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SUMMARY

Alzheimer’s disease is characterized by progressive cognitive decline, and its effects are mitigated by cogni-

tive reserve. We investigated whether long-term cognitive stimulation, initiated before amyloid deposition, 
preserves brain function in male and female TgF344-AD rats. Transgenic and wild-type (WT) rats underwent 
cognitive training or remained untrained. Resting-state fMRI assessed functional connectivity, the novel ob-

ject recognition test evaluated memory, and molecular analyses examined synaptic plasticity, inhibitory 
signaling, and microglial reactivity. At baseline, females showed greater task engagement and higher synap-

tic protein levels (PSD95, TrkB, and VGLUT) than males. Cognitive training improved connectivity and mem-

ory in males, with limited benefits in females. At 19 months, trained transgenic rats maintained entorhinal-hip-

pocampal connectivity resembling WT rats, with males showing sustained plasticity markers and reduced 
parvalbumin-positive interneurons. Trained 11-month-old rats showed enhanced microglial recruitment to 
plaques and a less reactive phenotype. Overall, early and sustained cognitive stimulation enhances brain re-

silience, with sex-specific mechanisms shaping outcomes.

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder and 

the main cause of dementia worldwide. It is characterized by a 

progressive and irreversible decline in cognitive function and 

impaired hippocampus-dependent learning and memory. 

Currently, over 50 million people suffer from dementia globally, 

and its prevalence is predicted to triple by 2050. 1 In the absence 

of effective therapies, early detection, advances in diagnosis, 

and the application of treatments that can delay symptomatic 

presentation are urgently needed.

Substantial evidence shows that socio-behavioral proxies 

such as years of education, activities of daily living, physical ex-

ercise, and environmental enrichment are associated with less 

cognitive decline, cognitive flexibility, and a reduced risk of 

dementia in AD, possibly by increasing the threshold at which 

deterioration manifests clinically. 2–4 These engaging activities 

contribute to brain health and cognitive reserve (CR), which is 

the ability to maintain well-preserved cognitive function despite 

the presence of brain deterioration, promoting resilience to pa-

thology. 4 The concept of CR postulates that enriching experi-

ences are functionally protective against damage, as the brain
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actively copes with or compensates for pathology by either using 

pre-existing cognitive processing or utilizing compensatory 

mechanisms. 5,6 This protective effect can arise from interacting 

factors such as increased neuronal plasticity, more efficient syn-

aptic connections, and modulation of neuroinflammatory pro-

cesses, all culminating in enhanced CR and the capacity to 

cope with pathology and preserve neuronal function. 6,7 Impor-

tantly, evidence from human cohorts indicates sex-specific pat-

terns of cognitive resilience, with women often demonstrating 

better episodic memory and functional outcomes despite a 

greater burden of AD pathology, particularly in the earlier stages 

of the disease. 8–10 Therefore, it is crucial to investigate the mech-

anisms that increase CR, as this is a promising therapeutic 

approach for delaying dementia onset, especially from a sex 

perspective. Indeed, delaying the onset of dementia by 1 year 

is estimated to reduce age-dependent dementia by more 

than 10%. 11

Given the late onset of symptomatology and the difficulty iden-

tifying subjects in the early stages of the disease, research using 

transgenic animal models of AD provides a useful tool to improve 

our understanding of the mechanisms and identify potential new 

targets to treat AD. The highly translational TgF344-AD (TG) rat 

model of AD recapitulates the main hallmarks of AD pathology 

in an age-dependent manner, as observed in patients. Specif-

ically, TG rats develop progressive cerebral amyloid beta (Aβ) 

accumulation preceding tauopathy, gliosis, neuronal death, 

and cognitive impairment. 12

Although the original characterization by Cohen et al., in 2013, 

did not detect sex differences across core measures of pathol-

ogy and cognition, subsequent studies have consistently re-

ported sex-dependent trajectories in TgF344-AD rats. Female 

TG rats often outperform males in hippocampal- and spatial 

memory-based tasks such as the active place avoidance 

task and the Morris water maze, particularly at early to mid-

stages of disease (9–11 months), suggesting a transient 

cognitive resilience despite comparable or even greater Aβ 
burden. 13–15 At the same time, females display increased anxi-

ety-like behaviors and reduced motivational states relative to 

males. 15–17 These findings may appear to diverge from clinical 

observations, where AD is more prevalent and often more severe 

in women. 18 Conflicting patterns in the literature may, in part, 

reflect demographic and biological differences: women’s longer 

life expectancy contributes to higher lifetime dementia risk, 

whereas the impact of sex-related differences in incidence re-

mains unclear. 19 Together, these findings underscore sex as a 

critical biological variable shaping AD trajectory and resilience. 

Previously, we used noninvasive magnetic resonance imaging 

(MRI) techniques to characterize changes in functional and 

structural global brain connectivity in the TgF344-AD rat 

model. 20,21 Aging significantly affected structural network met-

rics in TG rats, whereas wild-type (WT) rats were stable over 

time. In contrast, whole-brain network metrics describing inte-

gration and segregation of the functional connectomes were un-

affected. 21 In-depth characterization of resting-state networks in 

the same cohort revealed significant alterations in the somato-

sensory and default mode networks of TG rats only at early 

and late stages (5 and 18 months, respectively), while in mid-

life stages (8, 11, and 15 months), the networks remained sta-

ble. 22 Because all animals in that study were trained on the de-

layed non-match-to-sample (DNMS) task, we hypothesized 

that repeated task engagement promoted cognitive resilience, 

transiently stabilizing functional networks during this period. 

This hypothesis directly motivated the current study.

Working memory is a key function underlying higher order do-

mains, shown to correlate significantly with IQ in humans, and it 

relies on the hippocampus as well as the prefrontal and entorhi-

nal cortices. 23,24 The DNMS task, a demanding and repetitive 

operant paradigm, is widely used to assess working memory 

because it requires sustained behavioral flexibility over 

time. 23,25 Based on our previous observations and the intrinsic 

difficulty of the task, we implemented DNMS as a form of cogni-

tive stimulation in this study. This approach parallels other hippo-

campal-dependent paradigms, such as the Morris water maze, 

which have been employed as cognitive training interventions 

in AD rodent models. 26,27 While prior work has associated CR 

primarily with hippocampal connectivity, 28 whether the preser-

vation of entorhinal cortex (EC) and dentate gyrus (DG) networks 

reflects underlying molecular and microglial adaptations remains 

unexplored. Our use of DNMS allowed us to address this gap by 

extending analyses beyond network-level metrics and inte-

grating connectivity with molecular readouts of synaptic integrity 

and neuroinflammation, thereby linking brain network resilience 

with cellular and glial mechanisms.

According to recent guidelines, CR studies should include (1) 

an assessment of brain changes due to aging or disease, (2) 

measures of cognitive function, and (3) an identified proxy or 

mechanism that moderates the impact of brain pathology on 

cognition. 6 Taking these principles into account, we investigated 

whether intensive training and repetitive testing of DNMS 

throughout life increases CR (Figure 1). We assessed brain con-

nectivity using MRI-based metrics and memory performance 

through the novel object recognition (NOR) test, allowing us to 

establish a link between brain function and cognitive outcomes. 

At the cellular level, we investigated parvalbumin (PV) expression 

in hippocampal interneurons and quantified synaptic proteins in 

the cortex as molecular readouts of synaptic integrity, a key 

determinant of cognitive resilience. Furthermore, we character-

ized microglial profiles by measuring both their morphology 

and their density around Aβ plaques, since these neuroinflam-

matory events could mediate CR in neurodegenerative condi-

tions. To our knowledge, this is the first study to directly connect 

the preservation of EC and DG connectivity with molecular and 

microglial correlates of CR, while also addressing sex-depen-

dent differences in these mechanisms.

RESULTS

Repetitive DNMS task performance in male and female 

TgF344-AD rats

To induce long-term cognitive stimulation, rats in the trained 

groups underwent repeated performance of the DNMS task in 

operant chambers. At 3 months of age, animals underwent a 

habituation period and six training phases with increasing levels 

of difficulty before the start of the DNMS task itself. The DNMS 

task was initiated when acquisition criteria were satisfied: 2 

consecutive days with a score of a minimum of 80% correct
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responses in the 5th and 6th training phases, where the proced-

ure is identical to DNMS but with no delay or a delay between 1 

and 5 s, respectively. All animals achieved the criteria and 

reached the DNMS phase, which was then performed at 7, 11, 

15, and 19 months of age. A full description of the habituation, 

training phases, and performance criteria is provided in the 

STAR Methods section.

Thus, we examined the repetitive performance (7, 11, 15, and 

19 months of age) of the DNMS task in male and female TG rats 

and their WT littermates (trained groups) by means of the number 

of trials performed during the task and the ratio of correct re-

sponses (Figure S1). This allowed us to monitor both motivation 

(trials completed) and task execution (accuracy) longitudinally. 

Three-way ANOVAs revealed significant interactions between 

sex and genotype (p < 0.05), sex and age (p < 0.001), and age 

and genotype (p < 0.05), as well as main effects of age 

(p < 0.05) and genotype (p < 0.01). In males, post hoc analyses 

indicated that TG rats performed significantly fewer trials than 

WT counterparts at 7 months, replicating previous findings in 

studies limited to males. 20,22 With aging, male WT rats showed 

a gradual decline in the number of trials, consistent with reduced 

motivation over time. By contrast, female rats displayed a 

different temporal pattern than males. TG females showed an in-

verted U-shaped curve, with trial numbers peaking at 15 months 

before declining again, while WT females remained stable across 

ages. This indicates that female rats engaged differently with the 

task compared to males, with TG females showing a transient in-

crease in performance before decline.

Importantly, despite differences in the number of trials, no sig-

nificant genotype effects were found in task accuracy (ratio of 

correct responses; Figure S1). Thus, all groups could perform 

the DNMS task adequately. This supports the validity of using re-

petitive DNMS as a paradigm for sustained cognitive stimulation.

Cognitive stimulation enhances whole-brain functional 

connectomics in male TgF344-AD and WT rats

To determine whether long-term cognitive stimulation, through 

training and repetitive DNMS performance, influenced whole-

brain connectivity and organization, both untrained and trained 

TG and WT rats underwent a longitudinal MRI study, with a basal 

acquisition at 3 months of age and at later time points (7, 11, 15, 

and 19 months of age) after DNMS task performance (Figure 1). 

Since integration and segregation are two fundamental 

principles of brain organization, we computed the global effi-

ciency and clustering of the resting state (rs)-fMRI connectome 

(Figure 2). A three-way ANOVA revealed a significant interaction 

between age and treatment (p < 0.05) and a significant main ef-

fect of age (p < 0.01; p < 0.001) and treatment (p < 0.001) on the 

global efficiency and clustering in male rats, respectively 

(Figures 2A and 2C). Although no significant differences were 

observed between genotypes, this analysis revealed different 

temporal patterns of integration and segregation aspects of 

functional connectivity among the treatment groups in both WT 

and TG rats. Notably, post hoc analyses showed that at both 7 

and 11 months of age, male trained rats had significantly 

higher global efficiency compared to their untrained littermates

Figure 1. Schematic representation of the experimental timeline

All animals underwent an initial MRI scan at 3 months of age. They were then divided into four experimental groups: WT and TG, with or without training and 

periodic execution of the DNMS task. Follow-up scans were performed in all groups at 7, 11, 15, and 19 months. The NOR test was conducted at 19 months to 

evaluate recognition memory. A reduced subset of animals was sacrificed at 11 months (n = 4–5 rats per experimental group), while the remaining animals were 

sacrificed at 19 months. In both cases, brains were extracted for histological and biochemical analyses. Figure created with BioRender.
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(WT, p < 0.05; TG, p < 0.01, at both time points) (Figure 2A). In 

female rats, a three-way ANOVA revealed a significant interac-

tion between age and genotype (p < 0.05) in global efficiency 

and a significant effect of age (p < 0.05) in both global efficiency 

and clustering (Figures 2B and 2D, respectively). Thus, no effect 

of cognitive stimulation was observed in females, either globally 

or at any time point. Full statistical details are available in 

Table S2.

Cognitive stimulation restored the functional 

connectivity of EC and DG in TgF344-AD rats

As whole-brain connectomics evidenced increased metrics in 

the trained groups (WT and TG) without genotype effects in the 

untrained groups, we next performed seed-based analyses to 

study the connectivity of critical regions in AD pathology: the 

DG of the hippocampus and the EC.

Seed-based analyses allow the study of correlations between 

the activity of the region of interest (seed) and the rest of the brain 

and require a large sample size, limiting us to combining males 

and females for the analysis. EC seed-based analyses revealed 

genotype-specific differences in the functional connectivity 

maps of untrained rats, as shown in the average connectivity 

maps of WT and TG animals (Figure 3A). The statistical maps 

showed brain regions where functional connectivity was signifi-

cantly lower in TG rats compared to WT littermates, which 

included the visual, somatosensory, motor, cingulate, and retro-

splenial cortices (WT > TG; p < 0.05, FWE-corrected)

(Figure 3A). These baseline connectivity dysfunctions were cor-

rected in the trained group, as the averaged connectivity maps 

showed very similar patterns between genotypes. In fact, no sig-

nificant differences were observed in the statistical map, suggest-

ing that cognitive stimulation prevents this network deterioration 

(Figure 3B).

Similar results were obtained when the seed was located in the 

DG of the hippocampus (Figures 3C and 3D). In untrained TG an-

imals, we found hypoconnectivity of the DG with the rest of the 

brain compared to their WT counterparts, especially with areas 

such as the contralateral somatosensory and visual cortices 

and the contralateral hippocampus, as revealed by the statistical 

maps (Figure 3C). Once again, trained WT and TG rats showed 

similar connectivity of the DG, as evidenced by the lack of signif-

icant voxels in the statistical map (Figure 3D).

Hence, these findings underscore the potential of cognitive 

stimulation as a preventive strategy against network deteriora-

tion in AD, highlighting its ability to normalize functional connec-

tivity patterns in TG rats to levels comparable with those of their 

WT littermates.

Cognitive stimulation prevents recognition memory 

deficits in 19-month-old male TgF344-AD rats

Next, we assessed whether the observed protective effect 

of the training paradigm extended to cognitive performance. 

For this purpose, we evaluated recognition memory using 

the NOR test. This task measures hippocampal-dependent

Figure 2. Whole-brain functional connectomics are preserved in cognitively stimulated male TG rats

Data show global efficiency (A and B) and clustering (C and D). The effects of genotype, treatment, and age, as well as the interactions between these factors, 

were assessed using mixed-effect analyses and Tukey’s multiple comparisons test. N = 5–6 rats per experimental group. Data are expressed as the average 

metric value ±SEM *p < 0.05; **p < 0.01; ***p < 0.001, and #p < 0.05. Significant differences between treatment groups within each time point are denoted with ‘‘#’’ 

for WT rats and ‘‘*’’ for TG rats. Full statistical details are available in Table S2.
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recognition memory, which is particularly vulnerable to deterio-

ration in dementias such as AD. 29 The NOR paradigm is based 

on rodents’ innate tendency to explore novel objects more than 

familiar ones, indicating retention of a memory trace for the 

familiar stimulus. Thus, at 19 months of age, including both 

sexes, a two-way ANOVA revealed a significant effect of treat-

ment (p < 0.05), with trained rats showing a higher recognition 

index (RI), and a near-significant effect of genotype (p = 

0.0536), with TG rats performing worse (Figure 4A). When 

including the effect of sex in the analysis, a three-way ANOVA 

revealed a significant effect of treatment (p < 0.05) on RI, a 

near-significant effect of genotype (p = 0.0526), and no effect 

of sex. As shown in Figure 4B, training particularly improved 

the RI of male rats, with TG males showing a significant increase 

compared to their untrained counterparts (p < 0.05). In contrast, 

TG females did not benefit from repeated DNMS task perfor-

mance, showing no observable improvement in recognition 

memory. Of note, a significant effect of training (p < 0.05) was 

also observed in the total exploration time during the NOR

test, with all trained groups except female TG rats exploring 

more than their untrained counterparts (Figure S2).

In addition, using a one-sample t test, we compared the RI of 

each group against chance level (50%) to determine whether an-

imals performed above chance (indicating true recognition of 

novelty) or below (suggesting a preference for the familiar ob-

ject). This analysis confirmed that WT-trained rats performed 

significantly above chance (p < 0.05), whereas TG untrained an-

imals scored below chance (p < 0.05). When sexes were 

analyzed separately, only female trained WT animals performed 

significantly above chance (p < 0.001), indicating true recogni-

tion memory at 19 months. Importantly, TG-trained males did 

not differ from chance (p = 0.14), while their untrained counter-

parts scored nearly below chance (p = 0.078), suggesting a pref-

erence for the familiar object. At 19 months of age, rats show 

limited exploration (Figure S2), which can make the NOR task 

difficult to interpret. In this context, performance at chance is it-

self informative, as it indicates that animals explore both objects 

equally and is therefore preferable to being below chance.

Figure 3. Seed-based analyses of the EC and DG reveal restored functional connectivity in trained TG rats

Seed-based connectivity analyses were performed on the left EC and left DG. Average functional connectivity maps per genotype (left and center) and statistical 

maps indicating significant family-wise error-corrected differences (right) are shown for untrained (A and C) and trained (B and D) rats (WT > TG; p < 0.05, FWE-

corrected). N = 10–12 rats per experimental group. The image’s left is the animal’s right.
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Accordingly, these results support that long-term training miti-

gated recognition memory decline in TG rats, particularly in 

males.

To further explore the relationship between early-life network 

changes and long-term cognitive performance, we performed 

a correlation analysis between RI at 19 months and functional 

connectivity metrics derived from rs-fMRIs at 7 and 11 months. 

As previously described, at these two specific time points, TG 

males subjected to cognitive stimulation exhibited significantly 

higher values of global efficiency compared to untrained TG 

males. Notably, higher connectomic metrics significantly corre-

lated with recognition memory performance at 19 months (r = 

0.3174; p < 0.05 and r = 0.3379; p < 0.05, respectively; 

Figures 4C and 4D). These findings suggest that cognitive stim-

ulation may induce lasting functional reorganization of brain net-

works with an impact on recognition memory, supporting the 

relevance of network-level biomarkers as early indicators of re-

silience to cognitive decline in transgenic models of AD.

Cognitive stimulation significantly decreased the 

expression of PV in DG interneurons

Given the observed differences in recognition memory perfor-

mance, particularly the selective improvement in TG males 

following cognitive stimulation, we investigated whether these 

effects were associated with protective effects on neurodegen-

eration in the hippocampus and the EC. Neuronal density ana-

lyses revealed a limited effect of genotype in the DG (Figure S3). 

Since PV-positive (PV + ) interneurons have a crucial role in 

memory encoding and regulation of network oscillations and 

plasticity, 30 we next explored the impact of long-term cognitive 

stimulation on hippocampal inhibitory circuitry by quantifying 

PV expression in interneurons of the CA1, CA3, and DG regions

(Figure 5A). Three-way ANOVAs revealed a significant effect of 

genotype in the CA3 (p < 0.05), with reduced PV expression in 

TG rats compared to WT (Figure 5C). Moreover, a significant ef-

fect of treatment was observed in the DG (p < 0.01), where 

trained rats (both WT and TG) showed significantly less PV 

expression (Figure 5D). Subsequent post hoc analyses revealed 

a significant decrease in PV expression in DG interneurons of 

male trained WT rats (p < 0.05) compared to their untrained litter-

mates. These findings demonstrate that genotype and cognitive 

stimulation independently alter hippocampal inhibition, suggest-

ing a potential mechanism of experience-dependent inhibitory 

plasticity in the hippocampus, which may contribute to the 

observed differences in recognition memory performance.

Cognitive stimulation restored the expression of 

neuroplasticity proteins in male TgF344-AD rats

To investigate whether cognitive stimulation contributed to the 

preservation of neuronal plasticity, the levels of synaptic proteins 

(PSD95, TrkB, and VGLUT) and neuroplasticity-related proteins 

(p-RPS6 and RPS6) were assessed in the cortex of 19-month-

old rats (Figures 6 and S4). The lysates included the motor, so-

matosensory, auditory, insular, and entorhinal cortices; these re-

gions showed altered connectivity in the seed-based analyses of 

both the EC and DG in the untrained TG rats. Corresponding 

membrane immunoblots used for densitometries can be found 

in Figure S5.

Three-way ANOVAs revealed a near-significant sex × 

genotype × treatment interaction in the relative expression 

of PSD95 and TrkB (p = 0.0551 and 0.0592, respectively) 

(Figures 6A and 6B) and a significant triple interaction in the rela-

tive expression of VGLUT (p < 0.05) (Figure 6C). In addition, a sig-

nificant genotype × treatment interaction was revealed in the

Figure 4. Recognition memory is preserved 

in aged male TG rats as a consequence of 

cognitive stimulation and is correlated 

with functional connectivity measures

(A) Recognition memory was assessed in 

19-month-old rats using the RI, the time spent in 

the novel object relative to total object exploration. 

An RI greater than 50% indicates a novelty pref-

erence. The effects of genotype and treatment 

and the interactions between these factors were 

assessed by a two-way ANOVA with Tukey’s post 

hoc tests; N = 9–12 rats per group when sexes 

were combined.

(B) RI was also analyzed separately by sex, where 

the effect of genotype, treatment, and sex, and the 

interactions between these factors, were as-

sessed by a three-way ANOVA followed by 

Fisher’s LSD test. N = 4–6 rats per experimental 

group. Data are presented as mean ± SEM; 

*p < 0.05. The dashed line at 50% represents 

chance level.

(C and D) Pearson’s correlations between the 

global connectivity at 7 (C) and 11 (D) months of 

age and RI at 19 months. Significant positive 

correlations were observed at both time points (C: 

r = 0.3174; p = 0.0381; D: r = 0.3379; p = 0.0267). 

See also Figure S2 and Table S3 for the full sta-

tistical details.
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relative expression of VGLUT (p < 0.05) and p-RPS6 (p < 0.01) 

(Figure 6C and 6D). Moreover, a significant effect of sex was 

found in PSD95, TrkB, and VGLUT (p < 0.05, p < 0.01, and 

p < 0.01, respectively) (Figures 6A–6C), and a significant effect 

of genotype was observed in TrkB (p < 0.001) (Figure 6B). Post 

hoc analyses revealed basal sex-dependent differences in un-

trained TG rats, where female rats had significantly higher 

expression of PSD95, TrkB, and VGLUT compared to males 

(p < 0.001, p < 0.01, and p < 0.001, respectively) (Figures 6A– 

6C). Overall, male untrained TG rats had lower expression of 

key neuroplasticity markers, including PSD95, TrkB, and p-

RPS6, compared to male untrained WT rats (p < 0.01, 

p < 0.01, and p < 0.05, respectively) (Figures 6A–6D). Cognitive 

training restored the protein expression of PSD95 and p-RPS6 

in TG males to WT-like levels. Female untrained TG rats had 

lower expression of p-RPS6 compared to untrained WT litter-

mates (p < 0.01). In line with this, trained TG females had signif-

icantly higher expression of p-RPS6 compared with their un-

trained littermates (p < 0.01) (Figure 6D), showing that training 

restored p-RPS6 expression to WT-like levels. Additionally, the 

expression of these proteins was evaluated in hippocampal ly-

sates of the same subjects (Figure S6), where a similar trend to-

ward increased expression of p-RPS6 in trained animals was 

observed (Figure S6D).

In summary, untrained rats displayed sex-dependent differ-

ences in both their protein profiles and responses to cognitive 

stimulation. Female untrained TG rats had higher expression of 

PSD95, TrkB, and VGLUT compared to their male littermates, 

and cognitive stimulation normalized the expression of PSD95 

in male TG rats and p-RPS6 in both sexes. These findings sug-

gest that cognitive stimulation may help preserve neuronal plas-

ticity in TG rats, particularly in males, by restoring the expression 

of key synaptic and neuroplasticity-related proteins to levels 

comparable with WT animals.

Figure 5. Relative PV expression in 

19-month-old rats

(A) Representative immunofluorescence image of 

PV + interneurons in the DG (red).

(B–D) For each experimental group, PV + inter-

neuron numbers in the B) CA1/CA2, C) CA3, and 

D) DG were obtained and normalized to the area of 

each region. The effects of sex, genotype, and 

treatment were assessed by a three-way ANOVA 

followed by Fisher’s LSD test. The scale bar rep-

resents 1 mm. N = 4–6 rats per experimental 

group. Data are presented as mean ± SEM; 

*p < 0.05; **p < 0.01.

Full statistical details are available in Table S4.

Cognitive stimulation increases the 

presence of microglia around Aβ 
plaques and transiently preserves a 

WT-like microglial morphology in 

11-month-old TG rats

Microglia cells have a neuroprotective 

role in amyloid β-protein clearance, clus-

tering around Aβ plaques to form barriers 

that prevent plaque expansion and 

further glial activation. 31 We first investigated whether long-

term cognitive stimulation reduced Aβ burden in TG rats at 

19 months of age. However, we only found a trend toward 

reduced Aβ burden with treatment in the DG (p = 0.0515) 

(Figures S7A–S7D).

Next, we addressed the impact of cognitive training on the den-

sity of microglial cells surrounding Aβ plaques. Data were collected 

at two time points (at 11 and 19 months of age). The sample size at 

11 months was too small to allow for sex-specific analyses, so the 

data are presented with sexes combined. Two-way ANOVAs were 

conducted in the EC, DG, CA1, and CA3 (Figure 7). A significant 

interaction of treatment and age was observed in the EC 

(p < 0.05), as well as a significant effect of treatment (p < 0.01) 

(Figure 7A). A significant effect of age was observed across all 

studied areas (p < 0.001 for all) (Figures 7A–7D).

In 11-month-old rats, post hoc analyses in the EC revealed 

a significantly greater microglial density relative to Aβ plaques 

in trained TG rats compared to untrained rats (p < 0.01) 

(Figure 7A), with a similar trend observed in the DG (Figure 7B). 

In the same line, an increase in total microglia density was 

observed in trained TG rats compared to trained WT rats 

(Figure S7E). Compared to younger rats, 19-month-old rats 

had a significantly lower density of microglia cells around Aβ pla-

ques in all brain regions, irrespective of training (untrained: EC, 

p < 0.001; DG, p < 0.01; CA1, p < 0.01; CA3, p < 0.05; trained: 

EC, p < 0.001; DG, p < 0.001; CA1, p < 0.05; and CA3, 

p < 0.05) (Figures 7A–7D). By 19 months of age, the significant 

effect of cognitive training was no longer observed. Thus, cogni-

tive stimulation enhanced the proportion of microglia surround-

ing plaques in an age-dependent manner, particularly in the 

EC, as this effect of training was not evident in older rats. Inde-

pendently of treatment, by 19 months, there was a drastic 

decrease in microglia per Aβ plaque, suggesting that microglial 

function is compromised with aging.
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Microglia morphology serves as a crucial indicator of their func-

tional state and reactivity, reflecting changes in activation, phago-

cytic capacity, and inflammatory responses. 32 Indeed, morpho-

logical analyses can reveal subtle changes in microglial function 

that may not be apparent through density measurements alone. 

Therefore, we investigated whether differences in microglia 

morphology (circularity and branch number) were detectable be-

tween TG and WT rats and whether cognitive stimulation impacted 

microglial morphology in the EC (Figure 7F). Three-way ANOVAs 

revealed a significant age × genotype × treatment interaction 

(circularity, p < 0.01 and branch number, p < 0.001), a significant 

interaction between age and genotype (circularity, p < 0.05 and 

branch number, p < 0.01), a significant interaction between geno-

type and treatment (branch number, p < 0.01), and significant main 

effects of age (p < 0.001 for both) and genotype (circularity, p < 0.01 

and branch number, p < 0.05) (Figures 7G and 7H). Post hoc ana-

lyses revealed that in 11-month-old rats, microglia in untrained TG 

rats were more circular and less branched (p < 0.001 for both) 

(Figures 7G and 7H), suggesting a more reactive phenotype 

compared to untrained WT littermates. Trained TG rats had signif-

icantly less circular and more branched microglia compared to 

their untrained littermates (p < 0.01 and p < 0.05, respectively) 

(Figures 7G and 7H), resembling a WT-like phenotype. As rats 

aged, microglia became significantly more circular (WT untrained: 

p < 0.001 and TG untrained: p < 0.05) and less branched (WT un-

trained: p < 0.001; WT trained: p < 0.05; and TG trained: p < 0.01) 

(Figures 7G and 7H). In 19-month-old rats, the effect of long-term

cognitive stimulation was lost, as no significant differences were 

found between treatment groups. In summary, the microglial 

morphology in 11-month-old trained TG rats resembles that of 

WT animals, being less circular and more branched. With aging, 

microglia became more rounded and less branched, and the effect 

of training dissipated. These results highlight the potential of sus-

tained cognitive intervention to temporarily modulate microglial 

morphology and, potentially, their function in TG rats.

DISCUSSION

Our study uniquely examines the impact of long-term cognitive 

stimulation from early adulthood on both healthy and patholog-

ical aging in the TgF344-AD rat model, while also accounting 

for sex differences. We found clear basal differences between 

sexes, as females outperformed males in DNMS engagement 

(both WT and TG animals), and TG females displayed higher 

expression of key synaptic proteins (PSD95, TrkB, and 

VGLUT), pointing to a fundamental female advantage. Recog-

nizing such differences is essential, as promoting healthy aging 

involves mitigating cognitive decline, enhancing brain function, 

and strengthening CR. 33 Following established research guide-

lines for studying CR, 6 our longitudinal study demonstrates 

that long-term cognitive stimulation preserves whole-brain func-

tional connectomics and specifically EC and hippocampus con-

nectivity, leading to improved recognition memory, particularly in 

male TG rats. As shown by our results, this protective effect may

Figure 6. Cognitive stimulation prevents 

altered protein expression in TG rats

(A) Immunoblottings and densitometric quantifi-

cations of PSD95 normalized to actin, expressed 

as a percentage relative to the untrained WT 

conditions.

(B) Immunoblottings and densitometric quantifi-

cations of TrkB normalized to actin, expressed as 

a percentage relative to the untrained WT condi-

tions.

(C) Immunoblottings and densitometric quantifi-

cations of VGLUT normalized to actin, expressed 

as a percentage relative to the untrained WT 

conditions.

(D) Immunoblottings and densitometric quantifi-

cations of p-RPS6 normalized to RPS6, expressed 

as a percentage relative to the untrained WT 

conditions. Respective molecular weight in kDa. 

The effects of genotype, treatment, and sex and 

the interactions between these factors were as-

sessed by a three-way ANOVA followed by 

Fisher’s LSD test. N = 5–6 rats per experimental 

group. Data are presented as mean ± SEM; 

*p < 0.05; **p < 0.01; ***p < 0.001 and ##p < 0.01; 

###p < 0.001. Significant differences between 

males and females per experimental group are 

denoted with ‘‘#.’’

See also Figures S4–S6 and Table S5 for the full 

statistical details.
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be attributed to increased expression of neuronal plasticity 

markers and a less reactive neuroinflammatory profile in trained 

rats.

Our findings highlight the relevance of network integration and 

segregation metrics as indicators of functional brain organization 

and cognitive resilience in AD and healthy aging. Increased 

segregation (clustering coefficient) 34 and integration (global effi-

ciency) 35 have been associated with better cognitive outcomes 

and delayed decline in AD. Furthermore, greater resting-state 

global functional connectivity correlates with higher CR in pa-

tients with mild cognitive impairment, 36 underscoring the trans-

lational value of these metrics in early detection and intervention 

strategies. Importantly, our study demonstrates sex-dependent 

effects of early cognitive stimulation on whole-brain connectom-

ics. In male TG animals, early stimulation enhanced network inte-

gration and segregation, particularly at 7 and 11 months of age, 

consistent with a protective effect on functional brain organiza-

tion. A similar effect was also observed in WT males, indicating 

that cognitive stimulation supports functional network integrity 

even in the absence of pathology. By contrast, neither female 

TG nor WT animals exhibited sustained improvements. This 

aligns with clinical findings showing that women experience 

more pronounced dementia-related changes in functional brain 

connectivity 37 and structural brain damage, 19 supporting the 

notion of lower brain resilience in females.

These results extend prior work on functional connectivity in 

AD models, particularly regarding sex differences. Previous 

studies, including our own, reported preserved whole-brain 

functional connectivity in male TG rats until later disease stages, 

despite early changes in structural connectivity. 20,21 Within the 

same dataset, however, specific resting-state networks, such 

as the somatosensory and anterior default mode networks, 

showed divergent connectivity patterns in TG rats compared to 

WT males. 22 Other studies using dynamic rs-fMRI identified early 

functional disruptions in basal forebrain and default mode-like 

regions by 4 months of age, but these analyses were restricted 

to male animals. 38,39 In contrast, a separate longitudinal study 

of female rats reported widespread functional connectivity 

decline by 10 months. 40 While differences in imaging and ana-

lytic methods may partly explain variability across studies, a crit-

ical limitation remains: the lack of sex-inclusive designs. By 

incorporating both sexes, our work addresses this gap and of-

fers a more comprehensive view of functional connectome dy-

namics in AD. Whole-brain network analyses bridge phyloge-

netic differences between rodent and human studies, providing 

a translational link between species, 41 and accounting for sex

as a biological variable is essential given known differences in 

AD prevalence and CR mechanisms. 19

We did not detect an overall genotype effect in whole-brain 

global connectomics, which may reflect compensatory mecha-

nisms within large-scale networks. This prompted us to examine 

the EC, a region central to memory and especially vulnerable in 

AD. Seed-based analyses revealed genotype-dependent con-

nectivity deficits in untrained TG rats, which were absent in 

trained animals, indicating that cognitive stimulation mitigates 

disease-related alterations at the circuit-specific level.

Notably, the preservation of EC and hippocampal connectivity 

translated into enhanced memory performance, particularly in 

the NOR test, which depends on cortical and hippocampal cir-

cuits. Although both the DNMS and NOR tasks assess memory, 

DNMS training extends its effects beyond hippocampal circuits 

to broader cortical areas involved in recognition memory. 26 

By 19 months, WT rats typically show age-related memory 

decline, 42,43 while TG rats exhibit earlier and more severe impair-

ments. 12,15,44,45 Consistent with this, untrained animals, regard-

less of genotype, were unable to discriminate between novel and 

familiar objects. However, cognitive stimulation significantly 

improved the recognition index (RI) in male WT and TG rats, high-

lighting its protective effect against memory decline in both 

normal and pathological aging. These results align with previous 

findings in AD models, where enrichment and exercise improved 

cognitive outcomes. Periodic cognitive enrichment enhanced 

memory performance in 18-month-old 3xTg-AD mice compared 

to nonenriched littermates, 26 and exercise protected memory 

function in male TgF344-AD rats and Aβ-injected Wistar 

rats. 46,47 Human studies similarly associate cognitive and phys-

ical activity with preserved cognition in aging and dementia. 4 

Interestingly, female rats did not similarly benefit from cognitive 

stimulation, possibly due to a more pronounced genotype effect. 

Although the original characterization of the TgF344-AD rat 

model reported no sex differences, 12 later studies revealed 

that female rats in this model often outperform males in memory 

tasks at earlier ages, including active avoidance 13 and delayed 

match-to-sample tests. 16 In fact, we observed a different tempo-

ral evolution in the number of trials performed in the DNMS task 

from 7 to 19 months between sexes, with males showing age-

related declines in motivation and TG females displaying a tran-

sient increase before decline. In the same line, a recent study 

evaluating the effect of aerobic exercise from 12 to 18 months 

of age in this rat model showed that exercise training rescued 

memory impairments in female transgenic rats, whereas males 

showed no exercise-induced improvement. 48 Altogether, this

Figure 7. Microglia-to-plaque size ratio increases in the entorhinal cortex and protects microglial morphology in 11-month-old TG rats

(A–D) Mean ratio of microglia-to-plaque size in the (A) EC, (B) DG, (C) CA1, and (D) CA3 per rat in 11- and 19-month-old TG rats (both sexes combined). The effects 

of treatment and age and the interactions between these factors were assessed by a two-way ANOVA with Tukey’s post hoc tests. Scale bars represent 50 μm. At 

11 months old, N = 3–4 rats, and at 19 months old, N = 9–10 rats per experimental group.

(E) Representative double-immunofluorescent staining of microglia (Iba1 + in red) and plaques (Aβ + in green) for each corresponding area in 11-month-old rats.

(F) Representative binary images of EC microglia from 11- and 19-month-old rats per experimental group, obtained by confocal microscopy and cleaned with 

ImageJ software.

(G and H) Mean (G) circularity measured as (4π × area) ÷ perimeter 2 and (H) microglial branch number per rat (both sexes combined). The effects of genotype, 

treatment, and age and the interactions between these factors were assessed by a three-way ANOVA followed by Fisher’s LSD test. At 11 months old, N = 4 rats, 

and at 19 months old, N = 10–11 rats per experimental group. Data are presented as mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001 and #p < 0.05; ##p < 0.01; 

###p < 0.001. Significant differences between 11 and 19 months per experimental group are denoted with ‘‘#.’’

Full statistical details are available in Table S6.
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suggests distinct mechanisms of disease progression and resil-

ience between sexes, underscoring the importance of account-

ing for sex in AD and brain resilience research, as it may lead to 

different therapeutic approaches depending on sex.

A change in PV expression in trained rats might contribute to the 

observed effects of cognitive stimulation, as a significant reduc-

tion of PV + immunoreactivity was clearly observed in the DG of 

trained rats (both WT and TG). A recent study reported that 

9-month-old TgF344-AD rats exhibit neuronal loss in the EC and 

hippocampus, whereas at 12 months, a compensatory upregula-

tion of GABAergic interneuronal markers was observed. 49 By 

15 months, however, these animals show a robust loss of both 

excitatory and inhibitory neurons. 49 In our study, we did not 

observe such genotype-dependent differences, likely because 

our immunofluorescence analyses were performed at a later 

age (19 months), consistent with the age-dependent effects noted 

in Morrone et al. 49 GABAergic inhibitory interneurons play a key 

role in maintaining hippocampal excitation-inhibition balance, 

thereby synchronizing neuronal networks during memory encod-

ing and retrieval. Age-related memory loss linked to hyperexcit-

ability has been associated with reduced inhibitory input from 

the DG to the CA3. 50 Accordingly, loss of PV function has classi-

cally been associated with pathological states, 51 whereas restora-

tion of PV-expressing interneuron function correlates with 

improved memory outcomes. 52,53 Nevertheless, the precise role 

of PV in memory processes and cognition in general, as well as 

in AD pathophysiology, remains incompletely understood and is 

still debated. 51,54

Recent findings indicate that targeted suppression of PV + in-

terneurons in the hippocampus can enhance CA3 output to 

CA1, increase slow gamma power, and improve memory consol-

idation and retrieval. 55 Furthermore, Donato and colleagues 

demonstrated that PV + interneuronal circuits exhibit bistable 

states, with environmental enrichment promoting a sustained, 

yet reversible, low-PV + network configuration that is associated 

with enhanced structural synaptic plasticity and improved NOR 

performance. 56 The authors observed that PV + neurons re-

mained unchanged under different experimental conditions; 

rather, environmental experience altered PV expression levels. 56 

Along this line, a study in a mouse model of autism suggested 

that reduced PV expression might represent an adaptive or 

compensatory mechanism aimed at restoring synaptic output. 57 

In light of this evidence, while we cannot determine whether the 

reduction in PV immunoreactivity observed in our study reflects a 

loss of PV + interneurons or an activity-dependent downregula-

tion of PV expression, we propose that it is more likely to repre-

sent functional modulation rather than neuronal death. Such 

modulation may contribute to the improved cognitive perfor-

mance observed in trained animals. Future studies are required 

to disentangle these possibilities and clarify the mechanisms 

linking PV expression to cognitive resilience in aging and AD. 

To investigate whether changes in fMRI connectivity reflect 

underlying molecular adaptations, we assessed synaptic and 

neuroplasticity-related protein levels in cortical lysates. Although 

the combined cortices may limit region-specific resolution, the 

lysates included areas with altered connectivity in fMRI, support-

ing a network-level interpretation. Thus, the observed restoration 

of PSD95 expression following cognitive stimulation, particularly

in male TG rats, highlights the potential of behavioral interven-

tions to preserve synaptic integrity. PSD95 is one of the most 

abundant postsynaptic proteins at excitatory synapses and 

plays a central role in regulating synaptic strength and plasticity 

through glutamatergic receptor trafficking, which is impaired in 

AD. 58 Reduced PSD95 expression has been consistently associ-

ated with Alzheimer’s pathology and cognitive decline, 59–61 and 

its levels correlate with spatial memory performance. 62 VGLUT, a 

vesicular glutamate transporter, regulates presynaptic release 

probability and thereby influences synaptic activity. 63 Increased 

VGLUT expression has been proposed as a compensatory 

mechanism to counteract age-related postsynaptic receptor 

loss and maintain synaptic efficiency. 62 This may partially 

explain the elevated VGLUT levels observed in untrained TG fe-

males compared to WT animals, which coincided with preserved 

PSD95 expression. Interestingly, cognitive stimulation robustly 

decreased VGLUT expression to WT levels, suggesting that 

adaptive mechanisms of synaptic resilience may differ between 

males and females.

Phosphorylated S6 (p-RPS6), a key downstream effector of 

the mTOR pathway, regulates translational control and protein 

synthesis and is widely used as a marker of mTOR signaling ac-

tivity. 64,65 The role of mTOR in AD remains debated: while hyper-

activation has been implicated in amyloid and tau pathology, 66,67 

reduced signaling may impair autophagic clearance of toxic pro-

teins. 66,68 These discrepancies underscore the context-depen-

dent role of mTOR in AD, with both overactivation and suppres-

sion producing deleterious outcomes depending on disease 

stage and cellular environment. To our knowledge, this is the first 

study to demonstrate alterations in mTOR signaling in TgF344-

AD rats. We found a significant reduction of p-RPS6 in both 

male and female TG animals, which was partially restored by 

cognitive stimulation. In summary, beyond indicating normaliza-

tion of synaptic protein expression, our results suggest that 

behavioral stimulation can directly engage molecular pathways 

critical for protein synthesis and plasticity, thereby supporting 

mechanisms of cognitive resilience in AD.

We also examined the neuroimmune environment. Microglia 

are critical for shaping synaptic plasticity, and therefore connec-

tivity, contributing to CR. 69 Moreover, neuroinflammation is 

driven by chronically activated microglia, exacerbating neurode-

generation and cognitive decline in AD. 70,71 In agreement with 

previous studies, 72 our results further support the functional rele-

vance of neuroinflammation in cognitive decline in TgF344-AD 

rats. For example, increased neuroinflammatory markers, 

including reactive microglia and elevated proinflammatory cyto-

kines, correlate with impairments in spatial learning and memory 

in this rat model. 72 We observed that untrained TG rats had more 

circular and less branched microglia, indicative of a reactive 

phenotype, compared with WT counterparts. Conversely, long-

term cognitive stimulation from early adulthood exerted a pro-

tective, anti-inflammatory effect at 11 months, reflected by an 

increased microglia-to-plaque ratio and a shift toward a homeo-

static phenotype, morphologically characterized by highly rami-

fied processes. Similar protective effects of environmental 

enrichment have been reported in response to human amyloid 

β-protein exposure, as shown by higher microglial density and 

a more ramified phenotype. 73 This anti-inflammatory effect of
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cognitive stimulation could be essential for its protective poten-

tial, given the mechanistic link between chronic inflammation 

and cognitive impairment in neurodegenerative disorders. 4 Yet, 

by 19 months, microglial density decreased, and cells displayed 

a more ameboid phenotype in TG rats, independently of treat-

ment. ‘‘Inflammaging,’’ the accumulated effect of chronic low-

grade inflammation and microglial activation with aging, 74 may 

override the protective effect of cognitive training. Indeed, aging 

has been shown to exacerbate inflammation in TgF344-AD rats, 

resulting in hyperactive microglia by 18 months. 43 Such a dys-

morphic phenotype may reflect a senescent state, in which mi-

croglia lose responsiveness to environmental cues, 75 indicating 

a limited temporal window during which cognitive stimulation 

can modulate neuroinflammatory processes.

Our study revealed clear sex differences in both the progres-

sion of AD-like pathology and the response to cognitive stimula-

tion. Female untrained TG rats exhibited higher baseline expres-

sion levels of synaptic and neuroplasticity-related proteins 

(PSD95, TrkB, and VGLUT) than males, suggesting a degree of 

molecular resilience. In contrast, cognitive stimulation had a 

more pronounced protective effect in male TG rats, as evidenced 

by sustained functional connectivity, improved memory perfor-

mance, and increased synaptic protein expression. Together, 

these results indicate sex-specific trajectories of disease and 

intervention response, likely driven by distinct underlying mech-

anisms of AD progression in males and females. Previous 

studies in the TgF344-AD rat model have shown that by 9 months 

of age, females display greater Aβ plaque burden, reduced 

glucose metabolism, and more pronounced anxiety-like and 

anhedonic behaviors, whereas males exhibit greater neuronal 

loss and more severe impairments in learning and mem-

ory. 13,15,16,76 These findings, together with ours, suggest that 

while females may initially display molecular resilience, they 

may ultimately experience a steeper functional decline once pa-

thology is established. The DNMS task performance by TG fe-

males supports this hypothesis (Figure S1A). This pattern mirrors 

human data, in which women often exhibit a cognitive advantage 

during healthy aging but decline more rapidly following AD onset, 

indicating that early resilience may mask an underlying vulnera-

bility that emerges with disease progression. 19 

Estrogen-mediated neuroprotection may partly explain the 

initial female advantage. However, since our study spanned 

from 3 to 19 months of age, females likely transitioned from reg-

ular cycling to acyclicity, with progressive declines in estradiol 

levels. 77 While fluctuations in ovarian hormones (estrous cycle) 

can influence microglial and synaptic outcomes, 78,79 such ef-

fects would vary over time and are unlikely to systematically 

impact long-term outcomes, particularly at 19 months when 

most females are post-reproductive. Future studies using ovari-

ectomized models could further clarify the role of estrogen in 

sex-specific disease trajectories and intervention responses. 

Overall, our findings highlight the need for sex-specific ap-

proaches in cognitive and pharmacological interventions, 

considering the differential timing and progression of pathology. 

Understanding how males and females differ in their molecular, 

functional, and behavioral responses to disease and treatment 

is critical for designing targeted strategies that optimize out-

comes across sexes. Incorporating sex as a biological variable

in preclinical AD research is essential to enhance translational 

relevance and guide more personalized therapeutic approaches. 

In summary, our findings provide further insight into the pro-

gression of AD pathology in both female and male TG rats. We 

demonstrate that early periodic cognitive stimulation modifies 

the evolution of resting-state whole-brain functional connectom-

ics and EC and hippocampus connectivity, acting as a compen-

satory mechanism against pathological aging. In males, this 

intervention notably preserves recognition memory, which may 

be attributed to reduced inhibitory function of hippocampal 

PV + interneurons, enhanced expression of plasticity-related pro-

teins, and a less reactive microglial profile in the EC. At the same 

time, females showed a clear baseline advantage, with higher 

expression of synaptic markers and greater task engagement 

across genotypes, suggesting intrinsic molecular and functional 

resilience, particularly during the early stages of disease pro-

gression. However, this early advantage did not translate into 

stronger responses to cognitive stimulation, highlighting sex-

specific trajectories in disease progression and intervention effi-

cacy. Altogether, our study offers mechanistic insight into how 

early and sustained cognitive stimulation reshapes brain function 

in a sex-dependent manner, reinforcing its value as a preventive 

strategy in AD and underscoring the importance of considering 

sex-specific neurobiological mechanisms in the design of future 

interventions.

Limitations of the study

The main limitation of this study is the relatively small number of 

animals per experimental group, especially in rats sacrificed at 

11 months. This constraint stems from the complexity of the lon-

gitudinal design, which included behavioral testing, MRI, brain 

sampling at two time points, and the inclusion of both sexes. An-

imal numbers were further constrained by the COVID-19 

pandemic and cost considerations, particularly for DNMS 

training and MRI acquisitions. Despite this, the consistent trends 

across behavioral, imaging, and molecular domains strongly 

support our conclusion that cognitive stimulation exerts a pro-

tective effect. Moreover, our sex- and time-based analyses pro-

vide additional insight into disease progression and reinforce the 

importance of examining sex differences at the preclinical level 

for effective translational research.

While the behavioral data suggest a sex-specific benefit in 

trained TG males, our EC and hippocampus connectivity ana-

lyses did not reveal statistically significant sex differences 

(data not shown). This may reflect differences in sensitivity be-

tween behavioral and neuroimaging measures. Given the limited 

sample size, subgroup analyses by sex may have lacked the po-

wer to detect subtle effects. Thus, while behavioral patterns sug-

gest sex specificity, seed-based connectivity findings likely 

reflect a general effect of cognitive stimulation in TG animals. 

Species-specific differences should also be considered when 

translating rodent findings on CR to humans. Rodent models, 

including TgF344-AD rats, provide unique advantages for dis-

secting molecular, cellular, and network mechanisms of resil-

ience, such as synaptic plasticity and microglial modulation, 

which are largely conserved across mammals. 80 These aspects 

likely reflect fundamental principles of CR that can inform human 

studies. However, the scope of CR in rodents is constrained by
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differences in lifespan, the relative simplicity of behavioral reper-

toires, and neuroanatomical scaling, particularly the expansion 

of association cortices in humans that support higher order 

cognition. 81,82 Moreover, the environmental complexity and 

cognitive demands faced by humans are not fully recapitulated 

in laboratory conditions. 83,84 Therefore, while our results high-

light mechanisms that may contribute to resilience, caution is 

warranted in extrapolating the magnitude and temporal dy-

namics of CR effects from rodents to humans.
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18. Rosende-Roca, M., Garcı́a-Gutié rrez, F., Cantero-Fortiz, Y., Alegret, M., 
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and experimental design

Male and female TgF344-AD rats (n = 30) and wild-type (WT) Fischer littermate rats (n = 30) were group-housed under controlled 

conditions of temperature (22 ± 1 ◦ C) and humidity (55 ± 10%) on a 12 h light/12 h dark cycle from the time they were 3 months 

old. Water and food were available ad libitum except during behavioral tests. Animal work was performed in accordance with the 

local legislation (Decret 214/1997 of July 30 th by the Departament d’Agricultura, Ramaderia i Pesca de la Generalitat de Catalunya)

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-NeuN Abcam Cat#177487; RRID:AB_2532109

Mouse monoclonal anti-Beta-Amyloid Dako Cat# M0872; RRID:AB_2056966

Goat HRP-linked anti-rabbit Cell Signaling Technology Cat#7074; Lot:33; RRID:AB_2099233

Goat HRP-linked anti-mouse Thermo Fisher Scientific Cat#32430; Lot: YL383646; 

RRID:AB_1185566

Rabbit polyclonal anti-Iba1 Wako Cat#019–19741; Lot: WDE1198; 

RRID:AB_839504

Rabbit polyclonal anti-parvalbumin Proteintech Cat #29312-1-AP; RRID:AB_2918280

Goat anti-mouse Alexa Fluor 488 Thermo Fisher Scientific Cat#A31620; Lot: 2415939

Donkey anti-rabbit Alexa Fluor 546 Thermo Fisher Scientific Cat#A10040; Lot: 2273718; 

RRID:AB_2534016

Fluoroshield with DAPI Sigma-Aldrich Cat#F6057; Lot: 0000405985

Mouse monoclonal anti-PSD-95 Thermo Fisher Scientific Cat#MA1-045; RRID:AB_325399

Rabbit polyclonal anti-VGLUT1 Synaptic Systems Cat#135303; RRID:AB_887875

Rabbit monoclonal anti-p-RPS6 (Ser235/ 

236)

Cell Signaling Technology Cat#4858; RRID:AB_916156

Mouse monoclonal anti-RPS6 Cell Signaling Technology Cat#2317; RRID:AB_2238583

Mouse monoclonal anti-TrkB BD Biosciences Cat#610102; RRID:AB_397508

Goat HRP-linked anti-mouse Thermo Fisher Scientific Cat#31430; RRID:AB_228307

Goat HRP-linked anti-rabbit Thermo Fisher Scientific Cat#31460; RRID:AB_228341

Critical commercial assays

Protein Assay kit Bio-Rad Cat#5000112

Experimental models: Organisms/strains

Rat: TgF344-AD: Rat: F344-Tg(Prp-

APP,Prp-PS1)19/Rrrc

RRRC RRID:RRRC_00699

Rat: Wildtype: F344 Janvier Labs RRID:RGD_60994

Software and algorithms

SMART Video Tracking v3.0.06 Panlab RRID:SCR_002852

Stereo Investigator Leica RRID:SCR_002526

LAS X software Leica RRID:SCR_013673

GraphPad Prism version v10.4.1 Prism RRID:SCR_002798

ANTs NA RRID:SCR_004757

MRTrix3 NA RRID:SCR_024123

Nilearn NA RRID:SCR_001362

ITK-SNAP software v3.8.0 NA RRID:SCR_002010

ImageJ v2.14.0/1.54f; Java 1.8.0_322 (64-

bit)

NA RRID:SCR_003070
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with the approval of the Experimental Animal Ethical Committee of the University of Barcelona, and in compliance with European 

legislation.

MRI scans were performed at 5 timepoints: 3, 7, 11, 15 and 19-months-old, with the first scan being performed before DNMS 

training. Littermates were randomly divided into two groups: untrained and cognitively trained by repeated performance of the 

DNMS task in operant chambers. At 3 months of age rats underwent the habituation and the DNMS training. All animals passed 

the acquisition criteria and reached the DNMS phase, which was performed for 10 consecutive days at 7,11, 15 and 19 months 

of age. At 7 months old, rats performed the DNMS task for 10 consecutive days every 4 months. The novel object recognition 

(NOR) test was performed at 19 months for all experimental groups, after which rats were sacrificed and their brains extracted for 

histological and protein assays. A small subgroup of rats (n = 3–4 per experimental group) was sacrificed at 11 months to study 

the effects of cognitive training over beta-amyloid burden and microglia in middle adulthood (Figure 1). A specific breakdown of 

the number of animals used in each experiment can be found in Table S1.

METHOD DETAILS

Training and delayed non-match to sample task

Cognitive stimulation was performed by training to acquire DNMS task and periodical repetition of DNMS performance, starting 

at 3 months of age until 19 months of age. The task was performed in isolated operant chambers (Med Associates, Fairfax, VT, 

USA) containing 3 extendable levers: two were placed on the pellet wall (right and left levers) and the third was centered on the 

opposite wall. Rats underwent habituation, training and task phases as previously described. 20 In brief, the habituation phase 

involved exposing the rats to 5 min of daily handling for 7 days and placing them in the DNMS chambers for 30 min. During the 

testing weeks, the animals received 75% of their standard food intake to increase their performance motivation. The DNMS 

training phase consisted of six levels of ascending difficulty. The DNMS task was initiated when acquisition criteria were satis-

fied. 20 Namely, 2 consecutive days with a score of a minimum of 80% correct responses in the 5 th and 6 th training phases, 

where the procedure is identical to DNMS but with no delay or delay between 1 and 5 s, respectively. All animals achieved 

the criteria and reached the DNMS phase. The DNMS task started with the sample phase, where the animals had to press 

the lever that extended (left or right). After a random 1 to 30-s wait, the center-placed lever on the opposite wall would extend, 

and the rats had to press it. If successful, both right and left levers would extend again, and the rats had to press the lever which 

had not been presented during the sample phase (non-matched) to obtain a sucrose pellet reward. An incorrect response 

(pressing the matched lever) led to a 5-s time-out with overhead lights turned off and no pellet reward. The DNMS tasks 

were finalized after 60 min, or 90 trials were performed.

Novel object recognition test

The NOR test was used to evaluate the rat’s recognition memory. At 19-months-old, rats were individually placed in empty testing 

arenas (40 cm × 40 cm x 30 cm) for 5 min for habituation purposes. Familiarization and testing phase were performed the following 

day, where the rats were placed in the testing arena for 5 min with two identical objects. After a 30-min delay, rats were placed back in 

the arena with the following two objects: a familiar one (from the familiarization phase) and a novel object. The interaction with these 

objects was recorded for 5 min with a digital video camera mounted overhead. The SMART 3.0.06 video tracking software (Panlab) 

was used to analyze the recordings and track the time each rat spent exploring each object, to quantify the recognition index (RI), the 

time spent interacting with the novel object relative to the time spent interacting with both, as well as the total exploration time. Object 

exploration was counted when rats were within a 2 cm perimeter of an object, with their snout directed toward it. For analysis pur-

poses, only the first 2.5 min of each 5-min recording were used, as the rats lost interest and showed reduced locomotor activity over 

time, potentially masking cognitive deficits between the experimental groups. 43

Magnetic resonance imaging

MRI experiments for functional connectomics were performed as previously described on a 7.0-T BioSpec 70/30 horizontal an-

imal scanner (Bruker BioSpin, Ettlingen, Germany) equipped with an actively shielded gradient system (400 mT/m, 12-cm 

inner diameter). 20 Briefly, animals were placed in a prone position in a Plexiglas holder with a nose cone for administering anes-

thetic gases (1.5% isoflurane in a mixture of 30% O 2 and 70% CO 2 ) and were fixed using tooth, ear bars and adhesive tape. To 

ensure stability during the resting state functional magnetic resonance imaging (rsfMRI), rats received a 0.5 mL bolus of mede-

tomidine (0.05 mg/kg; subcutaneously (s.c.)) and a catheter was implanted in their back for continuous perfusion of medetomi-

dine. Isoflurane was gradually decreased to 0.5% and 15 min after the bolus, the medetomidine perfusion (0.1 mg/kg/h; s.c.) 

started at a rate of 1 mL/h. The acquisition protocol included the following imaging: T2-weighted images, acquired using a rapid 

acquisition with relaxation enhancement (RARE) sequence with effective echo time (TE) of 35.3 ms, repetition time (TR) of 

6000 ms, RARE factor = 8, voxel size = 0.12 × 0.12 mm 2 , 40 slices, slice thickness = 0.8 mm and field of view (FoV) = 

30 × 30 × 32 mm 3 ; T1-weighted images, acquired using an Modified Driven Equilibrium Fourier Transform (MDEFT) protocol 

with TE = 2 ms, TR = 4000 ms, voxel size = 0.14 × 0.14 × 0.5 mm 3 and FoV = 35 × 35 × 18 mm 3 . For rsfMRI, a gradient 

echo T2* acquisition was used, with the following parameters: TE = 28 ms, TR = 2000 ms, 600 volumes (20 min), voxel

size = 0.4 × 0.4 × 0.6 mm 3 , FoV = 25.6 × 25.6 × 20.4 mm 3 .
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Image processing and connectome definition

The acquired images were processed to obtain the functional connectomes. Briefly, at each age timepoint, a T2-weighted group tem-

plate was constructed by interactive multi-stage registration using ANTs, 85 and a modified SIGMA rat brain atlas was registered to 

the corresponding group template. 86 Then the atlas parcellation and segmentation were registered to each subject’s T2-weighted 

images using the group template as an intermediate registration step to obtain individual brain masks and region parcellations. 

RsfMRI volumes were denoised, skull-stripped and intensity-normalized using MRTrix3. 87 Atlas parcellation and segmentation 

were registered from each subject’s T2 space to their respective pre-processed rsfMRI spaces to define the regions between which 

connectivity was assessed.

RsfMRI processing was done with Nilearn. 88 Time series were detrended and standardized, a band-pass filter was applied to keep 

frequencies between 0.01 and 0.1Hz and a Gaussian smoothing kernel was applied with a full width at half maximum of 1 mm to 

enhance signal-to-noise ratio and increase statistical sensitivity.

Brain activity identified by rsfMRI has been constrained to gray matter tissue, 89 thus 94 regions were considered as nodes in the 

functional connectome. The connection weight between nodes was calculated as the partial correlation between the pair of regional 

time series, converted to z-scores by applying Fisher’s z-transformation. Because the correlations are symmetric, undirected graphs 

were constructed. Negative correlation coefficients were excluded since negative functional connectivity has potentially artifactual 

origins and unclear physiological interpretation. All the connections with positive weight (z > 0) were considered for weighted undi-

rected functional connectome construction. Binary undirected functional connectomes were constructed by setting all non-zero 

values of their weighted counterparts to 1.

Connectome metrics

Brain network organization was described using graph theory, taking different brain regions as nodes and functional connectivity as 

vertices. This allows us to study functional connectivity at the network level by capturing the complex and dynamic interplay between 

brain regions in a systematic and quantifiable manner. Specially, we focused on global efficiency and clustering coefficient. These 

metrics provide a description of integration and segregation at a global level. 90 Global efficiency measures network integration or the 

ability to combine information from different regions. It is inversely related to the shortest path length and it is calculated as the 

average efficiency between all pairs of nodes. A higher global efficiency characterizes stronger and faster communication through 

the network. Network segregation, which is the ability of specialized processing within densely interconnected groups of regions, 

was quantified by the clustering coefficient. The average clustering coefficient is the average of nodal clustering coefficients, which 

are calculated as the fraction of possible triangles that exist between each node and its neighbors (triangles being sets of three nodes 

that are all mutually connected by edges). High clustering coefficient values are related to highly segregated and connected net-

works. These metrics have been commonly used in human studies of AD, 91–94 and therefore, can provide comparable and transla-

tional results. For longitudinal functional network metrics comparison between groups, 5 data points from different subjects were 

discarded due to MRI acquisition and processing issues.

Seed-based analysis of the EC and the DG

Seed-based analysis is a model-based method in which a region of interest (ROI) is selected as a seed and correlations between its 

average blood-oxygen-level-dependent (BOLD) signal and the BOLD signal of all brain voxels are calculated. 95 Seed-based analyses 

were performed using the left entorhinal cortex (EC) and the left dentate gyrus of the hippocampus as two independent seeds, 

segmented from the rat brain MRI atlas 86 to build a seed-based functional connectivity map, providing information on which brain 

regions are functionally connected. Correlation maps were calculated using the Nilearn package and were converted to z-scores us-

ing Fischer’s transformation. A non-parametric permutation inference procedure 96 was applied to determine which brain regions 

showed different connectivity patterns between groups by implementing a non-parametric t test with a total of 5000 permutations 

per contrast. The resulting p-values maps were then processed to detect cluster-like structures using the Threshold-Free Cluster 

Enhancer (TFCE) procedure, 97 and multiple comparisons were adjusted by controlling the Family-Wise Error (FWE) Rate (α = 
0.05). Images were visualized using the ITK-SNAP software (version 3.8.0). 98

Tissue preparation

At 11 (n = 16) and 19 (n = 43) months, after the corresponding MRI session with rats under deep anesthesia, transcardiac perfusions 

were performed with phosphate-buffered saline (PBS) washes and with 4% paraformaldehyde. Rats were decapitated and brains 

were extracted. Both hemispheres were separated, one for histological studies and the other was dissected, quickly frozen, and 

stored at − 80 ◦ C for biochemical studies. The hemisphere used for histological studies was coronally cut into 6 slices of 3 mm, 

excluding the cerebellum. The slices were mounted on paraffin blocks (Leica EG 1150H) and subsequently sliced into 5 μm sections 

using a microtome (Leica RM2255).

Immunohistochemical studies

Deparaffinized 5 μm coronal sections were incubated with PTlink at pH 6 (20 min at 95 ◦ C) and then with 98% formic acid (5 min). A 

peroxidase blocking solution (Dako) incubation was performed (30 min) before the 45-min incubations with primary antibodies; rabbit 

anti-NeuN (1:1000; Abcam, #177487) or mouse anti-Aβ (1:100; Dako, #M0872). For signal amplification rabbit (Dako, #K8009) or
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mouse linker (Dako, #K8021) were added (30 min), prior to incubations with horseradish peroxidase (HRP)-linked goat anti-rabbit 

(Cell Signaling Technology, #7074) or anti-mouse (Thermo Fisher Scientific, #32430) secondary antibodies (30 min). 3,3 ′ -Diamino-

benzidine (DAB) chromogen was added (10 min) and slides were stained with hematoxylin. Washes with Dako buffer were performed 

between incubations. The tissues were mounted onto slides, dehydrated, and covered with coverslips ready for microscopy use. All 

steps were performed in a humid chamber at room temperature (unless stated otherwise) in the dark until DAB was added.

Immunofluorescence studies

Deparaffinised coronal sections were incubated with PTlink (20 min at 95 ◦ C) followed by an incubation with 98% formic acid (5 min). 

LinkerMouse incubation was followed by a 1 h 5% bovine serum albumin (BSA) incubation and 45-min incubation with primary an-

tibodies; mouse anti-Aβ (1:100; Dako, Clone #M0872), rabbit anti-Iba1 (1:400; Wako, #019–19741) and rabbit anti-parvalbumin 

(1:500; Proteintech, #29312-1-AP). Sections were incubated for 1 h in the dark with goat anti-mouse Alexa Fluor 488 (1:400; Thermo 

Fisher Scientific, #A31620), or donkey anti-rabbit Alexa Fluor 546 secondary antibodies (1:400; Thermo Fisher Scientific, #A10040). 

Sections were rinsed in 70% ethanol for 5 min and stained with saturated (70% EtOH) Sudan Black solution for 15 min. Slides were 

rinsed and cover-slipped with Fluoroshield with DAPI mounting medium (Sigma-Aldrich, #F6057).

Image acquisition and analysis

For NeuN + cell count and quantification of microglia to plaque size ratio, the BX-51 Biological Binocular Microscope (Olympus) was 

used. For unbiassed NeuN + count, the optical fractionator technique was applied using the Stereo Investigator Software (Leica). The 

4× objective was used to obtain NeuN + images of the areas of the EC and hippocampus (DG, CA1, CA3). One image was acquired 

per region per animal. For quantification, the perimeter of each area was delimited as a ROI, and using the 20× objective a random-

ized grid-counting system was used to estimate the total neuronal population per area. For each area, the estimated neuronal pop-

ulation was then normalized to its respective ROI to obtain a NeuN + count/area. To obtain images of microglia around Aβ plaques, the 

40× objective was used to acquire an image per region per animal. For each image, a pre-determined ROI was placed around each 

Aβ plaque, and the microglia within were considered as plaque associated. Images of parvalbumin-positive (PV + ) cells were acquired 

using a widefield AF6000 optical microscope (Leica) at 20× magnification. The LAS X software (Leica) was used to obtain a mosaic of 

the hippocampus (DG, CA1, CA3), for each animal. PV + interneuron counts were then performed manually on ImageJ software 

(version 2.14.0/1.54f; Java 1.8.0_322 (64-bit)). Total PV + interneuron counts per region were normalized to their respective ROIs 

to obtain a ratio of PV + counts/area. The confocal SP5 2 photon microscope (Leica) was used to generate 3D images of Iba1 + micro-

glial cells in the EC. The rhinal fissure served as anatomical reference, and images were acquired in a ventral direction. The 40× oil-

immersed objective was used to obtain 4 images per rat. Images were 1,024 × 1,024 pixels, obtained at a 400 Hz speed with z-stacks 

using the LAS X software. Images of the hippocampus (DG, CA1, CA3) were obtained in - 3.2 mm bregma, and of the EC in − 5.2 mm 

bregma, based on bregma coordinates from the Paxinos and Watson’s Atlas of Stereotaxic Surgery. 99 ImageJ was used to process 

and analyze the acquired images. For the analysis of microglial morphology, the macros ‘‘macro.ijm’’ and ‘‘composite_macro.ijm’’ 

were used. The plugin ‘‘AnalyzeSkeleton 2D/3D ′′ was used to binarize and skeletonize images for the quantification of branch 

numbers. Eight microglia were analyzed per subject and the average per rat was analyzed and expressed graphically.

Western Blot analyses

Brain cortical segments mainly including somatosensory, auditory, insular and EC (bregma 1 to − 3.55) and the hippocampus 

(bregma − 2.30 to − 6.30) were used for Western Blots. The supernatant for analysis was obtained by defrosting samples with an 

adapted lysis buffer. 100 Samples were then sonicated, incubated for 2 h at 90 ◦ C and 300 rpm and centrifugated at 4 ◦ C and 

1000 g for 10 min. The total concentration of the supernatant was quantified with the DC protein assay kit (Bio-Rad, #5000112), using 

BSA for the calibration curve (Bio-Rad, #5000007) and following manufacturer’s instructions. Aliquots were stored at − 80 ◦ C until use. 

Samples obtained from the rats’ cortex (15–20 μg of protein) were separated in NuPAGE TM Novex TM 4–12% SDS-acrylamide gels 

and proteins were transferred to nitrocellulose membranes with the iBlot dry blotting system (Thermo Fisher Scientific). Primary an-

tibodies were diluted in Tris-buffered saline containing 0.1% Tween 20 and 5% BSA and incubated overnight at 4 ◦ C. Secondary an-

tibodies were diluted in TBS-Tween with non-fat, dry 5% milk (Bio-Rad) for 1 h. Supersignal West Pico Plus chemiluminescent sub-

strate (Thermo Scientific, #34577) was used for protein detection and images were obtained using ChemiDoc (Bio-Rad). The 

following primary antibodies were used at a 1:1000 dilution: mouse anti-PSD95 (Thermo Fisher Scientific, #MA1-045), rabbit anti-

VGLUT1 (Synaptic Systems, #135303), rabbit anti-p-RPS6 (Ser235/236) (Cell Signaling Technology, #4858), mouse anti-RPS6 

(Cell Signaling Technology, #2317), and mouse anti-TrkB (BD Biosciences, #610102). For secondary antibodies, HRP-linked goat 

anti-mouse (Thermo Fisher Scientific, #31430) and anti-rabbit (Thermo Fisher Scientific, #31460) were used at a 1:10000 dilution. 

ImageJ was used for image analysis and the quantification of relative protein expression obtained from Western blots.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses were performed using a mixed-effect model, a two-way ANOVA, or three-way ANOVA, depending on the number of factors 

analyzed, as specified in each figure legend. When appropriate, post hoc Tukey tests were conducted following two-way ANOVA, 

and Fisher’s least significant difference (Fisher’s LSD) tests were performed following three-way ANOVA. Data was analyzed
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separately by sex except in histological studies where the 11 months-old groups were too small to divide by sex. To investigate the 

relationship between RI at 19 months and global efficiency metrics at 7 and 11 months, Pearson’s correlations coefficients were 

calculated. Data was processed and analyzed blindly. Statistical analyses were performed with the GraphPad Prism 10 software 

(version 10.4.1) and data were presented as mean ± standard error of the mean (SEM), considering p < 0.05 as statistically significant. 

Unless specifically stated, ‘*’ were used to indicate statistical significance between treatments and ‘#’ were used to indicate statis-

tical significance between sexes, where *p < 0.05; **p < 0.01; ***p < 0.005 and #p < 0.05; ##p < 0.01; ###p < 0.001.The complete 

results from the ANOVAs, including F-values, degrees of freedom and p-values, are available in the supplementary tables.
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