	of	the	
cell soma to the SGZ is longer (Figure 2i). These results are the same 
for all the age points analyzed.

These results show that there are two populations of Nestin‐
GFP/GFAP‐positive, S100β‐negative cells in the aging DG. While 
the extensively described α‐cells decline sharply in number, the mor‐
phologically	distinct	population	of	Ω‐cells	increases	with	aging	and	
comprises by large the most abundant population in aged mice. In 
addition,	 the	Ω‐cell	 population	 changes	 its	morphology	 overtime.	
These findings suggest that α‐cells	transform	into	Ω‐cells	with	aging,	
and that the development of a reactive‐like complex morphology is a 
progressive time‐dependent process.

To assure that the categorization between α‐ and Ω‐cells can 
be performed in an unbiased and reproducible manner in our own 
laboratory and elsewhere, we developed a freely available pack of 
macros for ImageJ named “CellShaper” which facilitates the selec‐
tion of the cells, automatically performs Sholl analysis, and classifies 
selected cells in two categories (omega and alpha) in an autom‐
atized and unsupervised manner (Supporting information Figure 
S3c and available for download here: https://www.achucarro.org/

https://www.achucarro.org/downloads
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downloads). A match of 94.75% between the manual and the autom‐
atized classification was achieved.

2.3 | Ω‐cells are more quiescent than α‐cells

We next sought to investigate whether the two morphologically dis‐
tinctive populations had also different functional properties. We ad‐
ministrated the thymidine analogue 5‐bromo‐2‐deoxyuridine (BrdU, 
four injections 2 hr apart) to mice of the three different age points 
considered and sacrificed them 24 hr later to assess cell proliferation 
(Figure 3a). As expected, the overall number of BrdU‐labeled cells 
is drastically reduced with aging in the DG (Supporting information 
Figure S3a,b). We found that the capability to incorporate BrdU is 
almost restricted to type α‐cells which therefore account for most 
of	 the	 dividing	NSCs	 at	 any	 analyzed	 age	 point.	 However,	Ω‐cells	
retained some mitotic potential (Figure 3b) and incorporated BrdU 
although with very low frequency. At all the different age points, α‐
cells accounted for the vast majority of Nestin‐GFP/GFAP cells that 
incorporated	BrdU,	while	 the	 fraction	of	BrdU+	Ω‐cells	was	much	
lower (Figure 3b). In both cases, the majority of the cells comprising 
each population remained quiescent, but interestingly, α‐cells were 

able to increase their activation, in percentage over the total α‐cell 
population, over time as shown by the significantly higher propor‐
tion of BrdU‐labeled cells among the α‐cells population in aged mice 
(Figure 3c). In contrast, the proportion of activated (BrdU‐incorpo‐
rating)	Ω‐cells	 significantly	 decreased	 in	 aged	mice	 (Figure	 3c).	 To	
further analyze α	and	Ω‐cell	mitotic	activity,	we	next	analyzed	the	ca‐
pacity of NSCs to re‐enter the cell cycle by measuring the proportion 
of BrdU‐positive NSCs that expressed the mitotic marker Ki67 among 
the total number of BrdU‐positive NSCs of each type. Similarly to the 
results	obtained	for	cell	activation,	we	found	that	Ω‐cells	re‐entered	
the cell cycle with significantly lower probability than α‐cells, regard‐
less of the age point (Figure 3d,e). These results combined strongly 
suggest	that	Ω‐cells	have	markedly	reduced	mitotic	potential	com‐
pared to α‐cells and that not only they are activated with lower rate 
but also the probability of undergoing another round of cell division 
within the next 24 hr is decremented (Figure 3d,e).

While the remaining α‐cells in the aged DG increase their activation 
rate,	Ω‐cells	become	even	more	quiescent	with	aging.	The	results	sup‐
port the notion that rather than two distinct populations generated inde‐
pendently,	Ω‐cells	are	derived	from	α‐cells, and together with a increase 
in reactive‐like morphology they get activated with lower probability.

F I G U R E  3   	Ω‐cells	divide	with	lower	probability.	(a)	Representative	confocal	microscopy	images	of	dividing	Nestin‐GFP+/GFAP+	α‐NSC 
after staining for GFP, BrdU, and GFAP at 3 and 18 months old. (b) Quantification of the cell division (incorporation of BrdU) in the different 
subpopulations of neural stem cells (NSCs). (c) Quantification of the proportion of dividing α and Ω‐cells, among the total α and Ω‐cell 
population, at each age point. (d) Quantification of the re‐entry into the cell cycle of NSCs (Ki67‐ and BrdU‐positive NSCs). (e) Confocal 
microscopy image (projection from z‐stacks) staining for GFP, BrdU, and Ki67. Scale bar is 10 μm in (a and g). ***p < 0.001 one‐way ANOVA 
after all pairwise multiple comparisons by Holm‐Sidak post hoc test. Bars show mean ± SEM. Dots show individual data

https://www.achucarro.org/downloads
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2.4 | Ω‐cells remain mostly quiescent even in pro‐
activation conditions

We	wondered	whether	Ω‐cells	retained	at	least	plasticity	to	respond	
to a pro‐activation stimulus and adapt their rate of mitosis to neu‐
ronal activity as α‐cells are able to do (Sierra et al., 2015). We sub‐
jected mice of 12 months of age to intrahippocampal injection of the 
glutamatergic agonist KA in a dose that triggers neuronal hyperacti‐
vation (without inducing seizures or cell death) and a subsequent in‐
crease in cell proliferation (Supporting information Figure S3c,d) and 
in the number of NSCs that enter the cell cycle. To be even surer that 
this procedure did not trigger alterations in the niche such as the in‐
duction of reactive NSCs, we analyzed the contralateral hemisphere. 
KA was injected in the right hippocampus of 12‐month‐old mice, and 
after 2 days, the animals received BrdU (four injections 2 hr apart). 
Twenty‐four hours after the last injection, the animals were sacri‐
ficed and the left hemisphere was analyzed (Figure 4a,b). We chose 
the	12‐month	age	point	to	have	a	sufficient	number	of	Ω‐	and	α‐cells 
to analyze and to avoid anesthesia and surgery‐related problems 
in the most aged mice. The total number of NSCs was not changed 
between the control injected with saline and the experimental (12‐
month‐old KA) group (Figure 4c). Further, analyzing separately the 
total number by subtypes, in both conditions, the same number of 
α and Ω‐cells was found (Figure 4d). We confirmed that intrahip‐
pocampal KA significantly activated more NSCs (Figure 4e), which 
was translated into a higher proportion of BrdU‐incorporating NSCs 
(Figure 4g). While the number of activated α‐cells increased signifi‐
cantly in the KA‐injected mice, the number of Ω‐cells incorporating 
BrdU remained unchanged (Figure 4f). α‐cells accounted for most of 
the dividing Nestin‐GFP/GFAP NSCs in controls, and this proportion 
was further elevated in KA‐injected mice (Figure 4h). This change 
was also observed when considering the proportion of dividing α‐ 
and	dividing	Ω‐cells	among	 the	 total	population	of	α‐	and	Ω‐cells,	
respectively	(Figure	4i).	These	results	confirm	that	Ω‐cells	are	more	
quiescent than α‐cells and are unable to increase their rate of mitosis 
even in pro‐activation conditions such as neuronal hyperactivation 
and that thus they are a different morphologically and functionally 
population.

2.5 | Chronic inflammation induces the 
conversion of α‐cells into Ω‐cells

Next, we wanted to confirm whether as suggested by the previous 
results those α‐cells	that	remains	 in	the	DG	transform	into	Ω‐cells	
overtime, rather than α‐cells	 and	Ω‐cells	 comprising	 two	different	
populations established early on. We hypothesized that chronic 
neuroinflammation, a hallmark of brain aging (Lynch, 2010), might 
be	playing	a	role	in	the	accumulation	of	Ω‐cells	as	neuroinflamma‐
tion is antineurogenic and reduces the activation of NSCs (Ekdahl, 
Claasen, Bonde, Kokaia, & Lindvall, 2003; Sierra et al., 2015). To 
test this hypothesis, we injected 3‐month‐old Nestin‐GFP mice in‐
traperitoneally with a low dose of interferon‐α (IFN‐α, 4 × 105 IU/
kg) during 20 days in order to mimic the chronic inflammation of 

the aged brain (Zheng et al., 2014; Figure 5a). 24 hr after the last 
injection of IFN‐α, the mice received 4 injections of BrdU (2 hr apart) 
and were analyzed 24 hr after the last one (Figure 5a,b). We chose 
the 3‐month‐old time point because at this age the α‐cells popula‐
tion is largely predominant (Figure 2). The total number of NSCs 
was not changed compared to the control (Supporting information 
Figure S4a). Interestingly, the proportion of α‐cells was significantly 
reduced in animals injected with IFN‐α,	while	the	proportion	of	Ω‐
cells was significantly increased (Figure 5c). The proportion of β‐cells 
remained unchanged.

We then analyzed overall Nestin‐GFP/GFAP cell complexity by 
3D‐Sholl analysis in a random manner, that is, without making any 
selection by cell types. Morphological complexity was found to be 
significantly higher in IFN‐α‐injected mice than in the control (sa‐
line‐injected) mice (Figure 5b,d). Furthermore, the number of pri‐
mary processes and the number of branches emerging from the 
primary processes were significantly increased in IFN‐treated mice 
(Supporting information Figure S4b,c). NSCs from the IFN‐α mice 
had also increased cell volume (Supporting information Figure S4d); 
and their soma was localized into the GCL further from the SGZ 
(Supporting information Figure S4e) repeating the same pattern ob‐
served in aged mice (Figure 2). We next focused on α‐ and Ω‐cells, 
using the criteria defined above, and found that the total number 
of α‐cells was significantly diminished in the IFN‐α mice, whereas 
the number of Ω‐cells was significantly increased (Figure 5e). 
Furthermore, in the IFN‐α‐injected mice the number of newly gen‐
erated Ω‐cells was very similar to the number of lost α‐cells. We 
analyzed whether IFN‐α promoted functional changes by analyzing 
BrdU incorporation as a measure of mitotic activity. IFN‐α reduced 
the overall activation of NSCs in absolute numbers (Figure 5f) and 
in relative proportion (Figure 5g). Interestingly, when analyzed by 
subtypes we found that the proportion of activated α‐cells (among 
the total of BrdU cells) did not change but that the proportion of di‐
viding	Ω‐cells	was	significantly	decremented,	thus	accounting	for	the	
overall	 reduction	 in	Nestin‐GFP/GFAP	cell	activation	as	Ω‐cells	are	
more abundant IFN‐α mice (Figure 5h). Therefore, IFN‐α is not only 
triggering the morphological and anatomical changes in α‐cells but is 
also	inducing	quiescence,	a	main	characteristic	of	Ω‐cells	(Figure	3).	
These	results	support	our	hypothesis	that	Ω‐cells	are	derived	from	
those α‐cells that do not get depleted over time and remain in the DG. 
In addition, they suggest that chronic inflammation could be playing 
a role in the conversion of α‐cells	 into	Ω‐cells	and	therefore	 in	 the	
reduction of neurogenesis associated with aging. We were also inter‐
ested in testing how reversible was the induction of Ω‐cells by IFN‐α. 
Three‐month‐old Nestin‐GFP mice were injected with either vehicle 
or IFN‐α for 20 days and then allowed 30 days of recovery before 
BrdU administration (day 51) and sacrifice (day 52) (Figure 5a,b). We 
proceed to check the same parameters as for the no‐recovery mice 
(number and proportion of α‐ and Ω‐cells, Figure 5c,d; morphological 
complexity Figure 5e; correlation between α‐ and Ω‐cells, Figure 5f 
and mitotic activity, Figure 5g,h and i) and found that all the effects 
induced by IFN‐α were maintained in spite of the recovery time. This 
result suggests the conversion of α‐cells into Ω‐cells is an irreversible 



8 of 14  |     MARTÍN‐SUÁREZ ET Al.

process. Importantly, considering data from both saline and IFN‐α in‐
jected mice, both with and without recovery, the number of Ω‐cells 
significantly and negatively correlated with the number of α‐cells 
(Pearson correlation coefficient r = 0.93). In addition, we performed a 

regression analysis and found that data best fitted to a linear regres‐
sion model (R2 = 0.87, p	˂	0.0001;	Figure	5i,	and	Supporting	informa‐
tion Figure S4f). This result suggests that Ω‐cells are able to directly 
derived from α‐cells.

F I G U R E  4   	Ω‐cells	are	more	quiescent	even	in	pro‐activation	conditions.	(a)	Experimental	paradigm	of	Sal/KA	and	BrdU	administration	to	
12‐month‐old animals. (b) Confocal microscopy projections of z‐stacks showing a dividing α‐NSC after immunostaining for GFP, GFAP, and 
BrdU. (c) Quantification of the total number of neural stem cells (NSCs). (d) Quantification of the total number of NSCs by subpopulations. 
(e) Quantification of total dividing NSCs. (f) Quantification of the total number of dividing NSCs by subtypes. (g) Quantification of the 
proportion of total dividing NSCs. (h) Quantification of the proportion of the dividing NSCs by subpopulations. (i) Quantification of the 
proliferative capacity of α and Ω‐NSCs of the total α and Ω‐NSC populations. Scale bar is 10 μm in B. *p < 0.05, **p < 0.01, ***p < 0.001, 
*p < 0.05, and ***p < 0.001 by Student's t test. Bars show mean ± SEM. Dots show individual data
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2.6 | Anti‐inflammatory treatment with minocycline 
does not prevent the conversion of α‐ into Ω‐cells

We wondered next whether an anti‐inflammatory treatment could 
prevent or ameliorate the generation of Ω‐cells. We administered 

minocycline a semi‐synthetic tetracycline with anti‐inflammatory ef‐
fects in the brain (Kohman, Bhattacharya, Kilby, Bucko, & Rhodes, 
2013) in drinking water for 30 days (Figure 6a,b) to 8‐month‐old 
mice. We chose this age so that sufficient numbers of α‐	and	Ω‐cells	
were present and changes in either direction could be observed. We 

F I G U R E  5    Chronic inflammation converts α‐cells into Ω. (a) Experimental paradigm of Sal/IFN‐α and BrdU administration. (b) Confocal 
microscopy projections of neural stem cells (NSCs) after immunostaining for GFAP and GFP. (c) Quantification of the different subtypes of 
NSCs. (d) Quantification of the changes in NSC complexity. (e) Quantification of the total number of α and Ω cells. (f) Quantification of the 
dividing NSCs. (g) Quantification of the proportion of dividing NSCs. (h) Quantification of the dividing NSCs by subtypes. Straight line fitting 
of the data showing that Ω cells significantly and negatively correlated with the number of α cells. Scale bar is 10 μm in (b). (e) *p < 0.05, 
**p < 0.01, ***p < 0.001 for comparisons at 1 day after treatment; +p < 0.05, ++p < 0.01, +++p < 0.001 for comparisons at 1 month after 
treatment. Repeated measures ANOVA followed by Bonferroni post hoc test. (c, d, and f–i) *p < 0.05, **p < 0.01, ***p < 0.001, *p < 0.05, and 
***p < 0.001 by Student's t test. Bars show mean ± SEM. Dots show individual data
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did not find any change due to the administration of minocycling in 
the number of NSCs, total (Figure 6c) of by subtypes (Figure 6d). 
The total number of dividing NSCs (Figure 6e), or α‐ and Ω‐cells 
(Figure 6f) or in their relative proportions (Figure 6g,h) were not al‐
tered by minocycline. Only morphological complexity was decreased 
over the vehicle‐treated mice (Figure 6b,i). These results suggest 
that indeed even though inflammation might be playing a role in the 
potential conversion of α‐cells	into	Ω‐cells	but	might	not	be	the	only	
factor associated with aging involved.

3  | DISCUSSION

The age‐related decrease of neurogenesis is well described in the 
DG of experimental animals from rodents to primates (Kuhn et 
al., 1996; Leuner, Kozorovitskiy, Gross, & Gould, 2007; Ngwenya, 
Heyworth, Shwe, Moore, & Rosene, 2015; Walter et al., 2011). The 
depletion of NSCs population might be the main force driving the 
decrease of neurogenesis with age (Encinas et al., 2011; Walter et al., 
2011). That activation of NSCs could translate into their depletion 
was suggested by the in vivo blockade of inhibiting bone morphoge‐
netic protein (BMP) signaling (Mira et al., 2010). It was later shown 
that depletion of the NSC population was directly linked to their 
recruitment to enter into the cell cycle with the underlying mecha‐
nism being astrocytic differentiation of NSCs after several rounds 
of asymmetric division to generate neuronal fate‐committed pro‐
genitors (Encinas et al., 2011). Preventing activation of NSCs by the 
inducible knock down of Ascl‐1 (Mash‐1) in NSCs indeed prevented 
the decline of the NSCs population (Andersen et al., 2014). Recent 
data obtained using mathematical modeling show that activation‐
coupled astrocytic differentiation after activation alone might not 
account for all the depletion of the NSC pool and that other mecha‐
nisms, might be apoptosis, could play an important role (Ziebell et al., 
2018). Although NSCs can undergo symmetric division to generate 
more copies of themselves, this process is not frequent enough to 
counterbalance in normal conditions the age‐associated decline of 
NSCs (Bonaguidi et al., 2011). In vivo two‐photon imaging of neuro‐
genesis in the hippocampus has confirmed most of these observa‐
tions with unprecedented resolution and has yielded new findings: 
Hippocampal NSCs might comprise several subpopulations with dif‐
ferent behaviors regarding asymmetric versus symmetric division, 
neurogenic versus astrocytic differentiation, and difference in the 
period of quiescence between mitosis (Pilz et al., 2018). Noteworthy, 
depletion of NSCs alone cannot explain the loss of generation of 
neuronal progenitors that eventually give rise to newborn neurons. 
As the number of activated NSCs is very small compared to the total 
size of the population, the number of activated NSCs (and subse‐
quently the number of neuronal progenitors) could remain constant 
for longer periods of time even if the total size of the NSC popula‐
tion declines. The amount of neurogenesis in the human hippocam‐
pus is currently subject of intense debate with data supporting the 
generation of newborn neurons through aging (Eriksson et al., 1998; 
Spalding et al., 2013) in a more or less steeper decline (Boldrini et al., 

2018; Moreno‐Jiménez et al., 2019; Spalding et al., 2013) or with a 
dramatic decline similar to rodents (Knoth et al., 2010). Reduction 
of neurogenesis to undetectable levels in the human hippocampus 
after infancy has also been reported (Cipriani et al., 2018; Dennis, 
Suh, Rodriguez, Kril, & Sutherland, 2016; Sorrells et al., 2018). In any 
case, the key to explain these results altogether resides in how sharp 
is the loss of neurogenesis. As NSCs represent the first step of the 
neurogenic cascade and in net terms can be considered a nonrenew‐
able source of neurons, understanding how their properties change 
overtime is essential to elucidate how hippocampal neurogenesis 
declines with age.

In this paper, we described that not only the total number 
of NSCs decreases with age but also that the remaining NSCs 
change their morphology into a more complex one. Using a com‐
bination immunohistochemistry, morphological parameters, and 
the tridimensional analysis of NSCs, we found a new pheno‐
type of NSC coexisting with the described type α‐ and β‐cells 
(Gebara et al., 2016). This new subtype, that we called herein 
Ω‐cells	for	the	sake	of	clarity,	presents	a	significant	increase	in	
the complexity characterized by a multibranched morphology 
with several primary processes, a decrease of the length and the 
cell	 body	 located	 in	 the	 SGZ	+	GCL.	 Ω‐cells	 divide	 with	 much	
lower probability as measured by the incorporation of BrdU. 
The lack of S100β	expression	in	Ω‐cells	differentiates	them	from	
the astrocyte‐like β‐cells, and the expression of nestin (Nestin‐
GFP) and LPA1 supports their close relationship with α‐NSCs. 
Furthermore, even in pro‐activation conditions as KA injections 
(Sierra et al., 2015) Ω‐cells are the less proliferative subpopu‐
lation. We cannot exclude the possibility that the response to 
other proneurogenic stimuli could be different.

Our description of a new subtype of NSCs shed light on the behav‐
ior of NSCs in aged DG, because as we described, whereas the α‐cells 
decline sharply in numbers from several thousands to a few hundred 
cells, in agreement with previous reports (Encinas et al., 2011; Walter 
et	al.,	2011),	but	in	contrast	Ω‐cells	increase	their	numbers	and	com‐
prise, by large, the most abundant population in aged mice.

This morphological change is directly related to aging, as it was 
showed in the populational profile changes. While in young animals 
the proportion of α‐cells comprised the majority of the NSCs popula‐
tion, in old animals α‐cells represented the smallest relative propor‐
tion,	being	Ω‐cells	the	main	subtype	in	older	mice.	We	hypothesize	
that rather than two different populations generated independently, 
a subpopulation of α‐cells	senesces	into	Ω‐cells.	Our	data	from	IFN‐α‐
treated mice support this idea. Mice injected with IFN‐α showed a 
very similar total number of NSCs compared to saline‐injected mice. 
IFN‐α induced, however, a reduction in the number of α‐cells and a 
proportional	increase	in	Ω‐cells,	thus	suggesting	a	conversion	from	
α‐	to	Ω‐cells.	Indeed,	our	analysis	shows	a	high	level	of	correlation	
between the α‐cells	 that	 disappear	 and	 the	 Ω‐cells	 that	 are	 gen‐
erated. Therefore, α‐cells	 could	 transform	 into	Ω‐cells	with	 aging,	
developing a more complex morphology progressively in a time‐de‐
pendent process, diminishing their proliferative capacity at the same 
time. A 1‐month‐long period after IFN‐α did not cause recovery of 
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F I G U R E  6    Chronic anti‐inflammatory treatment does not revert the conversion of α‐ into Ω‐cells. (a) Experimental paradigm of 
minocycline (30 days) and BrdU administration (one day before sacrifice) to 8‐month‐old animals. (b) Confocal microscopy projections 
of Nestin‐GFP‐labeled neural stem cells (NSCs). (c) Quantification of the total number of NSCs. (d) Quantification of the total number of 
NSCs by subpopulations. (e) Quantification of total dividing NSCs. (f) Quantification of the total number of dividing NSCs by subtypes. (g) 
Quantification of the proportion of total dividing NSCs. (h) Quantification of the proportion of the dividing NSCs by subpopulations. (d) 
Quantification of the changes in NSC morphological complexity. This is the only parameter in which administration of minocycline has an 
effect. Scale bar is 10 μm in b. *p < 0.05, **p < 0.01. Repeated measures ANOVA followed by Bonferroni post hoc test in (i). Student's t test in 
(e–h). Bars show mean ± SEM. Dots show individual data. n = 5 in control and n = 4 in minocycline
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α‐cell numbers, activation or morphology suggesting the irreversibil‐
ity of the conversion of α‐	 into	Ω‐cells.	These	results,	however,	do	
not prove that a direct transformation of α‐cells	 into	Ω‐cells	 takes	
place in natural aging. Recently, mathematical models described that 
the age‐related depletion of the NSCs might be explained because 
stem cells spend longer time in quiescence during aging (Ziebell et 
al., 2018). This model also predicts that the probability of exiting 
the quiescent stage through activation versus depletion increases 
during aging, which fits with our results. The molecular changes that 
occur in NSCs population during aging remain to be elucidated, but 
this work provides a framework for future research. It is known that 
in aged mice the genes associated with inflammation and oxidative 
stress are upregulated compared to young mice (Lynch, 2010) and 
one of the main effects of the neuroinflammation is the reduction of 
neurogenesis (Ekdahl et al., 2003; Gebara et al., 2016; Sierra et al., 
2015). We demonstrated that the chronic administration of IFN‐α 
mimics the effect of aging as IFN‐α increases the quiescence of NSCs 
and induce or at least contributes significantly to the conversion of 
α	cells	 into	Ω‐cells.	Although	neuroinflammation	 is	a	multifactorial	
phenomenon and responses to other cytokines could be different, 
these findings give us reasons to hypothesize that chronic inflamma‐
tion	could	mediate	the	acquisition	of	Ω	phenotype	and	increase	the	
quiescence in NSCs. According to several studies, the lengthy treat‐
ment with IFN‐α affects directly cell proliferation in the SGZ, thus 
reducing hippocampal neurogenesis (Kaneko et al., 2006). In fact, 
the direct administration of this molecule diminishes specifically the 
neurogenic function of NSCs in the DG (Zheng et al., 2014), confirm‐
ing our data. We tested the effect of the administration for 30 days 
of anti‐inflammatory agent minocycline and found no effect on cell 
number or cell activation. Morphology however was partially recov‐
ered. Inflammation is a complex multifactorial process, and further 
experiments will be needed to explore its interrelationship with the 
aging of NSCs.

Our results shed light about how aging affects DG neurogenesis 
and in particular how NSCs may be affected by aged‐related inflam‐
mation (inflammaging) because it is not only the “deforestation” of 
NSCs but also the correlated emergence of a senescent phenotype 
associated with chronic inflammation that explains the decrease of 
neurogenesis with aging.

4  | E XPERIMENTAL PROCEDURES

4.1 | Animals

All the experiments were performed employing Nestin‐GFP trans‐
genic mice (Mignone et al., 2004).

All procedures were approved by the University of the Basque 
Country (EHU/UPV) and the Comunidad Foral de Bizkaia Ethics 
Committees (CEEA: M20/2015/236). All procedures followed the 
European directive 2010/63/UE and NIH guidelines. The mice were 
3, 12, and 18 months old at the time of analysis and BrdU adminis‐
tration. The administration of IFN‐α or saline started when the mice 

were 2 months old. The injection of KA or saline was performed in 
12‐month‐old animals.

BrdU and IFN‐α administration, and intrahippocampal injection 
of KA were applied following standard protocols for intraperito‐
neal injection and stereotaxic surgery, respectively (Sierra et al., 
2015).

4.2 | Immunohistochemistry

Experiments were performed as described before following stand‐
ard procedures optimized for the use in Nestin‐GFP transgenic mice 
(Encinas et al., 2011).

4.3 | Image capture

All fluorescence immunostaining images were collected employing a 
Leica SP8 (Leica, Wetzlar, Germany) laser scanning microscopes and 
their corresponding manufacturer's software following protocols op‐
timized for stereotaxic quantification and quantitative image analy‐
sis (Encinas et al., 2011; Sierra et al., 2015). Images were captured in 
systemized random manner (see Extended Experimental Procedures).

4.4 | Cell quantification and Sholl analysis

Quantitative analysis of cell populations in Nestin‐GFP mice was per‐
formed by design‐based (assumption free, unbiased) stereology using a 
modified optical fractionator sampling scheme as previously described 
(Encinas et al., 2011,2006). For the morphological analysis of NSCs, 
we obtained 3D reconstructions from confocal stack images (1,024 
pixels of resolution). Single NSCs were analyzed using the 3D‐Sholl 
analysis plugin (http://fiji.sc/Sholl_Analysis) as described in Ferreira 
et al. (2014). A macro has been developed for the unsupervised au‐
tomatized classification of NSCs (see details in Extended Experimental 
Procedures section in Supporting information). The macro is available 
for download here: https://www.achucarro.org/downloads.

4.5 | Statistical analysis

sigmaplot (San Jose, CA, USA) was used for statistical analysis. When 
interaction between factors (age × treatment) was found, a 1‐way 
ANOVA test of all groups was performed instead. For analysis of pairs 
of groups, a Student's t test was performed. Hierarchical clustering 
was performed using Ward's method and squared Euclidean distances 
as linkage metric. For the Sholl analysis, two‐way repeated measures 
ANOVA followed by Bonferroni post hoc test was performed. The fit‐
ting of linear and nonlinear regression models to data was compared 
in graphpad prism 5 (GraphPad Software, Incl, San Diego, CA).
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