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Integrative Systems
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Abstract

Exercise may prevent or delay aging-related memory loss and neurodegeneration. In rodents, running in-
creases the number of adult-born neurons in the dentate gyrus (DG) of the hippocampus, in association with
improved synaptic plasticity and memory function. However, it is unclear whether adult-born neurons remain
fully integrated into the hippocampal network during aging and whether long-term running affects their con-
nectivity. To address this issue, we labeled proliferating DG neural progenitor cells with retrovirus expressing
the avian TVA receptor in two-month-old sedentary and running male C57Bl/6 mice. More than six months
later, we injected EnvA-pseudotyped rabies virus into the DG as a monosynaptic retrograde tracer, to selec-
tively infect TVA expressing “old” new neurons. We identified and quantified the direct afferent inputs to these
adult-born neurons within the hippocampus and (sub)cortical areas. Here, we show that long-term running
substantially modifies the network of the neurons generated in young adult mice, upon middle-age. Exercise
increases input from hippocampal interneurons onto “old” adult-born neurons, which may play a role in re-
ducing aging-related hippocampal hyperexcitability. In addition, running prevents the loss of adult-born
neuron innervation from perirhinal cortex, and increases input from subiculum and entorhinal cortex, brain
areas that are essential for contextual and spatial memory. Thus, long-term running maintains the wiring of
“old” new neurons, born during early adulthood, within a network that is important for memory function
during aging.
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Significance Statement

Exercise benefits brain function; however, the underlying mechanisms remain unclear. We show that long-
term running increases hippocampal neurogenesis and modifies the network of new neurons that were born
in young adult mice, in a manner that optimally supports memory function at middle age.

Introduction
Worldwide, the proportion of older adults is expanding

more than any other age group (Humphreys, 2012). Aging
is often accompanied by cognitive decline, and among
the first affected structures are the hippocampus and ad-
jacent cortices (Scoville and Milner, 2000; Lester et al.,
2017), brain areas essential for learning and memory. An

initial symptom is an impaired ability to distinguish be-
tween highly similar stimuli and events, called pattern
separation (Marr, 1971). Deficits therein are associated
with reduced hippocampal volume and degradation of
synaptic connectivity between (peri)entorhinal cortex and
the hippocampus (Yassa et al., 2010, 2011; Burke et al.,
2011). Increasing evidence indicates that physical activity
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can delay or prevent such structural and functional reduc-
tions in older adults (Erickson et al., 2011; Voss et al.,
2013, 2019; Duzel et al., 2016; Gaitán et al., 2021; Barnes
et al., 2022). The underlying mechanisms are considered to
involve central and systemic changes that result in increased
levels of hippocampal neurotrophins, neurotransmitters, vas-
cularization, and attenuated inflammation (Huuha et al., 2022;
Gao et al., 2023). Moreover, in rodents, hippocampal neuro-
genesis, a process proposed tomake unique contributions to
spatial and contextual learning (Kent et al., 2016; Stevenson
et al., 2020), is substantially increased by voluntary wheel run-
ning (van Praag et al., 1999; Vivar et al., 2013; Voss et al.,
2019). The adult-born neurons in the dentate gyrus (DG) are
part of an extensive (sub)cortical network (Vivar et al., 2012,
2016), and their increment is positively associated with im-
proved pattern separation ability (Creer et al., 2010; Sahay et
al., 2011) and spatial memory function (van Praag et al.,
1999; Voss et al., 2013). However, it remains unclear, whether
and how exercise affects the connectivity of new neurons
during aging.
Here, we focused on the effects of long-term running on

the network of new neurons that were generated in young
adult mice, at middle-age. Considering that adult neuro-
genesis is strongly diminished with aging (Seki and Arai,
1995), the neurons born in young adults may have more
functional relevance than those generated in middle-age
or old-age. Conversely, research suggests that adult-born
neurons are only temporarily important, during the so-
called “critical period” at approximately three to six weeks
of cell age, when they can transiently display increased
synaptic plasticity (Schmidt-Hieber et al., 2004; Kee et al.,
2007; Danielson et al., 2016) and modifications in neural
circuitry (Bergami et al., 2015). Even so, new neurons re-
main present for many months (Dayer, 2003; Marlatt et al.,
2012), and it is unclear whether those born in early adult-
hood remain integrated into neural networks, and whether
their circuitry is modifiable by physical activity in middle
age. To begin to address this question we used a unique
rabies virus-based circuit tracing approach (Vivar et al.,
2012, 2016) with a long time interval between the initial la-
beling of new neurons and subsequent input identifica-
tion. Specifically, dividing hippocampal neural progenitor
cells were labeled with retrovirus (expressing a fluores-
cent reporter, avian TVA receptor and rabies glycoprotein)
in young adult mice. Adult-born neuron network evalua-
tion took place months later, when mice were middle-
aged, by using avian EnvA pseudotyped rabies virus as a
monosynaptic retrograde tracer.

Our research shows that the afferent network of adult-
born neurons is drastically changed by long-term running.
Intrahippocampally, input from dorsal area CA3 pyramidal
cells (PYRs), long-range interneurons (INTs; areas CA3
and CA1), and the subiculum are increased. In addition,
running upregulates the connectivity from the caudome-
dial entorhinal cortex (CEnt), which conveys spatial infor-
mation (Marks et al., 2021), and prevents the loss of input
from perirhinal cortex (PRH), a brain area essential for
spatial discrimination (Bussey et al., 2005; Suzuki and
Naya, 2014). Altogether, our findings show that long-term
running wires “old” new neurons, born during early adult-
hood, into a network that is relevant to the maintenance of
episodic memory encoding during aging.

Materials and Methods
Animals
Male C57Bl6 mice (The Jackson Laboratory) five to six

weeks old (n=18) were individually housed and randomly
assigned to control standard (CON) or voluntary wheel
running (RUN) conditions, in 12/12 h light/dark cycle with
food and water ad libitum. Voluntary exercise was per-
formed in a silent spinner running wheel (11.5 cm in diam-
eter). Running distance was monitored as described
previously (Creer et al., 2010). Mice were maintained accord-
ing to the National Institutes of Health guidelines, and proto-
cols for procedures were approved by the National Institute
on Aging Institutional Animal Care and Use Committee.

Viral vector production
Retroviral vector expressing nuclear green fluorescent

protein (GFP), avian TVA receptor and rabies virus glyco-
protein (Rgp) driven by the neuron-specific synapsin (SYN)
promoter (RV-SYN-GTRgp), and EnvA-pseudotyped Dgp-
mCherry rabies virus (EnvA-DG-MCh), were produced as
previously described (Wickersham et al., 2007; Vivar et al.,
2012). Specifically, retrovirus RV-SYN-GTRgp was produced
by transient transfection (Lipofectamine 2000, Invitrogen)
of the vector (7.5mg), CMVGagPol (5mg), and CMV-VSVG
(2.5mg) in 90% confluent 293T cells. Virus-containing su-
pernatant was harvested 36 h later filtered and concen-
trated by ultracentrifugation. Virus titers were estimated to
be ;10 � E8 i.u. ml�1 by serial dilution into 293T cells. To
produce EnvA-DG-MCh, a glycoprotein-gene-deleted ra-
bies virus vector (Dgp-mCherry) was generated in which a
mCherry (MCh) reporter gene was inserted into the locus
encoding the rabies virus glycoprotein (kindly provided
by E. Callaway, Salk Institute). The helper cell line, BHK-
EnvARGCD, was infected with Dgp-mCherry, to produce
EnvA pseudotyped rabies virus. Supernatants containing
Dgp-mCherry rabies virus pseudotyped with EnvA were
harvested 5d later, filtered and concentrated by ultracentri-
fugation. Rabies virus titer was estimated to be ;1.2�
10 E7 i.u. ml�1 and diluted for use to;4� 10E6 i.u. ml�1.

Stereotaxic surgery
After 3 d of housing in their respective conditions, mice

were anesthetized (Avertin 0.4mg g�1, i.p.) and stereotaxic
surgery was performed to deliver 1ml of RV-SYN-GTRgp
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retrovirus into the right dorsal and ventral dentate gyrus
(DG) using spatial coordinates relative to bregma as fol-
lows: dorsal DG, anterior-posterior (AP) = �2.10 mm;
medial-lateral (ML) = 1.9 mm; dorso-ventral (DV) = �2.20
mm, and ventral DG, AP = �3.10 mm; ML= 2.8 mm; DV =
�3.20 mm. These coordinates were modified from the
mouse brain atlas (Paxinos and Franklin, 2007) and ad-
justed for mice aged five to six weeks old at the time of
injection. After six to nine months, the retrovirus-injected
mice were anesthetized (Avertin 0.4mg g�1, i.p.) and in-
jected with 1ml of rabies virus EnvA-DG-MCh into the
same dorsal and ventral DG locations. Seven days there-
after, animals were given an overdose of isofluorane an-
esthetic (Abbott) and perfused transcardially with 0.9%
saline at room temperature (RT) followed by cold 4%
paraformaldehyde in 0.1 M PBS. Brains were removed
and postfixated for 24 h. Brain tissue was equilibrated
in 30% sucrose and sequential horizontal sections
(40mm) were taken using a freezing microtome (HM450,
ThermoFisher) throughout the dorso-ventral extent of the
brain. Brain sections were stored in 96-well plates contain-
ing phosphate-buffered glycerol at �20°C until further
analysis.

Immunohistochemistry
To identify cell types innervating the mature adult-born

granule cells, labeling was conducted in a 1:6 series (240mm
apart) of horizontal sections (40mm) through the dorso-ven-
tral extent of the brain. Sections were stained for GFP
(chicken polyclonal, 1:1000, catalog #GFP-1010, Aves Labs;
RRID: AB_2307313) and RFP (rabbit polyclonal, 1:1000,
Rockland Labs, catalog #600-401-379; RRID: AB_2209751)
and corresponding fluorescent secondary antibody (donkey
anti-chicken Alexa Fluor 488, 1:500, catalog #703-545-155,
Jackson ImmunoResearch; RRID: AB_2340375; donkey anti-
rabbit CY3 1:250, Jackson ImmunoResearch, catalog #705-
165-147; RRID: AB_2307351) as described (Vivar and van
Praag, 2022). Nuclei were visualized with DAPI (1:20,000, cat-
alog #D21490, Invitrogen).

Imaging and cell counts
Old adult-born granule cells in the dentate gyrus were

identified by nuclear expression of GFP. Only old adult-
born granule cells with dual-infection (retrovirus and rabies
virus) expressing nuclear GFP and cytoplasmic MCh are
considered to be the origin of the trans-synaptic tracing,
which were called “starter cells” (SC). Presynaptic traced
cells (TC) located throughout the brain were identified by
the expression of MCh only.
To quantify the number of starter cells (GFP1-MCh1)

and traced cells (MCh1 only) in the dentate gyrus, confo-
cal images of the dentate gyrus (FV 1000MPE, Olympus),
fifteen to eighteen z-planes at 1-mm intervals, were taken
at 20� (;20–24 brain slices per animal, only 10–13 slices
contain dentate gyrus area). To evaluate the traced cells
in the other brain areas, all the sections (;20–24 per ani-
mal) were imaged at 4� using a fluorescent microscope
(BX51, Olympus). Sections were reconstructed by stitching
the images using CorelDraw. After reconstruction, sections

were matched to the mouse brain atlas (Paxinos and
Franklin, 2007) to determine the dorso-ventral distance
from bregma and the brain area where the traced cells
were found. Next, higher magnification images using a
10� objective (BX51, Olympus) were taken to allow for a de-
tailed quantification of the traced cells. Starter and traced
cells were classified and counted by an experimenter who
was blinded to the group identity of the samples. Traced
cells were counted ipsilateral and contralateral to the side of
the viral injections.
The total starter or traced cell numbers were obtained

by multiplying by six. Only mouse brains with .40% of
starter cells (GFP1-MCh1) from the total number of old
adult-born granule cells (GFP1 only) were taken for trac-
ing analysis (four of nine mice of each group). The total
number of old adult-born granule cells was calculated by
the sum of single-labeled (GFP1 only) and double-labeled
cells (GFP1-MCh1). For the analysis of the dorso-ventral
distribution of the old adult-born granule cells expressing
GFP and the starter cells in the dentate gyrus, the brain
sections were matched to the mouse brain atlas, and were
divided into dorsal, intermediate, and ventral regions ac-
cording to the following coordinates (mm from bregma):
dorsal:�1.24 to�2.16; intermediate:�2.36 to�2.96; ven-
tral; �3.16 to �4.12. The total number of GFP1 and starter
cells was calculated as the sum of cells by region (dorsal,
intermediate, and ventral). The number of cells from the
dorsal, intermediate and ventral regions was compared be-
tween control and running groups.

Intrahippocampal cells
In the dentate gyrus, the traced cells expressing MCh

only were identified as mature granule cells (mGCs), mossy
cells (MCs), interneurons, or astrocytes (ASs) based on their
location and morphological characteristics. The mature
granule cells have an elliptical cell body localized in the
granule cell layer (GCL) with a characteristic cone-shaped
tree of spiny apical dendrites (Amaral and Lavenex, 2007).
Mossy cells were identified by their location in the hilus and
their characteristic large spines covering all of its proximal
dendrites called thorny excrescences (Amaral and Lavenex,
2007). Dentate gyrus interneurons were identified based on
the location of their soma as follows. (1) Interneurons of the
molecular layer (ML) if their soma were positioned in the
ML. These are typically MOPP cells with a round soma and
two primary dendrites emerging from the cell body that give
rise to several secondary dendrites fanning out radially into
the ML. (2) Interneurons of the granule cell layer if their so-
mata were located in the granule cell layer-hilus border.
They are a mix of basket, axo-axonic, HIPP and HICAP
cells. Basket cells have pyramidally-shaped soma with
prominent apical and basal dendrites emerging from the
soma. Axo-axonic cells typically have a dendritic tree with a
tuft of several radially running branches. HIPP cells have a
large fusiform soma with branches profusely developing
into the dendritic tree, and HICAP cells typically have a tri-
angular cell body with primary dendrites frommultipolar ori-
gins. (3) Hilar interneurons if their somata were located in
the hilus. They are a mix of, HICAP, HIPP, and neuroglia-
form cells (Freund and Buzsáki, 1996; Booker and Vida,
2018).
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In the CA1–CA3 areas of the hippocampus, traced in-
terneurons were identified by their morphological charac-
teristics according to the location of their soma and
morphology (e.g., axo-axonic, basket cells, bistratified or
O-LM cells; Freund and Buzsáki, 1996; Booker and Vida,
2018). CA interneurons are located in the strata oriens, ra-
diatum, lacunosum-moleculare, and lucidum, as well as
on the borders of the pyramidal cell layer. Traced pyrami-
dal cells were identified by their pyramidal cell body, their
basal and apical dendritic tree that extends into the stra-
tum oriens and hippocampal fissure, respectively (Amaral
and Lavenex, 2007).

Cortical neurons
Traced entorhinal cortex cells were determined to be in

the lateral entorhinal cortex (LEC), perirhinal cortex (PRH),
medial entorhinal cortex (MEC), and caudomedial entorhi-
nal cortex (CEnt) using defined parameters (Dolorfo and
Amaral, 1998; van Groen, 2001). The remainder of the traced
cells were identified by their location in the brain based on
themouse brain atlas (Paxinos and Franklin, 2007).
Photomicrographs for figures were prepared using a

parallel series of sections from the same brains used for
quantitative analysis.

Statistical analysis
GraphPad Prism 8 was used for statistical analyses.

Comparisons between control and running groups were
performed with a Student’s t test. Two-way ANOVA with
repeated measures (Treatment � Region) followed by
post hoc Tukey’s multiple comparison test was used for
regional distribution analyses. CON versus RUN pairwise
comparison for each region was performed when an interac-
tion between factors was identified. Two sample Kolmogorov–
Smirnov nonparametric test was used for CON versus RUN
comparison when one of the groups presented only ZERO as
values. Running distance over time was analyzed with linear
regression. A significance level of 0.05 was set for all analyses.
All values are shown asmean6 SEM.

Results
Running promotes sparse connectivity onto old adult-
born neurons
To begin to understand the functional significance of

the new granule cells born during early adulthood in the
aging brain [“old” new granule cells (OnGC)], we ana-
lyzed their neuronal network. Specifically, we used the
rabies-virus tracing system to label the first-order presyn-
aptic neurons to OnGC in control and long-term running
mice. The monosynaptic TVA-EnvA tracing system has
been described in greater detail in previous publications
(Wickersham et al., 2007; Vivar et al., 2012; Vivar and van
Praag, 2013, 2022) and is described briefly here. First, ret-
rovirus (RV-SYN-GTRgp) expressing nuclear green flu-
orescent protein (GFP), the TVA receptor, and rabies
glycoprotein (Rgp) under control of the neuron-specific
synapsin promoter was injected into the dorsal and ventral
DG (first injection) of young adult control (n=9) and runner
(n = 9) mice to label proliferating neural progenitor cells

that become new neurons over weeks (Fig. 1A). Mice
were kept in their respective control or running conditions
for six to ninemonths. Mice ran on average a total of
32006182 km during the entire experiment. There was a
significant reduction in distance run over time (Extended
Data Fig. 1-1A).
EnvA-pseudotyped rabies virus, in which Rgp was re-

placed with the fluorescent protein mCherry (EnvA-DG-
MCh), was injected into the dorsal and ventral DG of the
same control and runner mice (second injection; Fig. 1A)
after an interval of six to ninemonths, resulting in selective
infection of OnGC. The rabies virus was then transcomple-
mented with Rgp provided by RV-SYN-GTRgp, and retro-
gradely labeled first-order presynaptic neurons (“traced
cells”) with mCherry (Fig. 1A). The OnGC co-infected by
retrovirus and rabies virus, co-expressing GFP and MCh,
were considered the origin of the trans-synaptic tracing
(“starter cells”), whereas afferent traced cells were distin-
guished by the expression of MCh only.
The percentage of cells co-expressing GFP and MCh

(“starter cells”) per mouse in the control and runner groups
was calculated based on the total number of GFP1 cells,
which increased significantly with running in the dorsal DG
(Extended Data Fig. 1-1B–E). Only mice with “starter cells”
throughout the dorsal-ventral extent of the dentate gyrus
with .40% of the total GFP1 cells expressing MCh were
included in the analysis (four of nine mice in each group).
There was no significant difference in the proportion of
“starter cells” labeled with respect to the total GFP1 cell
number between control and runner mice (Extended Data
Fig. 1-1F), validating that the dual-virus infection (retrovi-
rus-rabies virus) was similar between groups.
Long-term running significantly increased (3.54-fold)

the survival of starter cells (Fig. 1B–D). This increment
was observed in the dorsal (4.5-fold) but not in the inter-
mediate or ventral DG (Fig. 1E), consistent with previous
studies (Bolz et al., 2015; Vivar et al., 2016). Running also
increased the number of presynaptic traced cells (2.04-
fold), compared with the control group (Fig. 1F). We cal-
culated the ratio of total traced cells to starter cells, the
convergence index. Long-term running significantly re-
duced the ratio of total traced cells to starter cells (Fig.
1G). This shows that the running-induced increment in
neurogenesis was greater than that of the traced cells
(3.5-fold starter cells.2.04-fold traced cells), which may
facilitate sparse, nonoverlapping connectivity, supporting
the orthogonal coding of neuronal information in the den-
tate gyrus (Lodge and Bischofberger, 2019). Thus, long-
term running may enhance pattern separation ability, a
behavior closely linked to adult neurogenesis (Creer et al.,
2010), which is among the first deficits indicative of age-
related memory decline (Yassa et al., 2010). Furthermore,
we identified and quantified traced MCh1 cells in each
brain area to evaluate adult-born neuron network distribu-
tion, as described previously (Vivar et al., 2012, 2016).

Intrahippocampal network of old adult-born neurons
The intrahippocampal inputs to OnGC derive mainly

from the DG, including mature granule cells (mGC),
mossy cells (MC), interneurons (INT), and astrocytes (AS),
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as well as distal intrahippocampal inputs from pyramidal
cells (PYR) in middle-aged control and runner mice (Fig.
2A,B). The total number of traced INT was increased by
running (Fig. 2B), whereas the quantity and ratio of con-
nectivity of mGC, MC, PYR, and AS was unchanged
(Fig. 2B; Extended Data Fig. 2-1). Subsequently, we an-
alyzed the regional and subfield distribution of the
traced INTs and PYRs in both groups, as there is a dif-
ferential distribution depending on the subfield (Vivar et
al., 2016).

Running recruits hippocampal interneurons
As long-term running increases the total number of traced

INTs (2.4-fold; Fig. 2B), we analyzed their regional distribution.
We quantified the traced INT in the DG and areas CA3–CA1
(Fig. 2A). The highest percentage of traced INT is located in
the DG (CON, 84.26 2.5%; RUN, 74.36 3.2%), followed
by long-range INT located in CA3.CA1.CA2 (CON,
15.86 2.5%; RUN, 25.66 3.2%) in both middle-aged
control and long-term running mice (Fig. 2C–G). Running

Figure 1. Running increases old adult-born neuron survival and modifies their afferent input in middle-aged mice. A, Timeline of the experi-
ment. Adult young control (CON; n=4) and runner (RUN; n=4) mice (1.5months old) were injected with retrovirus expressing nuclear GFP,
avian TVA receptor, and rabies glycoprotein (RV-SYN-GTRgp; first injection) into the dentate gyrus (DG) to label proliferating neural progenitor
cells. Mice were housed in either control or voluntary running conditions for six to ninemonths. Thereafter, mice were injected with EnvA-pseu-
dotyped rabies virus expressing MCh (EnvA-DG-MCh, second injection) into the same sites to trace the inputs to the old adult-born neurons.
Double infected (GFP1 1 MCh1 = yellow nuclei) cells are adult-born neurons from which the tracing originated, termed “starter cells,” while
cells synaptically connected to old adult-born neurons expressing MCh (red) only are termed “traced cells.” B, C, Photomicrographs of the
dorsal DG showing starter (�) and traced («) cells in hippocampal sections derived from (B) CON and (C) RUN mice. Nuclei were stained with
DAPI (blue). Scale bar: 50mm. D, Long-term running increases the number of starter cells (t(6) = 8.514; p=0.0001). E, Distribution analysis
showed that running increased starter cell number in the dorsal (dDG) but not intermediate (iDG) or ventral (vDG) dentate gyrus (F(2,12) = 25.04,
p, 0.0001). F, The total traced cell number is increased in RUN as compared with CON mice (t(6) = 3.676, p=0.0104). G, The connectivity
index measured as the traced/starter cell ratio is significantly reduced by long-term running (t(6) = 2.790, p=0.0316). Statistical scores are listed
in Extended Data Table 1-1. See Extended Data Figure 1-1 for distance run, and GFP1 adult-born neuron numbers. Data are means 6 SEM
*p, 0.05, **p, 0.0001. H, hilus; GCL, granule cell layer; ML, molecular layer.
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Figure 2. Running increases inhibitory input onto old adult-born neurons. A, Schematic representation of the hippocampal areas
and layers. ML, molecular layer; GCL, granule cell layer; L-M, stratum lacunosum moleculare; Rad, stratum radiatum; Luc, stratum
lucidum; Oriens, stratum oriens. Pyr, stratum pyramidale. B, Long-term running increases the total number of traced interneurons
(INT; t(6) = 3.258, p=0.0173), but not the number of mature granule cells (mGC; t(6) = 0.8441, p=0.4310), mossy cells (MC; t(6) =
1.476, p=0.1904), pyramidal cells (PYR; t(6) = 1.348, p=0.2262), or astrocytes (AS; t(6) = 0.1345, p=0.8974). See Extended Data
Figure 2-1 for the innervation ratio and subregional distribution of mGC, MC, and AS. C, Percentage of traced INT per hippocampal
area. D, Photomicrograph of the dentate gyrus (DG) showing traced INT and MC. INT (�) colabeling MCh1 1 GABA (red 1 green;
insets). Traced mossy cell expressing MCh only (*). E, Traced INT (�) located in the molecular layer (ML) of the dentate gyrus. Inset,
Overview of the dentate gyrus. F, Photomicrographs of CA3 area showing mossy fibers (MF) and traced INT located in the stratum
oriens (*), lucidum (#), and radiatum (�) expressing MCh. Inset, Overview of CA3 area. G, Photomicrograph of area CA1 showing
traced INT located in the stratum lacunosum-moleculare (�). Inset, Overview of CA1 area. H, Subfield analysis of traced INT number
revealed an increase in RUN versus CON in the DG, areas CA3 and CA1, but not in CA2 (F(3,18) = 7.005, p, 0.0026). I, The ratio of
connectivity between INT and starter cells (INT/SC) was not modified by running (F(1,6) = 2.74, p. 0.14). DG INT/SC ratio was higher
than that of the other subfields (F(3,18) = 6.5, p, 0.036). J, The majority of traced INT are located in the dorsal hippocampus in both
CON and RUN mice. K, Percentage of traced INT in the DG, area CA3 and CA1 per layer. L, Analysis within each subfield shows
that running increased traced INT number in the DG (F(1,6) = 8.13, p,0.029), area CA3 (F(1,6) = 11.79, p, 0.013), and area CA1
(F(1,6) = 11.33, p, 0.015). D, Scale bar: 20mm; inset, 10 mm. Photomicrographs (E–G): Scale bar: 50 mm; inset, 100 mm. Nuclei were
stained with DAPI (blue). Data are means 6 SEM *p, 0.05.

Research Article: New Research 6 of 15

May 2023, 10(5) ENEURO.0084-23.2023 eNeuro.org

https://doi.org/10.1523/ENEURO.0084-23.2023.f2-1


increases the number of traced INT in DG (2.16-fold), CA3
(2.97-fold), and CA1 area (5.33-fold; Fig. 2H). These incre-
ments are proportional to the increase in starter cells, as
the ratio of INT/SC per area is not modified by long-term
exercise. DG INT/SC ratio was higher than that of the other
subfields (Fig. 2I). These INT are mostly located in the dor-
sal hippocampus in all the areas (Fig. 2J).
In the DG, the INT are distributed within the hilus, the

granule cell layer (GCL), and molecular layer (ML). In areas
CA3 and CA1, the interneurons are mainly located within the
strata oriens, but are also detected in lucidum (only CA3), ra-
diatum, and lacunosum-moleculare, whereas in CA2 all the
INT are located in the stratum oriens (Fig. 2K). Running sig-
nificantly increases the inputs from local INT located in the
hilus (2.46-fold) and the molecular layer (3.11-fold) of the
DG, while long-range INT increases are observed in the stra-
tum radiatum of areas CA3 (3.5-fold) and CA1 (6.5-fold), and
the stratum lacunosum-moleculare (7.5-fold) of area CA1
(Fig. 2L). The increase in traced INTmay play a role in damp-
ening hippocampal hyperexcitability associated with aging
(Lester et al., 2017).

Running integrates dorsal CA3 pyramidal cells
The total number of traced PYR cells was not modified

by long-term running (Fig. 2B). Distribution analysis in
areas CA1–CA3 shows that OnGC receive direct excita-
tory back-projections from PYR cells mainly from the CA3
area, followed by CA1 and sparse inputs from the CA2
area (Fig. 3A–F). Long-term running did not modify the
number of traced PYR cells in each area (Fig. 3G). We
also analyzed the distribution of PYR cells in the dorsal,
intermediate, and ventral hippocampus. Traced CA3–CA1
PYR cells are located mainly in the dorsal and intermedi-
ate hippocampus under control and long-term running
conditions (Fig. 3H). Long-term running increased sig-
nificantly the number of traced PYR cells in the dorsal
CA3 area (2.8-fold) only (Fig. 3B–F), supporting the idea
that CA3 PYR back-projections to OnGC may facilitate
the correction of errors produced by serial propagation
of cortical information (Lisman et al., 2005).

Running recruits noncanonical subicular inputs
The subiculum complex (SUB-C) plays a key role in the

mediation of hippocampal-cortical interaction. It is di-
vided into three subdivisions, namely, the subiculum
proper (SUB), presubiculum (PRE), and parasubiculum
(PARA), with the SUB being the major output of the hippo-
campus (Witter et al., 1989). Long-term running signifi-
cantly increased (4.8-fold) the total number of traced cells
in the SUB-C (Fig. 4A–D). The majority of traced cells are
located in the SUB, whereas a small percentage is in the
PRE, and PARA in both groups (Fig. 4E). Only traced cells
in the dorsal SUB (5.94-fold) are increased by running
(Fig. 4F–H). However, the ratio of SUB/SC (Fig. 4I) was
unchanged, indicating that the running-induced increase
in SUB connectivity correlates with enhanced OnGC
survival.

Perirhinal cortex inputs to OnGC are absent in control
mice
The perirhinal cortex (PRh) is important for recognition

memory and pattern separation ability (Suzuki and Naya,
2014). In young adult mice, PRh provides input to new
neurons (Vivar et al., 2012, 2016). However, PRh connec-
tivity to OnGC is absent in middle-aged control mice. Only
entorhinal cortex (EC), and auditory, visual, and sensory
cortex (SCtx) input is observed (Fig. 5A,B; Extended Data
Fig. 5-1). Importantly, long-term running preserves the PRh
connectivity onto OnGC (Fig. 5A,B,F,G).

Runningmodifies CEnt and LEC inputs
From all cortical inputs, the EC is the main cortical input

to OnGC in controls (EC 98.8%) and runners (EC 94.9% 1
PRh 4.3%), and the remainder is a very sparse SCtx
(,1.5%) innervation (Fig. 5A; Extended Data Fig. 5-1).
Running increased the number of traced cells (2.38-fold)
in the EC, compared with control conditions (Fig. 5C). The
EC is considered to be comprised of two major divisions,
the lateral entorhinal cortex (LEC) and the medial entorhi-
nal cortex (MEC). The MEC is subdivided into a medial
part per se (MEC) and a caudal part (caudomedial entorhi-
nal cortex; CEnt) which are differentially connected to
cortical areas and express different neuronal markers and
cell types (Insausti et al., 1997; Kobro-Flatmoen and Witter,
2019). Thus, we analyzed the number of traced cells in the
LEC, MEC, and CEnt (Fig. 5A). In control mice, OnGC re-
ceived cortical innervation mainly from LEC, which was re-
flected in a significantly higher ratio of LEC/SC compared
with CEnt/SC and MEC/SC (Fig. 5A,D–F). Running signifi-
cantly increased the number of traced cells in the CEnt
(4.13-fold), but not in the MEC and LEC (Fig. 5D,G). CEnt
became the main EC input onto OnGC in runners, as the
ratio of CEnt/SC is significantly higher than in LEC/SC and
MEC/SC (Fig. 5E). Thus, long-term running counterbalan-
ces the preferential LEC inputs onto OnGC by increasing
the CEnt input and thereby complementing the integration
of spatial and contextual information.

Old adult-born neurons retain subcortical connections
Basal forebrain inputs to the hippocampus play a rele-

vant role in memory and learning processes (Hasselmo,
1999). Traced cells were observed in the DBB and MS
(Fig. 6A). Old adult-born neurons receive inputs preferen-
tially from the DBB, under control and running conditions
(Fig. 6B). However, running did not change the traced cell
number nor the ratio of TC/SC of DBB and MS (Fig. 6C,D).
Additionally, sparse traced cells were also observed in the
mammillary (MMN; Fig. 6E), raphe (RN; Fig. 6G), and tha-
lamic (ThN; Fig. 6I) nuclei, which were not modified by
running (MMN, RN, ThN; Fig. 6F,H,J).

Long-term running shapes the network of OnGC
Altogether, our results show that long-term running

shaped the connectivity of OnGC by reinforcing inputs from
canonical and noncanonical brain regions, such as areas
CA1 and CA3, as well as the SUB (Fig. 7A,B), and increasing
INT inputs. At the cortical level, the relative contributions of
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Figure 3. Running increases the connectivity of dorsal CA3 PYR onto old adult-born neurons. A, The percentage of traced pyrami-
dal cells (PYR) was highest in the CA3 area, followed by CA1 and a low percentage in CA2, in both control (CON) and runner mice
(RUN). B, E, Photomicrographs of dorsal hippocampal horizontal sections derived from CON (B) and RUN (E) mice show MCh1

PYR (red) located in the CA3 area (arrowhead). C, F, Higher magnification of MCh1 PYR in CA3 area from panels (B) and (E), re-
spectively. D, Schematic representation of a dorsal horizontal brain section (adapted from Paxinos and Franklin, 2007) showing
the location of CA3–CA1 areas. G, Long-term running does not modify the number of traced PYR cells in areas CA3–CA1 (F(1,6) =
1.84, p. 0.22). H, Percentage of traced PYR in the dorsal, intermediate (inter), and ventral hippocampus in CA3–CA1 areas. I,
Dorsal-ventral distribution of analysis of area CA3 revealed that long-term running increases the number of traced PYR in the dor-
sal area CA3 (F(2,12) = 5.37, p, 0.021). There were no changes in the dorso-ventral distribution in area CA2 (F(2,12) = 0.97,
p. 0.40) or area CA1 (F(2,12) = 2.20, p. 0.15). Data are means 6 SEM *p, 0.05. Scale bar: 100 mm. Nuclei were stained with
DAPI (blue).
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LEC and CEnt inputs shifted and the PRh input was retained
(Fig. 7A,B). Thus, long-term running throughout middle-age
shapes the network of old adult-born neurons in a manner
that may benefit contextual and spatial memory.

Discussion
This study provides evidence that long-term running

throughout middle-age increases survival of adult-born
granule cells born during early adulthood and reshapes
their unique neuronal network. Within the hippocampus,
running promotes the recruitment of synaptic inputs to
adult-born neurons from interneurons, area CA3 pyrami-
dal cells, and subiculum. Striking changes are observed
in cortical inputs. In runners, innervation from the perirhi-
nal cortex, a brain area essential for object recognition, is
maintained whereas this input is entirely absent in seden-
tary control mice. Running also shifts the balance from
preferential lateral entorhinal innervation of adult-born
neurons to a brain area that is critical for spatial naviga-
tion, the caudomedial entorhinal cortex. At the subcortical
level, synaptic inputs from the basal forebrain, thalamus,
and mammillary nuclei were present but unchanged by
running. Altogether, long-term running-induced changes
in the network of adult-born neurons may delay or prevent
age-related decline in memory function.
Long-term running increases the survival of neurons

born during early adulthood in the dorsal hippocampus.

Adult-born granule cells are considered to contribute to
hippocampus-dependent memory function and display
environmentally-induced changes in their neural circuitry
(Bergami et al., 2015) during their “critical” time window of
high plasticity and excitability, around three to six weeks of
cell age (Christian et al., 2020). Thereafter, new neurons re-
portedly become less excitable and may go for early “re-
tirement” (Alme et al., 2010). In contrast to the retirement
hypothesis, other research has shown that new neurons
continue to undergo morphological modifications that can
be influenced by experience (Lemaire et al., 2012; Cole et
al., 2020), and that adult-born neurons older than two
months of cell age are recruited during cognitive proc-
esses, as they express markers of neuronal activity, such
as Arc, cFos, and Zif268 (Erg1) in response to exploration
experience or behavioral tasks (Ramirez-Amaya et al.,
2006; Kee et al., 2007; Tronel et al., 2015a, b; Ohline et al.,
2018). Moreover, nine-month-old adult-born neurons, born
during early adulthood (of similar age as the “old” adult-
born neurons in the present study), exhibit equally high ac-
tivity as four-week-old adult-born neurons, measured by
Erg1 expression (Ohline et al., 2018). Therefore, long-term
running may prevent aging-related memory function de-
cline by increasing the survival and modifying the net-
work of the adult-born neurons born during early
adulthood, and by facilitating their participation in cog-
nitive processes. Altogether, long-term running may

Figure 4. Running recruits noncanonical subicular inputs to old adult-born neuron network. A–C, Schematic representations of hori-
zontal slices of the hippocampal formation showing the location of traced cells in the subiculum (SUB; A, B; left) and parasubiculum
(PARA, C; left; red dots). Photomicrographs of the SUB (A, B, right) and PARA (C, right) areas show traced cells expressing MCh.
Insets: An overview of the hippocampal formation showing the location of the traced cells of the subicular complex (�). Scale bar:
50 mm; inset, 200 mm (A, B) and 100 mm (C). Nuclei were stained with DAPI (blue). D, Long-term running increases the total number
of traced cells in the SUB-C (t(6) = 3.979, p=0.0073). E, Percentage of traced cells in subicular complex areas [SUB, PARA, and pre-
subiculum (PRE)] in control and long-term running mice. F, Long-term running increased SUB traced cell number (F(2,12) = 9.42,
p, 0.0035). G, The highest percentage of traced cells are located in the dorsal SUB. H, Distribution analysis revealed increased
traced cell number in the dorsal SUB with running (F(2,12) = 9.28, p, 0.0037). I, The ratio of connectivity between SUB and starter
cells (SUB/SC) was not modified by running (t(6) = 1.388, p=0.2145). Data are means 6 SEM *p, 0.05.
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Figure 5. Running preserves PRh input and modifies the distribution of entorhinal cortex afferents onto old adult-born neurons. A,
Schematic representation of the cortical input areas in a horizontal slice. Percentages of cortical innervation onto old adult-born
neurons in mice housed under control (CON; n=4) or long-term running (RUN; n=4) conditions [entorhinal cortex (EC): caudomedial
EC (CEnt), lateral EC (LEC) and medial EC (MEC); perirhinal cortex (PRh) and sensory cortices (SCtx)]. B, PRh input to adult-born
neurons is only present in RUN mice (Kolmogorov–Smirnov test p=0.0286). C, Running increases the total number of traced cells in
the EC (t(6) = 3.234, p=0.0178). D, Distribution analysis revealed that long-term running increased CEnt traced cell number (F(2,12) =
16.031, p, 0.0004). E, Analysis of the TC/SC ratios showed that the CEnt/SC ratio in the CON group is lower than in LEC/SC,
whereas in the RUN group the CEnt/SC ratio is higher than the LEC/SC ratio. Running reduced the LEC/SC ratio as compared with
the CON group (F(2,12) = 19.54, p, 0.002). F, Modified mouse brain atlas images (Paxinos and Franklin, 2007) showing the dorso-
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provide a reserve of plasticity via the old adult-born neu-
rons to the aging brain.
Intrahippocampally, the pattern of connectivity in “old”

adult-born neurons in middle-aged mice was retained
over time under sedentary control conditions, as traced
mature granule cells, interneurons, pyramidal cells, and
astrocytes are also observed for young adult-born neu-
rons (Vivar et al., 2012, 2016; Deshpande et al., 2013).
This suggests that adult-born neurons have an intrahippo-
campal network that is basically stable into middle age.
This basic microcircuit may display distinctive connectiv-
ity depending on the neuron’s birthdate, exhibit specific
functions, and be maintained across different stimuli, as
has been observed during sequential neurogenesis during
embryonic development (Deguchi et al., 2011; Cossart
and Khazipov, 2022; Huszár et al., 2022).
Old adult-born neurons mainly receive local DG inter-

neuron input, consistent with observations in young adult
mice (Markwardt et al., 2011; Vivar et al., 2012, 2016;
Groisman et al., 2020); however, long-range interneurons
from areas CA3–CA1 also contribute significantly to their
inhibitory network. Indeed, inhibitory long-range back-
projections to the DG may play a key role in sharp-wave-
associated episodic memory sequencing and replay
(Szabo et al., 2017). Unique to the old adult-born neurons
is the observed running-induced increased innervation
from dorsal area CA3–CA1 and DG interneurons. Indeed,
in young mice, six weeks of running did not increase inter-
neuron innervation and resulted in a decrease in the ratio of
traced interneuron to starter cells (Vivar et al., 2016). The
current finding is particularly important as in aging subjects
there is an increase in DG/CA3 hyperexcitability which is
associated with age-dependent memory loss (Yassa et al.,
2011; Koh et al., 2013; Haberman et al., 2017). Enhanced
interneuron innervation of old adult-born neurons may miti-
gate intrahippocampal hyperexcitability and thereby im-
prove memory function.
Pyramidal cells are among the earliest excitatory gluta-

matergic intrahippocampal inputs to developing adult-
born neurons (Sah et al., 2017). The direct excitatory
back-projection from pyramidal cells is initially from area
CA1, however, when adult-born neurons are mature input
mainly derives from area CA3 pyramidal cells (Vivar et al.,
2012, 2016; Sah et al., 2017). While the total number of
pyramidal cell inputs was not changed, our distribution
analysis showed a substantial running-induced increase
in back-projecting neurons from the dorsal CA3 area.
Previous studies have shown that pyramidal cells, prefer-
entially located in the ventral hippocampus, innervate DG
granule cells; however, those findings were not specific to
inputs to adult-born neurons (Li et al., 1994). The pattern
of pyramidal neuron innervation to adult-born dentate
granule cells in young (Vivar et al., 2016) and middle-aged
mice indicates that the dorsal aspect is dominant. This

back-projection to the adult-born neurons may be a
mechanism for encoding sequential information. Thus,
old adult-born neurons may facilitate the correction of er-
rors, via pyramidal cell back-projections, produced by se-
rial propagation of cortical information (Lisman et al.,
2005).
The subiculum is considered the major output of the

hippocampus (Witter et al., 1989). However, previous
studies have shown that the subiculum back-projects to
the dentate gyrus as well as area CA1 (Deshpande et al.,
2013; Vivar et al., 2016; Xu et al., 2016). Specifically, in the
dentate gyrus, young adult-born neurons receive sparse
direct back-projection from the subicular complex, which
is not modified by running (Deshpande et al., 2013; Vivar
et al., 2016). In the present study, we show that running
substantially increases the back-projection from the dor-
sal subiculum onto old adult-born granule cells. This con-
nectivity may provide navigation-associated information
(Kitanishi et al., 2021) and mediate the long-term running-
induced improvement in spatial memory function (Marlatt
et al., 2012; Vivar et al., 2012).
Running also impacts the cortical network of old adult-

born neurons. The perirhinal cortex, a brain area essential
for object recognition (Bussey et al., 2005), is considered
to project to the hippocampus indirectly via the lateral en-
torhinal cortex and directly to area CA1 (Sethumadhavan
et al., 2022). Input to the dentate gyrus has been consid-
ered controversial (Liu and Bilkey, 1997; Witter et al.,
1999); however, in young adult mice, there are direct pro-
jections to adult-born neurons (Vivar et al., 2012, 2016). In
addition, a lesion of the perirhinal and lateral entorhinal
cortex impairs pattern separation (Vivar et al., 2012; Voss
et al., 2019). Here, we show that perirhinal connectivity to
old adult-born neurons is absent in middle-aged control
mice but is preserved by running. This may help resolve
the controversy as to whether there is a perirhinal input to
the DG, because when animals are older the maintenance
may require exercise. Direct input to adult-born neurons
may be a unique source of cortical information that is
highly relevant to pattern separation ability (Kent et al.,
2016; Stevenson et al., 2020). Indeed, aging-related mem-
ory function decline is associated with the degradation of
synaptic inputs from the perirhinal and entorhinal cortex
onto the hippocampus (Yassa et al., 2010, 2011; Montchal
et al., 2019; Stevenson et al., 2020). Our results show that
running not only rescued perirhinal connectivity but also in-
creased and altered the relative contribution of the lateral
and caudomedial entorhinal cortices to the network of old
adult-born neurons. In adult control rodents, the lateral ento-
rhinal cortex is the main input to adult-born neurons (Vivar et
al., 2012, 2016; Woods et al., 2018), and we observed a sim-
ilar pattern in the middle-aged mice. Under running condi-
tions, however, the caudomedial input greatly expands and
counterbalances the preferential lateral entorhinal inputs

continued
ventral horizontal section depth (distance from bregma) corresponding to photomicrographs below. G,H, Photomicrographs of hori-
zontal sections showing traced cells (MCh1) derived from CON (G) and RUN (H) mice. Scale bar: 250 mm. Nuclei were stained with
DAPI (blue). Extended Data Figure 5-1 depicts the locations and number of sparse inputs from sensory cortices. Data are means 6
SEM *p, 0.05.
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Figure 6. Old adult-born neurons receive inputs from subcortical areas. A, Diagram of a horizontal mouse brain section (adapted
from Paxinos and Franklin, 2007) showing the location of the diagonal band of Broca (DBB) and medial septum (MS) of the basal
forebrain. Right, Photomicrographs of MCh1 cells in the MS. Scale bar: 50 mm. B, The highest percentage of traced cells was lo-
cated in the DBB. C, Running did not modify the number of traced cells in either region (F(1,6) = 0.61, p, 0.46). D, Analysis of the
ratio of TC/SC showed that there was no effect of running (F(1,6) = 1.13, p. 0.32). E, G, I, Schematic representation of horizontal
mouse brain sections showing the location of MCh1 traced cells in the (E) medial mammillary nucleus, lateral part (MML), (G) Raphe
nucleus (RN) and (I) thalamic nucleus (ThN; adapted from Paxinos and Franklin, 2007). Right, Photomicrographs of MCh1 cells (ar-
rowhead) in the MML (E), RN (G), and ThN (I). The inset shows a higher magnification of MCh1 cells in their respective panels. Scale
bar: 200 mm; inset 50 mm. Nuclei were stained with DAPI (blue). F, H, J, Running did not modify the number of traced (F) medial
mammillary nucleus cells (MMN; t(6) = 1.309, p=0.2386), (H) RN cells (t(6) = 1.698, p=0.1405), or (J) ThN cells (t(6) = 2.178,
p=0.0723). Data are means 6 SEM *p, 0.05. MMM, medial mammillary nucleus, medial part; DG, dentate gyrus; GN, dorsal genic-
ulate nucleus; ThN ld, laterodorsal thalamic nucleus; ThN lp, lateral posterior thalamic nucleus.
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thereby enhancing the integration of spatial and contextual
information, which may delay or prevent age-related memory
decline.
A limitation of this study is the absence of further electro-

physiological and behavioral studies to better understand
the precise contribution of traced brain areas and cell
types to the function of “old” adult-born granule cells.
Indeed, the TVA-EnvA tracing system we used indicates
the presence of synaptic contacts between inputs and
adult-born neuron starter cells, but future functional stud-
ies are needed to complement the present experiments. The
system only labels a fraction of inputs to starter cells. In addi-
tion, each input cell may make multiple synapses onto a tar-
get cell (Feldmeyer et al., 2002, 2006). Furthermore, rabies

glycoprotein expression levels in the starter cells, the
number and location of synaptic contacts, the subcellular
locations of synaptic contacts, or receptors in the axon
terminals may differ between input cell types (Callaway and
Luo, 2015; Rogers and Beier, 2021).
Overall, long-term exercise profoundly benefits the

aging brain. We show that chronic physical activity from
young adulthood into middle age maintains and enhances
the network that innervates adult-born neurons. While
these findings are limited to the circuitry of adult-born
neurons we expect that they are representative and indic-
ative of the effects of running on the brain as a whole and
provide novel insight as to how exercise helps maintain
memory function during aging.

Figure 7. Running throughout middle-age maintains old adult-born neuron wiring. A, Percentages of traced cells in intrahippocam-
pal, cortical, and subcortical areas projecting onto old adult-born neurons in control (CON) and running (RUN) middle-aged mice. B,
Long-term running-induced fold changes in old adult-born neurons, starter cells (SC), and in intrahippocampal, cortical and subcort-
ical inputs. Only the subiculum (SUB; ;6-fold), CEnt (;4-fold), and PRh exceeded (;170-fold) the fold change of the starter cells
(;3-fold). mGC, Mature granule cells; MC, Mossy cells; AS, astrocytes; INT, interneurons; PYR, pyramidal cells; PRE, presubiculum;
PARA, parasubiculum; DBB, diagonal band of Broca; MS, medial septum; DG, dentate gyrus.
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