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Age-Specific Effects of Voluntary Exercise on Memory
and the Older Brain
Joyce Siette, R. Frederick Westbrook, Carl Cotman, Kuldip Sidhu, Wanlin Zhu, Perminder Sachdev, and
Michael J. Valenzuela
Background: Physical exercise in early adulthood and mid-life improves cognitive function and enhances brain plasticity, but the effects of
commencing exercise in late adulthood are not well-understood.
Method: We investigated the effects of voluntary exercise in the restoration of place recognition memory in aged rats and examined
hippocampal changes of synaptic density and neurogenesis.
Results: We found a highly selective age-related deficit in place recognition memory that is stable across retest sessions and correlates
strongly with loss of hippocampal synapses. Additionally, 12 weeks of voluntary running at 20 months of age removed the deficit in the
hippocampally dependent place recognition memory. Voluntary running restored presynaptic density in the dentate gyrus and CA3
hippocampal subregions in aged rats to levels beyond those observed in younger animals, in which exercise had no functional or synaptic
effects. By contrast, hippocampal neurogenesis, a possible memory-related mechanism, increased in both young and aged rats after
physical exercise but was not linked with performance in the place recognition task. We used graph-based network analysis based on
synaptic covariance patterns to characterize efficient intrahippocampal connectivity. This analysis revealed that voluntary running completely reverses the profound degradation of hippocampal network efficiency that accompanies sedentary aging. Furthermore, at an
individual animal level, both overall hippocampal presynaptic density and subregional connectivity independently contribute to prediction
of successful place recognition memory performance.
Conclusions: Our findings emphasize the unique synaptic effects of exercise on the aged brain and their specific relevance to a hippocampally based memory system for place recognition.
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estern societies are rapidly aging, with attendant increases in the prevalence of dementia (1). Interest has
therefore focused on physical exercise as an effective,
inexpensive, and low-risk strategy for maximizing brain health in
later life (2). For example, prospective studies have shown that
physical activity acts as a protective factor in the incidence of dementia (3), and randomized clinical trials have found that regular
aerobic exercise can reduce rates of cognitive decline in older
adults (4). Whether such exercise can arrest cognitive decline associated with aging when begun later in life, however, is mostly unknown.
The neural substrates underlying the protective effects of
exercise on cognitive performance in elderly people are not
well-understood (5). In rodents, voluntary running at 2–3
months of age leads to several changes in the hippocampus,
including increased neurogenesis (6), neurotrophin gene expression (7), dendritic spine density (8), synaptogenesis (9), synaptic plasticity (10), and enhanced survival of neural progenitor
cells (11). Consistent with these changes, exercise leads to im-
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provements in various hippocampal-dependent tasks such as
spatial reference memory (6,10,12) and context fear conditioning (13). Initiating exercise in older rodents might also lead to
changes in the hippocampus and improve performance on hippocampal-dependent tasks. For instance, van Praag et al. (14)
provided aged mice (18-month-old) with access to running
wheels for 45 days and found increased neurogenesis in the
dentate gyrus, as well as improved acquisition and retention of
spatial reference memory in the Morris water maze (MWM).
We used a combination of place and object recognition memory paradigms as well as a spatial learning task to determine
whether exercise begun when rats are old can arrest or even
reverse age-related cognitive decline and whether these effects
are independent of age-related changes in noncognitive factors
(e.g., motor ability). Short-term place recognition memory is
dependent on hippocampal integrity (15), whereas object recognition involves the perirhinal cortex and is largely independent of the hippocampus (16,17). In our study, aging was associated with deficits in place but not object recognition
performance, and this deficit was correlated with loss of presynaptic density. Twelve weeks of voluntary running restored place
recognition performance in aged rats to that of younger adults
but did not produce any detectable differences in the place
recognition performances of the younger adults. Running also
led to increased neurogenesis in both younger and older rats,
but these effects did not predict place recognition performance.
Running also led to a marked increase in presynaptic density in
older rats, surpassing levels seen in younger animals, and was
linked to changes in intrahippocampal synaptic connectivity
and predicted place recognition performance. Our findings
show that exercise begun in old age reverses some forms of
cognitive decline and increases presynaptic density as well as
connectivity, raising the possibility that the former is mediated
by changes in the latter.
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Figure 1. Age-related impairment in hippocampal-dependent place recognition memory (PRM) in older rats is
rescued by exercise. Young (n ⫽ 10) and aged (n ⫽ 10)
animals were assessed on the object recognition memory
(ORM) (A, B) and PRM (C, D) behavioral paradigms. These
involved exposing the rat to two identical objects (A1, A2)
and then either replacing one of them with a new object
(B in A and B) or to moving one of the original objects to a
new location (B in C and D). Exploration Ratio (chance
performance indicative of recognition memory failure ⫽
.5) was computed as the amount of time spent exploring
the novel object or place over the entire time spent exploring. Compared with young rats, aged rats were impaired in PRM but not ORM. (E) Behavioral timeline of
exercise experiment. Animals were initially tested on a
battery of behavioral tests before being allocated to running or standard housing conditions. Animals remained
in these conditions for the remaining duration of the
study. First follow-up (FU) testing occurred at 6 weeks
post running/standard housing, and second FU testing
started 2 weeks later. (F) Voluntary running increased
PRM performance in aged rats from impaired levels to
that of young animals. There was no effect of running on
ORM in older rats or on either object or PRM in young rats.
Error bars in all bar graphs depict SEM. LCT, localized cue
task; MWM, Morris water maze.

Methods and Materials
Subjects
Aged subjects were 28 experimentally naïve 20-month-old female ex-breeder Fischer 344 rats, whereas younger subjects were
30 experimentally naïve 7-week-old female virgin Fischer 344 rats,
both obtained from a commercial supplier (Australian Research
Centre, Perth, Australia). Experimental procedures were consistent
with the ethical guidelines established by the American Psychology
Association and were approved by the Animal Care and Ethics
Committee of the University of New South Wales. Further details are
provided in Supplement 1.
Apparatus
The water maze consisted of a circular pool constructed from
fiberglass. A circular escape platform was submerged 1.5 cm below
water level. Black curtains enclosed the pool, with three external
cues within the curtains to reduce the amount of visuospatial information available to the animals. Object and place recognition
memory tests were conducted in an open field arena constructed
from black polyvinyl chloride plastic. Running wheels were made of
plastic with a solid back running surface (Wodent Wheels, Salem,
Oregon). There were two wheels/cage. Body weight and number of
wheel revolutions/cage were measured weekly. Further details and
behavioral procedures are described in Supplement 1.
Immunohistochemistry
At the completion of the behavioral tests, rats were anesthetized
with sodium pentobarbital (100 mg/kg, intraperitoneal) and perfused transcardially. Brains were postfixed for 1 hour and placed in
20% sucrose solution overnight. The entire hippocampus was cut in
www.sobp.org/journal

40-m coronal sections in alignment with the atlas of Paxinos and
Watson (18) with a cryostat (Microm HM560; Microm International,
Walldorf, Germany). Six serially adjacent sets of sections were obtained from each brain and stored in .1% sodium azide in .1 mol/L
phosphate-buffered saline, pH 7.2. Further immunohistochemical
details can be found in Supplement 1.
Statistical Analysis
Data were analyzed by Student t test or a one-way analysis of
variance for multiple comparisons in the recognition paradigms
and neural measures. A repeated measures analysis of variance was
used for testing outcomes from multiple learning trials in the Morris
water maze, and analysis of covariance was used when controlling
for covariates. Differences were considered significant when p ⬍
.05. A matrix to matrix test was computed on the basis of all possible
pairwise cross-correlational presynaptic density differences between groups (19). Computational details for graph network analyses are available in Supplement 1.

Results
Aged Rats Are Selectively Impaired in Hippocampally
Dependent Short-Term Place Recognition Memory
We used object and place recognition tasks to evaluate whether
there is a loss of short-term memory associated with advanced age
(20). Place recognition was significantly impaired in aged rats compared with young rats [F (1,18) ⫽ 16.497, p ⬍ .001] (Figure 1C, D). In
contrast, there were no significant age differences on the hippocampally independent object recognition memory task [F(1,18) ⫽
.025, p ⬎ .87] (Figure 1A, B). Among the aged rats only, place
recognition performance was significantly worse than object rec-
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Figure 2. Performance in the hippocampal-dependent spatial version of the Morris water maze task. (A) Latencies of young (n ⫽ 10) and aged (n ⫽ 10) animals
to locate a hidden platform over 3 training days averaged across trials. Performance was identical on the first day of training but was impaired in aged rats
across subsequent training. (B) Significant age differences on a control paradigm, the localized cue task, were observed on all three outcome measures:
latency to reach the visually signed platform, swim speed, and path length. (C) Average percentage of time within target (T) and nontarget quadrants
(quadrants 2– 4) on the delayed probe test in the absence of a platform. Aged animals spent a lower proportion of time in the quadrant where the platform
used to be compared with young animals (raw means, left). *p ⬍ .05; **p ⬍ .001.

ognition performance [F (1,9) ⫽ 7.826, p ⬍ .02], confirmed by a
significant age ⫻ task interaction [F (1,18) ⫽ 9.697, p ⬍ .006] (Figure
1B, D). Furthermore, there were no significant differences between
the place and the object recognition tasks in younger rats [F (1,9) ⫽
3.920, p ⬎ .08], suggesting that the tasks were of equivalent difficulty in these rats but not in older animals (Figures 1A and 2C).
We next used the MWM, a classic hippocampally dependent
spatial learning and memory task. Young and aged rats learned the
location of the submerged platform, evidenced by a decrease in
time taken to locate the hidden platform across trials [F (1,18) ⫽
6.123, p ⬍ .05] (Figure 2A). Younger rats were faster at locating the
platform during training and better at recalling this location on the
delayed probe trial as evidenced by more time spent in the target
quadrant than the older rats (p values ⬍ .05) (Figure 2A, C). To
determine whether these age-associated differences were due to
changes in spatial cognition rather than to other factors (e.g., motoric abilities), we used the localized cue task in which the submerged platform is clearly signposted. Younger rats reached the
signposted platform more quickly than the aged rats, swam faster,
and had shorter path lengths (p values ⬍ .05) (Figure 2B). After
controlling for individual differences in performance in an analysis
of covariance, there no longer remained any significant age differences on the probe trial in the spatial learning task (p ⬎ .05) (Figure
S1 in Supplement 1). Our water maze data therefore could not
unambiguously isolate age-associated effects on learning and spatial reference memory from other factors, such as sensory acuity,
motor ability, or motivation. By contrast, place recognition memory
was selectively sensitive to advanced age, an effect not seen in the
object recognition paradigm, and therefore not a function of general age-related changes in other factors, including changes in exploratory behavior.
Voluntary Running Reverses Place Recognition Memory
Deficits in Aged Animals
We next evaluated whether exercise improves recognition
memory. Young and aged rats were randomly assigned to a 12week voluntary running or standard housing condition, tested at
baseline and after a first (6 weeks post baseline) and second (8
weeks post baseline) follow-up period. Our main observations with
regard to age-specific effects on place recognition memory but not
object recognition memory were replicated (Figure 1F, Figures S2
and S3 in Supplement 1). Additionally, both groups ran consistently
throughout experimentation. Both young and aged rats ran in the
wheels, with younger rats covering significantly more distance than
aged rats when averaged across time [F (1,8) ⫽ 79.557, p ⫽ .0001]
(Figure S4A in Supplement 1). However, at the end of exercise, there

were no significant differences between the two groups (Figure S4B
in Supplement 1).
Running improved place recognition memory performance
at the first follow-up [F (1,16) ⫽ 15.466, p ⬍ .001] but had no
effect on object recognition performance [F (1,16) ⫽ .145, p ⬎
.70] (Figure 1F). Accordingly, there was a significant age ⫻ exercise ⫻ task interaction [F (1,24) ⫽ 7.972, p ⬍ .009]. Furthermore,
recovery of place recognition memory in older runners was stable, remaining elevated at the second follow-up test [F (1,16) ⫽
1.210, p ⬎ .28]. Because object recognition was unaffected, noncognitive effects on motivation, motor, and sensory functions
were unlikely to have contributed to these results. Running
therefore produced a strong and stable corrective effect on
age-related place recognition memory dysfunction, independent of noncognitive factors. In contrast to our place recognition
memory results, spatial learning and reference memory was not
affected by exercise in aged animals (Figure S5 in Supplement 1).
Voluntary Running Rescues Hippocampal Presynaptic Density
in Aged Animals
Synaptic loss is regarded as one of the primary bases for cognitive dysfunction in both normal age-related cognitive decline and
Alzheimer’s disease (21). Accordingly, one mechanism that might
account for improved hippocampal function is restoration of agedependent loss of synapses. We therefore examined presynaptic
density with synaptophysin immunocytochemistry (22–24). Aged
nonrunners had lower synaptophysin density in comparison with
younger nonrunners across most hippocampal subregions, including the dentate gyrus polymorph layer and inner molecular layer,
CA3, CA2, and CA1 radiatum (p values ⬍ .05) (Figure 3A, B). By
contrast, there were no significant age differences in nonrunners in
the middle and outer molecular layers of the dentate gyrus (p
values ⬎ .05). Running effectively counteracted this pattern of agerelated presynaptic loss, increasing synaptophysin density in aged
rats across all subfields of the hippocampus (p values ⬍ .05). Moreover, this was greatest in the dentate gyrus, where increases were to
levels beyond those seen in younger animals (Supplement 1). In
contrast, running did not alter presynaptic density estimates in any
hippocampal subregion in younger rats (p values ⬎ .05).
We also investigated the effect of age and exercise on presynaptic density in the entorhinal cortex, given that subparts of the molecular layer of the dentate gyrus receive and project to distinct
areas of the brain, including the polymorphic layer and the medial
and lateral entorhinal cortices. Under standard conditions, there
were no differences between younger and older control rats (p ⬍
.716). By contrast, running significantly increased presynaptic denwww.sobp.org/journal
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sity in the entorhinal cortex of older rats (p ⬍ .011) but not in
younger rats (p ⬍ .076).
Voluntary Running Enhances Neurogenesis in Both Younger
and Older Rats
Neurogenesis is another mechanism that might account for improved hippocampal function (25). To assess neurogenesis in the
subgranular zone, we identified the number of triple-labeled Ki67
(proliferation marker), doublecortin (DCX, migrating neuroblast
marker), and nuclear dapi-positive cells, an approach that closely
matches bromodeoxyuridine (BrDU)-based results (26,27). Aged
nonrunners had significantly less neurogenesis than younger nonrunners (p ⬍ .004) (Figure 3C). Running increased neurogenesis in
both younger and older rats (p values ⬍ .001). Importantly, the
magnitude of the increase in young and older rats was similar, with
neurogenesis in older runners restored to levels of younger nonrunning rats. Hippocampal neurogenesis did not, however, correlate with place or object recognition memory performance.

Figure 3. Running increases presynaptic density to supranormal levels in
older rats and neurogenesis in both younger and older rats. Under standard
housing conditions, densities were lower in aged rats (A) than younger
animals (B) across most hippocampal subregions. Running increased synaptic density in aged rats only across many subregions of the hippocampus
as well as the entorhinal cortex (EC). There was a significant linear trend for
stronger effects nearest to the dentate gyrus, where levels were significantly
higher than those in younger animals. Inserts show synaptophysin immunohistochemistry staining intensity in dentate gyrus polymorph layer in
exemplar control subjects and runners. Scale ⫽ 50 m. (C) Positive cells
counted by co-expression of proliferation marker (Ki67) and doublecortin
(DCX) antibody staining in the subgranular zone. Younger rats had higher
baseline levels than older animals, and running increased levels of neurogenesis in both groups by similar relative amounts. Inserts show exemplar
images. Scale ⫽ 20 m. AC, aged control; AR, aged runner; IM, inner molecular layer; MM, middle molecular layer; OM, outer molecular layer; PG, dentate gyrus polymorph layer; YC, young control; YR, young runner. *p ⬍ .05;
**p ⬍ .01; ***p ⬍ .005.
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Voluntary Running Leads to Profound Changes in
Hippocampal Presynaptic Connectivity
Next, we explored the impact of voluntary running on hippocampal mechanisms with graph-based network theory. We
adapted a technique widely used to characterize dependencies
between distributed human brain properties on magnetic resonance imaging (MRI), including regional white matter diffusivity
(28) and localized functional MRI timeseries (29), where strong
intercorrelations suggest a high level of structural or functional
connectivity, respectively. This information can be summarized
in the form of a correlational matrix that after thresholding can
be expressed as a graph with discrete network properties (30).
Presynaptic network characteristics were therefore assessed on
the basis of synaptophysin covariance between hippocampal
subregions.
In the absence of running, subregional presynaptic densities
were not strongly cross-correlated in old rats and moderately crosscorrelated in younger rats (Figure 4A). Brain-behavior relationships
were also examined: in old nonrunners, presynaptic density in CA2
was strongly correlated with place recognition memory performance (r2 ⫽ .932); and in younger nonrunners, both CA1 and CA2
(r2 ⫽ .832) were strongly correlated with that performance (Figure
4B). Twelve weeks of voluntary running profoundly altered this
connectivity pattern. A test of synaptophysin correlational matrices
in runners versus nonrunners found these to be more dissimilar
than would be expected by chance (p ⬍ .05) (19).
Age modulated the impact of exercise on presynaptic connectivity. In younger rats, running increased intrahippocampal presynaptic connectivity from 7 to 9 significant cross-correlations (of a
possible 21) (Figure 4A). By contrast, 11 cross-correlation pairs were
significant among older runners, versus only 1 correlation pair in
sedentary older animals. Interestingly, place recognition memory
was positively correlated with density estimates across most hippocampal subregions among old runners only, in comparison with
one–two regions in the aged and young nonrunners (Figure 4B).
Graphical analyses captured some of these complex exercisedependent network changes (Figure 4C). Running decreased network path length while increasing clustering coefficients of each
node, resulting in greater global efficiency in both young and older
runners. This was most prominent in the older rats, where global
efficiency increased from theoretical minimum (zero) among the
nonrunners to intermediate (.34) after 12 weeks of voluntary running. In older humans, global efficiency based on structural connectivity measures across the whole brain declines with age, and indi-
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Figure 4. Running induces complex age-dependent synaptic connectivity changes in the hippocampus. (A) Correlation coefficients of synaptophysin
intensity between seven intrahippocampal subregions in young and older animals, under standard or running conditions (n ⫽ 10 each). Shaded boxes
indicate significant correlation after correction for multiple comparisons (p ⬍ .005). (B) Correlation coefficients (⫾ 95% confidence interval) between place
recognition memory performance and presynaptic density in hippocampal subregions. Running increases the number of significant brain-behavior correlations in both age groups but in a negative direction in younger rats and in a positive direction in older rats, suggesting the role of different exercise-dependent
mechanisms in older animals. (C) Synaptic topology is now graphically displayed as a nonweighted five-node network, where an edge connects nodes if a
significant correlation exists between two hippocampal subregions. A cluster coefficient appears for each node, ranging from 0 to 1, where 1 indicates a
maximal number of edges between that node and its neighbors. A global efficiency estimate is provided for each group, ranging from 0 to 1, where 1 suggests
a theoretical maximal efficiency of information transfer between nodes. Running restored efficiency in both age groups. DGIM, dentate gyrus inner molecular
layer; DGMM, dentate gyrus middle molecular layer; DGOM, dentate gyrus outer molecular layer; IM, inner molecular layer; MM, middle molecular layer; OM,
outer molecular layer; PO, polymorph layer; DGPO, dentate gyrus polymorph layer. *p ⬍ .05; **p ⬍ .01.

vidual differences on this metric are linked to specific cognitive
abilities such as working memory and speed of information processing (28). For the first time in rodents, graphical network analysis
found that aging was accompanied by a similar degradation of
hippocampal network efficiency and that this network property can
be restored by voluntary running.
Synaptic Predictors of Place Recognition Memory
We pooled all data and used multiple regression analyses to test
the relative contributions of presynaptic density, regional variation
in presynaptic density, and neurogenesis to place recognition

memory performance at an individual animal level. Within-animal
regional variability was assessed by the coefficient of variation of
hippocampal synaptophysin across subregions, and the overall average was used to indicate transhippocampal presynaptic density.
A backward elimination procedure retained both transhippocampal presynaptic density (standardized ␤ ⫽ .501) (Figure 5A) and
presynaptic coefficient of variation (standardized ␤ ⫽ ⫺.32) (Figure
5B) in a model that accounted for a majority of place recognition
memory variance (R2 ⫽ .52, p ⬍ .001). Overall, our voluntary running experiments suggest that the combined effect of boosting
presynaptic densities across the hippocampus and fostering
www.sobp.org/journal
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Figure 5. Overall hippocampal presynaptic density and
regional uniformity predict place recognition memory.
Scatterplots showing correlation between place recognition memory and (A) average hippocampal presynaptic
density (p ⬍ .001) and (B) coefficient of variation of synaptic densities across five subregions (p ⫽ .001). Both
features were found to independently predict place
memory in a multiple regression analysis. Runners had
higher overall hippocampal presynaptic density, less subregional variability, and superior memory performance.

greater connectivity between these subregions might be critical to
the reversal of place recognition memory deficits in aged animals.

Discussion
Aging produced a selective impairment in short-term place recognition memory, a deficit that was stable across repeated testing
and highly correlated with loss of hippocampal presynaptic proteins. Moreover, 12 weeks of voluntary exercise commenced in old
age reversed these behavioral and synaptic defects, in the latter
case to beyond young adult levels. Exercise-dependent upregulation of neurogenesis was also found in both younger (6) and older
animals (14) but was unrelated to recognition memory. We applied
graphical network analyses to patterns of synaptic covariance in the
rodent hippocampus and found that running fully restores impoverished intrahippocampal connectivity that is associated with old
age. In fact, the combined impact of heightened presynaptic density throughout the hippocampus and minimal interregional variation after running was critical to predicting intact place recognition
memory. Physical exercise therefore produces different effects on
old and young brains.
In healthy elderly people, aerobic exercise over a 1-year period
increases hippocampal volume and is accompanied by enhanced
short-term spatial working memory (31). Precise cognitive outcomes are therefore critical to translating exercise studies between
animals and humans. In control navigation tests, old rats took longer to reach a visually signaled platform, swam slower, and traversed a longer, more indirect route than younger ones. We therefore could not clearly separate age-related changes in spatial
learning and memory in the MWM (32) from noncognitive agerelated effects. Additionally, because our young female rats were at
different stages of the ovarian hormonal cycle and cycle-related
effects have been documented in the water maze (33), this might
have contributed to behavioral variance in the young group and so
decreased the likelihood of detecting age-related effects on this
paradigm. In this context, it is difficult to interpret the lack of any
definitive exercise-induced improvements in our old rats on this
paradigm in comparison with previous reports (10,14).
By contrast, the short-term place recognition memory task was
sensitive and specific to age-related change, was stable over repeated administrations, and we are not aware of any estrus-cyclerelated effects. Place recognition performance not only declined
with age but also exhibited an age-related increase in variability,
replicating two cardinal findings from cognitive neuroscience studies of human aging (34,35). Age-related decline in place recognition
www.sobp.org/journal

memory also dissociated from age-invariant performance on object
recognition. When lengthy delay intervals are used between the
sample and test phases of the object recognition memory task (⬎20
min), aged animals show impaired performance (36,37) that might
reflect hippocampal dysfunction (38). However, we used a short
5-min delay and, as previously reported (39), found no age differences on object recognition memory. Hence, at this short interstimulus period, place and object recognition memory dissociate
with respect to aging and hippocampal dependency.
Twelve weeks of voluntary running rescued short-term place
recognition memory deficits in an independent group of older
animals and had no observable behavioral effect in younger animals or on object recognition memory. These improvements were
reliable, being maintained at the second follow-up test. Given that
we were able to discount the role of noncognitive factors, as object
recognition was unaffected, we found that voluntary exercise reverses age-related deficits on a hippocampally dependent recognition memory task. These improvements occurred in the older rats
but not younger animals, despite older rats running less overall.
These results suggest that exercise exerts a disproportionate effect
on older animals. It remains to be determined at an individual
animal level how much running is required to rescue age-related
place recognition memory deficits.
Neurobiological mechanisms potentially mediating these cognitive changes were investigated by focusing on neurogenesis and
synaptogenesis. In the absence of exercise, we found that aging
was associated with a significant reduction in neurogenesis, in accord with previous studies (14). Effects of advanced age on synaptic
proteins are less clear. In 28-month-old male Fischer rats, electron
microscopy found that the total number of axospinous synaptic
contacts per granule cell is significantly diminished in the middle
and inner molecular layer (40). Additionally, in 24-month-old male
Wistar rats, electron microscopy found that the total number of
axospinous, perforated, and nonperforated synapses decreased in
the CA1 stratum radiatum (41). By contrast, no significant age differences were found with 24 –28-month-old male Long-Evans rats
with confocal microscopy in the inner, middle, or outer layers of the
dentate gyrus. In our study of 20-month-old female Fisher rats,
aging was associated with a reduction in presynaptic density across
several hippocampal subregions, including the polymorph layer,
CA1 (24,41,42), CA2, and CA3 (23), but was unchanged in the middle
and outer molecular layers of the dentate gyrus (23). These competing findings might reflect differences in the precise age of the
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animals, gender, breed, hormonal cycle, and the nature of the synaptic assay (43).
Voluntary running counteracted both types of age-related neurobiological deficits. Neurogenesis levels were increased by 59% in
aged runners, effectively restored back to levels of younger control
animals. Such a large relative increase is greater than that observed
previously and might be due to our extended running plus behavioral testing period (12 weeks) compared with prior studies (14).
Because running also produced similar proportional increases in
young rats (44%), neurogenesis in aged runners remained well
below those of young runners, as seen previously (14). Yet the
functional significance of exercise-induced neurogenesis in aged
animals remains unclear. In one study, number of BrDU-labeled
cells in the hippocampus correlated modestly with spatial separation performance in younger mice but was uncorrelated in older
mice, possibly due to the inability of the extremely old mice (22
months) to complete the task or undergo exercise-induced neurogenesis (44). Another study in aged rats found that latency to a
hidden platform was positively correlated with subgranule zone
cell proliferation (45), whereas another study reported a negative
correlation (46). We observed exercise-induced neurogenesis in
both young and older animals but were unable to detect any correlations between neurogenesis and performance in the place or
object recognition tasks. Further research using BrDU-based protocols is required to differentiate between potential functional differences between neurogenic cell proliferation, survival, and network
integration.
Voluntary running also resulted in striking increases in presynaptic density in older animals, by up to 102%. By contrast, presynaptic density did not change in response to running in younger
animals and so was higher in older runners than either young
control subjects or young runners. Upregulation of presynaptic
proteins also seemed to follow a topographic pattern. The greatest
increase was in the polymorphic dentate gyrus, followed by a dropoff in response magnitude along the outgoing mossy fiber pathway. Interestingly, cortical input into the dentate gyrus originates
mainly from the entorhinal cortex, where we also found evidence of
presynaptic increases after running, as well as the middle and outer
layers of the dentate gyrus molecular layer, one of the main targets
of entorhinal projections.
Voluntary running therefore seemed to produce similar positive
changes to both presynaptic density and place recognition memory, effects that might be linked through a strengthening of hippocampal connectivity. In network theory, enhanced global efficiency implies a better ability to integrate information and has been
proposed to mediate cognitive function in humans (28,30). Interest
has also recently turned to the impact of exercise on human brain
connectivity, including hippocampal networks (47). Here, we translated this approach to hippocampal synaptic networks in rodents.
In older control animals, hippocampal network efficiency fell to
zero by virtue of only a single suprathreshold connection between
the inner and outer molecular layer. Running overturned this agerelated network degeneration, rescuing seven different hippocampal subregions in a coordinated manner. Global efficiency as well as
place recognition memory was thereby fully restored by voluntary
running in aged animals to that of younger animals. In fact, with a
regression model we found that overall hippocampal synaptic densities as well as a more uniform distribution of densities between
hippocampal subregions are dual and independent predictors of
successful place recognition memory. Synaptic networks in the
hippocampus might therefore have an important role in the mediation of age-related memory dysfunction as well as the therapeutic
impact of physical exercise on the aged brain.
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Electrophysiological in vivo studies of running provide a possible mechanistic link between exercise and hippocampal network
function. The temporal and spatial dynamics of individual CA3 neuron firing patterns during running resemble those during place
navigation but only when the two activities are repetitively interleaved (48). These firing patterns are more intense during running
and can predict subsequent navigational choices, suggesting that
working memory processes are active during an otherwise stimulus-free running task. In the absence of a place navigation task,
running animals do not show this complex neuronal activity pattern. Animals in our experiment were between these two extremes,
undertaking the place recognition memory paradigm, exercising,
and then repeating the tests. During the intertest period, runners
might have continued to process their newly learned spatial representation, accompanied by coordinated neural firing dynamics
within CA3 as well as other hippocampal subfields, ultimately
leading to the presynaptic changes that we observed. A major
challenge for future work is to connect the established molecular
machinery of exercise-dependent neuroplasticity—including neurotrophic cascades (49), ␣-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor expression (50), and induction of somatic factors (51,52)—to these complex systems-level phenomena.
In summary, our study found an age-related dissociation of
short-term recognition memory, whereby place recognition memory was age-sensitive and linked to hippocampal presynaptic loss.
Voluntary running rescues this specific memory defect in older
animals. Although exercise stimulated neurogenesis irrespective of
age, exercise-dependent increases in hippocampal presynaptic
density, synaptic connectivity, and brain-behavior dependencies
were isolated to older animals. Exercise might therefore have specialized effects on synaptic plasticity in the older brain.
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