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ABSTRACT

During aging some individuals are resilient to the decline of cognitive functions
whereas others are vulnerable. These inter-individual differences in memory abilities have
been associated with differences in the rate of hippocampal neurogenesis measured at old age.
Whether the maintenance of the functionality of neurons generated throughout adult life is
linked to resilience to cognitive aging remains completely unexplored. Using the immediate
early gene Zif268, we analysed the activation of dentate granule neurons born in adult (3
month-old), middle-aged (12 month-old) or senescent (18 month-old) rats (n=96) in response
to learning when animals reached 21 month-old. The activation of neurons born during the
developmental period was also examined. We show that neurons generated 4, 10 or 19
months before learning (and not developmentally born neurons) are activated in senescent rats
with good learning abilities. In contrast, aged rats with bad learning abilities do not exhibit an
activity-dependent regulation of Zif268. In conclusion, we propose that resilience to cognitive
aging is associated to the responsiveness of neurons born during adult-life. These data add to
our current knowledge by showing that the aging of memory abilities stems not only from the

number but also from the responsiveness of adult-born neurons.
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INTRODUCTION

Brain and cognition change with age, and although patterns of decline are evident at
the population level, the rates of change differ among individuals as well as across brain
regions and cognitive domains (Gray and Barnes, 2015; Nyberg et al., 2012). Indeed, some
old individuals exhibit cognitive abilities similar to those of younger ones (optimal/successful
aging) whereas others show a clear substantia (suboptimal/accelerated aging) cognitive
decline without signs of pathologies. Episodic memory is particularly sensitive to aging and
investigations conducted so far have revealed both in humans and in animal models, that the
preservation of episodic memory abilities is correlated to the structural and functional
integrity of the hippocampal formation (Bettio et al., 2017; Gonzalez-Escamilla et al., 2018;
Samson and Barnes, 2013). Severa models and theories (maintenance, reserve,
compensation) emerged in an effort to account for variability in cognitive outcome across old
subjects and high level of neural plasticity has been proposed for brain reserve and resilience
to cognitive aging (Nyberg et al., 2012).

The ability of the adult brain, and in particular the dentate gyrus (DG) of the
hippocampus, to create new neurons is a peculiar form of plasticity to protect the aging brain.
Briefly, new dentate granule neurons (DGNs) generated throughout the entire life of an
individual (Altman, 1962; Gross, 2000), humans included (Eriksson et al., 1998; Moreno-
Jiménez et al., 2019; Spalding et al., 2013), are integrated into functional circuits and play a
crucial role in complex forms of learning and memory (Clelland et al., 2009; Dupret et al.,
2008; Sahay et al., 2011; Tronel et al., 2012). In addition, both the addition and the
elimination of new neurons in young adult rodent before, during or after learning are
important for learning, remembering and forgetting (Akers et al., 2014; Dupret et al., 2007;

Trouche et al., 2009).
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During aging, the rate of cell proliferation (and thus neurogenesis) decreases (Abrous
et al., 2005), a process associated to the progressive loss of neural stem cells (NSCs), to
phenotypic and functional change of NSCs (Martin-Suarez et al., 2019; Schouten et al.,
2019), or their niche (Diaz-Moreno et al., 2018). Inter-individual differences in the rate of
adult neurogenesis (ANg) has been linked to variability in spatial memory abilities of
senescent animals: preserved memory functions are associated with the maintenance of a
relatively high neurogenesis level measured after learning whereas memory deficits are linked
to exhaustion of neurogenesis (Drapeau et al., 2003). Moreover, we have found that
corticosterone dampening from middle age has a beneficial effect on the rate of neurogenesis
and spatial memory measured once animals have reached senescence (Montaron et al., 2006).
Together, this last set of data raises the fascinating hypothesis that neurons generated
throughout adult life could constitute a mechanism that promotes resilience to cognitive
aging.

To tackle this question, we examined the activation of DGNs generated throughout
adult life in the maintenance of memory function by imaging them when animals reached
senescence. DGNSs born in adult (3 month-old), middie-aged (12 month-old) or senescent (18
month-old) rats were labeled with analogs of thymidine and their activation in response to
spatial learning was measured using Zif268, an Immediate Early Gene (IEG) (Tronel et al.,
2015b), when animals have reached senescence. The activation of DGNs born during

development was also examined.
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MATERIALSAND METHODS

Animals. For these experiments, a total of 96 male Sprague-Dawley rats (OFA,
Janvier, France) were used. Animals were housed collectively until behavioural testing under
a 12h:12h light/dark cycle with ad libitum access to food and water. Temperature (22°C) and
humidity (60%) were kept constant.

In the first experiment, male rats (n=19), were 16-month-old on delivery. In the second
experiment, rats (n=32) were 2-month-old on delivery. In the third and fourth experiments,
rats (n=25) were 21 day-old on delivery. In the fifth experiment, pregnant Sprague-Dawley
female rats (n=4) were individually housed in transparent cages. After delivery, the litters
were raised by their biological mothers until weaning (21 days after birth). After weaning,
only the male progeny (n=20) was kept. Rats were individually housed before the beginning
of behavioral training. Animals with a bad general health status or tumors were excluded.
Experimental procedures have been planned respecting the European directive of the
parliament and the conceal of September 22, 2010 (2010/63/UE, 5012006A).

Thymidine analogue injections. Newly-born cells were labeled by the incorporation
of synthetic thymidine analogues (XdU, Sigma Aldrich, Saint Louis, USA Table 1). In the
first experiment, rats were injected with 5-bromo-2'-deoxyuridine (BrdU) according to a
previously described protocol (Drapeau et al., 2003; Drapeau et al., 2007). These animals
received one daily BrdU injection (50 mg/kg/day; ip) for five days when 18-month-old, i.e.
four months before training. In the second experiment, rats received five injections of 5-
chloro-2'-deoxyuridine (CldU) when 3-month-old and five injections of 5-iodo-2'-
deoxyuridine (IdU) when 12-month-old(Dupret et al., 2007), both at equimolar doses of 50mg
BrdU/kg. In the third and fourth experiments, animals received one injection of CldU when

28 day-old (equimolar dose of 50mg BrdU/kg). In the fifth experiment, pregnant female rats
5
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received two injections of 5-chloro-2'-deoxyuridine (CldU, equimolar dose of 50mg BrdU/kg
50mg/kg) at E18.5 and E19.5.

Water-maze training. Rats were tested in the water-maze when 22-month-old
(experiments 1,2,4) or 15-month-old (experiments 3,5). The apparatus consisted of a circular
plastic swimming pool (180 cm diameter, 60 cm height) that was filled with water (20 £ 1°C)
rendered opaque by the addition of a white cosmetic adjuvant. Before the start of training,
animals were habituated to the pool for two days for one minute per day. During training, the
Learning group (L) was composed of animals that were required to locate the submerged
platform, which was hidden 1.5 cm under the surface of the water in a fixed location, using
the spatial cues available within the room. Rats were all trained for four trials per day (90 s
with an inter-trial interval of 30 s and released from 3 different starting points that varied
randomly each day). If an animal failed to locate the platform, it was placed on that platform
at the end of the trial. The time to reach the platform was recorded using a video camera that
was secured to the ceiling of the room and connected to a computerised tracking system
(Videotrack, Viewpoint). Daily results were analyzed in order to rank animals according to
their behavioral score calculated over the last 3 days of training (when performances reached
an asymptotic level). The behavioral scores calculated over the whole training duration of
Aged unimpaired (AU) rats were below the median of the group whereas those of Aged
Impaired (Al) animals were above the median of the group. Control groups consisted of
animals that were transferred to the testing room at the same time and with the same
procedures as trained animals but that were not exposed to the water maze.

I mmunohistochemistry. Animals were sacrificed 90 min after the last trial (T able 1).
The different age-matched control groups were sacrificed within the same period. Free-

floating sections (50 pum) were processed using a standard immunohistochemical procedure to
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visualize the thymidine analogs (BrdU, CldU, 1dU) on alternate one-in-ten sections using
different anti-BrdU antibodies from different vendors (for BrdU: 1/200, Dako, Glostrup,
Denmark; CldU: 1/500, Accurate Chemical, Westbury, USA; IdU: 1/200, BD Biosciences,
San Jose, USA) and Zif268 (1:500, Santa Cruz Biotechnology, Dallas, USA). The number of
XdU-immunoreactive (IR) cells in the granule and subgranular layers (gcl) of the DG was
estimated on a systematic random sampling of every tenth section along the septo-temporal
axis of the hippocampal formation using a modified version of the optical fractionator
method. Indeed, all of the XdU-IR cells were counted on each thick section and the resulting
numbers were tallied and multiplied by the inverse of the section sampling fraction (1/ssf=10
for BrdU and IdU-cells that were counted in both sides of the DG, 1/ssf=20 for CldU-IR cells
that were counted in the left side). The number of Zif268-IR cells (left side) was determined
using a 100x lens, and a 60 um x 60 um frame at evenly spaced x-y intervals of 350 um by
350 um with a Stereo Investigator software (Microbrightfield).

Activation of new cells. The activation of adult-born cells was examined using
immunohistofluorescence. To visualize cells that incorporated thymidine analogues, one-in-
ten sections were incubated with different anti-BrdU antibodies (BrdU & CldU, rat primary
antibodies at 1/200 Accurate Chemical; 1dU, mouse primary antibodies at 1/200, BD
Biosciences). Sections were also incubated with Zif268 (rabbit,1:500, Santa Cruz
Biotechnology). Bound antibodies were visualized respectively with Cy3-goat anti-rat
(2:1000, Jackson, West Grove, USA) or Cy3-goat anti-mouse (1:1000, Jackson) and Alexa-
488-goat anti-rabbit antibodies (1:1000, Jackson). CldU- Zif268 and 1dU- Zif268 labeling
were analyzed on different sections because of some cross reactivity between secondary
antibodies made in mice or rat (Fig 1 in (Tronel et al., 2015b)). All BrdU-, CldU- or IdU-

labeled cells expressing Zif268 (one side) were determined using a confocal microscope with
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HeNe and Arg lasers (Leica, DMR TCSSP2AOBS), with a plane apochromatic 63X oil lens
(numerical aperture 1.4; Leica). The percentage of BrdU-, CldU- or IdU-labelled cells that
expressed Zif268 was calculated as follow: (Nb of XdU™/IEG" cells)/[(Nb of XdU*/IEG
cells) + (Nb of XdU"/IEG" cells)] x 100. All sections were optically sliced in the Z plane
using 1 um interval and cells were rotated in orthogonal planes to verify double labelling.
Analysis of phenotype. One-of-ten series was incubated with a rat monoclonal anti-
BrdU antibody (1/200, Accurate Chemical) and with a mouse monoclonal anti-NeuN
antibody (1:500, Millipore, Massachusetts, USA). Bound anti-BrdU and anti-NeuN antibodies
were visualized with a Cy3-goat anti-rat (1:1000, Jackson) and an Alexa 488- goat anti-mouse
IgG antibody (1:1000, Jackson). The phenotype of 1dU-IR cells and CldU-IR cells was
determined using rabbit anti-calbindin antibodies (1/200, Millipore) that were revealed with
Alexa 488- goat anti-rabbit 1gG antibodies (1/500, Jackson). We also analysed the phenotype
of Zif268 cells by incubating one-in-ten sections with a rabbit anti-Zif268 antibody (1:500,
Santa Cruz Biotechnology) and a mouse monoclonal anti-NeuN antibody (1:500, Millipore).
Bound anti-Zif268 and anti-NeuN antibodies were visualized with a Cy3-goat anti-rabbit
(2:1000, Jackson) and an Alexa 488- goat anti-mouse IgG antibody (1:1000, Jackson).
Statistical analysis. Data (meants.em.) were analysed using an ANOV A or Student’s

t-test (2 tails) when necessary.
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RESULTS

In a first step we sought out to determine whether new neurons born during
senescence are recruited by spatial learning. To do so, eighteen-month-old rats were injected
with BrdU according to a previously described protocol (Table 1) and were trained four
months later in the water maze using a reference memory protocol (Drapeau et al., 2003).
Animals were trained for eleven days (Figure S1A,B) until the aged-unimpaired rats (AU)
learned the task (day effect on the Latency: Fi166=2.35, p=0.016; day effect on Distance:
Fi1166=2.76, p=0.005) and reached asymptotic levels of performances (with no statistical
significant differences between the last 3 days). In contrast, the aged-impaired (Al) rats did
not learn the task although they were searching and finding the platform most of the time (2 or
3 trids out of 4) (day effect on the Latency: Fi166=1.25, p=1.25; day effect on Distance:
F1166=0.96, p=0.48). Ninety minutes after the last trial, animas (and their age-matched
control group) were sacrificed for immunohistochemistry. At the time of sacrifice, BrdU-IR
cells were 4 months-old and the magjority was located within the granule cell layer (GCL)
(Figure 1A).

These cells were more numerous in the GCL of aged animals with good learning
abilities (AU) compared to aged animals with memory deficits (Al) (Figure 2A, F,16=7.64,
p=0.05 with C=AI<AU at p<0.01). Thisfinding is consistent with our previous study showing
that the number of neurons generated one month after learning is higher in AU compared to
Al (Drapeau et al., 2003) senescent rats. More than fifty percent of BrdU-IR cells in the GCL
expressed NeuN (Figure 1B) and neuronal differentiation was not different among groups
(Figure 2B, F,16=2.07, p=0.15).

To determine whether newborn neurons are recruited by learning, we used Zif268

since this IEG is ill expressed in the old DG (Gheidi et al., 2013; Marrone et al., 2011).
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Given that a substantial fraction of cells generated during senescence did not express NeuN,
we verified in trained animals that Zif268 expressing cells were expressing NeuN (Figure
1C). We found that the vast majority of activated cells (Zif268) were neurons (NeuN) and that
this ratio was similar between good and bad learners (Al: 96.4 + 0.5; AU: 96 + 1.3, p>0.05).
Then we examined the activation of adult-born cells, meant to be neurons, in response to
learning (Figure 1D). We found that the percentage of BrdU-IR cells expressing Zif268-IR in
aged animals with good learning abilities was greater than that of aged animals with memory
deficits and of untrained control groups (Figure 2C, F,16=3.70, p=0.05 with C=AI<AU at
p<0.05). In contrast, the total number of Zif268-IR nuclei did not differ between groups
(Figure 2D, F;,16=0.25, p=0.78). These results show that neuronal cells in the senescent DG
are recruited by spatial learning and not by nonspecific effects of training (swimming, stress)
as revealed by the lowest level of recruitment of 4-month-old cells in aged impaired and
control animals.

Then we asked whether neurons born earlier, i.e. in middle-age or young adulthood,
are also recruited by learning during aging. For this purpose, animals were injected with CldU
when 3-month-old, and with 1dU when middle-aged (at twelve months old; Table 1). Animals
were trained ten months later for eleven days until the AU learned the task (day effect on the
Latency: Fio100=22.08, p<0.001; day effect on Distance: Fio,100=18.77, p<0.001) and reached
three days of stable performances (Figure S1C,D). In this batch, the Al showed a dramatic
improvement of their performances on the last training day (day effect on the Latency:
F10100=6.67, p<0.001; day effect on Distance: Fio100=22.08, p<0.001). Trained animals (and
their age-matched control group) were sacrificed 90 minutes after the last trial. At the time of
sacrifice 1dU cells were 10-month-old (Figure 1D). Their number was not influenced by

training or by the cognitive status of the animals (Figure 3A, F,20=0.87, p=0.43). More than
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eighty percent of IdU cells expressed the neuronal marker calbindin (Figure 1F, 3B,
F2.26=4.21, p=0.02 with C=AlI<AU at p=0.02). The percentage of neurons born during middle-
age and expressing Zif268 was greater in the AU group than that measured in Al and C
groups (Figures 1G, 3C, F,20=4.87, p=0.02 with C=AI<AU at p<0.01 and p<0.05
respectively).

CldU-IR cells examined in the same animals were 19-month-old (Figure 1H). Their
number was not influenced by training or the cognitive status of the anima (Figure 4A,
F220=0.52, p=0.6). By analysing the phenotype of CldU cells with calbindin, we found that
exposure to the water maze slightly increased neuronal differentiation (Figure 1J,4B, C: 82.8
+.1% Al: 86.9 + 0.8%; AU: 86.2 + 0.7%; F,20=6.54, p<0.01 with C<AI=AU at p=0.01).
Again, we found that the percentage of CldU-IR cells expressing Zif268 was greater in the
AU group than that measured in Al and C groups (Figures 1J, 4C, F,29=6.96, p=0.004 with
C=AI<AU at p<0.01 and p<0.05 respectively). The total number of cells expressing Zif268-
IR (C: 29270.02 + 2360.54: Al: 26068.94 + 2366.78; AU: 28739.22 + 3095.74, F,20=0.42,
p=0.65) did not differ between groups.

Finally, we explored the role of dentate granule born during development of the DG
by tagging neurons born in adolescent rats (PN28, Figure 1K) and neurons born in embryos
(E18.5, Figure 1L) with CldU. Animas were sacrificed when 22 or 15-month-old. In al
conditions, the number of CIdU-IR cells and the percentage of CldU-IR cells expressing

Zif268 were similar in AU and Al (Table S1).
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DISCUSS ON

To determine whether neurons generated during adult life participate to learning
abilities in old age, the expression of the IEG Zif268 in new neurons was assessed. We found
that cells generated during young adulthood, middlie-age and senescence survive for a long
period of time and are functionally integrated into the dentate network. When taking into
account individual differencesin memory abilities, we highlight that although the number of
new cells generated in 12-month-old animals is decreased tenfold compared to 3-month-old
rats, the total number of CdU-IR or 1dU-IR cells measured when animals reached senescence
is similar between AU and Al and not different from untrained control animals.

These conclusions have been obtained using two different cohorts of rats. The first one
was utilized to study Adu-DGNs generated in senescent DG and the second one to study Adu-
DGNSs generated in young adult and middle aged DG. When comparing the behavior of the
two batches of rats, it appears that deficits in the aged-impaired rats were much pronounced
for the first batch of animals. This cohort effect, a well know phenomena in aging research
(Schaie and Willis, 2015), could be related to the housing condition. Indeed, the first batch
was raised in the vendor facilities until 16-month-of age whereas the second one was raised
in-house. Supporting this, in our previous experiments performed in rats not aged in-house,
the difference between AU and Al were more pronounced that observed in the second
experiment (Desjardins et al., 1997; Drapeau et al., 2007; Schaie and Willis, 2015). However,
independently of the cohort of rats or of adult-born neurons the same profile of activation was
observed (C=Al <AU).

While the process of neurogenesis have been well characterized in young adult rodents
(Aimone et al., 2014), information about their aging and their function is less abundant

(Drapeau and Abrous, 2008; Encinas and Fitzsimons, 2017; McAvoy and Sahay, 2017). The
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number of stem cells and the rate of cell proliferation dramatically decrease with age, along
with their neurona differentiation and the number of immature neurons (<4 weeks-old) is
thus significantly decreased. Recently, the development and functional integration of these
cells has been described to be delayed by age (Trinchero et al., 2017). Indeed, 3-week-old
neurons generated in middle-aged mice (10-14 months) displayed shorter and simpler
dendrites and a dramatic reduction in spine number compared to 2-month-old mice, and
exhibited immature neuronal electrophysiological properties as revealed by the lack of
functional glutamatergic synaptic inputs (Trinchero et al., 2017). In fact, their overall mature
excitability and maximal glutamatergic connectivity is delayed compared to neurons born in
younger animals as achieved within 10 weeks (Trinchero et al., 2019). The long-term destiny
of adult-born generated in young adult animals has not been explored in depth. We and others
have shown that contrary to what was initially hypothesized (Gross, 2000), the new neurons
survive for several months (Kempermann et al., 2003; Tronel et al., 2015b) and even yearsin
the DG (present results) and do not show signs of decline in excitability when they age: 5-
month-old neurons are as excitable as 1-month-old-cells; they can even exhibit high levels of
excitability following either enriched environment exposure or induction of LTP (Ohline et
al., 2018). This latest very exciting result supports our hypothesis that even when several
months-old, Adu-DGNs are still plastic, they do not retire and participate in memory
functions (Abrous and Wojtowicz, 2015; Lemaire et al., 2012; Tronel et al., 2015b), and even
more so their persistence is not passive, but aresult of their activity.

Here, we found that between middle-age and senescence the number of cellsis further
decreased, but then a difference among the AU and Al groups appears. Based on previous
data, it is likely that the emergence of such a difference results from a difference in cell

proliferation (Diaz-Moreno et al., 2018; Drapeau et al., 2003), neuronal differentiation
13
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(Drapeau et al., 2003; Qiao et al., 2019), cellular senescence (Hernandez-Segura et al., 2018;
Micheli et al., 2019), changes in the neurogenic niche (Fan et al., 2017) and/or to the systemic
milieu (Mahmoudi et al., 2019; Smith et al., 2015; Villeda et al., 2011). Interestingly, we
have shown that the senescent neurogenic niche is capable to rejuvenate upon removal of
corticosterone (Montaron et al., 1999) or addition of Sulfate pregnenologne (Mayo et al.,
2005) indicating that neural stem cells are not depleted and keep their abilities to divide.

The main finding of our study is that the ability for newborn cells to be recruited by
learning in aged rats depends upon their memory abilities. Indeed, the percentage of adult-
born cells expressing Zif268 was higher in animals that learned the task compared to animals
that did it to alesser extent. This finding isin accordance with our previous data showing that
i) when compared to control rats (naive rats or rats trained to find a visible platform), adults
required to use an hippocampal-dependent strategy in the water-maze (or the dry maze)
exhibit an increased percentage of mature adult-born neurons expressing Zif268 (Tronel et al.,
2015a; Tronel et al., 2015b), and ii) ablating mature adult-born neurons generated four
months before training (when animals where 3 months old) delays the ability of rats to learn
such atask (Lemaire et al., 2012). In the present experiment the percentage of adult-born cells
expressing Zif268 in each experimental group was similar for the three neuronal populations
studied. It was thus independent of the age of the animals at the time of labeling (3, 12, and18
months) and of the age of the cells at the time of training (4, 10, and 19 months). It was also
independent of whether or not the total number of XdU cells differed between AU and Al
groups. Note that even if in the first batch of animals, fifty percent of BrdU-IR cells
differentiated into neurons, 96% of Zif268 cells were neurons suggesting that all BrdU-Zif268

cells were meant to be activated new neurons.
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It could be argued that neurons born during development, which represent amajor part
of the DG, are also involved in differences in spatial memory abilities in old age. However,
three arguments seem to rule out this hypothesis. First the total number of granule cells is
similar between AU and Al groups (Drapeau et al., 2003; Drapeau et al., 2007; Rapp and
Gallagher, 1996). Second, we have shown that neurons born in embryos, neonates, juveniles
are not activated by spatial learning when they are mature compared to neurons of the same
age born in adults. Indeed, the former are not recruited by spatial learning in the water maze
when animals are tested at 7-month-old (Tronel et al., 2015b). Third, if neurons generated
during development (pre- and post-natal periods) were activated by spatial learning, given
their high numbers, differences in the total number of Zif268 cells should have emerged as a
function of the cognitive status. We began to explore their role in aging in the present
manuscript and found that neurons born during the juvenile period (PN28) or the embryonic
period (E18.5/19.5) are not differentialy recruited in the good and bad learners.

One question that we did not address is whether the three neuronal populations studied
participate to the same extent to learning. To address this point, sophisticated models that
allow to selectively tag new neurons generated within a defined period of time (adulthood,
middle-age or senescence) and to ablate them during training performed at senescence, are
required. One possibility would be to take advantage of the recently developed
pharmacogenetic approach of DREADD (Designer Receptor Exclusively Activated by
Designer Drug)(Alvarez et al., 2016) or optogenetic (Gu et al., 2012) in order to tag
specifically neurons born in young adult rats and manipulate them when animals have reached
senescence.

A previous study has shown that 4-month-old neurons generated in old rats exhibiting

spatial memory deficits are recruited in response to spatial exploration behavior with the same

15


https://doi.org/10.1101/290676

bioRxiv preprint doi: https://doi.org/10.1101/290676; this version posted January 20, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Montaron et al.

probability than 4-month-old neurons generated in aged good learners or in young adult rats
(Marrone et al., 2012). From this dataset it was concluded that disrupted information
processing at old age may be linked to a reduced number of adult-generated granule cells, and
not to a deficit in their functionality. However, in this study the activation of adult-generated
neurons was evaluated in response to a simple form a learning (spatial exploration). Taking
the present data into consideration, we rather suggest that adult-born neurons in AU are
sufficiently connected to integrate simple stimulations generated during simple form of
learning but insufficiently integrated to process the complex stimulations generated during
spatial navigation.

Zif268 is known to be regulated in an activity-dependent manner by learning (for
review see (Veyrac et al., 2014)). It is overexpressed in response to different types of learning
in distinct structures and circuits that are processing the ongoing information and several
arguments indicate that it is required for the stabilization (and not acquisition) of long-lasting
memories. Although the mechanisms are not fully understood, the activation of Zif268 may
strengthen/stabilize the memory trace. It can be hypothesized that during learning the
activation of Zif268 in adult-born neurons of GL may be involved in the formation,
stabilization and reactivation of place cells in the hippocampal network, events known to
support spatial learning (O'Keefe J, 1978).

Here we hypothesize that adult-born neurons that do not exhibited activity-dependent
regulation of Zif268 become functionally silent in the course of aging, leading to memory
deficits. Although the firing patterns that are sufficient to induce Zif268 in adult-born neurons
in “behaving” animals are so far unknown, adult-born neurons silencing may have severa
origins. It may result from a loss of synaptic inputs (Fischer et al., 1987; Geinisman et al.,

1986; Smith et al., 2000) altering the ability to fire properly (Ahlenius et al., 2009); these
16
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synaptic alterations of Adu-DGNs could be linked to the acceleration of senescence through
epigenetic changes (Penner et al., 2010; Penner et al., 2011), decrease autophagy activity
(Glatigny et al., 2019) or changes of the local and systemic milieu (Fan et al., 2017).

In conclusion, our results highlight the importance of neurons born throughout adult-
life in providing resilience to age-related memory disorders. They reveal a novel perspective
for developing therapies to promote resilience to age-related memory disorders or to
rejuvenate the DG by acting throughout adult life on adult-born dentate neurons (Fan et al.,

2017; Mahmoudi et al., 2019).
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FigureL egends
Figurel. Granule neuronsin the of aged DG. (A) Illustration of 4-month-old BrdU-

IR neurons in an animal with preserved memory. (B) Confocal photomicrographs of 4-month-
old BrdU-IR cells (blue) expressing NeuN (green). Confocal photomicrographs of (C)
neurons (NeuN, green) expressing Zif268 (blue) and of (D) 4-month-old BrdU-IR cells (red)
expressing Zif268 (green). (E) Illustration of 10-month-old IdU-IR neurons. Confocal
photomicrographs of 1dU-IR cells (red) expressing (F) Calbindin (green) or (G) Zif268
(green). Illustration of 19-month-old CldU-IR neurons. (H) Confocal photomicrographs of
CldU-IR cells (red) expressing (1) Calbindin (green) or (J) Zif268 (green). (K) Illustration of
CldU-IR neurons born in adolescent rats (PN28). (L) Illustration of CldU-IR neurons born in
embryons (ED18.5). Bar scale for DAB= 20um. Bar scale for confocal illustration =10um.

Figure 2. Neurons produced during old age are activated by spatial learning. Top:
Experimental design. (A) The number of BrdU-IR cellsis higher in the aged rats that learned
the task (AU) compared to those with spatial memory deficits (Al) or to control animals (C).
(B) The percentage of cells differentiating into neurons (BrdU-IR cells expressing NeuN) is
similar between the three groups. (C) The expression of Zif268 in BrdU-IR cells generated in
senescent DG is increased in AU compared to Al rats and C rats. (D) The number of neurons
expressing Zif268 is similar between the three groups. *: p<0.05, **: p<0.01 compared to
AU.

Figure 3. Neurons produced during middle-age ar e activated by spatial learning
in aged good leaners. Top: Experimental design. (A) The number of IdU-IR cells -generated
at mid-age- is independent of the memory abilities measured when rats reached senescence.
(B) The percentage of cells differentiating into neurons (IdU-IR cells expressing Calbindin) is

slightly increased in Al (compared to C and AU). (C) The expression of Zif268 in 1dU-IR
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cellsisincreased in AU rats compared to Al rats and C rats.*: p<0.05, **: p<0.01 compared
to AU. °: p<0.05 compared to C.

Figure 4. Neurons produced during young adulthood are activated by spatial
learning in good leaners. Top: Experimental design. (A) The numbers of CldU-IR cells
generated when animals are young adult is independent of the memory abilities measured
when rats reached senescence. (B) The percent of CldU-IR cells expressing cabindin is
increased by training. (C) The expression of Zif268 in CldU-IR cells generated in young adult
DG isincreased in AU compared to Al rats and C rats. °: p<0.05 compared to AU, +: p<0.05
compared to Al. *: p<0.05, **: p<0.01 compared to AU.

Figure S1. Spatial memory abilities of aged rats in the water-maze. Learning
performances are expressed as the mean latency (A,C) and mean distance travelled (B,D) to
find the submerged platform for the first (A,B) and second (C,D) cohort of senescent rats.

Table S1. DGNs produced in adolescent rats or embryos are not activated by

spatial learning in aged rats.
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Table 1 : Summary of the procedures

Batch Experiment XdU Rats’ age at Rats’ age at Neurons’ age at Group size
XdU injections | time of sacrifice | time of sacrifice

1 Recruitment of Adu- BrdU 18 months 22 months 4 months C=5

DGNs of 4-month- Al=7

old AU=7

2 Recruitment of 10- 1dU 12 months 22 months 10 months C=10

month-old Adu- Al=11

DGNs AU=11

Recruitment of 19- CldU 3 months 22 months 19 months C=10

month-old Adu- Al=11

DGNs AU=11

3 Recruitment of CldU PN28 22 months 21 months Al=5

DGNs born in AU=5
adolescent rats

4 Recruitment of CldU PN28 14 months 15 months Al=5

DGNs born in AU=5
adolescent rats

5 Recruitment of Cldu Ed18.5 15 months 15 months Al=6

DGNs born in AU=7

embryos
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