
Progress in Neurobiology 219 (2022) 102364

Available online 13 October 2022
0301-0082/© 2022 INSERM. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

Chemogenetic stimulation of adult neurogenesis, and not neonatal 
neurogenesis, is sufficient to improve long-term memory accuracy 

Marie Lods a, Pierre Mortessagne a, Emilie Pacary a, Geoffrey Terral b, Fanny Farrugia a, 
Wilfrid Mazier c, Nuria Masachs a, Vanessa Charrier a, Daniela Cota c, Guillaume Ferreira d, 
Djoher Nora Abrous a,1,*, Sophie Tronel a,1,* 

a Univ. Bordeaux, INSERM, Magendie, U1215, Neurogenesis and Pathophysiology Group, F-3300 Bordeaux, France 
b Univ. Bordeaux, INSERM, Magendie, U1215, Endocannabinoids and Neuroadaptation Group, F-3300 Bordeaux, France 
c Univ. Bordeaux, INSERM, Magendie, U1215, Energy Balance and Obesity Group, F-3300 Bordeaux, France 
d Univ. Bordeaux, INRAE, Bordeaux INP, NutriNeurO, UMR 1286, Nutrition and Integrative Neurobiology Group, F-3300 Bordeaux, France   

A R T I C L E  I N F O   

Keywords: 
Adult neurogenesis 
Hippocampus 
Memory 
Chemogenetic 

A B S T R A C T   

Hippocampal adult neurogenesis is involved in many memory processes from learning, to remembering and 
forgetting. However, whether or not the stimulation of adult neurogenesis is a sufficient condition to improve 
memory performance remains unclear. Here, we developed and validated, using ex-vivo electrophysiology, a 
chemogenetic approach that combines selective tagging and activation of discrete adult-born neuron pop-
ulations. Then we demonstrated that, in rats, this activation can improve accuracy and strength of remote 
memory. These results show that stimulation of adult-born neuron activity can counteract the natural fading of 
memory traces that occurs with the passage of time. This opens up new avenues for treating memory problems 
that may arise over time.   

1. Introduction 

The role of the dentate gyrus (DG) in memory retrieval has been 
extensively studied but yet its involvement in this process remains 
controversial. Many studies have shown that the activation of DG 
granule cells declines over time during consolidation and that memory 
retrieval is supported by reactivation of CA3 and CA1 networks (Kita-
mura et al., 2017; Pignatelli et al., 2019; Tayler et al., 2013), suggesting 
that dentate granule cells are not required for memory retrieval 
(Madroñal et al., 2016). However artificial reactivation of the granule 
cells that encoded the learning experience triggers memory retrieval 
(Ryan et al., 2015). It has also been shown that, in the DG, granule 
encoding-neurons are functionally distinct and that different neuronal 
ensembles are involved in different memory functions (Sun et al., 2020). 
Therefore, it is relevant to consider the heterogeneity of the structure 
when investigating its function. A cardinal feature of the DG is that it 
hosts adult neurogenesis as new neurons are continuously generated 
throughout life. Because the hippocampus is critical for memory, many 
studies have been devoted to understanding the role of adult 

neurogenesis in memory processes (Abrous et al., 2021a; Deng et al., 
2010; Goncalves et al., 2016; Miller and Sahay, 2019). Manipulating 
adult neurogenesis impacts hippocampal-dependent learning, in 
particular spatial navigation (Dupret et al., 2007) and contextual fear 
conditioning (Gu et al., 2012). Similarly, adult neurogenesis seems to be 
essential to maintain spatial and contextual memory traces as ablation of 
adult-born neurons disrupts memory retrieval (Arruda-Carvalho et al., 
2011). However, relatively few studies have shown any beneficial effect 
on memory resulting from the stimulation of adult neurogenesis other 
than those resulting from the genetic enhancement of the neurogenic 
pool (Berdugo-Vega et al., 2020; Sahay et al., 2011). Because it is known 
that adult neurogenesis is homeostatically regulated (Dupret et al., 
2007), the addition of new neurons can lead to compensatory mecha-
nisms (McAvoy et al., 2016). Thus, knowledge about the effect of spe-
cifically activating a given population of new neurons, already present at 
the time of learning, on subsequent memory processes is lacking. 

Furthermore, the respective role of adult-born neurons and neona-
tally generated granule neurons seems to differ according to the memory 
process investigated. We have previously shown that, in contrast to 
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adult-born neurons, neonatally generated ones are not activated by 
spatial learning (Tronel et al., 2015b) nor by spatial memory retrieval 
(Lods et al., 2021) and that they are not necessary for memory stabili-
zation (Masachs et al., 2021). In addition, adult-born neurons may have 
a greater impact on behavior and make unique contributions to hippo-
campal functioning since they are more plastic than the neurons 
generated during development (Cole et al., 2020; Lodge and Bischof-
berger, 2019). Therefore, investigating the specific role of adult neuro-
genesis in memory retrieval could bring new information to the 
understanding of memory maintenance. In order to address these issues, 
we tested whether chemogenetic stimulation of neuronal activity of new 
neurons during retrieval could enhance long-term memory retention in 
two different hippocampal-dependent tasks. 

2. Methods 

2.1. Animals 

A total of 154 male Sprague–Dawley rats (OFA, Charles Rivers, 
France) were used for these experiments. Rats weighing between 250 
and 275 g (2 months of age) at time of delivery were individually housed 
in standard cages under a 12/12 h light/dark cycle with ad libitum ac-
cess to food and water. 

Pregnant female (n = 13, three month-old, 240–260 g body weight 
on delivery) Sprague–Dawley rats (OFA, Charles Rivers, France) were 
individually housed in plastic breeding cages under standard laboratory 
conditions. After birth, only litters of 8–11 pups with approximately 
equal sex ratios were retained for the study. The litters were raised by 
their biological mothers until weaning (21 days after birth). After 
weaning, only the male progeny were kept, and animals were randomly 
assigned to the different experimental groups. 

All experiments were performed in accordance with the recom-
mendations of the European Union (2010/63/UE) and were approved 
by the ethical committee of the University of Bordeaux (#Dir1367, 
#17467, #22698). 

2.2. Plasmids and retroviruses 

The Gs DREADD was cloned by PCR using pcDNA5/FRT-HA-rM3D 
(Gs) (Addgene #45549; (Armbruster and Brandeau, 2007)) as a tem-
plate (See Table S2 for PCR primers) and then inserted into the BamHI 
site of a CAG-IRES-GFP retroviral backbone (Jessberger et al., 2008). 
The resulting construct CAG-Gs-IRES-GFP was sequenced using specific 
primers (Table S2) and is named Gs-GFP-RV in the text. The control 
construct had the same viral backbone without the insert (GFP-RV in the 
text). 

High titers of retroviruses were prepared with a human 293-derived 
retroviral packaging cell line (293GPG) (Ory et al., 1996), kindly pro-
vided by Dr Dieter Chichung Lie (University of Erlangen-Nuremberg). 
Virus-containing supernatant was harvested three days after trans-
fection with Lipofectamine 2000 (Invitrogen, Oregon, US. 
#11668–019). This supernatant was then cleared from cell debris by 
centrifugation at 2191 g for 15 min and filtered through a 0.45 µm filter 
(Millipore, Massachusetts, US). Viruses were concentrated by two 
rounds of centrifugation (respectively 46,000g and 67,629g, 1 h each) 
and resuspended in PBS. 

2.3. Retroviral injections 

Adult rats were anaesthetized with 3% isoflurane and placed in the 
stereotaxic frame, where they were maintained on 2% isoflurane for the 
duration of the surgery. Analgesia was provided by a subcutaneous in-
jection of Metacam (1 mg/Kg). Retroviruses were stereotaxically injec-
ted (2 µL per injection site at 0.3 µL/min) into the dentate gyrus of adult 
rats with a microcapillary pipette connected to a micro-syringe pump 
(KDScientific SPLG130) attached to the stereotaxic frame. To check the 

efficiency of the virus in vivo and the effect on the survival of new 
neurons, two bilateral injections were made into the Hilus of the dorsal 
hippocampus through stereotaxic surgery coordinates from Bregma 
(− 3.2 mm posterior, ± 1.6 mm lateral, − 4.2 ventral). Four bilateral 
injections were made for behavioral and electrophysiological experi-
ments (− 3.2 mm posterior, ± 1.6 mm lateral, − 4.2 ventral; and − 3.8 
mm posterior, ± 1.8 mm lateral, − 4.2 mm ventral according to the 
Paxinos and Watson atlas). 

Rats from postnatal day 3 were anaesthetized on ice and placed on a 
neonatal rat adapter in the stereotaxic frame. They were maintained on 
ice during the surgery. Retroviruses were bilaterally injected (1 µL per 
injection site at 0.3 µL/min) into the dentate gyrus of with a micro-
capillary pipette (from Bregma: − 1.2 mm posterior, ± 1.3 mm lateral, 
− 2.6 ventral). At the end of the experiment, only rats with labeled-cells 
in both hemispheres were kept in the analysis. 

2.4. BrdU injection 

BrdU (5-bromo-2′-deoxyuridine, Sigma-Aldrich, Missouri, US) was 
dissolved in a Phosphate Buffer (pH 8.4) and rats received one injection 
(100 mg/kg) intra-peritoneally (ip). 

2.5. Water maze procedures 

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. Two days before 
training, the animals were habituated to the pool for one minute. During 
training, animals were required to locate a submerged platform (16 cm 
diameter) hidden 1.5 cm under the surface of the water in a fixed 
location, using the spatial cues available within the room. All rats were 
trained for four trials per day (90 s with an inter-trial interval of 30 s, 
with release from one of three starting points selected in a pseudo-
random sequence each day) during 6 days. If an animal failed to locate 
the platform itself, it was placed on the platform by the experimenter at 
the end of the trial. The time to reach the platform was recorded with a 
video camera that was fixed to the ceiling of the room and connected to a 
computerized tracking system (Videotrack, Viewpoint, Lyon, France) 
located in an adjacent room. 

Four weeks after learning, rats were submitted to a retention test in 
the water maze. During the test, rats were put in the water maze for 60 s 
in the absence of the platform. Performances were assessed using several 
parameters: the amount of time spent in and number of entries (annulus 
crossing) into each zone. Zones were defined as a 15 cm radius (corre-
sponding to 2.8% of pool surface (Moser et al., 1998)) around the center 
of the original platform location (Target zone; T) and the three equiv-
alent areas in each of the other quadrants (other zones; O). The 
discrimination ratio for comparing data in the target zone and data in 
the other zones was calculated as follows: ((T-O)/(T + O)). The grouped 
heat-maps were created with Ethovision XT 10, Noldus (Nantes, France). 
The color of a pixel represents the average proportion of a track that is 
found at that location. We also calculated the Gallagher proximity index 
(Gallagher et al., 1993) to estimate the search paths corresponding to the 
average distance of rats from the former platform. This measure was 
obtained by sampling the position of the animal in the maze (25 times 
per second) to provide a record of its distance from the escape platform 
in 1 s averages. 

2.6. Contextual fear conditioning 

The fear conditioning chamber consisted of a squared conditioning 
chamber (30 cm × 30 cm X 40 cm) of a brightness of 10 lux, containing a 
stainless steel grid floor (Imetronic, Marcheprime, France). Rats were 
habituated to handling for 3 days before conditioning. On conditioning 
day, rats were placed in the chamber for 2 min for habituation. Then 
they received 2 foot-shocks (0.8 mA each, 1 s) 60 s apart (wait 1) and 
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they were left undisturbed for another 60 s period (wait 2). Chambers 
were cleaned with 70% ethanol between each rat. On testing day, rats 
were placed in the chamber for 3 min. In the second fear conditioning 
experiment, rats were tested in context A (conditioning chamber) or in 
context B (novel odor, lighting, cage floor, and visual cues). Half of the 
rats were tested in context A and 48 h later in context B, the other half 
was first tested in B and then in A. Behavioral data were automatically 
collected using infrared beams spaced 1 cm apart in the x and y planes, 
located at the floor of the chambers. Freezing behavior was measured 
following the cessation of movement for at least 2 s 

2.7. CNO delivery 

The DREADD ligand CNO (Clozapin-n-Oxyde, Hello Bio,# HB6149) 
was dissolved in a saline solution and delivered via one ip injection of 1 
mg/kg in rats 60 min before the test. 

2.8. Immunohistochemistry and analysis 

Animals were perfused transcardially with a phosphate-buffered 
solution of 4% paraformaldehyde. After one week of fixation, brains 
were cut with a vibratome. Free-floating 50 µm thick sections were 
processed according to a standard immunohistochemical procedure to 
visualize GFP (Chicken primary antibody, 1:2000, Abcam, Cambridge, 
UK. #Ab13970), BrdU (Mouse primary anitobody, 1:200, Dako Agilent, 
Santa Clara, US. #M0744), and Zif268 (Rabbit primary antibody, 1:500, 
Santa Cruz Biotechnology, Santa Cruz, US. #SC-189) on alternate1-in- 
10 sections. 

GFP positive cells throughout the entire dentate gyrus were revealed 
using the biotin-streptavidin technique (ABC kit, Vector Labs, Peter-
borough, UK #PK-4000) and 3,3′-diaminobenzidine as a chromogen 
with a biotinylated goat anti chicken antibody (1:500, Jackson Immu-
noResearch, Cambridgeshire, UK. #103–065–155). 

GFP-IR cells were counted under a 100x microscope objective 
throughout the entire septo-temporal axis of the granule and sub-
granular layers of the dentate gyrus (DG). The total number of cells was 
estimated using the optical fractionator method, and the resulting 
numbers were tallied and multiplied by the inverse of the sections 
sampling fraction (1/ssf10). 

BrdU-positive cells throughout the entire granular layer of the 
supragranular and infragranular blades of the DG were revealed using 
the biotin-streptavidin technique with a horse anti-mouse antibody 
(1:200, Vector Labs, Peterborough, UK. #BA-2001). The total number of 
cells was counted under a 100x microscope objective throughout the 
entire left septo-temporal axis of the granule and subgranular layers of 
the DG as previously described (Tronel et al., 2010a). The total number 
of cells was estimated using the optical fractionator method. 

To estimate the density of Zif268-IR cells (both sides), two- 
dimensional images of the entire dentate gyrus were acquired with a 
slide scanner. The slide scanner was a Nanozoomer 2.0HT with a fluo-
rescence imaging module (Hamamatsu Photonics France) using an 
objective UPS APO 20X NA 0.75 combined to an additional lens 1.75X, 
leading to a final magnification of 35X. Virtual slides were acquired with 
a TDI-3CCD camera. Zif268-IR cells were counted by using QuPath 
sofware. The results are expressed as the number of IR cells per mm2 of 
the granule cell layer (GCL) of the DG. 

Activation of GFP-IR neurons was examined by immunohisto-
fluorescence. GFP was visualized with an Alexa-488 goat anti-chicken 
antibody (1:1000, Invitrogen, Oregon, US. #A-11039). In the same 
sections, Zif268+ cells was visualized with an Alexa-568 goat anti-rabbit 
antibody (1:1000 Invitrogen, Oregon, US. #A-11011). Double labeling 
was determined by using a SPE confocal system with a plane apochro-
matic 63X oil lens (digital zoom of 2). The percentage of GFP cells 
expressing Zif268 was calculated as follows: (Nb of GFP+-Zif268+ cells)/ 
(Nb of GFP+-Zif268- cells + Nb of GFP+-Zif268+ cells) x 100. For the 
representative image of Gs-retrovirus GFP fluorescence, nuclei in the 

dentate gyrus were revealed using DAPI (1:10,000, Invitrogen, Oregon, 
US. #P36931). Mosaic pictures were taken using an SP8 confocal system 
with a 20X multi-immersion lens (digital zoom of 1.2). 

2.9. Electrophysiological recordings 

Infected animals were deeply anesthetized (167 mg/Kg ketamine 
and 16,7 mg/Kg xylazine) and sacrificed. Dissected brain was immedi-
ately immerged in ice-cold oxygenated cutting solution (in mM: 180 
Sucrose, 26 NaHCO3, 11 Glucose, 2.5 KCl, 1.25 NaH2PO4, 12 MgSO4, 
0.2 CaCl2, saturated with 95% O2–5% CO2). 350 µm slices were ob-
tained using a vibratome (VT1200S Leica, Germany) and transferred 
into a 34 ◦C bath of oxygenated aCSF (in mM: 123 NaCl, 26 NaHCO3, 11 
Glucose, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4, 2.5 CaCl2; osmolarity 310 
mOsm/l, pH 7.4) for 30 min and then cooled down progressively till 
room temperature (RT; 23–25 ◦C). After a 45 min recovery period at RT, 
slices were anchored with platinum wire at the bottom of the recording 
chamber and continuously bathed in oxygenated aCSF (RT; 2 ML/min) 
during recording. 

Infected newborn granule cells were identified using GFP with a 
fluorescence/infrared light (pE-2 CoolLED excitation system, UK). 
Neuron action potential firing was monitored in whole-cell current- 
clamp recording configuration. Patch electrodes were pulled (micropi-
pette puller P-97, Sutter instrument, USA) from borosilicate glass (O.D. 
1.5 mm, I.D. 0.86 mm, Sutter Instrument) to a resistance of 2–4 mΩ. The 
pipette internal solution contained [in mM: 125 potassium gluconate, 5 
KCl, 10 Hepes, 0.6 EGTA, 2 MgCl2, 7 Phosphocreatine, 3 adenosine-5′- 
triphosphate (magnesium salt), 0.3 guanosine-5′-triphosphate (sodium 
salt) (pH adjusted to 7.25 with KOH; osmolarity 300 mOsm/l adjusted 
with D-Mannitol)] as well as biocytin 0.4% (a liquid junction potential of 
− 14.8 mV was corrected for in the data and statistics). In order to test 
the effect of CNO on IP firing, neurons were clamped with positive 
currents until reaching low excitable potential (AP frequency<2 Hz). It 
should be noted that the current injected was no different between 
control GFP-RV and Gs-GFP-RV infected cells (t10 =1.078; p = 0,31). 

CNO (10 μM in aCSF) was fast perfused close to the recording cell for 
30 s then immediately washed out. Electrophysiological data were 
recorded using a Multiclamp 700B amplifier (Molecular devices, UK), 
low-pass filtered at 4 kHz and digitized at 10 Hz (current clamp) or 4 Hz 
(voltage clamp) (Digidata 1440 A, Molecular devices, UK). Signals were 
analyzed offline (Clampfit software, pClamp 10, Molecular devices, UK). 
For statistical analysis, “Vehicle” data were collected during the last 60 s 
before CNO perfusion, then “CNO” data were collected after 45 s of CNO 
treatment. 

2.10. Statistical analysis 

The data (mean±SEM) were analyzed using the Student t-test (two- 
tailed) and two ways ANOVA which was followed by the Tukey’-
comparison test when necessary. All analyses were carried out using the 
software GraphPad Prisms 6 and 9. 

3. Results 

We first wanted to analyze long-term spatial memory in the water 
maze (WM). Towards this end, 2 months-old adult rats were trained to 
locate a hidden platform in a fixed location in the water maze (WM) for 6 
days. Then two groups of animals were tested respectively 48 h or 4 
weeks later to evaluate recent and remote memory respectively 
(Fig. 1a). To do so, the platform was removed and the strength and ac-
curacy of memory were measured by evaluating the search around the 
position of where the platform was located (target zone). The results 
showed that, at both tests, rats remembered the position of the platform 
since latency to cross the position of where the platform was during 
training and the distance traveled to this position were not different 
between groups and latency was not different from the latency on the 
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last training day (Figs. 1b, S1a). However, when we considered the 
number of annulus crossings (Fig. 1c) or the percentage of time spent in 
the target zone (Fig. 1d), results showed that the performances were 
impaired when rats were tested 4 weeks after training. Both annulus 
crossings and time spent in zone were higher in the target zone 
compared to those in the other zones at 48 h, whereas generally no 
difference was observed when memory was tested at 4 weeks (Figs. 1c-e; 
S1b-e). In order to obtain another measure of spatial performance ac-
curacy, we calculated the Gallagher proximity index (Gallagher et al., 
1993), which revealed that the search paths were closer to the target 
platform at 48 h compared to those at 4 weeks This demonstrates that 
some spatial information was retained at both delays (as evidenced by 
latency and distance traveled to platform) but that the passage of time 
disrupted some parameters indicative of spatial memory accuracy. 

We then hypothesized that the stimulation of adult-born neurons 
could improve memory accuracy. With this aim in mind, we developed a 
GFP retrovirus (RV) into which we inserted a DREADD-(Designer Re-
ceptors exclusively Activated by Designer Drug)Gs construct (Gs-GFP- 
RV)(see Suppl Methods). This tool acts initially by infecting new granule 
cells at their birth. Several weeks later, when they are fully integrated 
into the network, these same cells can then be activated upon binding of 
the synthetic ligand Clozapine-N-Oxide (CNO). To ensure that Gs-GFP- 
RV injections into the dentate gyrus (DG) had no impact on new 
neuron survival, rats were injected in the DG with either the Gs-GFP-RV 
or with a control retrovirus (GFP-RV). At the same time, both groups of 
animals were injected with bromodeoxyuridine (BrdU) to study cell 

genesis. Six weeks later, the animals were sacrificed in order to quantify 
the number of surviving BrdU-positive cells. No differences were 
observed between the groups, demonstrating that injection of the Gs- 
GFP-RV has no impact on BrdU-labeled cell survival (Fig. 2a-b). To 
further confirm that CNO injections specifically activate Gs-GFP-RV 
cells, rats were injected with Gs-GFP-RV in the left DG and with a con-
trol GFP-RV in the right DG. Six weeks later, all animals received an 
intraperitoneal (IP) injection of CNO (1 mg/Kg) and were sacrificed two 
hours later (Fig. 2c). We determined the activation of the infected cells 
by analyzing the expression of the immediate early gene Zif268 in the 
GFP labeled cells. We found that 98.8% of the cells infected with the Gs- 
GFP-RV were activated by CNO compared to 1.7% of the cells injected 
with a Ctrl-retrovirus (Fig. 2d). By analyzing the density of Zif268-IR 
cells, we found that there was no difference between the left and right 
GCL infected with Gs-GFP-RV and the control GFP-RV, demonstrating 
that the stimulation of Gs-GFP transduced neurons did not influence the 
overall activity of the principal neurons of the DG (Fig. 2e). Finally, we 
performed whole cell recordings of Gs-GFP-RV or control GFP-RV- 
infected cells (Fig. 2f) and assessed changes in cell excitability after 
CNO application (Fig. 2g). Local perfusion of CNO quickly and revers-
ibly enhanced Gs-GFP-RV-infected cell excitability, which was seen by 
an increase in both resting potential (RP) and action potential (AP) firing 
rate (Fig. 2h). No such effect was seen in GFP-RV-infected cell excit-
ability (Fig. 2i). It should be noted that both the RP and the AP of the 
GFP-RV infected cells and the Gs-GFP-RV infected cells were similar 
before the CNO application (Veh in Fig g,h; RP: t10 =1.93, p = 0.08 and 

Fig. 1. Long-term memory retention four weeks after learning. a – Two-month-old adult rats were trained in the WM for 6 days. One group of rats (n = 8) was 
submitted to a probe test 48 h after training and another group of rats (n = 9) was tested 4 weeks after training. b – Latency to reach the platform during learning and 
to first cross the position of the platform during the tests. There was no difference between groups at learning and the latency to reach the platform position was 
similar at 48 h or 4 weeks after training. c – Number of annulus crossings (zone entries), animals show a significant preference for the target zone (T) compared to the 
other zones (O) when tested 48 h after training whereas no difference was observed at the 4w test (zone X group interaction: F(1,15)= 7.73; p = 0.014; zone effect: F 
(1,15)= 11.66; p = 0.0038; group effect: F(1,15)= 5.23; p = 0.037) d – Percentage of time spent in the target zone compared to that of the other zones. Rats that 
were tested 48 h after training spent significantly more time in the target zone compared to the other zones and the amount of time was higher than that of chance 
level (dash line). No difference was observed when animals were tested 4 weeks after training (zone X group interaction: F(1,15)= 7.14; p = 0.017; zone effect: F 
(1,15)= 12.60; p = 0.0029; group effect: F(1,15)= 2.76; p = 0.12) e- Gallagher proximity index. Search paths were closer to the former platform at 48 h compared to 
those at 4w (t16 =3.003; p = 0.0084). (**p < 0.01; # p < 0.05 compared to chance level). f - Density plot for grouped data: The color level represents the lowest to 
the highest location frequency in pixels. All data shown are mean ± s.e.m. For statistical details, see Table S1. 
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AP firing t10 =1.43, p = 0.18). Similarly, the excitability and the 
intrinsic electrophysiological properties were not altered in Gs-GFP-RV 
infected cells (see Methods; Control vs Gs: resting potential, − 68 
± 1.73 mV vs − 73.9 ± 2.25 mV, t10 =1.7; p = 0.12; capacitance, 43.8 
± 4.8 pF vs 38.3 ± 7.3 pF, t10 =0.5; p = 0.63; membrane resistance 
115.5 ± 11.4 MOhm vs 160.1 ± 46.7 MOhm, t10 =0.65; p = 0.53; un-
paired t test, data not shown). 

Since memory fades with the passage of time, we then sought to 
determine whether stimulating adult-born neurons during retrieval 
could improve memory accuracy. We have recently shown that adult- 
born neurons that were immature (1 week-old) or mature (6 weeks- 

old) at the time of training were both activated by remote memory 
retrieval (Lods et al., 2021). We first focused on the population of 
neurons born one week before training (Fig. 3a). We have previously 
shown that the survival and dendritic development of this latter popu-
lation is increased by spatial learning (Tronel et al., 2010a) and it has 
been hypothesized that these immature neurons could be primed by 
experience (Alvarez et al., 2016). More recently, we showed that this 
immature population is required for maintaining the memory trace after 
remote retrieval (Lods et al., 2021). However, whether the stimulation 
of neurons that were immature at the time of learning is capable of 
improving memory retrieval is not known. Two month-old rats were 

Fig. 2. Stimulation of Gs-GFP-RV is efficient in vitro and in vivo. a – GFP fluorescence in DG labeled neurons 6 weeks post-injection of the Gs-GFP-RV (scale: 
100 µm). b – Injection of retroviruses does not impact the survival of new neurons 6 weeks post-injection (t6 =0.07, P = 0.94; unpaired t-test; n = 3 GFP- and n = 5 
Gs-GFP- rats). c – GFP and Gs-GFP retroviruses were injected in the left and right DG, respectively, of adult rats. Six weeks later, rats were injected with CNO (IP, 
1 mg/Kg) and sacrificed 2 h later. d - CNO Injection strongly enhances Gs-GFP cell activation in vivo compared to GFP cells. (t3 =54.90; *** P < 0.0001; Paired t-test; 
n = 4 rats). e- Total zif268 activation in each hemisphere (t6 =0.1971, P = 0.8503; unpaired t-test. Right: Illustration of a Gs-GFP cell (green) expressing Zif268 (red) 
(scale: 20 µm). f – Scheme for whole-cell recording from Gs-GFP or GFP cells in the DG. g - Representative traces of 10 µM CNO perfusion effect onto cellular activity. 
CNO is inert in GFP cells, but quickly and reversibly enhances Gs-GFP cell activity. h - CNO depolarizes Gs-GFP cells and increases their action potential firing. Blue 
lines represent data from individual cells, black lines are the mean of the blue lines. [Paired t-tests, Vehicle vs CNO treated rats. Resting potential (t7 =3.22; 
* P = 0.015); Action potential firing (t7 =3.51; ** P = 0.010; n = 2 rats and 8 cells)]. i - CNO has no effect on resting potential and action potential firing frequency of 
GFP cells. Gray lines represent data from individual cells, black lines are the mean of the gray lines. [Paired t-tests, Vehicle vs CNO applied for 30 s, treated rats. 
Resting potential (t3 =1.02; P = 0.38) Action potential firing (t3 =0.42; P = 0.70; n = 3 rats and 4 cells)]. All data shown are mean ± s.e.m. For statistical details, 
see Table S1. 
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injected with either the Gs-GFP-RV or the GFP-RV. One week later, these 
rats were trained in the WM (Fig. 3a). All rats learned to find the plat-
form (Fig. 3b). Four weeks after training, we performed a remote 
retention test, one hour prior to which all rats received an IP injection of 
CNO. We found that stimulation of this population enhanced memory 
retention. Compared to GFP rats, the number of annulus crossings and 
the time spent in the target zone were higher in the Gs-GFP rats 
(Figs. 3c-g; S2a-d). Gs-GFP, but not GFP, rats showed also a clear pref-
erence for the target zone compared to the others zones with perfor-
mances significantly above the chance level. These results were 
confirmed by calculating a discrimination ratio between the target zone 
and the others zones for both groups and for both the number of annulus 
crossings (Fig. 3d) and the time spent in zones (Fig. 3f). The Gallagher 
proximity index revealed that the search paths were closer to the target 
platform for the Gs-GFP rats compared to those of control GFP rats 
(Fig. 3h). Additional analyses did not reveal any group differences for 
the latency to cross the platform position, the mean speed, and the 
thigmotaxis (Fig. 3i–k). These results demonstrate that stimulation of 
adult-born neurons that were immature at the time of learning could 
enhance remote memory accuracy. To confirm that dentate granule 
neurons were correctly transduced, the number of GFP positive cells was 
estimated in the DG. This analysis showed that 3156 ± 295 cells were 
GFP positive and distributed along the DG septo-temporal axis (Fig. 3l). 
Of note, no correlation was found between the number of 
transduced-cells and the behavioral performances. 

We then performed the same experiment, but this time, we targeted 
the population of adult-born neurons that were mature (6 week-old) at 
the time of training (Fig. 4a). 

This specific population is known to be activated by spatial learning 
and retrieval and its pharmacological ablation disrupted spatial memory 
learning(Lemaire et al., 2012; Tronel et al., 2015a). We have also 
recently shown that chemogenetic silencing of this population impairs 
recent spatial memory retrieval(Lods et al., 2021). Hence, two 
month-old rats were injected with either the Gs-GFP-RV or the GFP-RV. 
Six weeks later, they were trained in the WM. All groups learned to find 
the platform (Fig. 4b). Four weeks after training, we performed a remote 
retention test, one hour prior to which all rats received an IP injection of 
CNO (Fig. 4a). Stimulation of mature adult-born neurons infected with 
the Gs-GFP-RV enhanced retention. Both Gs-GFP and GFP rats made 
more crossings and spent more time in the target zone compared to those 
in the other zones (Figs. 4c,d,e; S3a-d). The discrimination ratio reveals 
that the Gs-GFF rats made more crossings in the target zone compared to 
the other zones (Fig. 4d) but the ratio failed to reach significance for the 
time spent in zones (Fig. 4f). However, the search paths, as assessed 
using the Gallagher proximity index, were closer to the target position 
for the Gs-GFP rats compared to those of control GFP rats (Fig. 4g). As 
previously found, there was no effect of the treatment on latency to cross 
the platform position, mean speed or thigmotaxis (Fig. 4i-k). The neu-
rons transduced by the Gs-GFP-RV (1303 ± 150 cells) were distributed 
along the DG septo-temporal axis (Fig. 4l). As previously found, there 

was no correlation between the number of transduced-cells and the 
behavioral performances. 

One could argue that the stimulation of the dentate gyrus, no matter 
the population targeted, could enhance memory retention. To determine 
whether the effect observed on memory was specific to the stimulation 
of adult-born neurons, we targeted dentate granule neurons generated 
postnatally. To do so, rats were injected with either the Gs-GFP-RV or 
the GFP-RV, 3 days after birth (P3). Then rats were trained in the WM at 
2 months of age. Four weeks later, CNO was injected one hour before a 
probe test (Fig. 5a). In this case, the stimulation of postnatally-generated 
granule neurons had no effect on memory accuracy assessed through 
annulus crossings, time spent in zones and Gallagher proximity index 
(Figs. 5b-f; S4a-d). Furthermore, latency, mean speed and thigmotaxis 
revealed no difference between groups (Fig. 5g-i). We estimated the 
number of neurons transduced by the Gs-GFP-RV and we found, as ex-
pected, that more neurons were targeted compared to what was found in 
previous experiments with adult-born neurons. 7588 ± 1255 cells were 
GFP positive and distributed along the DG septo-temporal axis (Fig. 5j). 
These results indicate that the beneficial memory effects of chemo-
genetic stimulation do not depend on the number of DG cells transduced. 

Altogether these data reveal that chemogenetic stimulation of adult- 
born neurons generated before learning, and not neonatally-born 
granule neurons, enhances remote memory quality which fades with 
the passage of time. 

We next investigated whether chemogenetic stimulation of adult- 
born neurons could enhance long-term memory in another 
hippocampal-dependent task, i.e, contextual fear conditioning (CFC). 
Towards this end, two month-old rats were injected with either the Gs- 
GFP-RV or the GFP-RV. One week later, these rats were trained in CFC 
(Fig. 6a). We used a classical CFC protocol dependent upon the hippo-
campus, established by Fanselow (2000, 1990) in which two mild 
foot-shocks were delivered in the conditioning context over a period of 
4 min (Fig. 6b). During conditioning, both groups had the same level of 
freezing (Fig. 6c). Five weeks later, when the targeted cells reached the 
age of 6 weeks-old, we performed a remote retention test, one hour prior 
to which all rats received an IP injection of CNO. Freezing was measured 
over 180 s (Fig. 6b). The results showed the level of freezing was higher 
in the Gs-GFP rats compared to that of GFP control animals (Fig. 6d). 
Finally, we estimated the number of neurons transduced by the 
Gs-GFP-RV and we found that 1799 ± 311 cells were GFP positive and 
distributed along the DG septo-temporal axis (Fig. 6e,f). 

Finally, to be sure that the increase of freezing was specific to the 
conditioning context, we replicated this latter experiment and rats were 
tested in both the conditioning context and a different context. A novel 
cohort of two month-old rats was injected with either the Gs-GFP-RV or 
the GFP-RV and trained in CFC in context A as previously described 
(Fig. 7a). During conditioning, both groups had the same level of 
freezing (Fig. 7b). Then, 5 weeks later, all rats received an IP injection of 
CNO one hour prior testing. Half of the rats were tested in the condi-
tioning context A and the other half in a neutral context B. Two days 

Fig. 3. Chemogenetic stimulation, during remote retention test, of adult-born neurons that were immature at the time of learning enhances memory accuracy. a - 
Timeline of behavioral procedure with water maze training 1 week after retrovirus injections (Gs-GFP-RV rats, n = 12; GFP-RV rats, n = 14) and retention test four 
weeks after training. CNO was injected 1 h before the test. b - Latency to find the hidden platform: For all groups, latency decreases over time during training and no 
difference was observed at the retention test. c – Number of annulus crossings during test: Gs-GFP-RV rats entered more in the target zone that in the other zones 
whereas no difference was observed in GFP rats (zone X group interaction: F(1,24)= 6.90; p = 0.0148; zone effect: F(1,24)= 10.26; p = 0.0038; group effect: F 
(1,24)= 8.37; p = 0.008). d – Discrimination ratio of annulus crossings for Ctrl and Gs (t24 =1.987;p = 0,0292). e – Gs-GFP-RV rats spend more time in the target 
zone compared to GFP-RV rats. For Gs-GFP rats, the time spent was significantly higher in the target zone compared to that in the other zone and higher than the 
chance level (dash line) (zone X group interaction: F(1,24)= 4.33; p = 0.048; zone effect: F(1,24)= 4.46; p = 0.045; group effect: F(1,24)= 1.92; p = 0.18). f – 
Discrimination ratio for time spent in zones for Ctrl and Gs (t24 =1.715;p = 0,0496). g - Density plot for grouped data: The black circle represents the position of the 
platform during training. The color level represents the lowest to the highest location frequency in pixels. h – Gallagher proximity index. Search paths were closer to 
the former platform for The Gs-GFP rats compared to those of control GFP rats (t24 =2.31; P = 0.03). i – Latency to cross the platform position. There was no 
difference between groups. j – Mean Speed of swimming. There was no difference between groups. k – Thigmotaxic behavior. There was no difference between 
groups. l– Number of GFP-IR in the DG on alternate 1-in-10 50 µm sections. The retrovirus infection spreads at least 4 mm across the septotemporal dentate gyrus 
axis, illustrations on top of the graph represent the sites of injections. (*p < 0.05; ## p < 0.01 compared to chance level). All data shown are mean ± s.e.m. For 
statistical details, see Table S1. 
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later, rats were tested in a counterbalanced manner in either context A 
or B one hour after CNO injection. This design was used to ensure that 
the order of the context presentation during testing had no influence on 
subsequent testing. Indeed, we found no differences between the groups 
whether they were tested first in the conditioning context or the neutral 
context (data not shown). However, we found that stimulating adult- 
born neurons increased freezing in conditioning context A as previ-
ously found but not in the neutral context B for which the freezing level 
was very low (<10%; Fig. 7c). These results demonstrate an effect spe-
cific to the conditioning context and therefore that stimulation of adult- 
born neurons does not induce any fear sensitization or generalization 
but promotes fear memory accuracy. Then, to be sure that adult-born 
neuron activation was similar when animals were tested in both con-
texts, rats were killed 90 min after the last test and the expression of 
Zif268 was analysed in GFP-positive cells. The results showed no dif-
ferences as the activation was 95.10% in context A and 93.28% in 
context B (Fig. 7d) indicating the functional recruitment of transduced 
neurons. By analyzing the density of Zif268-IR cells in the GCL of each 
group, we found that there was no difference between GFP and Gs-GFP 
rats, indicating that the stimulation had no impact on GCL activation 
(Fig. 7e). Finally, we estimated the number of neurons transduced by the 
Gs-GFP-RV and we found that 2455 ± 43 cells were GFP positive and 
distributed along the DG septo-temporal axis (Fig. 7f). Altogether, these 
data demonstrate that stimulating adult-born neurons that were present 
at the time of learning increases the strength and accuracy of remote 
contextual fear memory. 

4. Discussion 

In this study, we first demonstrated that memory quality declines 
over time. Although rats are very fast to find the position of where the 
platform was during training, the accurate search of the platform de-
grades as depicted by the time spent in the target zone, the number of 
annulus crossing and the Gallagher proximity index. Nevertheless, it 
could be argued that this loss of accuracy could reflect a change in the 
strategy employed by the rats to find the platform: as they did not find 
the platform in the expected location, they tried to find it somewhere 
else. This could be explained by the fact that spatial memory was 
generalized over time and that the memory of the precise location of the 
platform was impaired. Regardless of the spatial strategy used, the 
decrease of performance appears to reflect a decrease in memory 
accuracy. 

Here, we show that stimulating adult-born neurons generated before 
learning and independently of their state of maturation at the time of 
training is a sufficient condition to improve memory accuracy in a 
navigational task and promote fear response. Our data underline a new 
role for a population of immature neurons at the time of learning. While 
this specific population is not activated by learning and not necessary to 
learn the task and for recent memory retrieval (Lods et al., 2021), they 
are necessary for remote memory retrieval and for memory maintenance 
after reactivation (Lods et al., 2021; Snyder et al., 2005). In contrast, the 

population of adult-born neurons that were mature at the time of 
learning are involved in spatial memory acquisition (Lemaire et al., 
2012) and in recent and remote memory retrieval (Lods et al., 2021; 
Masachs et al., 2021). When comparing the impact of stimulating neu-
rons that were immature versus mature at the time of training, it seems 
that the stimulation of mature adult-born neurons is less effective than 
the stimulation of immature ones. Although the Gallagher index was 
clearly different between groups, the differences in terms of time spent 
in zones were not statistically different. Nevertheless, it could also be 
argued that these differences are rather due to the age of the neurons at 
the time of retrieval (6 vs 11 weeks) and/or the age of the animals at the 
time of retrieval (14 vs 19 week-old). However, given that 6 week-old 
adult born neurons are known to be in the critical phase of enhanced 
plasticity with a heightened intrinsic excitability and a lower activation 
threshold (Marin-Burgin et al., 2012; Schmidt-Hieber et al., 2004) and 
fire at higher rate in vivo (Danielson et al., 2016), they may be more 
effective in maintaining an accurate memory. Altogether, these results 
confirm that adult-born neurons are important for consolidation, 
retrieval and reconsolidation. 

The positive effect observed on remote memory seems to be specific 
to adult-born neurons stimulation. In fact, stimulation of neonatally- 
generated cells does not improve memory accuracy. It should be noted 
that more neurons were transduced with the retroviruses in P3 pups 
than in adult rats, ruling out the hypothesis that the lack of effect 
observed could be due to a low number of neurons transduced and 
activated. It also excludes any potential unspecific involvement/ 
recruitment of neighboring cells, i.e. surrounding targeted cells, or 
global effect of dentate gyrus activation. The results are consistent with 
previous finding showing that neonatally-generated neurons are not 
critical for spatial memory (Tronel et al., 2015b), nor for recent 
(Masachs et al., 2021) or remote retrieval of spatial memories (Lods 
et al., 2021). Together, these data confirm that neonatally-generated 
neurons are not involved in processing spatial information in adult rats. 

One might question whether adult-born cells have to be young (<6 
weeks old) at the time of learning to participate in memory accuracy. We 
have shown that 3 month-old adult-born neurons are recruited by 
memory retrieval (Tronel et al., 2015a) and that inhibiting 6 month-old 
adult-born neurons impairs short-term memory retention, indicating 
that adult born cells do not need to be young to participate in memory 
retention (Masachs et al., 2021). Interestingly, 9–12 week-old adult--
born neurons lose their ability to promote population sparsity, but 
become more spatially tuned and can entrain DG principal cells 
(McHugh et al., 2022), properties that could also support memory 
accuracy. 

Using another hippocampal-dependent task, i.e contextual fear 
conditioning, we found that stimulating the population of new neurons 
that was immature at the time of learning specifically enhanced fear 
response to the conditioning context but not to a neutral context 
excluding any non-specific fear sensitization and/or generalization. Our 
data demonstrate that the chemogenetic stimulation of adult-born 
neurons was specific to the fear-inducing episode and did not simply 

Fig. 4. Chemogenetic stimulation, during remote retention test, of adult-born neurons that were mature at the time of learning enhances memory accuracy. a - 
Timeline of behavioral procedure with water maze training 6 weeks after retrovirus injections (Gs-GFP-RV rats, n = 10; GFP-RV rats, n = 9) and retention test four 
weeks after training. CNO was injected 1 h before the test. b – Latency to find the hidden platform: For all groups, latency decreases over time during training and no 
difference was observed at the retention test. c – Number of annulus crossings during test: Gs-GFP-RV rats entered more in the target zone that in the other zones 
whereas no difference was observed in GFP rats (zone effect: F(1,17)= 14.63; p = 0.0014 and t9 = 4.04; P = 0.0029 for Gs and t8 = 1.54; P = 0.16 for ctrl). d – 
Discrimination ratio of annulus crossings for Ctrl and Gs (t17 =1.98;p = 0032). e –For Gs-GFP rats, the time spent was significantly higher in the target zone compared 
to that in the other zone and higher than the chance level (dash line, t9 =4.31; P = 0.002) (zone effect: F(1,17)= 16.87; p = 0.0007 and t9 = 4.16; P = 0.0025 for Gs 
and t8 = 1.84; P = 0.10 for ctrl). f – Discrimination ratio for time spent in zones for Ctrl and Gs (t17 =1.606;p = 0,0633). g Density plot for grouped data: The black 
circle represents the position of the platform during training. The color level represents the lowest to the highest location frequency in pixels. h- Gallagher proximity 
index. Search paths were closer to the former platform for The Gs-GFP rats compared to those of control GFP rats (t17 =3.12; P = 0.0063). i – Latency to cross the 
platform position. There was no difference between groups. j – Mean Speed of swimming. There was no difference between groups. k – Thigmotaxic behavior. There 
was no difference between groups. l – Number of GFP-IR in the DG on alternate 1-in-10 50 µm sections. The retrovirus infection spreads at least 4 mm across the 
septotemporal dentate gyrus axis, illustrations on top of the graph represent the sites of injections (*p < 0.05; ## p < 0.01 compared to chance level). All data shown 
are mean ± s.e.m. For statistical details, see Table S1. 

M. Lods et al.                                                                                                                                                                                                                                    



Progress in Neurobiology 219 (2022) 102364

10

recall the feeling of fear. This shows that the beneficial effect of adult- 
born neurons stimulation is not restricted to spatial memory but may 
be generalized to hippocampal-dependent memory. It would be inter-
esting to address the effect of the stimulation of adult-born neurons 
already present at the time of learning in other tasks known to be hip-
pocampal- and neurogenesis-dependent (for review see (Abrous et al., 
2021b; Koehl and Abrous, 2011)) and to extend our analysis to inde-
pendent hippocampal tasks. 

One could argue that our data are inconsistent with the role of adult- 
born neurons in active forgetting (Akers et al., 2014; Frankland et al., 
2013; Frankland and Josselyn, 2016). Active forgetting refers to, instead 
of passively disintegrating, unused memories are actively removed 
(Hardt et al., 2013). This process of clearing is different from the natural 

fading of the memory trace occurring with the passage of time. It has 
been shown that “active forgetting” is triggered by the increase of adult 
born neurons generated in the two weeks following training (Akers et al., 
2014; Gao et al., 2018). However, these results are not in contradiction 
with our data because we targeted a population of neurons generated 
before learning and not after the learning event. Therefore, it is not 
surprising that active forgetting was not triggered in the present 
experiments. 

One question that remains to be answered is how a selective acti-
vation of just a small sample of newborn cells can influence long term 
memory accuracy? Even though they are few in number, adult-born 
neurons have a considerable impact on the memory network. Imma-
ture neurons have been shown to exhibit higher activity (Danielson 

Fig. 5. Chemogenetic stimulation, during remote retention test, of neurons generated during development has no effect on memory. a - Timeline of behavioral 
procedure with retrovirus injections performed 3 days after birth (Gs-GFP-RV rats, n = 12; GFP-RV rats, n = 13), water maze training 8 weeks after injections and test 
four weeks after training. CNO was injected 1 h before the test. b – Latency to find the hidden platform: For all groups, latency decreases over time during training 
and no difference was observed at the retention test. c – Number of annulus crossings during test: there was no difference between groups, with no preference for the 
TZ. d – Time spent in TZ was not different than the one spent in the other zones for both groups. All time were at chance level (dash line). e - Density plot for grouped 
data: The black circle represents the position of the platform during training. The color level represents the lowest to the highest location frequency in pixels. f – 
Gallagher proximity index. There was no difference between groups. g – Latency to cross the platform position. There was no difference between groups. h – Mean 
Speed of swimming. There was no difference between groups. i – Thigmotaxic behavior. There was no difference between groups. j– Number of GFP-IR in the DG on 
alternate 1-in-10 50 µm sections. The retrovirus infection spreads at least 4 mm across the septotemporal dentate gyrus axis, illustrations on top of the graph 
represent the spread of infection. All data shown are mean ± s.e.m. For statistical details, see Table S1. 
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et al., 2016; McHugh et al., 2022) which may be related to increased 
excitability, reduced perisomatic inhibition and enhanced synaptic 
plasticity (long-term depression and excitation) (Lodge and Bischof-
berger, 2019; Massa et al., 2011). Recently, it has been shown that 
neurons aged 4–7-weeks support sparser hippocampal population ac-
tivity, suggesting that sparse coding may allow for higher dimensional 
network activity in support of memory accuracy (McHugh et al., 2022). 
In addition, they control network oscillations (Lacefield et al., 2012; 
McHugh et al., 2022) most probably via inhibitory interneurons (Drew 
et al., 2016; Lodge and Bischofberger, 2019; Park et al., 2015; Temprana 
et al., 2015). By modulating the temporal dynamics of hippocampal 
network activity they could exert their influence beyond hippocampal 
activity (Mateus-Pinheiro et al., 2021). In our experiments, we did not 
find any effect of the chemogenetic stimulation of adult-born neurons on 
the activity of granular cell layer of the DG. These results are in agree-
ment with some previous data (Temprana et al., 2015) but not with 
others describing a decrease in DG activity after optogenetic stimulation 
of a cohort of young adult-born neurons (Drew et al., 2016). This 
discrepancy between our study (and that of Drew et al.) could be 
explained by the fact that, in their experiment, they targeted a cohort of 
adult-born neurons aged 0–6 weeks, and therefore a much higher cell 
number. It is unlikely that the stimulation of a cohort of adult-born 
neurons generated over one day induces the same effect than the stim-
ulation of neurons generated over the last 6 weeks. An alternative hy-
pothesis is that IEG analysis does not capture the fine transient dynamic 
changes that can be observed using calcium imaging. 

How do adult-born participate to the retrieval of remote memory 
trace is also an unresolved issue. According to a recent definition (Jos-
selyn and Tonegawa, 2020), “engram cells” are: i) activated by a 
learning experience, ii) physically or chemically modified by the 
learning experience, and iii) reactivated by subsequent presentation of 
the stimuli present at the learning experience, resulting in memory 
retrieval. Mature adult-born neurons fulfill all these criteria whereas 

neonatally born neurons do not. The situation is more complex for 
immature neurons. We have previously shown that dendritic develop-
ment and spinogenesis of this population is increased by spatial learning 
(Tronel et al., 2010a), fulfilling criteria ii). Furthermore, we reported 
that this population is activated by remote retrieval (Lods et al., 2021) 
and the present results demonstrate that activation of these neurons 
leads to the reengagement of the network and eventually to memory 
retrieval, fulfilling criteria iii). However, this immature population is not 
activated by learning, corresponding to the first criteria, using c-Fos and 
Zif268 as a proxy of neuronal activity (Lods et al., 2021; Masachs et al., 
2021; Snyder et al., 2009). However it has recently been shown that the 
lack of expression of cFos cannot be taken as evidence for the absence of 
activity (Lee et al., 2021) and that other markers such as pCREB are 
expressed in immature neurons (Jungenitz et al., 2014) suggesting that 
immature adult-born cells could still fulfill all the criteria of engram 
cells. Furthermore, the fact that remote memory cannot be retrieved 
accurately through natural cues but only artificially through stimulation 
of immature adult-born neurons suggests that this population could 
represent “silent engram cells” (Roy et al., 2017), especially in the case 
of contextual memory where the hippocampal engram slowly becomes 
silent over time. It should be noted that their stimulation does not in-
crease freezing in a neutral context, which is different from what was 
previously reported for silent engram cells studies (Guskjolen et al., 
2018; Kitamura et al., 2017; Ryan et al., 2015). However, in contrast to 
our study, silent engram cells in these previous studies were mature at 
the time of encoding. It is therefore possible that experience during the 
critical period of maturation influences neurons in a way that, when 
they become mature, their activity specifically responds to the previ-
ously experienced events (Tashiro et al., 2007; Trouche et al., 2009). 
Interestingly, since immature adult-born neurons do not seem to be 
necessary for learning (Lemaire et al., 2012), they could be primed by 
learning as previously suggested (Alvarez et al., 2016) and their con-
nections were expanded by learning. Therefore, they would be more 

Fig. 6. Chemogenetic stimulation, during remote retention test, of neurons that were immature during CFC improve memory retention. a - Timeline of behavioral 
procedure with contextual fear conditioning (CFC) 1 week after retrovirus injections (Gs-GFP-RV rats, n = 9; GFP-RV rats, n = 8) and test five weeks after training. 
CNO was injected 1 h before the test. b- Design of conditioning and test protocol. c - Percentage of freezing during conditioning: there was no freezing difference 
between the groups. d - Percentage of freezing during test: Gs-GFP rats froze significantly more that control GFP animals (t15 =2.30; p = 0.036). e – Number of GFP-IR 
in the DG on alternate 1-in-10 50 µm sections. The retrovirus infection spreads at least 4 mm across the septotemporal dentate gyrus axis. (*p < 0.05). f - GFP-labeled 
neurons in DG 6 weeks post-injection of the Gs-GFP-RV (scale: 100 µm). All data shown are mean ± s.e.m. For statistical details, see Table S1. 
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prone to be involved in the maintenance of the memory trace. In addi-
tion, further experiments are necessary to determine how immature 
neurons could, together with the mature adult-born neurons, be engaged 
in the engram network. It could be proposed that memory engrams 
could be functionally heterogeneous (Sun et al., 2020) and that imma-
ture and mature adult-born neuronal subpopulations could encode 
distinct aspects of the memory by engaging distinct synaptic and circuit 
mechanisms. Finally, our data support the hypothesis that even if they 
are not fully integrated into the hippocampal network at the age of 1–2 
weeks, these adult-born neurons will eventually become important for 
memory (Shors et al., 2001). Indeed, we have previously shown that, in 
adults, spatial learning accelerates spine maturation of 1–2 week old 
neurons (Tronel et al., 2010b) and synaptically driven action potential 
firing have been found in adult-born neurons as soon as 1.5 weeks 
(Heigele et al., 2016). Together, these data suggest that synaptic inputs 
at the time of spine formation may promote specific connections be-
tween immature neurons (1–2 weeks old) and mature neurons which, as 
suggested by (Zhao et al., 2006), may allow these immature adult-born 
neurons to be involved in the hippocampal network supporting memory 
formation and/or expression even before the synapses are optimally 
formed on spines. In summary, these findings promote the idea that 
adult neurogenesis is essential for memory accuracy (Yu et al., 2019) 
and could be a valuable tool to compensate for the loss of precision and 
detail induced by the passage of time. Since the dentate gyrus is known 
to govern the reactivation of remote memory trace (Ryan and Tone-
gawa, 2016) and to diminish generalization of remote fear memories 
(Guo et al., 2018), our results confirm that adult-born dentate neurons 

are key players in the role of the dentate network. Promoting memory is 
a relevant outcome when it comes to aging and stress. During aging, not 
only the rate but also the responsiveness of adult hippocampal neuro-
genesis is altered (Drapeau and Abrous, 2008; Montaron et al., 2020). In 
the context of stress and in particular in post-traumatic stress disorders, 
it would be of interest to determine whether the manipulation of 
adult-born neurons could alleviate maladaptive memories. Recently, 
chemogenetic treatments have been proposed in humans (Lieb et al., 
2019), suggesting that manipulating the activity of adult-born neurons 
could be a promising strategy for prevention or treatment of memory 
loss. 
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