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Abstract. In our ageing global population, the cognitive decline associated with dementia and neurodegenerative diseases
represents a major healthcare problem. To date, there are no effective treatments for age-related cognitive impairment, thus
preventative strategies are urgently required. Physical exercise is gaining traction as a non-pharmacological approach to
promote brain health. Adult hippocampal neurogenesis (AHN), a unique form of brain plasticity which is necessary for
certain cognitive functions declines with age and is enhanced in response to exercise. Accumulating evidence from research
in rodents suggests that physical exercise has beneficial effects on cognition through its proneurogenic capabilities. Given
ethical and technical limitations in human studies, preclinical research in rodents is crucial for a better understanding of such
exercise-induced brain and behavioural changes.

In this review, exercise paradigms used in preclinical research are compared. We provide an overview of the effects of
different exercise paradigms on age-related cognitive decline from middle-age until older-age. We discuss the relationship
between the age-related decrease in AHN and the potential impact of exercise on mitigating this decline. We highlight the
emerging literature on the impact of exercise on gut microbiota during ageing and consider the role of the gut-brain axis as
a future possible strategy to optimize exercise-enhanced cognitive function. Finally, we propose a guideline for designing
optimal exercise protocols in rodent studies, which would inform clinical research and contribute to developing preventative
strategies for age-related cognitive decline.
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INTRODUCTION significant health, economic and societal challenges.
According to the World Health Organization, the

Due to the ageing global population and our number of people aged 60 years and older is predicted
increased longevity, the incidence of dementia and to double by 2050 [1]. Moreover, the incidence of
neurodegenerative diseases, such as Alzheimer’s dis- dementia is set to triple by 2050 [2] (Fig. 1). There are
ease (AD) has increased in recent decades. Cognitive currently no treatments to effectively reverse the cog-
decline is a core symptom, which currently presents nitive impairment associated with age, and there is so

far only limited success in disease-modifying thera-
pies for AD and other neurodegenerative diseases that
share cognitive decline as amain symptom. Thus, pre-
ventative strategies, including non-pharmacological
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Fig. 1. Anageing population is leading to an increase in the preva-
lence of dementia worldwide. A) Number of people and percentage
of global population aged 60 and over in 2000, 2023, and predi-
cated for 2050. Data source: World Health Organization (2023). B)
Approximate and predicted numbers of people living with demen-
tia worldwide (2).

strategies, which can promote brain health and curb
the increase in age-related cognitive impairment are
urgently required.

Emerging evidence from studies in rodents [3-5]
and humans [6-8] have highlighted the beneficial
effects of physical exercise training in ageing. The
neurobiology underlying the beneficial effects of
physical exercise remains, however, poorly under-
stood. Extensive research has now shown that the
hippocampus, a key brain region regulating cognitive
and mood functions [9-11] is particularly sensi-
tive to environmental regulators, including exercise.
The hippocampus is a component of the limbic sys-
tem located in the medial temporal lobe that retains
considerable levels of plasticity until old age. For
instance, new neurons are produced in the subgran-
ular zone (SGZ) of the hippocampal dentate gyrus
(DG) throughout life, in a process called adult hip-
pocampal neurogenesis (AHN) [12]. This unique
form of brain plasticity is maintained in the adult

brain, yet it declines with increasing age and its
demise has been implicated in mechanisms underly-
ing AD and dementia [13, 14]. Conversely, increasing
physical activity in rodents is a robust enhancer of
AHN [15, 16] and can attenuate deficits in AHN in
the aged brain [4, 5]. In terms of the functional rele-
vance of AHN, rodent studies have shown that AHN
is primarily involved in cognitive tasks which require
spatial and contextual memory [17, 18] including
pattern separation [19, 20], which is the ability to dis-
tinguish between similar but not identical memories
and contexts. It has also been implicated in the regu-
lation of antidepressant action [21-23] and forgetting
[24-26].

Exercise-driven cognitive enhancement is also
mediated by other processes in the brain besides
AHN, such as the increase in long-term potentiation
(LTP) and synaptic plasticity [27], or the reduc-
tion in neuroinflammation [28] (Fig. 2). Multiple
exercise-related systemic factors modulate AHN and
cognitive functions. Amongst them are myokines
(irisin and cathepsin B) [29], metabolites (lactate)
[29], hormones (adiponectin) [30], anti-inflammatory
cytokines such as interleukin 10 and 4 (IL-10 and IL-
4)[31], and neurotrophic factors such as brain derived
neurotrophic factor (BDNF) and vascular endothe-
lial growth factor (VEGF) [32] (Fig. 2). Recent
studies indicate that gut microbiota are a suscepti-
bility factor for the decline in AHN and associated
cognitive function in AD [33]. Importantly, exercise-
driven changes in the gut-microbiota composition
[34] have been shown to play important roles in
the modulation of AHN [35] and related behaviours
[36] (Fig. 2). Thus, AHN may be a key element
in maintaining hippocampal integrity and function,
which may potentially be harnessed and enhanced
by exercise in order to prevent cognitive decline
and associated symptoms of dementia during age-
ing. Investigating mechanisms such as the role of the
gut-brain-axis in the exercise-induced modulation of
hippocampal cellular and behavioural changes will
provide important information for preventative strate-
gies to delay the onset of cognitive decline. In this
respect, preclinical research is crucial for uncovering
exercise-induced peripheral, brain and behavioural
changes, which would not be ethically or technically
feasible in humans. Of the many factors to be con-
sidered when investigating such changes in rodent
studies, the choice of the exercise protocol requires
particular attention, given that the type, intensity
and duration of physical activity can induce diverse
effects.
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Fig. 2. Central and systemic effects of physical exercise. Abbreviations: AHN: adult hippocampal neurogenesis; BDNF: brain derived
neurotrophic factor; IGF-1: insulin-like growth factor 1; IL-4: interleukin 4; IL-6: interleukin 6; IL-10: interleukin 10; IL-1B: interleukin
1B; LTP: long-term potentiation; SCFAs: short-chain fatty acids; TNF-a: tumor necrosis factor a; VEGF: vascular endothelial growth

factor.

In this review, we compare and contrast different
exercise protocols used in healthy middle and old
aged rodents for exercise-induced changes in age-
related cognitive decline. We consider the role of
AHN as a key cellular mediator in these changes,
which may be harnessed for therapeutic gain. We
further consider the emerging literature on changes
in the gut microbiota during ageing and in response
to exercise with a view to providing insight into
possible strategies to optimize gut health for cog-
nitive gain. Finally, based on the evidence garnered
to date, we propose optimal exercise regimens for
rodent research, which would inform clinical research

to help develop preventative strategies for cognitive
decline during ageing.

EXERCISE REGIMENS USED IN
PRECLINICAL RESEARCH

The majority of physical exercise protocols used in
preclinical research are either voluntary or involun-
tary (forced) exercise. The most common voluntary
exercise intervention is wheel running, where rodents
have free access to running wheels in their home
cage environment. Commonly used wheel types
include saucer-like wheels, which are usually made
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of plastic, with a slightly tilted, nearly horizontal ori-
entation, and vertical, steel running wheels. It has
been reported that mice are more prone to run in
horizontal-like plastic wheels compared to vertical
steel wheels which are generally heavier and as such
may require some extra effort to be set in motion
by a mouse [37]. The number of wheel revolutions
are automatically recorded by sensors and software
connected to the wheel. Therefore, the voluntary run-
ning wheel activity is typically measured as number
of wheel revolutions over a period of 24 hours and
expressed as distance ran per 24 hours (km/day or
m/day) [38]. In the majority of studies employing
running wheels, rodents have unlimited access to the
wheels [39], but some studies report limiting wheel
access to rodents to only a few hours per day [40] or
for a few days per week [41]. Controls are commonly
housed without or with a locked wheel. The latter is
used to control for cage enrichment effects, but it
should be noted that the presence of a locked wheel
can affect certain aspects of AHN [42]. In one study
using limited wheel access, one month of daily run-
ning for 4h and 8 h on alternative days had a greater
stimulatory effect on AHN compared to running for
24 hours on alternative days or compared to unre-
stricted voluntary wheel running [43]. Thus, while
restrictions in wheel access helps to control and limit
the total amount of wheel running, there are conflict-
ing reports in the literature on the impact of limited
access wheel running on AHN due to the variety of
running durations and frequency of access.

Rodents with unlimited access to running wheels
predominantly run during the dark phase with the
majority of running occurring at the beginning of
the dark phase and tapering off over the course of
the night [44]. Rodents commonly increase their
daily running distance during the first couple of
weeks, termed the acquisition phase, before reaching
a steady level of daily running, termed the main-
tenance phase [45]. Moreover, it has been reported
that the daily voluntary running distance is higher
when rodents are socially isolated compared to
group-housed conditions [46]. A study examining sex
differences in voluntary wheel running has shown
that female rats voluntarily run on wheels daily for
higher distances compared to males [44]. Similarly,
more recent studies have reported higher numbers
of daily wheel revolutions in female compared to
male rats [47, 48], indicative of higher voluntary run-
ning activity in female compared to male rodents.
Interestingly, ovariectomized 3-month-old female
Sprague-Dawley rats run shorter daily distances on

wheels compared to ovariectomized rats treated with
estrogen replacement, suggesting a potential role of
the sex hormone estrogen in running distance [49,
50]. In addition, aged rodents are reported to run
less, as evident by their distance run on wheels in
24 hours compared to young adults [51, 52]. Despite
the different levels of exercise across sex and age,
the main benefits of voluntary wheel running lies in
its capacity to enrich the environment for rodents,
allowing them to naturally and actively engage in an
innate ability to run. Indeed, in experimental con-
ditions where the cage environment is larger and
enriched, the opportunity to exercise forms an essen-
tial component of the beneficial effects of an enriched
environment on various brain measures, including
AHN [53]. Interestingly, voluntary wheel running
contributes to stress reduction and resilience in aged
mice, possibly through an exercise-induced increase
in cell proliferation [54, 55].

In contrast to voluntary regimens, involuntary
exercise protocols require rodents to run for a
predetermined duration, intensity and frequency in
specialized, often closed, treadmills or on motorized
running wheels [56-59]. Other types of involuntary
exercise protocols include forced swimming exercise
[60] and resistance training [60, 61], although they
are less commonly used, as they may involve con-
founding aspects like stress and fatigue. Treadmill
exercise regimes are classified as low-, moderate- or
high-intensity, depending on frequency, duration and
speed. Although there are no fixed protocols defining
treadmill intensities, low-intensity treadmill exercise
typically reaches a maxim speed of 11 m/min, while
moderate and high intensities reach a maxim speed of
14 and 22 m/min, respectively [15]. To help rodents
become familiar with treadmill exercise and to facili-
tate proficiency in running, they are conditioned to the
treadmill protocol by gradually increasing the inten-
sity (speed and duration) during each running session.
A useful example is the protocol used by [62] in 5-
and 24-month-old Sprague-Dawley rats, which con-
sisted of 6 weeks of exercise (7 days/week). Training
sessions lasted for 30 minutes, with the first 5 min-
utes at an intensity of 2 m/min, followed by another
5 minutes at 5 m/min and finally by 20 minutes at the
highest intensity of 8§ m/min.

Adaptation to aerobic training occurs over the
longer term and notably also with age [63]. Accord-
ingly, a protocol has been devised such that a
maximum oxygen consumption (max VO;) of 60-
70% is maintained. It consisted of a low-moderate
exercise intensity of 60 min/day at 12 m/min with a
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5° treadmill slope when rats were 8 months of age,
which was then reduced and reached a minimal inten-
sity of 30 min/day at 4—6 m/min with 0° slope at 18
months of age. It demonstrates that exercise proto-
cols should be adapted to the rodents age in order to
maintain a constant intensity [63]. Running speed has
been identified as a crucial factor for maximal oxy-
gen consumption [64]. While it is possible to regulate
speed and thus oxygen consumption using treadmill
protocols, it has been shown that voluntary exercise
resulted in small or null changes in maximum oxy-
gen consumption after 8 weeks of exercise [65]. In
this regard and coupled with the fact that it is possi-
ble to minimise inter-individual variability in exercise
intensity using treadmills, which is often not possible
using unlimited voluntary wheel running protocols
[65], treadmill exercise is advantageous for control-
ling experimental variables. Short bouts of exercise
are also employed in treadmill protocols through the
use of intermittent training, as it is proposed to mimic
the way rodents would spontaneously run [44]. It has
been shown that when the distance run by rats was
identical, using either a voluntary wheel, or involun-
tarily and intermittently on a motorised wheel, those
on the voluntary wheels ran at a higher speed, for less
time and were less anxious [58]. Since then, inter-
mittent exercise protocols using different running
intensities have been developed. For example, a mild-
intensity, intermittent exercise protocol consisted of
4—6 minutes bouts at 10 m/min repeated twice with
1 minute of rest (4 days/week for 4 weeks) [66]; a
moderate-intensity intermittent training (MIIT) pro-
tocol consisted of 10 min at 10 m/min, 4 minutes at
20m/min and 3 minutes at 12 m/min repeated for
45 minutes (5 days/week for 8 weeks) [67]; and a
high-intensity intermittent treadmill training (HIIT)
protocol consisted of very short bouts of exercise last-
ing only for 10-30s at the extremely high intensity
of 60 m/min interspaced with 2.5min of recovery
(5 times/week for 4 weeks) [68]. Regardless of the
intensity, all intermittent training protocols showed
beneficial effects on brain and cognition [66—68].
One aspect to consider in treadmill studies is that
rodents are forced to run while restrained in small
running lanes, which may cause stress or anxiety.
Furthermore, many of the treadmill protocols use
electrical or mechanical stimuli to motivate the ani-
mal to continue to run [66, 69—71], which induces a
stress response. It has been shown that the levels of
corticosterone are higher in mice undergoing tread-
mill exercise with shock stimulations compared to
sedentary mice [72]. Nonetheless, voluntary wheel

running is also associated with an increase in cor-
ticosterone concentrations compared to sedentary
controls, but these higher levels normalize after 4
weeks of running [73]. Strategies to avoid the use
of electrical stimuli and reduce potential stress dur-
ing treadmill running include tactile incentives to run,
such as the presence of a metal beaded curtain at the
end of the running lane [66], and food motivation in
which rats receive a food reward at the end of each
training session [63]. Some voluntary wheel running
protocols also used food to increase the motivation to
run. For example, conditioned running wheel train-
ing is used in aged rodents through the programmed
delivery of food pellets based on the number of wheel
rotations [5]. While food reward may be a strategy to
overcome a potential low motivation to run, it may
have central effects. For example, food reward stim-
ulates the dopaminergic system which plays a role in
the proliferation of neural precursor cells [74].
Swimming exercise has been developed for use in
rodent research based on the innate ability of rodents
to swim. It has been reported that rodents can adapt
to swimming exercise similarly to humans based on
measures of lactate threshold [75]. A variety of swim-
ming protocols have been used in preclinical research.
For example, a mild intensity (50-65% of rat’s aero-
bic capacity) forced swimming exercise protocol for
6 weeks has been devised. This protocol included a
week of adaptation during which the swimming dura-
tion was set at 10 minutes on the first day and was
then increased daily for 6 days, to a total of 60 min-
utes [76]. Interestingly, rats were trained in groups
(5-8 per group) because the swimming intensity
was increased by the social interaction amongst rats.
While this study did not use any resistance, swim-
ming with resistance has been employed in young,
middle- and older-aged rats [60, 77]. The duration of
swimming exercise was 20 minutes daily with a resis-
tance attached to the tail equal to 3% of their body
weight for a total of 4 weeks [77], or for a longer dura-
tion and intensity, that lasted daily for 1 hour with a
resistance equal to 5% of their body weight for a total
of 12 weeks [60]. A high-intensity interval training
(HIIT) protocol in swimming exercise, (14 bouts of
exercise/session, 20 sec/bout + 10 sec ITI) with rats
carrying a weight (9% of body weight increased by
1% of body weight each week) attached to their tail
has also been recently developed [78]. It is difficult
however to determine the exact intensity in swimming
exercise compared to treadmill exercise paradigms.
Most of the reported exercise paradigms in rodents,
including treadmill and voluntary wheel running as
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well as swimming, are commonly, though not always
accurately referred to as ‘aerobic’ exercise. How-
ever, high intensity treadmill training, treadmill HIIT
and swimming HIIT have been reported as anaero-
bic exercise paradigms [79-82]. The transition from
aerobic to anaerobic training depends on experimen-
tal species, biological sex and age, and importantly,
should be evaluated by specific physiological param-
eters, such as blood lactate concentration [79]. Due to
the limited number of studies reporting such type of
measurements and thus the lack of clarity on whether
the exercise paradigms employed in experimental
studies are aerobic or anaerobic, we will refrain from
defining exercise paradigms described in this review
as aerobic or anaerobic.

Exploring the mechanisms that underlie the
impacts of exercise on hippocampal functions will
yield crucial insights for developing preventive
approaches for the onset of cognitive decline. Fur-
thermore, an understanding of such mechanisms will
yield new strategies for the development of exercise
mimetics [83-85]. Such mimetics will potentially
enable beneficial interventions for both healthy indi-
viduals and those enduring hippocampal-mediated
disease, especially those that are not capable of
physical exercise. Given the variability in train-
ing protocols currently used in preclinical research,
the following sections will review the effects of
different types of exercise paradigms on cognitive
functions and brain plasticity. This will aid in refin-
ing exercise type, intensity and duration for studies
of age-related cognitive decline, taking into consid-
eration the specific animal model and experimental
design.

EXERCISE-INDUCED CHANGES IN
AGE-RELATED COGNITIVE DECLINE

Cognitive impairment is emerging as a significant
health challenge due to our ageing population.
Evidence to suggest that preventative strategies
using non-pharmacological approaches like exercise
may have beneficial effects has prompted a surge of
exercise research, aimed at finding optimal protocols
for studies in aged and more recently in middle-aged
rodents. Middle age is a transitioning period of the
lifespan, associated with cognitive and emotional
changes that may become more pronounced in older
age (Box 1: “How old are middle aged humans
and rodents?”’) [86—88]. There is limited research
on the effects of physical exercise on cognition

during middle age, although it could represent a
critical time window when therapeutic strategies
may help to prevent cognitive decline [3, §9-91].
Furthermore, there is a shortage of comparative
research examining the effects of various exercise
paradigms on cognitive functions. Nevertheless,
what is known about the effects of physical exercise
interventions on cognitive functions in middle- and
older- aged rodents will be reviewed in the following
sections.

Box 1: How old are middle aged humans and
rodents?

Middle age is a transient, but critical period of life,
during which many changes in brain plasticity and
cognitive function occur, that may also influence
brain health and the risk of dementia in later life.
These changes are proposed to be associated with
modifiable risk factors and thus there is opportu-
nity for intervention during this understudied time
of the lifespan. In terms of the age window, mid-
dle age is generally perceived to be between the
ages of 40 and 60 years in humans, and 10 to 15
months in mice and rats [92]. There is variability in
the preclinical research field however, with some
studies referring to 18-month-old rats as middle-
aged [69, 93], while others consider 8-month-old
rats as middle-aged [63]. It should also be noted that
the increasingly ageing human population will shift
the period of middle age into an older stage, when
considering the ‘middle’ position of the lifespan.
However, research is emerging to suggest that envi-
ronmental and lifestyle influences shape a variety of
inflammatory and plasticity processes in the brain
[94, 95], particularly during the period of middle
age, that can subsequently influence brain ageing.

EXERCISE AND AGE-RELATED
CHANGES IN SPATTIAL LEARNING AND
MEMORY

Age-related changes in spatial learning and
memory

Ageing disrupts the capacity for spatial learning
and memory [41, 96]. Changes in these abilities
are classically assessed in rodents using behavioural
tasks such as the Morris Water Maze (MWM). For
example, 21-month-old Sprague-Dawley rats showed
impairments in both spatial learning and memory
compared to 3-month-old rats [41]. Similarly, older-
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aged C57/BL mice (19 months) showed impaired
spatial learning and memory compared to younger
mice [96]. On the other hand, while older-aged Wistar
rats (18 months) exhibited impaired spatial memory
compared with younger animals (3 months), their
spatial learning abilities were similar to the younger
animals [97]. Individual differences in water maze
performance also emerge with increasing age in rats,
such that it is possible to distinguish age-impaired
and age-unimpaired animals when large groups of
animals are used [98, 99]. Notably, these cogni-
tive differences correlate with changes in AHN [98,
99] suggesting that different levels of resilience to
cognitive aging among individuals may be associ-
ated with rates of AHN. The age-related decline in
spatial learning and memory begins in middle age.
For example, both middle- and older-aged (12 and
18 months) C57BL/6 mice showed reduced learn-
ing abilities during the training days and reduced
performance in the probe trial of the MWM when
compared to 3-month-old mice [87]. Moreover, spa-
tial learning ability declines further with advancing
age. For example, 18-month-old Sprague-Dawley
rats showed an increased efficiency path and lower
latency to find the platform in the last training day
of the MWM compared to 28-month-old rats [69].
These age-related behavioural changes highlight the
importance of identifying interventions such as opti-
mal exercise regimens that may delay or attenuate the
effect of advancing age on spatial learning and mem-
ory. Indeed, physical exercise has been demonstrated
to improve spatial learning memory in the MWM
in older-aged rodents, as described in detail in the
following section.

Effects of physical exercise on spatial learning
and memory in older aged rodents

Physical exercise has been reported to counteract
age-related impairments in spatial learning and mem-
ory in the MWM in older-aged rats [69, 100] and
mice [87,96] (summarized in Table 1). However, dis-
crepancies have also been reported. Eight weeks of
high-intensity treadmill exercise did not improve spa-
tial learning in 18-month-old male Wistar rats [97].
Likewise, 12 weeks of voluntary wheel running or
forced swim exercise (with resistance) did not ame-
liorate spatial learning in 20-month-old female Wistar
rats [60]. The reasons underlying this lack of a bene-
ficial effect of exercise in these studies are not clear.
However, it is unlikely to be related to exercise dura-
tion since a shorter exercise intervention (7 weeks

of treadmill running) increased spatial learning in
23-month-old Brown-Norway/F344 rats compared to
sedentary controls [101]. It is also unlikely that the
rat strain is responsible for differences in behavioural
outcomes as previous studies using the same strain of
male and female rat (Wistar) have showed that similar
exercise paradigms increased spatial learning ability
[66, 93].

One factor that could be responsible for discrep-
ancies in exercise-induced changes in learning and
memory is the intensity of exercise. For example,
the very high intensity of the treadmill exercise pro-
tocol (30 m/min) used in [97] did not induce any
change in learning abilities compared to studies
where learning abilities were ameliorated by similar
treadmill exercise interventions but with lower inten-
sities of either 8—10 m/min [66, 101] or 5-20 m/min
[69, 93]. Other considerations to note when inter-
preting these findings is that there is a variety of
approaches in analysing behaviour in the MWM. For
example, [39] concluded that 6 weeks of voluntary
exercise improved spatial learning in 19-month-old
mice based on an increase in swimming speed. How-
ever, exercise did not reduce the latency of mice to
reach the platform during the training days, which is
also indicative of learning. Thus, this finding could
be interpreted as an improvement in the general spa-
tial navigation abilities (moving faster in the pool)
rather than in spatial learning abilities (learning the
platform location in the pool). Besides the benefi-
cial effects of physical activity on spatial learning
abilities during older age, studies have demonstrated
that physical exercise, irrespective of being voluntary
or involuntary, improved age-related spatial mem-
ory loss in rats [60, 66, 97, 100] and mice [39, 87,
96].

Very few studies have reported the effects of
physical exercise on spatial learning and memory
during middle age, despite this perhaps being a key
intervention period to delay the age-related decline
in cognition. Interestingly, six weeks of moderate-
intensity treadmill running ameliorated a decline in
spatial learning in older-aged mice (18 months), but
notin middle-aged (12 months), compared to younger
adult mice (3 months) [87]. In conclusion, while
physical exercise, both voluntary and involuntary, can
improve spatial learning and memory in aged rodents
[87, 100], others have reported no effects of physical
exercise on spatial learning [60, 97]. While the rea-
sons underlying these discrepancies are unknown, the
exercise type and intensity as well as the inclusion of
resistance is likely to play a role.
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Table 1

Effects of physical activity on spatial learning and memory, spatial working and reference memory, recognition memory and pattern separation
in middle and older aged rodents. Symbols: 4: increased; | : decreased; **: studies involving middle-aged rodents (10-15 months of age).
Abbreviations: A: Albino; FS: forced swimming; FTR: forced treadmill running; ITI: inter-trial interval; mo: months old; MWM: Morris
water maze; NOR: novel object recognition; OIR: object identity recognition; ORT: object recognition test; RAM: radial arm maze; ref.
mem.: reference memory; SD: Sprague-Dawley; SLR: spontaneous location recognition; VO, : oxygen consumption; VWR: voluntary wheel
running; w: week; W: Wistar; work. mem.: working memory

Voluntary exercise

Species, age, sex Exercise intervention Behaviour Exercise effects Reference
Rat (SD), 21 mo, male VWR (8 w, 3days/week) MWM 4 learning 1 memory [41]
Rat (W), 20 mo, VWR (VE) (12 w) MWM No effects on learning [60]
female FS (12 w, 5days/w, 1 h/day, 4 memory
resistance)
Mouse (BALB-cByl), VWR (6 w) MWM 4 swimming speed [39]
19 mo, male 1 memory and reversal
memory
**Mouse (C57BL/6), VWR (unlimited access to Y-maze for 1 spatial reference memory in [109]
4,9, 14 mo, male and wheels from 3 mo) ref. mem. 9 mo
female
**Rat (SD), 12 mo, VWR (40 w) SLR 1 spatial pattern separation [118]
male
Mouse (Swiss), 6 and Enriched environment since OIR No effects on object [112]
20 mo, female weaning (including free access to recognition memory
running wheels)
Rat (F344), 18 mo, Food conditioned exercise (18 w, MWM 4 swimming speed [5]
male average 4 km/w) 1 learning
4 short and long memory
Involuntary exercise
Species, age, sex Exercise intervention Behaviour Exercise effects Reference
**Rat (W), 3 and 12 FS (4 w, 20 min/day with ORT 1 object recognition memory [77]
mo, male resistance) (short and long term)
Rat (W), 2 and 20 mo, FS (6 w, 3 days/w, 14 bouts/day NOR 1 object recognition memory [78]
male of 20's + 10 s ITI with resistance) in 20 mo
Rat (Brown Norway / FTR (7w, 5 days/w, 15 min/day MWM 1 learning [101]
F344), 23 mo, male at 8 m/min, electric shock)
Rat (W), 24 mo, FTR (4w, 4 days/w, 3 min at MWM 1 learning [66]
female 2 m/min + two bouts of 4 - 6 min 4 memory
at 10 m/min with 1 min resting
interval, tactile incentive)
Rat (W), 6 18 26 mo, FTR (6 months, 3 days/week, MWM 1 learning in 26 mo [93]
male 40 min/day at 6-18 m/min, VO, ORT 4 working memory
max 60%) 1 object recognition memory
in 26 mo
**Rat (SD), 14 to 18 FTR (14 moths, 5 days/w, MWM 1 learning [69]
mo (middle aged only 20 min/day at 20 m/min)
sed) or 14 to 28 mo
(old ex and sed)),
male
Rat (W), 3 and 18 mo, FTR (8 w, at 30 m/min) MWM No effects on learning [97]
male 4 memory
Mouse (C57/BL), 19 FTR (6 w, 5 days/w, MWM 1 learning [96]
mo, male 15-60 min/day at 16-24 NOR 1 memory
rotations/min) 1 object recognition memory
**Mouse (C57BL/6), FTR (6 w, 5 days/w, 60 min/day MWM 1 learning in 18 mo [87]
3,9/12, >18 mo, male at 10, 8 or 6 m/min for the young, ORT 4 memory in 9/12 mo
middle aged and older age 1 object recognition memory
respectively) in 9/12 and 18 mo
Rat (SD), 5 and 24 mo FTR (6 w, 7 days/w, 30 min/day RAM for 1 spatial working memory in [62]
at 8 m/min) work. mem. 24 mo

(Continued)



M.G. Caruso et al. / Ageing, Cognitive Decline, and Effects of Physical Exercise 51

Table 1
(Continued)

Involuntary exercise

Species, age, sex Exercise intervention Behaviour Exercise effects Reference
Rat (W), 8 and 18 mo, FTR (24 or 64 w, 3 days/w, at a RAM for 1 spatial reference memory [107]
male low-moderate intensity based on work. and ref. (1 % of correct entries and |,

VO, max test (60-70%) reaching mem. total time in 8 and 18 mo, 1

a maximum of 60 min/day at success variable in 8 mo)

14 m/min and 10° slope)
Rats (A), 4-6 and FTR (6 w, 5 days/w, 20 min/day Y-maze for 1 spatial working memory in [104]
23-24 mo, male at 24 m/min from 3™ w) work. mem. aged rats
Rat (W), 8 and 18 mo, FTR (24 or 64 w, 3 days/w, at a ORT 1 object recognition memory [63]

male low-moderate intensity based on
VO, max test (60-70%) reaching
a maximum of 60 min/day at
12 m/min and 5° slope) motivated
by food reward

in 8 and 18 mo

EXERCISE AND AGE-RELATED
CHANGES IN SPATIAL WORKING AND
REFERENCE MEMORY

Age-related changes in spatial working and
reference memory

Spatial working memory can be assessed by eval-
uating spontaneous alternation behaviour (SAB) in
the Y-maze or T-maze [102] as well as in the radial
arm maze (RAM) [103]. An age-related impairment
in spatial working memory has been reported in
23 to 24-month-old male rats compared to 4 to 6-
months-old rats when tested in the Y-maze task [104].
Similarly, analysis of SAB in a T-maze task showed
that Sprague-Dawley rats (21 months) displayed
lower spatial working memory compared to younger
7-month-old rats [105]. Similar data were obtained
from testing older age (24 months) Sprague-Dawley
rats compared to 5-month-old rats in the RAM task,
further demonstrating the age-related reduction of
spatial working memory [62]. This decline has been
reported to start in late adulthood and middle age.
For example, middle-aged (9 and 12 months) vir-
gin female NMRI (Naval Medical Research Institute,
outbred Swiss-type mice) mice showed reduced per-
centages of alternations in a Y-maze task compared
to 3-month-old mice [86]. Similarly, middle-aged (9
months) male Wistar rats showed a higher error rate in
the RAM task when compared to younger (3 months)
rats [106]. Interestingly, however, 8-month-old rats
showed a better spatial working memory in the RAM
apparatus compared to 18-month-old rats [107], indi-
cating that advancing age exacerbates the age-related
decline in spatial working memory abilities.

Spatial reference memory, another form of spatial
memory that can be tested in the Y-maze or RAM
has also been reported to be impaired in older age.
Eighteen-month-old rats showed a lower percentage
of correct entries in the RAM task compared to eight-
month-old rats indicative of an age-related decline
in spatial reference memory [107]. Moreover, it was
demonstrated in senescence accelerated mouse prone
8 (SAMP8) mice that the onset of the impaired refer-
ence memory in the Y-maze occurs in late adulthood,
given that 6-month-old mice as well as 9-month-old
mice showed a lower preference for the novel arm
compared to younger mice [108]. Taken together, the
literature suggests that impairments in spatial work-
ing and reference memory occur in middle-age and
are exacerbated in older ages in both rats and mice.

Effects of physical exercise on spatial working
and reference memory in older aged rodents

Only a few studies have investigated the effects of
physical exercise on working and reference memory
in older aged rodents (summarized in Table 1). Vol-
untary wheel running initiated at 3 months of age and
continuing throughout the experiment increased spa-
tial reference memory in the Y-maze at 9 months of
age [109]. In agreement, lifelong, moderate-intensity
treadmill training improved spatial reference memory
in the RAM task in both 8-month-old and 18-
month-old male Wistar rats, although, the exercise
intervention had a more robust effect in §-month-
old rats compared with the older aged rats [107].
On the other hand, the same study reported that
lifelong moderate-intensity treadmill training had no
effects on spatial working memory in the RAM at
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either age [107]. However, six weeks of low- or
high-intensity treadmill training has been reported to
improve spatial working memory in older aged rats
compared to age-matched sedentary rats, suggesting
that the effects of treadmill running on spatial work-
ing memory may be dependent on the intensity or
the duration of the treadmill training. Specifically,
six weeks of low intensity (30 min/day at 8 m/min, 7
days/week) treadmill training significantly improved
age-related decline in spatial working memory
in the RAM in 24-month-old Sprague Dawley
rats [62]. Similarly, six weeks of high inten-
sity treadmill exercise (20 min/day at 24 m/min, 5
days/week) enhanced spatial working memory in
the Y-maze task in 24-month-old male albino rats
when compared to age-matched sedentary controls
[104].

Overall, there is a dearth of studies investigating
the effects of physical exercise on spatial reference
and working memory in older aged rodents, with
considerable variation in the results, and hence it
is rather difficult to make firm conclusions. Nev-
ertheless, the published studies suggest that long
term voluntary and moderate intensity treadmill exer-
cise can improve reference memory in both late
adulthood and in older age, with greater effects appar-
ent in late adulthood. Moreover, low and high, but
not moderate, intensity can improve spatial work-
ing memory in older aged rodents. Future studies
are required to determine the optimal exercise inter-
vention for ameliorating age-related spatial working
and reference memory impairments in rodents dur-
ing the susceptible times of middle and older
age.

EXERCISE AND AGE-RELATED
CHANGES IN RECOGNITION MEMORY

Age-related changes in recognition memory

Recognition memory in rodents is commonly mea-
sured using the novel object recognition (NOR) test
[110]. Studies have reported that ageing impairs
object recognition memory in rats (Wistar, 20 months
vs 2 months) [78] and mice (C57/BL, 19 months
vs 2 months) [96], but conflicting results have also
been reported. For example, it has been reported
that neither older-aged (18 months) nor middle-aged
(12 months) male C57BL/6 mice exhibited impaired
object recognition memory compared to young (3
months) mice [87]. Recognition memory declines
with advancing age as evident from impaired object

recognition in 18-month-old female Sprague-Dawley
rats compared to 5-month-old rats [111]. Moreover,
older rats (28 months) preferred the familiar over the
novel object, indicative of a stronger impairment in
recognition memory at 28 compared to 18 months of
age [111]. Indeed, the onset of recognition memory
decline might occur at middle age based on a study
showing that middle-aged (12 months) male Wistar
rats had reduced preference for the novel object com-
pared to 3-month-old rats [77]. This further supports
the importance of identifying interventions, like opti-
mal exercise regimens for middle-aged rodents, that
may delay the effects of advancing age on recognition
memory.

Effects of physical exercise on recognition
memory in older aged rodents

Physical exercise has been found to ameliorate age-
associated impairments in recognition memory in
both middle- and old-aged rodents [77, 78, 96] (sum-
marized in Table 1). Indeed, six weeks of treadmill
training improved object recognition memory in 19-
month-old C57/BL mice compared to age-matched
sedentary controls [96]. Similarly, a longer duration
of six months of treadmill exercise improved object
recognition memory in 32-month-old male Wistar
rats compared to age-matched sedentary counterparts
[93]. Moderate-intensity treadmill exercise, initiated
at 2 months of age reduced the age-related impair-
ments in object recognition memory in 18-month-old
Wistar rats compared to sedentary age-matched rats
[63]. In addition, six weeks of treadmill exercise ini-
tiated during middle age (9 to 12 months) as well
as older age (18 months) increased object recog-
nition memory in male C57BL/6 mice [87]. Other
forms of exercise have also improved recognition
memory in aged rodents. For example, six weeks of
forced swimming exercise (with resistance) reduced
the age-related decline in object recognition mem-
ory in 20-month-old Wistar rats when compared
to age-matched sedentary rats [78]. Similarly, four
weeks of forced swimming exercise (with resis-
tance) in middle-aged (12 months) male Wistar rats
ameliorated object recognition memory compared
to the sedentary rats when tested 1.5 and 24 hours
after the acquisition phase, indicative of improved
short- and long-term object recognition memory
[77].

While most of the studies examining the effect of
physical exercise on recognition memory have used
either treadmill or forced swimming exercise, one
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study has examined the effects of voluntary wheel
running as part of an enriched environment com-
pared to standard cage environment on recognition
memory in young and aged Swiss mice [112]. The
environment included not just free access to run-
ning wheels but also access to ropes, tunnels and
toys since weaning. When tested for novel object
recognition, young adult (5 months) as well as
aged (20 months) mice, were able to distinguish
familiar from novel objects, regardless of the envi-
ronment [112]. Taken together, forced treadmill and
swimming exercise have been shown to ameliorate
recognition memory in both middle- and older-aged
rodents, but more investigation is needed to reveal
the potential effects of voluntary wheel running
on recognition memory during middle and older
age.

EXERCISE AND AGE-RELATED
CHANGES IN PATTERN SEPARATION

Age-related changes in pattern separation

Studies conducted in humans, rats and mice have
generally reported that ageing impairs pattern sepa-
ration ability [111, 113, 114]. Multiple behavioural
tasks have been developed to assess pattern separa-
tion in rodents including the delayed non-matching
to position (DNMP) test, touchscreen-based tasks
(location discrimination (LD); visual discrimina-
tion (VD); paired associates learning (PAL)), and
the spontaneous location recognition (SLR) test. It
has been reported that unlike 5-month-old female
Sprague-Dawley rats, neither 18-month-old nor
28-month-old female Sprague-Dawley rats could dis-
criminate between objects in a novel location in the
SLR task, suggesting a reduced spatial pattern sep-
aration ability in older age [111]. An age-related
reduction in visual pattern separation has also been
shown; sixteen month-old male C57BL/6J mice
exhibited decreased visual pattern separation ability
compared to 3-month-old mice when tested in the
touchscreen-based LD task [115]. Similar age-related
impairments in pattern separation were reported in
the VD and PAL tasks. Older-aged (17 and 21
months) but not middle-aged (12 months) male
C57BL/6J mice exhibited a decrease in visual pat-
tern separation in the touchscreen-based VD task
compared to 3-month-old mice [115]. In agree-
ment, 16- and 21-month-old male C57BL/6J mice
showed impaired performance in visual pattern sep-

aration in an operant touchscreen task compared
to 3-6 months-old mice [116]. Similar results were
obtained from rats in the operant touchscreen PAL
task, whereby 24-month-old Fischer 344 x Brown
Norway F1 hybrid rats showed reduced visual pat-
tern separation ability compared to 4-month-old rats
[117]. However, given that this task is based on visual
stimuli, results may be associated with an impaired
visual ability in aged animals [115]. In this regard,
a modification of the touchscreen-based location
discrimination protocol was applied in a study exam-
ining behaviours in older-aged (22 months) C57/BL6
mice, as they exhibited difficulties in habituating to
the touch screen [114]. While there is consensus
that ageing decreases pattern separation abilities in
older-aged rodents, further investigation is needed
to determine pattern separation ability during middle
age.

Effects of physical exercise on pattern separation
in older-aged rodents

A limited number of studies have investigated
physical exercise intervention as a strategy to improve
pattern separation in healthy, older aged rodents
(summarized in Table 1). This is perhaps not surpris-
ing given that pattern separation behavioural tasks
were only developed more recently compared to tests
assessing spatial learning and memory, spatial work-
ing and reference memory and recognition memory.
Nevertheless, the evidence suggests that physical
exercise improves pattern separation in older-aged
rodents. Forty weeks of voluntary running initi-
ated during adulthood has been reported to improve
pattern separation ability in the SLR task (small
configuration) in 12-month-old Sprague-Dawley rats
compared to the age-matched sedentary counterparts
[118]. To the best of our knowledge, there are no
reports on the effects of treadmill training or other
types of forced exercise on pattern separation in
older-aged rodents. Furthermore, there is no reported
evidence on the effects of physical activity on pattern
separation during middle age, even though this could
represent a susceptible time frame for intervention.
Therefore, future investigation is needed to determine
whether physical exercise during middle age can
prevent or significantly delay the age-related impair-
ments in pattern separation, and whether alternative
exercise protocols can induce comparable improve-
ments as induced by voluntary exercise. Interestingly,
physical exercise also increases forgetting to facil-
itate the encoding of new overlapping memories
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via the clearance of old memories in aged rodents.
Detailed analysis of this topic is beyond the scope
of this review, but further information can be found
in Box 2 (Box 2: “The role of exercise-mediated
forgetting in the encoding of new overlapping mem-
ories”).

Box 2: The role of exercise-mediated forgetting
in the encoding of new overlapping memories

Although physical exercise can improve learning
and memory processes, physical exercise can also,
paradoxically, increase forgetting [119]. It should
however be noted that this effect on forgetting
is age-dependent and is, in most cases, a benefi-
cial and adaptive process which can minimize the
interaction between established memories and the
encoding of new overlapping memories [120, 121].
Thus, forgetting may facilitate the encoding of new
memories via the clearance of old memories. The
effects of exercise on forgetting are mediated by
AHN as demonstrated in mice [119] and rats [122].
To date, little is known about the potential benefi-
cial role of exercise in forgetting in middle and older
age, thus warranting research to fill this knowledge

gap.

EXERCISE-INDUCED CHANGES IN
AGE-RELATED DECLINE IN ADULT
HIPPOCAMPAL NEUROGENESIS

New neurons are generated in the adult brain in the
subgranular zone (SGZ) of the dentate gyrus (DG)
in the hippocampus, through a process called adult
hippocampal neurogenesis (AHN) (Box 3: “Adult
hippocampal neurogenesis”). The rate of AHN varies
throughout life, but typically declines with age
(Fig. 3). During the transitioning period of middle
age (Box 1: “How old are middle aged humans and
rodents?”), rates of AHN drop and reach low rates
during senescence [13]. The age-related reduction in
AHN has been hypothesised to be one of the cellular
mechanisms mediating age-related cognitive decline.
Indeed, AHN has been shown to be necessary for
certain cognitive functions such as spatial learning
and memory [18], and pattern separation [19, 40],
and its levels correlate with individual differences
in cognitive performance of older-aged rats [98, 99,
123].

Box 3: Adult hippocampal neurogenesis

The hippocampus is a component of the limbic
system located in the medial temporal lobe and
is involved in several cognitive abilities [143].
In the hippocampal dentate gyrus (DG), new
neurons are generated during adulthood through
a process called adult hippocampal neurogene-
sis (AHN). Activated quiescent neuroprogenitors
(QNPs) located in the DG sub-granular zone
(SGZ) self-renew and divide, producing amplify-
ing neuroprogenitors (ANPs) which proliferate and
differentiate into neuronal committed neuroblasts,
and develop into immature granule cells in the inner
granule cell layer (GCL) [144]. A small percentage
of these adult-born, new neurons become mature
granule neurons and ultimately integrate function-
ally with the hippocampal circuitry (Fig. 3) [145,
146]. When studying AHN, it is crucial to examine
the different phases of this long and complex pro-
cess [147]. For example, an enhancement in AHN
may be driven by increased cell survival, indepen-
dently of a higher cell proliferation rate [148]. On
the other hand, a reduction in AHN may be related
to decreased cell production or proliferation, or to
exhaustion or reduced survival of QNPs [149-151].
Enhanced quiescence [152] or changes in the pro-
genitor fate [153] may also drive a reduction in
AHN. A variety of immunohistochemical mark-
ers are used to visualize and examine hippocampal
neural progenitors and newly born neurons (sum-
marized in Fig. 3) to determine the different stages
of AHN. In addition, the exogenous thymidine ana-
logue 5-bromo-2deoxyuridine (BrdU) is frequently
used to label the ‘birth-date’ of adult-generated
cells, to identify proliferating neuroprogenitors or
to determine the longer-term survival of newly born
cells.

Exercise has been reported to increase AHN in
adolescent [124], adult [15, 16] as well as older-
aged rodents [4, 5], and has been proposed as a
strategy to ameliorate the age-related reduction in
AHN. Nevertheless, few studies have focused on
the effect of exercise on AHN during middle age,
despite this representing a particularly susceptible
time for interventions aimed at delaying the onset
of age-related cognitive decline. In addition, there is
a dearth of studies comparing the effects of different
exercise paradigms on the cellular stages of AHN.
Although studies in rodents report a significant effect
of physical exercise on neurogenesis and hippocam-
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Fig. 3. Stages of adult hippocampal neurogenesis in the dentate gyrus of the hippocampus in adulthood (top panel) and older age (bottom
panel). Abbreviations: DCX: doublecortin; DG: dentate gyrus; GFAP: glial fibrillary acidic protein; PSA-NCAM: polysialic-acid neural cell
adhesion molecule; SGZ: sub-granular zone; SOX 2: SRY-related HMG box.

pal cognitive measures, heterogeneous findings have
been reported regarding the presence and functional
role of AHN in humans [125-128]. Studies have been
openly debated [129—-135], focusing on methodologi-
cal aspects and issues of post mortem tissue integrity
and patient information [136—-139]. Moreover, due
to technical and ethical limitations, the functional
role of AHN in the modulation of cognitive abili-
ties in humans has not been directly demonstrated to

date. Nevertheless, human studies have reported that
aerobic exercise (walking for a duration of 40 min-
utes) correlated with increased hippocampal volume
(a proxy for enhanced AHN) and improved memory
[11, 140]. Furthermore, an exercise-related increase
in hippocampal volume has also been associated
with increased serum concentrations of BDNF, which
stimulates AHN, at least in rodents [11]. Arguably,
the number of new neurons that may be generated
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Table 2
Age-related changes in different stages of AHN in the hippocampus. Symbols: 4: increased; | : decreased; **: studies involving middle-aged
rodents (10-15 months of age). Abbreviations: A: Albino; BrdU: 5-bromo-2deoxyuridine; DCX: doublecortin; DG: dentate gyrus; F: Fischer;
GCL: granule cell layer; GFP: green fluorescent protein; MA: middle-aged; mo: months-old; O: older-aged; PCNA: proliferating cell nuclear

assay; PSA-NCAM: polysialic-acid neural cell adhesion molecule; SD: Sprague Dawley; SGZ: sub-granular zone; Y: young

Species, age, sex Precursor and expansion Differentiation and Postmitotic maturation and Reference
early maturation late survival
Rat (SD), 5 and 24 mo / / J BrdU+ cells in DG (6 week [62]
old cells)
Rat (F 344), 6 and 21 J BrdU+ cells in GCL (1 | PSA-NCAM+ | BrdU+ cells in GCL (6 [157]
mo, female day old cells) neurons in GCL week old cells)
Rat (SD), 5 (Y), 18 / J} DCX+ neurons in / [111]
(MA) and 28 (O) mo, GCL in MA and O
female compared to Y
Rat (A), 4-6 and | PCNA+ cells in DG / / [104]
23-24 mo, male
**Rat (F 344), 4 (Y), } Ki67+ cells and BrdU+ J DCX+ cells and No effects on % of [159]
12 (MA), 24 (O) mo cells in SGZ in MA and O their dendritic growth BrdU+/DCX+ on BrdU+ (6
compared to Y in DG in MA and O hour and 12 day old) cells in
compared to Y SGZ
Mouse (C57/BL6), 2 J Ki67+ cells in DG J DCX+ neurons in J BrdU+ cells in DG (6 week [113]
and 17 mo, male DG old cells)
J DCX+ neurons with
tertiary dendrites in
DG
Mouse (C57BL/6), 3 / / No changes in number of [4]
and 19 mo male BrdU+ cells in DG but - % of
newly-born astrocytes (4
week old cells)
**Mouse (transgenic |} GFP+ (nestin) cells in J DCX+ cells in DG / [156]

Nestin-GFP), 2 and 12 DG
mo J Ki67 + /GFP+ neurons
in DG

in the adult or senescent brain in humans is low [13,
126, 134]. However, given the homogeneity between
neuronal properties of the rodent and human brain,
adult-born neurons are likely to exert a significant
influence on hippocampal neuronal network integrity
[141], which is important for certain cognitive func-
tions [142].

Age-related changes in AHN

Changes in precursor and expansion stage,
differentiation and early maturation, postmitotic mat-
uration and late survival stages of hippocampal
neurogenesis have been observed during ageing in
rodents (summarized in Table 2) [12]. Recent stud-
ies have shed light on the mechanisms underlying
these changes. Ageing alters the functions of the qui-
escent neuroprogenitor pool, such as their metabolic
activity and chromatin accessibility dynamics [154,
155]. A disruption of the balance between neural
stem cell quiescence and activity is thought to be a
leading cause of the age-related decrease in AHN

[154]. Additionally, slower proliferation of the acti-
vated neuroprogenitors coupled with a higher return
to quiescence further contributes to the observed age-
related reduction in AHN [156].

Precursor and expansion: Advanced age has been
shown to reduce the proliferation rate of neuropro-
genitor cells (NPCs) in the hippocampal DG of both
rats and mice. The first report to quantify age-related
changes in AHN came from a study in which the
authors used BrdU labelling with immunohistochem-
istry analysis to show that a decrease in proliferation
of NPCs in the SGZ occurred in 21-month old Fis-
cher 344 rats compared to 6-month old rats [157].
Similarly, 17-month-old male C57BL/6 mice were
shown to have a lower number of Ki67+ cells in
the DG when compared to 2-month-old male mice
[113], and lower numbers of proliferating Ki67+
NPCs and immature neurons have been reported in
middle-aged (12 months) compared to 2-month-old
mice [156]. In agreement, fewer proliferating Ki67+
or BrdU+ NPCs have also been found in middle-aged
(12 months) compared to 4-month-old Fischer 344
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rats, suggesting that during middle age, changes in
the plasticity of the NPCs arise that may relate to
their age-related decline [158].

Differentiation and early maturation: Age-related
reductions in the numbers of immature and differenti-
ating neurons have also been reported. Older-aged (21
months) female Fischer 344 rats have fewer differen-
tiating neurons in the GCL compared to 6-month-old
rats [157]. The number of immature neurons (DCX+
cells) was also found to be reduced in the GCL of 18-
and 28-month old compared to 5-month-old Sprague-
Dawley rats [111]. Similarly, 17-month-old C57/BL6
male mice were found to have a lower number of
DCX+ neurons and a lower number of DCX+ neu-
rons with a complex dendritic arborisation compared
to 2-month-old mice [113]. The age related decline in
neuronal differentiation has also been found to occur
at middle age as demonstrated by the reduced num-
ber and differentiation of DCX+ cells in the SGZ of
the DG at 12 months compared to 4 months of age
in Fischer 344 rats [159]. Reduced dendritic matu-
ration has been shown in newly-born granule cells
of middle-aged (12 months) transgenic nestin-GFP
mice compared to 2-month-old counterparts [156].
In addition, chronic in vivo imaging of genetically
targeted radial glial-like NPCs in the DG of mice has
shown that the number of these cells was significantly
reduced in middle-aged (12-months) compared to 2-
month-old mice. Moreover, middle-aged mice had
a higher number of proliferating NPCs returning to
quiescence and a higher number of targeted NPCs
undergoing cell death compared to young mice [156].

Postmitotic maturation and late survival: The
number of surviving cells labelled with BrdU
(4-week-old cells) in the GCL of the hippocampus
was significantly reduced in middle- and older-aged
(12 and 27 months) female Fischer 344 rats com-
pared to 6-month-old counterparts [157]. However,
the rate of the survival of these 4-week old cells
was not significantly different between 12- and
27- month old animals [157], suggesting that the
age-related reduction in cell survival already occurs
during middle age. A reduction in surviving BrdU+
cells (6-week-old) was reported in 24-month-old
compared to S5-month-old Sprague-Dawley rats
[62] and in 21-month-old compared to 6-month-old
Fischer 344 rats [157]. Older aged (17 months)
C57/BL6 mice had fewer surviving cells labelled
with BrdU (6-week-old cells) in the DG compared
to 2-month-old mice [113]. Lower abundance or
reduced survival of cells labelled only with prolif-
eration markers may also indicate a reduction in

the astrocytic pool, given that stem cells of the DG
also convert into astrocytes [153, 160]. Analysis of
hippocampal astrocytic production in older-aged
rodents is beyond this review, but it may bring novel
insights to the field given that astrocytes are involved
in memory consolidation and cognitive functions
[161, 162] and are also indirectly involved in adult
neurogenesis [163].

In conclusion, evidence suggests that each stage
of AHN is impacted by ageing, with middle age rep-
resenting a crucial window of time during which a
reduction in cell proliferation and survival of newly
born neurons arises, and could potentially, be modi-
fied at that age.

Effects of physical exercise on AHN in
older-aged rodents

Precursor and expansion: Preclinical studies have
demonstrated that voluntary exercise counteracts
age-related decline in hippocampal cell proliferation
(summarized in Table 3). Eleven days of volun-
tary wheel running has been shown to increase the
number of newly born cells (BrdU+) in the DG of
17-month-old C57BL/6J mice compared to aged-
matched sedentary controls [54]. In contrast, others
have reported that six weeks of voluntary wheel run-
ning did not increase the number of BrdU+ and
Ki67+ cells in the DG of 17-month-old C57/BL6
mice compared to sedentary controls [113]. Tread-
mill exercise has been reported to ameliorate the
age-related decline in hippocampal cell proliferation
in the DG of older aged rodents (summarized in
Table 3). Six weeks of high-intensity treadmill run-
ning increased the number of proliferating (PCNA+)
cells in the DG of 24-month-old Albino rats com-
pared to age-matched sedentary controls [104]. Food
conditioned running, which consists of wheel run-
ning activity motivated by food reward, has also been
reported to increase the number of newly born cells
(BrdU+ cells) in the hippocampus of 18-month-old
F344 rats compared to the age-matched sedentary
controls [5].

Differentiation and early maturation: ~ Exercise-
driven promotion of the maturation of newly born
neurons in the hippocampus has been reported (sum-
marized in Table 3): six weeks of voluntary exercise
modestly increased the number of DCX+ cells,
while it significantly increased the number of DCX+
neurons with a more mature morphology (presence
of tertiary dendrites) in 17-month-old C57/BL6 male
mice compared to sedentary mice [113].
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Table 3

Effects of exercise on different stages of AHN in the hippocampus in middle- and old-aged rodents. Symbols: 1: increased; | : decreased; **:
studies involving middle-aged rodents (10-15 months of age). Abbreviations: A: Albino; BrdU: 5-bromo-2deoxyuridine; DCX: doublecortin;
DG: dentate gyrus; FTR: forced treadmill running; GCL: granule cell layer; GFAP: glial fibrillary acidic protein; MAP2: microtubule
associated protein 2; mo: months old; NG2: neuron-glial antigen 2; O: older-aged; PCNA: proliferating cell nuclear assay; SD: Sprague
Dawley; SGZ: sub granular zone; VWR: voluntary wheel running; Y: young

Voluntary exercise

Species, age, Exercise intervention Precursor and Differentiation Postmitotic Reference
sex expansion phase and early maturation and
maturation late survival
Rat (F344), 18 Food conditioned exercise 1BrdU+cells in DG No effects on % of / [5]
mo, male (18 weeks, average 4 (injected 16 weeks (BrdU+/DCX+,
km/week) after the experiment BrdU+/NeuN+,
onset) BrdU+/NG2+,
BrdU+/GFAP+)
but 1 % of total
BrdU+ neurons in
hippocampus
Mouse VWR (~6 weeks) / / 4 BrdU+ cells [39]
(BALB-cBylJ), in GCL
19 mo, male (injected for
10 days at the
beginning of
the
experiment)
Mouse VWR (6 weeks, unlimited No effects on BrdU+ 4 DCX+ and / [113]
(C57/BL6), 2 access) cells and Ki67+ cells DCX+ with
and 17 mo, in DG in O tertiary dendrites
male in DG in O
Mouse VWR (45 days) / / 1 BrdU+ cells [4]
(C57BLY/6), 3 in
and 19 mo, DGinY and O
male 1BrdU+/NeuN+
neurons in DG
inY and O
(injected in the
1% week)
Mouse VWR (75 days) / / 1 BrdU+ and [114]
(C57BL/6), 3 BrdU+/NeuN+
and 22 mo, neurons in DG
male inY
No effects in O
Mouse VWR (11 days) 1 BrdU+ cells in DG / / [54]
(C57BL/6)), 2 (injected 10 times/day
and 17 mo, for 11 days) in O
female
**Mouse VWR (6 months) / Exercise tented to 4 BrdU+ and [3]
(C57BL/6)), increase the BrdU+/NeuN+
15 mo, female maturation of neurons in DG
DCX+ cells
Involuntary exercise
Species, age, Exercise intervention Precursor and Differentiation Postmitotic Reference
sex expansion phase and early maturation and
maturation late survival
**Mouse FTR (1 week of 4 BrdU+ and 4 DCX+ cells and 1BrdU+/MAP2+  [164]
(C57BL/6)), 8 habituation, 5 or 8 weeks BrdU+/DCX+ cells in their neurite
and 12 mo, of exercise, 60 min/day at DG (injected during growth
male 11 m/min) the last week of
exercise)

(Continued)
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Table 3
(Continued)

Involuntary exercise

Species, age, Exercise intervention Precursor and Differentiation Postmitotic Reference
sex expansion phase and early maturation and
maturation late survival

Rat (SD), FTR (6 weeks of exercise, / / 1BrdU+ cells [62]
5 and 24 mo 7 days/week, 30 min/day in DG (6 week

at 8 m/min) old cells)
Rats (A), 4-6 FTR (6 weeks of exercise, 1 PCNA+ cells in DG / / [104]
and 23-24 mo, 5 days/week, 20 min/day of O
male at 24 m/min from 3"

week)

Postmitotic maturation and late survival: Physical
activity has been shown to enhance the survival of
newly born cells and neurons in the hippocampus of
older-aged rodents (summarized in Table 3). Forty-
five days of voluntary wheel running increased the
number of surviving newly born cells (BrdU+) and
neurons (BrdU+/NeuN+) in the DG of 19-month-old
C57BL/6 mice compared to the sedentary controls
[4]. Similarly, six weeks of voluntary wheel run-
ning increased the number of surviving newly born
cells in the GCL of the hippocampus in 19-month-old
BALB-cByj mice [39]. In contrast, three months of
voluntary wheel running did not increase the num-
ber of surviving newly born cells or neurons in the
DG of 22-month-old C57/BL6 male mice compared
to the sedentary animals [114]. However, the num-
ber of mice involved in the above-mentioned study
was low (n=4), which could perhaps explain the
absence of statistical significance. Treadmill inter-
vention has also been reported to increase the survival
of hippocampal newly born cells. Six weeks of low-
intensity treadmill exercise increased the number of
6-weeks-old BrdU+ cells in the hippocampus of 24-
month-old male Sprague-Dawley rats compared to
sedentary animals [62].

Considering that middle age is increasingly recog-
nised as a pivotal time when age-related decline in
proliferation and survival occurs, it is important to
also investigate the impacts of physical activity on
AHN not just in older age, but also in middle age.
Currently, relatively few studies have highlighted
the effects of physical activity on AHN during this
time of the lifespan (summarized in Table 3). Volun-
tary running initiated in adulthood and lasting for 6
months was shown to increase the survival of newly
born hippocampal cells and neurons in the DG in
middle-aged (15 months) C57BL/6J female mice
compared to sedentary animals [3], while improving

memory function and BDNF levels. Intriguingly, a
recent study reported that voluntary running through-
out middle age in male C57BL/6J mice contributes to
maintaining the connections of adult born neurons in
the hippocampus with brain regions crucial for differ-
ent cognitive functions such as the perirhinal cortex,
subiculum and entorhinal cortex [141]. Six weeks of
moderate intensity treadmill exercise increased the
number of proliferating cells as well as immature neu-
rons and promoted their neurite growth in the DG of
12-month-old male C57BL/6J mice compared to the
sedentary age-matched control mice [164]. The same
study reported that nine weeks of moderate intensity
treadmill exercise also increased the survival of newly
born neurons in the hippocampus of middle-aged (12-
month-old) mice compared to the sedentary animals
[164]. Taken together, results suggest that voluntary
as well as forced treadmill exercise during middle
and old age stimulate the proliferation, maturation
and survival stages of AHN.

GUT MICROBIOTA AS A MEDIATOR OF
AGE-RELATED COGNITIVE DECLINE

The gut microbiota, a complex community of
microorganisms residing in the gastrointestinal tract
has emerged as a critical mediator of age-related
and AD-related decreases in cognitive abilities and
AHN [33, 35, 36]. Ageing has been associated with
a decline in gastrointestinal function and a change
in gut microbiota composition [165-167], and AHN
is known to be vulnerable to gut-microbiota medi-
ated changes [168, 169]. Indeed, studies have shown
that germ-free (GF) Swiss Webster mice display
increased AHN [170], while alterations in the gut
microbiota composition with antibiotic cocktails neg-
atively impacts AHN in rats and mice [171-173].
Dysbiosis, which is an imbalance of the gut micro-
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biota composition, can lead to increased systemic
inflammation and the release of pro-inflammatory
cytokines into the bloodstream, which can, in turn,
affect AHN [174]. Variations in the gut microbiota
composition impacts the brain through various path-
ways, including the vagus nerve (which can influence
AHN [175, 176]) as well as the secretion of hor-
mones [177], neurotransmitters [178] and microbial
metabolites like short-chain fatty acid [179] into the
systemic circulation. Thus, understanding the intri-
cate relationship between the gut microbiota and
age-related reductions in AHN holds promising ther-
apeutic potential for mitigating cognitive decline in
ageing populations. In the following paragraphs, we
consolidate current knowledge regarding alterations
in the gut microbiota composition that occur with
ageing, with a particular emphasis on the middle age
stage of life. Furthermore, we provide a comprehen-
sive overview of the latest insights into how various
forms of physical activity impact the gut microbiota
composition in rodents across middle-aged and older-
aged populations.

Age-related changes in gut microbiota

Ageing is associated with several changes in
physiological function including inflammation, sar-
copenia and alterations in the composition of the
gut microbiome. Several contributing factors to these
age-related alterations in gut microbiota include
reduced dietary fibre intake, prolonged residence
in care facilities, sedentary behaviour, the use of
non-steroidal anti-inflammatory drugs, and antibiotic
usage [180]. Middle age in particular is a critical
period during which individuals are more sensitive to
the impact of environmental and lifestyle factors, and
is associated with weight gain, a decline in physical
activity, and increased risk of cardiovascular disease
and diabetes [181]. These lifestyle changes, concomi-
tant with the emergence of cardio-metabolic diseases,
have an impact on the gut microbiota.

One notable effect of ageing on the gut microbiota
is a decrease in microbial diversity, characterized by
areduction in the abundance and variety of bacterial
species. This decline in diversity is often referred to
as dysbiosis, as it can result in an imbalance between
beneficial and potentially harmful microbes. Several
investigations have revealed that alterations in the
gut microbiota composition due to ageing in humans
are characterized by a reduction in species diversity,
heightened inter-individual variations, elevated lev-
els of Proteobacteria, and diminished populations of

beneficial bacteria like Bifidobacterium [182]. These
shifts in microbial composition have been linked to
an increased vulnerability to pathogen infections and
disruptions in the integrity of the gut mucosal barrier
[183, 184]. In centenarians, a decrease in short chain
fatty-acid (such as butyrate) producing bacteria and
an increase in Proteobacteria leads to an increased
production of pro-inflammatory cytokines (IL-6 and
IL-8) [185], which may underlie the increased low-
grade inflammation observed in ageing known as
‘inflammaging’ [186].

In rodents, few studies have investigated the effect
of ageing on the gut microbiota. It has been shown
that the Firmicutes/Bacteroidetes ratio is altered in
17-month old mice [187], similar to that reported
in older aged humans [182], which is indicative of
age-related gut-dysbiosis [188]. One study showed
that middle age is a vulnerable period for gut micro-
biota compositional and metabolite changes, coupled
with neuroinflammation in 10-month-old mice [189].
In terms of the relevance of the gut microbiome in
healthy ageing, a recent study showed that transfer-
ring the gut microbiota via faecal microbial transplant
(FMT) from young mice (3—4 months) into old mice
(19-20 months) attenuated age-associated impair-
ments in cognitive behaviours as well as changes in
the hippocampal metabolome and transcriptome, but
not hippocampal neurogenesis of aged recipient mice
[190]. Interestingly, in a reverse experiment in which
gut microbiota was transplanted from older aged mice
(24 months) into young (3 months) recipient mice via
FMT, a decrease in spatial learning and memory and a
differential expression of proteins involved in synap-
tic plasticity and neurotransmission was observed
[191]. A similar study was performed inrats, in which
the authors transferred gut microbiota from older
aged rats (20-24 months) into young recipients (3
months old rats) and observed a decrease in working
memory concurrent with a decrease in BDNF in the
prefrontal cortex and hippocampus. The authors com-
pared the gut microbiota composition between the
3-month-old and 20-24 month old rats and showed
a decrease in diversity induced by ageing as well
as an increase in the Firmicutes/Bacteroidetes ratio
[192] suggesting a gut dysbiosis. Further research is
needed to reveal the role of the aged gut microbiome
in AHN and the related cognitive ability of pattern
separation. Moreover, very few studies have inves-
tigated the gut microbiome composition in middle
age, although it could represent a critical time win-
dow when therapeutic strategies may help to prevent
cognitive decline. Nevertheless, studies to date show
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that age-related changes in gut microbiome lead to
behavioural deficits, and thus suggest that identifying
ways of modifying the composition of gut micro-
biota through approaches such as exercise may offer
promise to maintain cognitive ability.

Effects of physical exercise on gut microbiota in
older-aged rodents

A growing body of evidence points to the fact
that exercise can change gut microbial composi-
tion [34] and related metabolite profile, and that
those changes confer benefits on health and/or age-
related disease in humans [193]. In aged animals, the
effect of life-long exercise in mice (from 5 weeks
old to 26 months old) revealed that voluntary wheel
running reduced the relative abundance of the anaero-
bic bacteria Lachnospiraceae and Ruminococcaceae
compared with sedentary counterparts. Interestingly,
the authors compared this microbiome signature of
aged running mice with the microbiome of a rat strain
of high-capacity running and showed that the micro-
biome signature was similar between rodents with
inherited or acquired aerobic training performance
[194]. Moreover, long term endurance training (on a
treadmill) between 4 to 11 months old in a mouse
model of ageing (PolgA™!/™U mice) attenuated the
decrease in bacterial diversity observed in sedentary
older-aged mice [195].

In middle age (12 month) mice, high intensity
interval training (on treadmill) intervention could
dynamically alter gut microbiota profiles [196].
When compared to their sedentary counterparts, 11-
month-old rats exposed to voluntary wheel running
for 6 weeks, displayed an increase in the rela-
tive abundance of Bifidobacteria, and a concomitant
increase in intestinal Akt, which is known to regu-
late peripheral glucose uptake and insulin sensitivity.
The authors also showed increased performance in
working memory in the exercising group [197]. It
is important to note, however, that a consensus still
needs to be reached about the beneficial effect of
increasing or decreasing the bacterial diversity on
health, regardless of age [198-200]. In addition, most
of the cited studies did not analyse cognitive func-
tions of middle- and older-aged rodents, although
this could provide important insights on whether the
exercise-driven changes in the gut microbiome may
mediate a delay in the onset of age-related cognitive
decline.

O ANIMAL AGE BIOLOGICAL SEX

(2) Select the exercise
I_ Duration of intervention _I
Involuntary Voluntary
[l
| 1 1 I
Ciimbing [Running ] (Running
Motorized f
I I I I
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(Session duration NI
|

|
+/- Resistance
INTENSITY

3) Plan the behavioural tests

Fig. 4. Checklist for planning preclinical experiments involving
physical exercise.

DURATION

TYPE

BEST PRACTICE IN PLANNING
PRECLINICAL EXPERIMENTS WITH
PHYSICAL EXERCISE

Select the animal: strain, age and biological sex

The first step in planning an animal study is
selecting the animal (or animal model), its age and
biological sex (Fig. 4), which is dependent on the
scientific question. It is important to note that there
are strain-dependent differences in response to exer-
cise training in mice. For example, when tested for
endurance performance after four weeks of treadmill
training, FVB/NJ mice were reported to run for longer
distances compared with C57BL/6J and Balb/c mice,
indicative of a greater response to training [201].
In addition, mouse models with strong motivation
for engaging in voluntary wheel running have been
developed [202]. Interestingly, strain-specific differ-
ences in the AHN response to physical exercise have
been reported. For example, analysis of 9 different
mouse strains (C57BL/6, BALB/c, A/J, C3 H/HeL,
DBA/1, DBA/2, 129/Sv], and FVB) revealed that
DBA/2 mice showed the lowest levels of basal neuro-
genesis and that forced treadmill exercise increased
AHN in all the strains except from DBA/2 [203]. In
addition, voluntary running activity has differential
effects on neurotrophic factor levels (involved in the
stimulation of AHN) in the hippocampus of Sprague-
Dawley, Brown Norway, Dark Agouti and PVG rats
[204]. Given that strain-derived discrepancies have
been shown in a variety of cognitive tasks in rats,
the behavioural phenotype intended to be examined
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should be taken into account when choosing rodent
strain. For example, comparison between Sprague-
Dawley (SD), Wistar (W) and Long-Evans (LE) rats
revealed that SD rats are poor learners in the radial-
arm-maze task, indicative of a lower spatial working
and reference memory [205]. Thus, using SD rats,
might introduce floor effects in the assessment of spa-
tial working and reference memory. Moreover, Wistar
rats showed lower visual discrimination learning abil-
ity and long-term memory (tested in a touchscreen
operant chamber) compared to Long Evans, suggest-
ing that pigmented rats (such as Long Evans) may
have higher cognitive abilities compared to albino
(such as Wistar) rats [206]. Another plausible expla-
nation for the results obtained in the above-mentioned
study is that Long Evans rats have greater visual acu-
ity compared to albino rats [207]. This factor is crucial
given that many cognitive tests are based on visual
stimuli. Evidence suggests that visual abilities are
strain-dependent in mice also [208].

A further choice in the experimental planning is
the age of the rodent. Older-aged rodents are reported
to voluntarily run less compared to young adults, as
evident by distance run on wheels in 24 hours [51,
52]. This difference may be associated with phys-
iological changes related to age, which impact on
the adaptation of the rodents’ body to the specific
exercise regimen. Indeed, a study reported that a
low-moderate intensity (maximum oxygen consump-
tion of 60-70%) was obtained with 60 min/day at
12 m/min with 5° treadmill slope at 8 months of age,
but a different combination of duration, speed and
slope (30 min/day at 4-6 m/min with 0° slope) was
necessary at 18 months of age in order to maintain the
same intensity [63]. Thus, the exercise intervention
should be adapted to age.

Another crucial factor for experimental planning
of exercise studies is biological sex.

Female rodents voluntarily run more compared to
age-matched males [47, 48] and this may be depen-
dent on estrogen concentrations [49, 50]. Thus, it is
important to consider the sex-dependent variability
in exercise levels when planning mixed sex studies.
Studies in humans report that exercise induces greater
cognitive benefits in females than in males [209],
but induces an increase in hippocampal volume in
males but not in females [210]. These reports suggest
that there may be contradictory mechanisms under-
lying exercise-induced cognitive changes, which are
dependent on biological sex, and support the con-
sideration of biological sex in exercise studies. In
rodents, physical exercise also induces differen-

tial effects on cognitive functions in males versus
females. For example, treadmill exercise improved
pattern separation abilities in male, but not female,
middle-aged (11-14 months-old) Sprague-Dawley
rats in a model of middle cerebral artery occlusion
[71]. However, in the above-mentioned study the
intensity of the treadmill intervention was established
for males, and then applied to females, suggesting
that the treadmill exercise protocol should perhaps
be optimised for both male and female rodents.
Given that the response to physical activity in males
and females may differ due to sex-specific physiol-
ogy, more comparative studies or studies involving
mixed-sex population are needed to investigate sex-
derived differences in exercise-induced effects on
cognition and hippocampal plasticity and thus to
determine optimal exercise regimens for female
rodents. A knowledge of the sex-dependent response
to exercise in preclinical research will ultimately
help to inform the effects of exercise in men and
women, and in the development of personalized
therapeutic interventions for hippocampal-mediated
disease.

Select the exercise regimen

Exercise regimens of different duration, type and
intensity are used in preclinical research (summarized
in Fig. 4). The exercise regimen should be adapted
to the animal, age and sex. Regarding the duration
of the exercise intervention, involuntary treadmill
training lasting just 7 or 10 days has been shown
to improve cognitive functions [71, 211, 212], and
similar results were obtained with involuntary tread-
mill running lasting for several weeks or months [62,
213, 214] in male rodents. These results suggest that
both short and long treadmill training interventions
can induce beneficial effects on cognition. Benefi-
cial effects of voluntary exercise on cognition have
been observed after at least 4 weeks in male and
female rodents [103, 124], but very short interven-
tions (i.e. days) of voluntary exercise have rarely
been shown to improve cognitive functions. To under-
stand how the different durations of exercise affects
hippocampal-related behaviours, it is important to
investigate the underlying changes in AHN (Box 4:
“Possible factors that confound the effects of physi-
cal exercise on AHN”). While it is well known that
exercise lasting for weeks or months enhances the
levels of AHN in rodents, as described above, few
studies have reported the effects of shorter training
durations on AHN. An interesting study was designed



M.G. Caruso et al. / Ageing, Cognitive Decline, and Effects of Physical Exercise 63

to investigate the effects of short durations (1, 3, 5,
7, 14 and 28 days) of voluntary wheel running on
the expression of hippocampal BDNF in 2-month-old
male Sprague-Dawley rats [215]. BDNF was found to
be significantly higher in the runners compared to the
sedentary controls but only after 28 days of training
[215]. Nevertheless, more recent data show that 10
days of voluntary running enhanced the cell prolifera-
tion in the DG of the hippocampus in female C57BL/6
mice compared to sedentary animals [54]. In addi-
tion, 3 days of voluntary wheel running induced
long-term morphological maturation and enhanced
synaptic plasticity in hippocampal new-born granule
neurons (labelled with GFP-expressing retrovirus) in
adult male Sprague-Dawley rats compared to seden-
tary animals [216]. Different durations (1, 3,7, 14, 21,
28 days) of treadmill exercise enhanced the prolifera-
tion of hippocampal cells at all time points compared
to sedentary conditions, despite inducing the highest
effect between 3 and 21 days of exercise in 5-week-
old male Sprague-Dawley rats [217]. Based on a
review of the effects of one week and one month of
voluntary running on hippocampal plasticity in young
adult male mice [218], it has been suggested that one
week of voluntary exercise is sufficient to increase
the number of amplifying neuroprogenitors in the
hippocampus and to modify the synaptic contacts of
1-week old immature granule cell. On the other hand,
long-term exercise acts through diverse mechanisms,
such as the release of grow factors (such as BDNF) or
the modulation of new neuronal networks. In conclu-
sion, the duration of the exercise intervention should
be carefully evaluated depending on the readouts of
interest, given that diverse durations of physical exer-
cise exert different changes on hippocampal plasticity
and consequently on hippocampal-dependent cogni-
tive functions.

Box 4: Possible factors that confound the effects
of physical exercise on AHN

Duration, type and intensity of exercise can
differentially regulate AHN. In addition, there are
several important considerations regarding other
variables that may influence the effects of physical
exercise on AHN.

Timing of BrdU injections: The administration
of BrdU results in labelling of cells that are
undergoing DNA synthesis [220]. Given that
physical exercise enhances both the proliferation

and survival of newly-born hippocampal granular
cells in rodents [5, 164], the timing of BrdU injec-
tion relative to the start or finish of the exercise
intervention is crucial in order to correctly label
newly-born cells and to consequently determine
the impact of the exercise regimen on the survival
or proliferation of newly-born cells, respectively.
Nevertheless, with short exercise protocols (i.e.
one-week) it is difficult to distinguish whether the
BrdU-labelled cells are proliferating or surviving
cells, adding further factors that confound the
interpretation of the exercise effects on AHN.
Thus, it is recommended to co-label BrdU
cells with different markers in order to clearly
define whether exercise affects the expansion,
proliferation, differentiation or survival stages
of AHN.

Stress: Voluntary wheel running transiently
increased corticosterone levels in male Sprague-
Dawley rats [73]. Stress results in stimulation
of the hypothalamic-pituitary-adrenal axis and
the consequent production of adrenal steroids,
including corticosterone, which in turn affects
hippocampal plasticity and function [221, 222].
Thus, the analysis of the effects of physical
exercise on AHN must also take into account the
possible modulation of AHN caused by (transient)
exercise-induced corticosterone signalling.

Food reward: Some exercise protocols use palat-
able food reward to overcome possible low
motivation to run [5, 63], which is particularly
common in older-aged rats. However, palatable
food rewards activates the dopaminergic system,
which in turn plays a role in the proliferation
of neural precursor cells [74]. Thus, when used,
palatable food rewards may modulate the effects
of physical exercise on AHN.

Cognitive training: Cognitive training has recently
been reported to be a positive reinforcement of the
beneficial effects of physical activity on rodents
health [223]. In particular, young adult mice
undergoing moderate intensity treadmill training
in conjugation with cognitive training in the MWM
exhibited a higher number of surviving dentate
granule cells compared to untreated mice or to
those that underwent only one of the interventions
[223]. These results demonstrate that cognitive
training, such as the commonly used MWM,
may modulate the effects of physical exercise on
AHN.
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Given that the type and intensity of exercise can
exert diverse effects on behaviours and AHN, the
choice of exercise should carefully reflect these
effects when considering experimental outcomes. For
example, both voluntary and involuntary exercise
have been found to improve spatial learning in the
MWM in older-aged rodents. However, studies have
also reported no effects of both voluntary and invol-
untary exercise on spatial learning in the MWM in
male and female older-aged rats [60, 97]. Discrep-
ancies in the exercise-induced changes in spatial
learning may arise from the intensity of exercise.
For instance, an extremely high intensity of a tread-
mill exercise protocol (30 m/min) [97] induced no
change in learning abilities compared to that reported
in studies where enhanced learning abilities through
similar treadmill interventions were observed but at
lower intensities [66, 69, 93, 101]. The absence of an
exercise-related improvement of learning abilities in
aged rats may also be linked to the inclusion of resis-
tance in the exercise regimen, as demonstrated by
studies where forced swim exercise with resistance
showed no impact on spatial learning [60]. Because
there is a dearth of studies investigating the effects of
different types and intensities of physical exercise on
spatial reference and working memory, recognition
memory and pattern separation in older aged rodents,
as well as a lack of direct comparisons amongst exer-
cise protocols on the proliferation, maturation and
survival of new neurons, it is difficult to draw firm
conclusions about the optimal physical exercise pro-
tocol to induce the most robust effects on cognitive
function and AHN (Box 4: “Possible factors that con-
found the effects of physical exercise on AHN). For
example, studies in young adult male rodents reported
that treadmill exercise at a lower intensity exerts a
greater increase in the number of hippocampal newly
born cell and neurons when compared to moderate
or high intensity treadmill training [15, 217, 219].
Thus, further investigation is needed to determine
whether low intensity treadmill training could induce
the greatest effects on AHN in middle- and older-aged
rodents when compared to moderate or high intensity
training.

Plan the behavioural tests

The final step concerns the choice of behavioural
test (Fig. 4). Careful planning of the behavioural
tests is required when using involuntary exercise
as well as voluntary running with limited access
to wheels. To mitigate against any potential fatigue

or acute effects of exercise on a behavioural out-
come, a major consideration is the alignment of the
behavioural tests in terms of time and duration rel-
ative to the exercise protocol, especially when a
battery of behavioural tests is planned. Burghardt and
colleagues combined treadmill running with multi-
ple behavioural tests (elevated-plus-maze, open-field
test, social interaction, conditioned freezing) and
performed behavioural testing weekly, 72 hours fol-
lowing the last exercise session [52]. This resulted
in a washout period to mitigate against any potential
acute effects of each training session. This however
may lead to different behavioural outcomes compared
to results from studies where the cognitive tests are
performed soon after the exercise. Another approach
is the performance of the behavioural tests (Y-maze,
open field test, elevated-plus maze, Morris Water
Maze) immediately preceding the exercise session
[224], but excessive fatigue or stress due to the multi-
ple interactions of the rodents with the experimenters
may result. Finally, the fact that forced exercise
may induce stress to rodents should also be consid-
ered when planning anxiety-related or stress-related
behavioural tasks as it may confound behavioural
outcomes.

CONCLUSIONS

Physical exercise has been identified as a
non-pharmacological approach to prevent age-
related neurodegeneration and dementia. Pre-clinical
research is necessary to examine exercise-induced
brain and behavioural effects, which would not be
feasible in humans. A variety of exercise types
are used in preclinical research, including voluntary
and involuntary regimens. The most common volun-
tary exercise intervention is running on saucer-like
horizontal wheels or vertical steel wheels while invol-
untary running regimens require rodents to run for
a predetermined duration, intensity and frequency
in specialized treadmills. Additionally, other invol-
untary exercise regimens developed for rodents are
swimming and resistance exercise, although those
are less commonly used. The use of involuntary
treadmill running has the advantage of minimizing
inter-individual variability in response to exercise,
otherwise exhibited by rats of different sex or age.
However, the use of electric shock to promote running
may trigger a stress response and act as a possi-
ble confounder to the effects of exercise. Similarly,
food motivation to run voluntarily on wheels repre-
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sents another possible confounder due to activation
of the dopaminergic system. Different types, inten-
sities and duration of exercise exert various effects
on cognitive abilities in older-aged rodents. Both
voluntary and involuntary running improve spatial
learning abilities in older-aged rodents, but not if
applied at high intensity or in the presence of a
resistance. Long term voluntary and moderate inten-
sity treadmill exercise improve reference memory
in older age, while low and high, but not moder-
ate, intensity improves spatial working memory in
older-aged rodents. In addition, forced treadmill and
swimming exercise have been shown to ameliorate
recognition memory in older-aged rodents, but the
potential effect of voluntary wheel running is yet
to be determined. Evidence suggests that voluntary
running improves pattern separation in older-aged
rodents, whereas no reports were found on the effects
of treadmill training or other types of forced exer-
cise on pattern separation in older-aged rodents. It
should be noted that if the choice of exercise reg-
imen is limited, animal strain, age and sex may
influence behavioural outcomes. Voluntary as well
as forced treadmill exercise during older age stimu-
late the proliferation, maturation and survival stages
of AHN, an important central mechanism mediat-
ing the effects of exercise on cognitive function.
Currently, the lack of comparisons between exercise
protocols on AHN makes it difficult to draw firm con-
clusions about the optimal physical exercise regimen
for AHN-mediated cognitive changes in older-aged
rodents. The gut microbiota has been identified as
a key mediator of exercise-driven changes in cogni-
tive function in older-aged rodents, possibly through
the modulation of AHN. Further research is needed
to clarify the mechanisms underlying the exercise-
induced changes in the aged gut microbiome and
consequently an optimal exercise regimen to stim-
ulate those changes. Recent research suggests that
age-related cognitive decline arises during middle
age, together with changes in AHN and the gut
microbiota composition. Despite middle age repre-
senting a window for strategies aimed at delaying
a potential decline in cognition, there is a dearth
of studies investigating the effects of different exer-
cise regimens during middle age. Future research
investigating the impact of exercise during middle
age may uncover novel mechanisms and predic-
tors of cognitive decline, which are modifiable by
exercise. Strategies to optimise exercise regimes in
preclinical research will inform clinical approaches
to prevent and delay age-related dementia, one

of the most significant global concerns in current
society.
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