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Abstract
Adult hippocampal neurogenesis (AHN), the process in which new neurons are formed in the dentate gyrus of the
hippocampus, declines with age and is highly responsive to voluntary wheel running in mice. This exercise-activated increase
in AHN is believed to contribute to the cognitive and neurotrophic benefits of exercise on the aging and neurodegenerative
disease-afflicted brain. However, our current understanding of the decline in AHN remains male-centric, with very few studies
examining the effects of age and/or running on AHN in the female brain. Our lab has recently shown that skeletal muscle-
specific overexpression of Transcription Factor E-B (TFEB), a master regulator of lysosomal and mitochondrial function,
mimics many of the neuroprotective benefits of exercise during aging and in the context of Alzheimer’s disease (AD)
pathologies, but the effect of muscle-TFEB overexpression on AHN was unknown. Here we report that female AHN declines
in a similar timeline as to what has been reported for the male hippocampus, following a precipitous decline at around 3
months of age that culminates at around 8 months of age. Furthermore, we report that muscle-TFEB overexpression does not
prevent this age-associated decrease in AHN, suggesting that the neuroprotective benefits observed in our muscle-TFEB
model are independent of AHN.
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Figure 1. Exponential age-associated decline in the female neurogenesis is not altered by overexpression of TFEB in
skeletal muscle:

(A) Representative images of the dentate gyrus of the control hippocampus at 2.5, 4 and 8 months of age, and quantification of
estimated number of DCX+ cells across different age time points. Best fit exponential line is shown. (B) Representative
images of the dentate gyrus of control (top) and cTFEB;HSACre (bottom) transgenic mice at 3 months of age. Quantification
of estimated DCX+ cells across age-matched littermate groups is shown on the right. Doublecortin (DCX) stain in red,
Hoescht nuclear stain in blue. Scale bar = 100 µm. Data is presented as total numbers (A) or mean ± SEM (B). Two-way
ANOVA with post-hoc multiple comparisons, n.s.: non-significant
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Neurogenesis is the process through which neural stem cells give rise to new neurons in the murine hippocampus, and it is
highly activated by running 1. Conversely, an exponential decline in adult hippocampal neurogenesis (AHN) is observed
during aging, with the number of neural stem cells and their newly born neurons precipitously declining shortly after mice
achieve sexual maturity (~3-8 months of age) 2,3. To date, most research into exercise-activated neurogenesis has been focused
on only one sex (males) and few studies have examined whether sex contributes as a biological variable to this age-associated
decline in AHN 4.

We have recently demonstrated that overexpression of Transcription Factor E-B (TFEB) in skeletal muscle (cTFEB;HSACre
transgenic model) is sufficient to drive multiple exercise-like benefits in the CNS 5,6. Indeed, we have confirmed neuro- and
geroprotective effects in the hippocampus of cTFEB;HSACre in the absence of any exercise activity, including reductions in
neuroinflammation, increases in neurotrophic signaling and reductions in tau- 5 and amyloid beta-associated pathologies 6.
Interestingly, these neuroprotective effects appear to be sex-dimorphic, suggesting that muscle-TFEB and/or exercise may
drive CNS resilience via functionally convergent mechanisms in either sex 7. However, to date, we have not examined whether
muscle-TFEB overexpression can also modify the age-associated trajectories of AHN decline.

To assess AHN in this context, we quantified the number of doublecortin (DCX) positive cells in the dentate gyrus of the
hippocampus via immunofluorescence in mouse hemibrain cryosections. DCX labels immature neurons and has been
extensively utilized as a marker for neurogenesis during development and in paradigms known to increase neurogenesis levels,
including exercise 3,8-10. To begin our analysis, we first assessed the number of DCX-positive neurons in the hippocampus of
female control mice at multiple time points. Consistent with what has been previously reported in similar studies in male mice
4,11,12, we found an exponential decline in the estimated number of DCX+ cells in the female hippocampus across aging
(Figure 1A). At 2.5 months of age, a time of peak AHN activity associated with brain maturation and development, we
estimated 40240 ∓ 4329 DCX+ neurons to exist in the dentate gyrus of the female hippocampus. At 3.5 months of age, just a
month later, this number had sharply decreased to 13547 ∓ 866 DCX+ cells in the same brain region. This trend continued at
4.5 months (6150 ∓ 845.5 cells) and 5.5 months (7730 ∓ 2835 cells) of age. By 8 months of age, this number had dropped to
only 2410 ∓ 311 DCX+ cells, consistent with existing reports suggesting that mouse dentate gyrus AHN decreases 15-20 fold
by 9-12 months of age relative to neonatal levels 13,14.

It is generally understood that AHN undergoes an exponential decline of neurogenic parameters across age 11-13. We mapped
the distribution of DCX+ positive cells in the female hippocampus across all our age time points and determined the best fit to
be a non-linear exponential distribution (R2 = 0.8563), which parallels what has previously been reported for the male mouse
hippocampus 3. It is important to note that the population of DCX-labeled cells might not provide a complete estimate of the
number of functional new neurons, as only a fraction of DCX-labeled cells will survive to become fully functional. However,
our results suggest that, similar to what is known about the male hippocampus, female AHN proceeds in a similar trajectory,
peaking at 2-3 months of age and rapidly declining to negligible numbers by 9 months of age.

With this in mind, we evaluated AHN in the context of our newly developed exercise-mimetic model, the cTFEB;HSACre
transgenic mice 5. We chose a first age time point with dynamic levels of AHN (3.5 months of age) and a second time point
where AHN has significantly declined (5.5 months of age) to determine whether muscle-TFEB overexpression can modify
AHN in the female hippocampus (Figure 1B). Confirmation of TFEB overexpression in the skeletal muscle of these same
cohorts has been previously published in our original work describing the CNS targeting benefits of muscle-TFEB
overexpression 5. We found that there was no significant difference in the estimated number of DCX+ neurons in the
hippocampus of female control and cTFEB;HSACre transgenic mice at 3 months (average of 13547 ∓ 866 vs. 14605 ∓ 917.4
cells, respectively) or 6 months (average of 9276 ∓ 2911 vs. 13845 ∓ 3767 cells respectively) of age. Although our limited
number of time points in this cohort prevented us from examining AHN trajectories as done in Figure 1A, this data suggests
that muscle-TFEB overexpression does not increase the number of DCX+ neurons in a highly neurogenic environment (3
months old), nor does it protect against age-associated decline of AHN (6 months old) (Figure 1B).

These results were surprising to us given our published results highlighting multiple neurotrophic, exercise-like effects of
muscle-TFEB overexpression on the hippocampus 5,6. This indicates that the neuroprotective effects of muscle-TFEB
overexpression, including improved neurocognitive performance, reduced neuroinflammation, and increased neurotrophic
signaling 5,6 are probably independent of AHN reactivation. This disparity also suggests that AHN activation is not required
for the full manifestation of the neuroprotective benefits associated with exercise, an intriguing possibility with high
therapeutic potential for aging populations where AHN may have reached the ‘point of no return’.
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Methods

Animals. We have previously described the generation of fxSTOP-TFEB transgenic mice 5. For this work we utilized non-
transgenic mice (~2-9 months of age) or cTFEB;HSACre double transgenic female mice and their non-transgenic or single
transgenic littermate controls (3-6 months of age). In our hands, we have not detected any differences in CNS phenotypes on
fxSTOP-TFEB+ or HSA-Cre+ single transgenic animals compared to the wild-type littermates 5, so they are all combined into
our ‘control’ group (Figure 2).

Tissue collection. Animals were anesthetized with 3.8% Avertin Solution prior to tissue collection. All animals received a
transcardial perfusion with 60 mLs of cold 1x PBS. Half of the brain (right/left hemi-brain) was post-fixed in 4% PFA for less
than 24 h before being transferred to 30% sucrose for another 24 h before cryo-sectioning and staining.

Immunofluorescence Analysis. Hemibrains were embedded in OCT (TissueTek, 4583), frozen utilizing 2-methylbutane (VWR,
103525-278) vapor phase submerged in liquid nitrogen, and stored at 80 °C until used. All samples were sectioned on a
standing cryostat (Leica). Brain sections were 20 µm thick. For immunofluorescence staining of doublecortin (DCX), antigen
retrieval was performed using 1x citrate buffer in a high-pressure cooker for 6 minutes on high followed by a quick release
step. After cooling down for 10 minutes, slides were washed with 0.1% Triton for 15 minutes, then again with 1x PBS. Brain
sections were then blocked with 4% BSA for 1 hour, followed by staining with primary doublecortin antibody #4604 (Cell
Signaling, 4604S) (1:200) overnight at 4ºC and finally incubated with Donkey anti-rabbit Alex fluor 555 secondary antibody
at RT for 1 h (both diluted in 4% BSA). Slides were washed with PBS-Hoescht (ThermoFisher, 62249, 1:5000) and mounted
with Prolong Glass Antifade Mountant (Invitrogen, P36984). All slides were washed with 1X PBS three times for 5 min each
between steps. All slides were imaged with an ECHO Revolution epifluorescent microscope using the TXRED and DAPI
channels. Estimation of total DCX+ numbers per individual was determined by design-based stereology for standardized
quantification of adult neurogenesis 15, with minor modifications. In short, we used raw counts from 2-dimensional
representative brain sections from each individual to estimate 3-dimensional populations in the entire hippocampus. In our
hands, the entire cross-length of the adult mouse hippocampus was contained within 120 sections of 20 µm thickness, for an
average length of 2.4 mm, consistent with information provided by the Allen Brain Atlas. After establishing our size
parameters, we quantified every 16th section of tissue for every individual, to cover the proximal, medial and anterior dentate
gyrus. Quantification of raw DCX+ cells was performed in FIJI/ImageJ using the cell counter plug-in, number of sections
sampled was consistent within groups. We determined the estimated number of DCX+ cells in the entire hippocampus via
volumetric extrapolation. Our estimated DCX+ numbers are within range of previous publications utilizing a similar approach
15.

Statistical Analysis. 2-way ANOVA and post-hoc multiple comparisons, as well as best-fit nonlinear regression curves were
used to determine significance of differences in Prism 10.4.2 (GraphPad Software). P < 0.05 was considered statistically
significant.

Acknowledgements: We thank members of the Cortes lab past and present, as well as former and current colleagues and
collaborators for their helpful contributions.

References
van Praag H, Kempermann G, Gage FH. 1999. Running increases cell proliferation and neurogenesis in the adult mouse
dentate gyrus. Nature Neuroscience 2: 266-270. DOI: 10.1038/6368

van Praag H, Shubert T, Zhao C, Gage FH. 2005. Exercise Enhances Learning and Hippocampal Neurogenesis in Aged Mice.
The Journal of Neuroscience 25: 8680-8685. DOI: 10.1523/jneurosci.1731-05.2005

Arellano JI, Rakic P. 2024. Modelling adult neurogenesis in the aging rodent hippocampus: a midlife crisis. Frontiers in
Neuroscience 18: 10.3389/fnins.2024.1416460. DOI: 10.3389/fnins.2024.1416460

Bond AM, Ming Gl, Song H. 2022. What Is the Relationship Between Hippocampal Neurogenesis Across Different Stages of
the Lifespan?. Frontiers in Neuroscience 16: 10.3389/fnins.2022.891713. DOI: 10.3389/fnins.2022.891713

Matthews I, Birnbaum A, Gromova A, Huang AW, Liu K, Liu EA, et al., Cortes. 2023. Skeletal muscle TFEB signaling
promotes central nervous system function and reduces neuroinflammation during aging and neurodegenerative disease. Cell
Reports 42: 113436. DOI: 10.1016/j.celrep.2023.113436

Taha HB, Birnbaum A, Matthews I, Aceituno K, Leon J, Thorwald M, Godoy-Lugo J, Cortes CJ. 2024. Activation of the
muscle-to-brain axis ameliorates neurocognitive deficits in an Alzheimer’s disease mouse model via enhancing neurotrophic
and synaptic signaling. GeroScience 47: 1593-1613. DOI: 10.1007/s11357-024-01345-3

 

5/6/2025 - Open Access

https://doi.org/10.1038/6368
https://doi.org/10.1523/jneurosci.1731-05.2005
https://doi.org/10.3389/fnins.2024.1416460
https://doi.org/10.3389/fnins.2022.891713
https://doi.org/10.1016/j.celrep.2023.113436
https://doi.org/10.1007/s11357-024-01345-3


 

Cortes CJ, De Miguel Z. 2022. Precision Exercise Medicine: Sex Specific Differences in Immune and CNS Responses to
Physical Activity. Brain Plasticity 8: 65-77. DOI: 10.3233/BPL-220139

Leiter O, Brici D, Fletcher SJ, Yong XLH, Widagdo J, Matigian N, et al., Walker. 2023. Platelet-derived exerkine
CXCL4/platelet factor 4 rejuvenates hippocampal neurogenesis and restores cognitive function in aged mice. Nature
Communications 14: 10.1038/s41467-023-39873-9. DOI: 10.1038/s41467-023-39873-9

Villeda SA, Plambeck KE, Middeldorp J, Castellano JM, Mosher KI, Luo J, et al., Wyss-Coray. 2014. Young blood reverses
age-related impairments in cognitive function and synaptic plasticity in mice. Nature Medicine 20: 659-663. DOI:
10.1038/nm.3569

Amrein I, Isler K, Lipp HP. 2011. Comparing adult hippocampal neurogenesis in mammalian species and orders: influence of
chronological age and life history stage. European Journal of Neuroscience 34: 978-987. DOI: 10.1111/j.1460-
9568.2011.07804.x

Heine VM, Maslam S, Joëls M, Lucassen PJ. 2004. Prominent decline of newborn cell proliferation, differentiation, and
apoptosis in the aging dentate gyrus, in absence of an age-related hypothalamus–pituitary–adrenal axis activation.
Neurobiology of Aging 25: 361-375. DOI: 10.1016/S0197-4580(03)00090-3

Kuhn H, Dickinson-Anson H, Gage F. 1996. Neurogenesis in the dentate gyrus of the adult rat: age-related decrease of
neuronal progenitor proliferation. The Journal of Neuroscience 16: 2027-2033. DOI: 10.1523/JNEUROSCI.16-06-02027.1996

Kuipers SD, Schroeder JE, Trentani A. 2015. Changes in hippocampal neurogenesis throughout early development.
Neurobiology of Aging 36: 365-379. DOI: 10.1016/j.neurobiolaging.2014.07.033

Zhao X, van Praag H. 2020. Steps towards standardized quantification of adult neurogenesis. Nature Communications 11:
10.1038/s41467-020-18046-y. DOI: 10.1038/s41467-020-18046-y

Funding: This work was supported in part by NIH R01 AG077536 (to C.J.C.), NIA T32 AG052374 (training grant to I.M.)
and NIA R25 AG076400 (undergraduate education grant to M.H.)

 Supported by National Institute on Aging (United States) AG077536 to CJC.
 Supported by National Institute on Aging (United States) AG052374 to IM.

 Supported by National Institute on Aging (United States) AG076400 to MH.

Author Contributions: Mia Hakian: data curation, formal analysis, writing - original draft, writing - review editing. Ian
Matthews: conceptualization, formal analysis, writing - original draft, writing - review editing, methodology. Constanza J.
Cortes: conceptualization, data curation, formal analysis, funding acquisition, investigation, project administration,
supervision, writing - original draft, writing - review editing.

Reviewed By: Anonymous

History: Received April 22, 2025 Revision Received April 29, 2025 Accepted May 6, 2025 Published Online May 6, 2025
Indexed May 20, 2025

Copyright: © 2025 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Hakian M, Matthews I, Cortes CJ. 2025. Skeletal muscle TFEB overexpression does not increase neurogenesis
markers in the young female hippocampus. microPublication Biology. 10.17912/micropub.biology.001612

 

5/6/2025 - Open Access

https://doi.org/10.3233/BPL-220139
https://doi.org/10.1038/s41467-023-39873-9
https://doi.org/10.1038/nm.3569
https://doi.org/10.1111/j.1460-9568.2011.07804.x
https://doi.org/10.1016/S0197-4580(03)00090-3
https://doi.org/10.1523/JNEUROSCI.16-06-02027.1996
https://doi.org/10.1016/j.neurobiolaging.2014.07.033
https://doi.org/10.1038/s41467-020-18046-y
https://doi.org/10.17912/micropub.biology.001612

