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Abstract

The association between cardiovascular fitness and cognitive functions in both animals and
humans is intensely studied. Research in rodents shows that a higher cardiovascular fitness has
beneficial effects on hippocampus-dependent spatial abilities, and the underlying mechanisms
were largely teased out. Research into the impact of cardiovascular fitness on spatial learning in
humans, however, is more limited, and involves mostly behavioral and imaging studies. Herein,
we point out the state of the art in the field of spatial learning and cardiovascular fitness. The
differences between the methodologies utilized to study spatial learning in humans and rodents
are emphasized along with the neuronal basis of these tasks. Critical gaps in the study of spatial

learning in the context of cardiovascular fitness between the two species are discussed.

Key Words: Exercise—Spatial learning—Cardiovascular fitness—Hippocampus—Navigation

The effect of cardiovascular fitness on cognition was first shown in
the 1970’ when better cognitive reaction times in old active men
were observed compared to old sedentary men (1). Dozens of stud-
ies performed since then concluded that in humans, cardiovascular fit-
ness improves executive functions that rely mostly on frontal regions
of the brain (2). During the last 10 years, studies have begun looking
into the effects of cardiovascular fitness on hippocampus-dependent
cognitive learning and memory, a process focused on information
processing rather than prefrontal cortex-dependent executive func-
tions. In rodents, research has repeatedly shown a positive effect for
cardiovascular fitness on hippocampus-dependent spatial learning
and the underlying anatomical, cellular, and molecular mechanisms of
this effect were thoroughly studied (3). In contrast, similar research in
humans has been more constrained. This is due to the limited access
to deep brain regions such as the hippocampus, outside the setting of
brain surgery, or in freely moving humans. These facts hinder investiga-
tors from obtaining mechanistic insights on the impact of cardiovas-
cular fitness on hippocampus-dependent spatial learning in humans.

Here, we point out current knowledge on the link between car-
diovascular fitness and spatial learning, discuss the possible under-
lying mechanisms and clarify methodological differences between
research in rodents and humans and as a consequence, the criti-
cal gaps between the two disciplines. Specific recommendations to
address the hypothesis of whether cardiovascular fitness correlates
with enhanced spatial learning in humans are suggested.

Cardiovascular Fitness: Definition and Practice

Cardiovascular fitness is the ability of body organs to consume, trans-
port, and utilize oxygen (4). The maximal volume of oxygen the body
can consume and use during exercise is termed VO, max. Fit people
have a higher VO, max, which enables them to use oxygen more effi-
ciently. Regular aerobic endurance training produces numerous meta-
bolic and cardiovascular effects, including a decrease in resting heart
rate, increased heart rate variability (5), increased resting and exer-
cise stroke volume, an increase in arteriovenous oxygen difference
(6) and increased blood pumping efficiency and oxygen utilization
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in tissues (7). In order to develop and maintain cardiovascular fitness
in humans, aerobic exercise is typically performed at a frequency of
3-5 days per week, at an intensity of 60-90% of the maximal heart
rate, and duration of 20-60 min over several months (8).

Spatial Learning

Spatial learning is the process in which information about the envi-
ronment is encoded to facilitate navigation through space and recall
the location of motivationally relevant stimuli (9). This form of
learning is critically dependent on the integrity of the hippocampus
and surrounding regions such as the medial entorhinal cortex (MEC;
Figure 1; [10]). The cognitive map theory (11) proposes that the hip-
pocampus and other parahippocampal regions in rodents represent
content and locations within the environment, providing the basis
for spatial memory and navigation. When it comes to humans, the
theory also suggests lateralization of hippocampal function with
the right hippocampus encoding spatial relationships, and the left
hippocampus storing relationships between linguistic entities (12).
Moreover, one or both hippocampi incorporate temporal informa-
tion derived from the frontal lobes, which serves to timestamp each
individual visit to a location, thus providing the basis for a spatio-
temporal contextual or episodic memory system (13). In addition,
unlike rodents, humans can represent spatial information symboli-
cally as is the case with maps used for navigation (14).

Research in Rodents: The Neuroanatomical Basis for
Spatial Learning

The relation of spatial learning to the location of environmental
cues is achieved in part by hippocampal place cells, which fire action

Figure 1. The mouse hippocampus neuroanatomy. (A) An illustration of
the mouse brain and the entorhinal cortex-hippocampal subregions of the
mouse brain. (B) Detailed diagram of the entorhinal cortex—hippocampal
circuitry from A. The main input of the hippocampus comes from the
entorhinal cortex through the perforant path to the dentate gyrus and the
CA3 directly. From the dentate gyrus information is transferred through the
mossy fibers to area CA3, from there it will be transferred to CA1 area through
the schaffer collateral, and back to the entorhinal cortex. CA1 also receives
direct input from the entorhinal cortex through the temporoammonic
pathway. DG = dentate gyrus, EC = entorhinal cortex, GrDG = granular layer
of dentate gyrus, Hi = hippocampus, MF = mossy fibers, PP = perforant path,
SC = Schaffer collateral, TA = temporoammonic pathway.

potentials whenever an animal is in a certain place in the local envi-
ronment. Neighboring place cells fire at different locations such that,
throughout the hippocampus, the entire environment is represented
in the activity of the local cell population (15). Grid cells in layers II
and III of the MEC (Figure 2) exhibit similar spatial firing with each
cell having multiple firing fields that form a grid, which encompasses
the entire environment explored by the animal, with a similar preci-
sion to that of place cells (10). Head-direction cells are informed by
the vestibular system and fire selectively with respect to head orien-
tation (16). Conjunction cells exhibit traits of grid cells and head
direction cells by firing in a grid pattern solely when an animal is
directing its head in a specific direction (17). Border cells (Figure 2)
are entorhinal cells that fire when an animal is close to the borders
of the proximal environment (18). In addition, parahippocampal
regions also harbor spatial view cells (19), which are independent of
specific directionality, and only respond to specific objects (20). The
combined effects of the above cells enable the representation of the
entire environment of the rodent. The rodent hippocampus is com-
monly divided into several subregions: Cornu amonis (CA)1, CA3,
dentate gyrus (DG), and the hilus (21; Figure 1). These subregions
are crucial for the encoding of novel spatial environments in the hip-
pocampus (22). Importantly, spatial learning sharpens and stabilizes
place fields (23), allowing better representation of the surroundings
(Figure 2).

Cardiovascular Fitness and Spatial Learning in

Rodents

The impact of cardiovascular fitness on spatial learning and memory
in rodents has been thoroughly investigated using various types of
tasks including the Morris water maze (24-28), Y-maze (29), radial
arm maze (30), and place learning-set task (31). As this topic has
been extensively reviewed elsewhere (27) (see Table 1), it is suffice
to say that while numerous studies have indicated that cardiovascu-
lar fitness improves spatial learning and memory, no physiological
measurements (eg VO, max) were tested to indicate that the mice
had better cardiovascular fitness. This is probably due to lack of
adequate measurement techniques for rodents.

The Basis for Neurocognitive Representation of

Spatial Information in Humans

There are important differences between humans and rodents’ spa-
tial representations. Humans, unlike rodents, have evolved mecha-
nisms to represent spatial information symbolically (33), enabling
humans to acquire spatial information from means other than direct
experience. Cognitive maps constructed from symbolic sources differ
from those derived from direct navigational experience in some ways
(14) and yet in other ways are similar (34). The environments used
to assess spatial learning in humans include virtual environments
(VE), real-world environments, and computer-screen tasks. Learning
from a VE is similar to learning from navigation, since the interface
preserves many of the visual-spatial characteristics that are experi-
enced during real navigation. In a VE, the learner builds up a spatial
representation over time through movement within the VE. Studying
whether people form the same types of spatial representations in
a VE compared with real environments has yielded mixed results.
Witmer and coworkers found that VE training is useful in a building
navigation task but does not produce the same level of performance
as map or real-world training (35). Bliss et al. found no difference
between map and VE training in a similar task but did not com-
pare performance to real-environment training (36). Philbin et al.
found map training to be superior to VE training (37). Other studies
have shown evidence for learning and successful navigation solely
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Figure 2. Schematic anatomical representation of the hippocampal-medial entorhinal cortex (MEC) circuitry that plays crucial role in spatial navigation in mouse.
Spatial information about the environment is transported from the grid, border, and head-direction cells located in the MEC to place cells in the hippocampus by
the perforant path (PP) and temporoammonic path (TP). In the dentate gyrus (DG), information from place cells in the granular cells of the dentate gyrus (GrDG)
is transported to place cells in the CA3 by the mossy fiber (MF), and from there by the schaffer collateral (SC) to place cells located between the pyramidal (PY)
cells of the CA1. Each of these hippocampal place cells fire in high frequency when the mouse is located in the place field of the relevant place cell. Blue = cells
in the medial entorhinal cortex, yellow = place cell, red = place field, green = axonal projections.

Table 1. Summary of Methodologies Utilized in the Study of the Effects of Cardiovascular Fitness on Spatial Learning in Rodents.

Cognitive Exercise Exercise Species Gender Age # of Rodents  Effect on Ref.
Task Type Length (wk) Spatial Ability
Morris water Voluntary 4 C57bl/6 mice Males 3and 19 mo of age 33 Positive (27)
maze 6 C57bl/6 mice Females 3 mo of age 70 Positive (26)
1 Sprague Dawley ~ Males 3 mo of age 28 Positive (28)
Rats
Forced 12 Wistar rats Males ? 16 Positive (24)
8 C57bl/6 and Males 3 mo of age 40 Positive (25)
DBA mice
1 Wistar rats Males 4 mo of age 12 No effect (32)
Y maze Voluntary 2 C57bl/6 mice Males 10wk old 80 Positive (29)
Radial arm Voluntary 7 Long Evans Females 5 mo of age 21 Positive (30)
maze Hooded rats
Whishaw design ~ Forced Acute/Chronic ~ F344 rats Males 12wk of age 70 Positive (31)

within a VE (38,39). Richardson et al. found that although individu-
als are able to acquire a substantial amount of spatial knowledge
from a VE, important differences in spatial representations are found
between real environments and VEs. The existence of a VE align-
ment effect suggests that the visual flow input, specifying movement
in a desktop VE is sufficient for translational but not for rotational
updating. Second, a large alignment effect is found after learning the
environment from a map. Indeed, map learning leads to superior
performance only when aligned with the initial orientation of a map.
The resulting representation is precise, yet inflexible. Thus, cognitive
processes necessary for maintaining orientation in a real environ-
ment are used, at least in part, when operating in a virtual one (40).

While rodents certainly exhibit maze shortcuts between two pre-
viously visited locations (41), this flexibility is extended in humans
with symbolic representations, as the activities involved in building
such representations bear little resemblance to the direct experience
of navigating through an environment. A map often uses symbols
that depict an environment more vast and complex than what can be
experienced from a single vantage point. Thus, humans demonstrate
an ability to construct cognitive maps from both cartographic maps
and spatial descriptions (14).

In a recent study, Ekstrom et al. (33) found using the taxi
driver task (see below) that 30% of the view cells in the human

parahippocampus are location-dependent, while 70% are location-
independent. The anatomical distribution of place- and view-respon-
sive cells reveal a dissociation between the hippocampus and the
parahippocampal region, with the hippocampus specialized for place
and the parahippocampal region specialized for view (42). Thus, the
parahippocampal region extracts allocentric spatial information pri-
marily from salient visual landmarks to form a coarse representa-
tion of space. The hippocampus combines visual and spatial features,
possibly via inputs from the parahippocampal region, with context
to compute the flexible map-like representation of space underlying
navigation.

Methods to Assess Spatial Learning in Humans and
their Neural Basis

In this section, we present important technical details of the major
methodologies utilized in studies that assess cardiovascular fitness
and spatial learning in humans and discuss the neural basis for the
relevance (or irrelevance) of the task to spatial learning.

The viewpoint shift task
In this task, participants observe a virtual courtyard from one of
two possible fixed viewpoints. Different objects are sequentially
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presented and participants are then asked to memorize the position
of these objects with respect to distinct textures in the courtyard.
Five objects are sequentially shown for 3 s each with an interstimu-
lus interval of 1 s. A short distractor phase follows and participants
are subsequently asked to retrieve the objects’ positions from the
same or different prespective (43). Representation by place cells in
the hippocampus is associated with object information and environ-
mental layout (44). As each object is presented, it can be added to
a single coherent representation of the spatial layout, from which
‘scenes’ from a specific viewpoint can be generated (45). Thus, the
hippocampus and especially place cells have a pivotal role in tasks
that require the retrieval of spatial information as in the viewpoint
shift task.

The path integration task

Path integration is the ability to keep track of changes in orienta-
tion and position during movement through monitoring self-motion
without reference to external cues. Therefore, path integration is a
crucial ability for the formation of cognitive maps (46) and has been
shown to be associated with hippocampal function. In this task, par-
ticipants see a computerized uniform surface without landmarks.
The participants passively move forward, turn, move further, and
stop. Then, they are asked to point back to their starting location
using a joystick. For each trial, the pointing error is determined. The
ability to path-integrate by linear and angular self-motion in the
environment is mediated by grid cells, head-direction cells, and con-
junctive cells within the MEC. This information is not determined by
environmental stimuli, but by self-motion (47), even though there is
less use of vestibular cues, and more use of visual cues as the partici-
pant sits in front of a computer screen (48).

Dots fixation task

In this task one to three dots appear at randomly selected locations
on a computer screen for 500 ms. Next, a fixation-cross appears for
3 s. At the end of the delay, a single red test dot is presented either
at the same location as one of the previous black dots (match), or
at a new location (nonmatch). Subjects are required to indicate as
quickly and accurately as possible whether the red test dot matches
any of the previously presented black dots (49). This task does not
seem to involve the hippocampus or the MEC (50).

The 3D rotation task

In this task, participants are required to perform mental rotation of
three-dimensional (3D) objects. Participants have to match corners
and edges of the 3D objects to the corresponding parts of their equiva-
lent unfolded two-dimensional counterparts. Following this, complex
geometrical shapes are shown and participants are asked to count the
number of surfaces for each shape (51). Although this task is consid-
ered to assess spatial capabilities, imaging studies show no relevancy
to hippocampus-dependent spatial learning and memory (52).

The above-mentioned tasks were utilized in studies reviewed
herein. Below, we discuss the potential use of two tasks that assess
spatial learning in humans but were not yet implicated in cardio-
vascular fitness research. This is due to the high potential of these
tasks to clearly delineate the possible role of cardiovascular fitness
on spatial learning in humans.

The Blitz3D virtual environment task
Participants in this task watch or move along a VE town (53) while
visiting all the available landmarks within a maze. Next, snapshots

of buildings from the same viewpoints as those encountered during
navigation are shown to the participants next to a second building.
This is done in order to test participants’ ability to retrieve infor-
mation about spatial relationships between pairs of buildings (54).
fMRI-based evidence indicated a dissociation between the contribu-
tions of the retrosplenial cortex and the hippocampus during navi-
gation in this task. Both of these dissociated areas are active during
this task, and head-direction cells are less dominant in virtual real-
ity task compared with place cells. However, they both seem to be
involved in spatial learning in the VE tasks.

Taxi driver task

In this task, subjects navigate at a constant moving velocity in a vir-
tual town that consist of six unlabeled nontarget buildings and three
labeled target stores. During a single session, subjects make seven
deliveries of passengers to each target shop in a random order. Upon
delivery of the passenger, subjects are told whether they have found
the correct shop, along with a ‘virtual’ payment for delivering pas-
sengers. Subjects explore the city until they locate another passenger,
at which point the cycle repeats (48). While in this task, vestibular
cues, encoded by head-direction cells are not utilized, visual cues,
represented by place cells; view cells and conjunctive cells are being
utilized.

As discussed above, a variety of methodologies have been utilized
to assess spatial learning in humans, and these methods seem to dif-
fer significantly in their neural basis. Moreover, not all the methods
are fully compatible with navigation in reality. For example, the path
integration and taxi driver tasks do not involve head-direction cells,
which pose a major disadvantage of a computerized spatial task.
More importantly, not all the methods are related to spatial learning,
as in the case of the dots fixation task and the 3D rotational tasks,
which do not involve the hippocampus or the MEC.

With respect to the translational value of the methods used to
assess spatial learning, there is a fundamental and important dif-
terence between methods used in rodents to those used in humans.
Spatial learning tasks commonly used with rodents (e.g., the Morris
water maze) integrate multisensory inputs utilized in spatial naviga-
tion. This includes visual, olfactory, vestibular, and motor inputs. In
contrast, most methods used to assess spatial learning in humans
lack some or several of these aspects. For example, any method
that uses a computer screen as an interface will lack head-direction
inputs to the hippocampus. Other tasks such as the dots-fixation
task do not seem to rely on the hippocampus at all. This indicates
that although spatial tasks used for rodents are highly translational
to real-world situations for humans, spatial tasks used for humans
cannot translate into mechanistic insights gained in rodents research.

Cardiovascular Fitness and Spatial Learning

in Humans

Older adults with higher fitness levels show greater preservation of
hippocampal volume, which is associated with more accurate and
faster spatial memory and fewer episodes of forgetting (55). Using
the 3D rotation task, Hotting and coworkers observed no difference
in spatial reasoning between endurance and nonendurance training
(51). More recently, Nagamatsu and coworkers (49). found, using
the dots fixation task, that both aerobic, balance and tone exercises
improve spatial memory in older adults with probable mild cognitive
impairment (49). The relationship between aerobic fitness and hip-
pocampal volume in elderly humans was also studied using the dots
fixation task by Erickson and colleagues. In their study, the authors
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showed that cardiovascular fitness is a causative factor in increas-
ing hippocampal volume and is effective in reversing hippocampal
volume loss in late adulthood, which is accompanied by improved
spatial memory functions (56,57).

Using the viewpoint shift and the path integration tasks, cardio-
vascular fitness was shown to modulate brain activation in a man-
ner associated with spatial learning, however, overall spatial learning
performance did not correlate with cardiovascular fitness (58).

The most critical drawback of most studies in humans that try
to link cardiovascular fitness and hippocampal-dependent spatial
learning is that the tasks they utilize do not involve the hippocampus.
These include the dots fixation and the 3D mental rotation tasks.
Nevertheless, the data collected thus far (summarized in Table 2),
does suggest a link between cardiovascular fitness and spatial learn-
ing and memory. Research in this field is far from being complete,
and the stage is set for stronger evidence.

Cardiovascular Fitness and Aging
Aging-related cognitive decline (59) is correlated with hippocampal
changes including (1) reduced hippocampal neurogenesis, (2) altered
brain microvasculature (60), (3) reduction in synaptic plasticity (61),
and (4) altered inflammatory balance. These aging-related deleterious
consequences can be delayed or partially reversed by physical exercise.
Neurogenesis, the formation of new neurons occurs in the sub-
ventricular zone surrounding the lateral ventricles and in the sub
granular zone of the hippocampal DG. While the former provides
new neurons that integrate into the olfactory bulb circuitry, the
latter provides neurons that integrate into the DG. Hippocampal
neurogenesis contributes to cognitive learning processes while
aging reduces the capacity of the hippocampus to generate new
neurons (27). Physical exercise, however, counteracts aging-
related reduction in neurogenesis by several mechanisms; at the
cellular level, exercise enhances hippocampal cell proliferation
and neurogenesis in a brain-derived neurotropic factor dependent
manner (28). Exercise-induced newly formed neurons are pref-
erentially activated during learning tasks (3) as well as contrib-
ute to degradation of previously obtained memories (62). Newly
generated neurons exhibit higher long-term potentiation (LTP)
compared to older neurons (3), which indicates an additional
mechanism by which exercise contributes to hippocampal cogni-
tive learning.

Microvasculature and vascular density decreases in an age-
dependent manner. The arterioles supplying the deep white matter
have the longest course through the brain, and with aging they often
become tortuous. In addition, wall thickness of veins and venules in
the periventricular white matter increases with normal aging. Along
with a decline in cerebral angiogenesis, a failure of vascular recovery
from hypoxia-induced bouts may occur. With aging, lost capillaries
are less likely to be replaced, and this may cause chronic hypoperfu-
sion and exacerbate hypoxic events (63). As a result, many brain
regions exhibit decreased metabolic support for activated neurons
due to decreased blood flow (64). The metabolic impact of reduced
blood flow may be exacerbated by altered nutrient transport across
the capillary wall. In addition, aging reduces the ability of capillar-
ies to respond to increases in neural activity and other factors that
promote angiogenesis implying reduced microvasculature plasticity.
This aging-related loss of microvascular plasticity directly affects
neuronal plasticity events such as neurogenesis, as neurogenesis is
mechanistically linked to capillaries and their growth (65). Trophic
factors produced by endothelial cells are important regulators of
ongoing neurogenesis and angiogenesis within the adult hippocam-
pus (66). Indeed, angiogenesis, the formation of new blood vessels, is
gradually impaired during aging in a mechanism involving reduced
expression of angiogenic factors such as vascular endothelial growth
factor (67). The previously described changes to brain vasculature
ultimately cause microvascular hyperpermeability, which culminates
in blood-brain barrier permeability. Age-related increase in blood-
brain barrier permeability occurs in aged mice and humans (68).
Vascular endothelial growth factor is a potent inducer of vascular
permeability in the blood-brain barrier, and as vascular endothelial
growth factor expression decreases blood-brain barrier permeability
increases. Aging-related pathologies such as hypertension, cerebro-
vascular ischemia, Alzheimer’s disease, or Parkinson’s disease further
destabilize blood-brain barrier integrity (68). The property of the
brain vascular bed to maintain cerebral perfusion despite changes
in blood pressure is termed cerebral autoregulation (CA [69]).
Although one can hypothesize that microvasculature permeability
would affect CA during healthy aging, no evidence supports such
effect of aging on CA in the 50-75 age range, and it is unknown
whether CA is preserved at more advanced age (>75 years (69)).
Further, It is not clear whether exercise affects CA (70,71).

The above aging-related effects on microvasculature are thought
to contribute to aging-related cognitive decline in several ways (66).

Table 2. Summary of Methodologies Utilized in the Study of the Effects of Cardiovascular Fitness on Spatial Learning in Humans.

Cognitive Task Exercise Type Length Gender Age Range # of Participants Effect on Ref.
Spatial Ability

Virtual N/A N/A Men 19-28 17 N/A (54)

environment task

Dots fixation task Aerobic 20 min twice a Men and women 60-80 158 Positive (55)

week for 6 mo

3D rotation task Aerobic and Twice a Men and women 40 -55 68 No effect (51)
nonaerobic week for 6 mo

The viewpoint Aerobic and Twice a Men and women 40-55 17 No effects (58)

shift and path nonaerobic weeks for 6 mo

integration tasks

Dots fixation task Aerobic and Twice a Women 70-80 86 Positive (49)
nonaerobic week for 6 mo

Dots fixation task N/A N/A Men and women 59-81 165 Positive (56)

Dots fixation task Aerobic and 12 mo Men and women 55-80 120 Positive (57)

nonaerobic
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Physical exercise counteracts these effect by increasing blood vessel
density in the adult brain (72) via vascular endothelial growth fac-
tor, insulin-like growth factor (IGF), and angiopoietin 1 and 2 (73).
Exercise-induced angiogenesis subsequently increases the availabil-
ity of oxygen and glucose to existing neural circuitry. This increase
may subsequently promote optimal function of mature neurons and
synaptic connections to accommodate new learning and memory
demand through promoting or enhancing mechanisms of memory
such as LTP or synaptogenesis (74). Both these changes probably
contribute to the increases in hippocampal volume observed in exer-
cising animals (55). During normal healthy aging cerebral blood flow
declines by up to 50% while CA seems to be preserved. However,
cerebral blood flow velocity of the middle cerebral artery is increased
in exercising men compared with sedentary individuals. Moreover,
aerobic activity in elderly subjects is associated with lower vessel
tortuosity values and an increase in the number of small-caliber ves-
sels (75).

Aging also correlates with decreases in synapse numbers, but
little or no alteration in the structure of the remaining synaptic
elements themselves (76). In contrast, physical exercise increases
dendritic spine size and quantity, which are associated with LTP
induction and are considered to support changes in synaptic strength,
directly impacting memory functions (3). In this respect, N-methyl-
d-aspartate (NMDA) receptor binding sites are more affected by
aging than other ionotropic glutamate receptors in mice. Binding
affinity to NMDA decreases with age in the cerebral cortex and hip-
pocampus, regions which are important to memory processing (77).
Exercise enhances mRNA levels of the NR2B subunit of the NMDA
receptor in the DG and increases the capacity for the DG to express
LTP in vitro and in vivo in adult animals (78).

Aging-related cognitive decline is also associated with changes in
the expression of inflammatory cytokines. In the aging brain, pro-
inflammatory cytokines are chronically increased. Higher levels of
the pro inflammatory cytokine interleukin (IL)-6 levels are observed
in the cortex, hippocampal formation, and cerebellum of aged
mice. In contrast, levels of the anti-inflammatory cytokine IL-10
are decreased (79). This perturbation in pro- and anti-inflammatory
balance is thought to contribute to age-related neuronal dysfunc-
tion, by over activating NMDA and o-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors. Over activation of
these glutamate receptors can induce neurodegenerative processes
and amplify neuronal vulnerability through increased intracellu-
lar calcium concentration. In addition, proinflammatory cytokines
impair the aged brain’s ability to maintain hippocampal LTP. inflam-
mation-induced LTP impairment is accompanied by enhanced activ-
ity of stress-activated protein kinases and reactive oxygen species.
Importantly, inflammation-induced LTP impairment can be reversed
by the anti-inflammatory cytokine IL-10, shown to be reduced with
aging (79). By reducing the ratio between pro- and anti-inflammatory
(including IL-10) cytokines in the hippocampus, exercise reduces the
risk of neuroinflammation in aging (79).

Final Conclusions and Future Directions in the Field

Studies in rodents indicate that cardiovascular fitness enhances spa-
tial learning. This field, however, suffers from inconsistent method-
ologies and animal models, preventing us from directly extrapolating
these data into a beneficial effect in humans. Despite this, we can
also generalize that almost any kind of aerobic exercise that pro-
motes cardiovascular fitness is beneficial in enhancing spatial learn-
ing. One outstanding and unresolved question is the difference
between forced and voluntary exercise in promoting spatial learning

in rodents. This will have to be carefully assessed, with a need to
regulate both running distance, timing of running bouts, and stress
levels.

In respect to humans, due to the large variety of tasks designed
to tease-out possible effects of cardiovascular fitness on spa-
tial learning, careful interpretation of these studies is required.
Similarly to studies with rodents, many factors differ between stud-
ies, obscuring a clear conclusion on whether cardiovascular fitness
affects spatial learning in humans. The complicated studies con-
ducted to date are far from providing a clear-cut answer to the
question of whether cardiovascular fitness enhances spatial learn-
ing. This largely stems from the fact that certain tasks considered to
be spatial tasks (e.g., the dots fixation task), do not seem to involve
the cellular, molecular, and anatomical mechanisms thought to
underlie spatial learning. The most reliable and realistic spatial
tasks utilized thus far with human subjects, are the Blitz3D VE
and the taxi driver tasks. None of these reliable tasks was utilized
in research that focuses on the effects of cardiovascular fitness on
spatial learning in humans. Whether these highly realistic spatial
tasks can reliably show possible effects by cardiovascular fitness
on spatial learning in humans is unknown. Thus, it is impossible at
this time to determine whether and to what extent cardiovascular
fitness affects spatial learning in humans. Mean age, number of vol-
unteers, choice of exercise all play important roles in the outcome,
and a standardized protocol has to be described in order to obtain
reliable information.

References

1. Spirduso WW, Clifford P. Replication of age and physical activity effects
on reaction and movement time. | Gerontol. 1978;33:26-30.

2. Colcombe S, Kramer AF. Fitness effects on the cognitive function of older
adults: a meta-analytic study. Psychol Sci. 2003;14:125-130.

3. van Praag H. Exercise and the brain: something to chew on. Trends Neu-
rosci. 2009;32:283-290. doi:10.1016/j.tins.2008.12.007

4. Fahey TD, Insel PM, Roth WT. Fit & well: core concepts and labs in
physical fitness and wellness. 9th ed. New York, NY: McGraw-Hill; 2011.
doi:10.1036/0072529776

5. Kenney WL. Parasympathetic control of resting heart rate: relation-
ship to aerobic power. Med Sci Sports Exerc. 1985;17:451-455.
do0i:10.1249/00005768-198508000-00008

6. Blomgqvist CG, Saltin B. Cardiovascular adaptations to physical train-
ing. Anmnu Rev Physiol. 1983;45:169-189. doi:10.1146/annurev.
ph.45.030183.001125

7. Duscha BD, Slentz CA, Johnson JL, et al. Effects of exercise training
amount and intensity on peak oxygen consumption in middle-age men
and women at risk for cardiovascular disease. Chest. 2005;128:2788-
2793. doi:10.1378/chest.128.4.2788

8. Braun LT. Exercise physiology and cardiovascular fitness. Nurs Clin North
Am. 1991;26:135-147.

9. Floresco S. Spatial learning in animals. In: Stolerman I, ed. Encyclopedia
of Psychopharmacology. Berlin, Heidelberg: Springer; 2010:1259-1262.
doi:10.1007/978-3-540-68706-1_354

10. Moser EL Kropff E, Moser MB. Place cells, grid cells, and the brain’s spatial
representation system. Annu Rev Neurosci. 2008;31:69-89. doi:10.1146/
annurev.neuro.31.061307.090723

11. Nadel JOKL. The Hippocampus as a Cognitive Map. Oxford: Oxford
University Press; 1978.

12. Igl6i K, Doeller CF, Berthoz A, Rondi-Reig L, Burgess N. Lateralized
human hippocampal activity predicts navigation based on sequence
or place memory. Proc Natl Acad Sci USA. 2010;107:14466-14471.
do0i:10.1073/pnas.1004243107

13. Burgess N, Maguire EA, O’Keefe J. The human hippocampus and spatial
and episodic memory. Newuron. 2002;35:625-641. doi:10.1016/S0896-
6273(02)00830-9



Journals of Gerontology: BIOLOGICAL SCIENCES, 2015, Vol. 70, No. 9

1065

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Thorndyke PW, Hayes-Roth B. Differences in spatial knowledge
acquired from maps and navigation. Cogn Psychol. 1982;14:560-589.
doi:10.1016/0010-0285(82)90019-6

Wilson MA, McNaughton BL. Dynamics of the hippocampal ensem-
ble code for space. Science. 1993;261:1055-1058. doi:10.1126/sci-
ence.8351520

McNaughton BL, Battaglia FP, Jensen O, Moser EI, Moser MB. Path inte-
gration and the neural basis of the ‘cognitive map’. Nat Rev Neurosci.
2006;7:663-678. doi:10.1038/nrn1932

Sargolini F, Fyhn M, Hafting T, et al. Conjunctive representation of posi-
tion, direction, and velocity in entorhinal cortex. Science. 2006;312:758—
762. doi:10.1126/science. 1125572

. Solstad T, Boccara CN, Kropff E, Moser MB, Moser EI. Representation of

geometric borders in the entorhinal cortex. Science. 2008;322:1865-1868.
doi:10.1126/science.1166466

. Georges-Frangois P, Rolls ET, Robertson RG. Spatial view cells in the pri-

mate hippocampus: allocentric view not head direction or eye position or
place. Cereb Cortex. 1999;9:197-212. doi:10.1093/cercor/9.3.197
Robertson RG, Rolls ET, Georges-Francois P, Panzeri S. Head direction
cells in the primate pre-subiculum. Hippocampus. 1999;9:206-219.
do0i:10.1002/(SICI)1098-1063(1999)9:3<206::AID-HIPO2>3.0.CO;2-H
Witter MP, Wouterlood FG, Naber PA, Van Haeften T. Anatomical organi-
zation of the parahippocampal-hippocampal network. Ann N'Y Acad Sci.
2000;911:1-24. doi:10.1111/1.1749-6632.2000.tb06716.x

Hagena H, Manahan-Vaughan D. Learning-facilitated synaptic plasticity
at CA3 mossy fiber and commissural-associational synapses reveals differ-
ent roles in information processing. Cereb Cortex. 2011;21:2442-2449.
do0i:10.1093/cercor/bhq271

Si B, Treves A. The role of competitive learning in the generation of DG
fields from EC inputs. Cogn Neurodyn. 2009;3:177-187. doi:10.1007/
s11571-009-9079-z

Ang ET, Dawe GS, Wong PT, Moochhala S, Ng YK. Alterations in spatial
learning and memory after forced exercise. Brain Res. 2006;1113:186—
193. doi:10.1016/j.brainres.2006.07.023

Fordyce DE, Wehner JM. Physical activity enhances spatial learning per-
formance with an associated alteration in hippocampal protein kinase C
activity in C57BL/6 and DBA/2 mice. Brain Res. 1993;619:111-119.

van Praag H, Kempermann G, Gage FH. Running increases cell prolifera-
tion and neurogenesis in the adult mouse dentate gyrus. Nat Newurosci.
1999;2:266-270. doi:10.1016/0006-8993(93)91602-0

van Praag H, Shubert T, Zhao C, Gage FH. Exercise enhances learning and
hippocampal neurogenesis in aged mice. ] Neurosci. 2005;25:8680-8685.
doi:10.1523/JNEUROSCI.1731-05.2005

Vaynman S, Ying Z, Gomez-Pinilla F. Hippocampal BDNF mediates the
efficacy of exercise on synaptic plasticity and cognition. Eur | Neurosci.
2004;20:2580-2590. doi:10.1111/.1460-9568.2004.03720.x

Van der Borght K, Havekes R, Bos T, Eggen BJ, Van der Zee EA. Exercise
improves memory acquisition and retrieval in the Y-maze task: relation-
ship with hippocampal neurogenesis. Behav Neurosci. 2007;121:324-334.
doi:10.1037/0735-7044.121.2.324

Anderson BJ, Rapp DN, Baek DH, McCloskey DP, Coburn-Litvak PS,
Robinson JK. Exercise influences spatial learning in the radial arm maze.
Physiol Behav. 2000;70:425-429. doi:10.1016/S0031-9384(00)00282-1
Fordyce DE, Farrar RP. Enhancement of spatial learning in F344 rats by
physical activity and related learning-associated alterations in hippocam-
pal and cortical cholinergic functioning. Behav Brain Res. 1991;46:123—
133. doi:10.1016/S0166-4328(05)80105-6

O’Callaghan RM, Ohle R, Kelly AM. The effects of forced exercise on
hippocampal plasticity in the rat: a comparison of LTP, spatial- and non-
spatial learning. Behav Brain Res. 2007;176:362-366. doi:10.1016/j.
bbr.2006.10.018

Ekstrom AD, Kahana M]J, Caplan JB, et al. Cellular networks underly-
ing human spatial navigation. Nature. 2003;425:184-188. doi:10.1038/
nature01964

Taylor HA, Brunye TT, Taylor ST. Spatial Mental Representation: Implica-
tions for Navigation System Design. Rev Hum Factors Ergon. 2008;4:1—
40. doi:10.1518/155723408X342835

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

Witmer BG, Bailey JH, Knerr BW, Parsons KC. Virtual spaces and real
world places: transfer of route knowledge. Int | Hum Comput Stud.
1996;45:413-428. doi:10.1006/ijhc.1996.0060

Bliss JP, Tidwell PD, Guest MA. The effectiveness of virtual reality for
administering spatial navigation training to firefighters. Presence.
1997;6:73-86. d0i:10.1006/ijhc.1996.0060

IEEE Computer Society. Technical Committee--Computer Graphics.,
IEEE Neural Networks Council. Technical Committee on Virtual Reality.
TEEE 1998 Virtual Reality Annual International Symposium: proceedings,
March 14-18, 1998, Atlanta, Georgia. Los Alamitos, Calif.: IEEE Com-
puter Society Press; 1998.

Darken RP, Sibert JL. Navigating large virtual spaces. Int | Hum Comput
Interact. 1996;8:49-71. doi:10.1080/10447319609526140

Ruddle RA, Payne SJ, Jones DM. Navigating buildings in “desk-top” virtual
environments: Experimental investigations using extended navigational
experience. | Exp Psychol Appl. 1997;3:143-159. doi:10.1037//1076-
898X.3.2.143

Richardson AE, Montello DR, Hegarty M. Spatial knowledge acquisition
from maps and from navigation in real and virtual environments. Mem
Cognit. 1999;27:741-750. doi:10.3758/BF03211566

TOLMAN EC. Cognitive maps in rats and men. Psychol Rev.
1948;55:189-208. doi:10.1037/h0061626

Epstein R, Kanwisher N. A cortical representation of the local visual envi-
ronment. Nature. 1998;392:598-601. doi:10.1038/33402

King JA, Burgess N, Hartley T, Vargha-Khadem F, O’Keefe J. Human hip-
pocampus and viewpoint dependence in spatial memory. Hippocampus.
2002;12:811-820. doi:10.1002/hipo.10070

Byrne P, Becker S, Burgess N. Remembering the past and imagining the
future: a neural model of spatial memory and imagery. Psychol Rev.
2007;114:340-375. doi:10.1037/0033-295X.114.2.340

Bird CM, Burgess N. The hippocampus and memory: insights from
spatial processing. Nat Rev Neurosci. 2008;9:182-194. doi:10.1038/
nrn2335

Etienne AS, Jeffery KJ. Path integration in mammals. Hippocampus.
2004;14:180-192. doi:10.1002/hipo.10173

McNaughton BL, Battaglia FP, Jensen O, Moser EI, Moser MB. Path inte-
gration and the neural basis of the ‘cognitive map’. Nat Rev Neurosci.
2006;7:663-678. doi:10.1038/nrn1932

Caplan JB, Madsen JR, Schulze-Bonhage A, Aschenbrenner-Scheibe R,
Newman EL, Kahana MJ. Human theta oscillations related to senso-
rimotor integration and spatial learning. ] Newurosci. 2003;23:4726—
4736.

Nagamatsu LS, Chan A, Davis JC, et al. Physical activity improves
verbal and spatial memory in older adults with probable mild cogni-
tive impairment: a 6-month randomized controlled trial. | Aging Res.
2013;2013:861893. doi:10.1155/2013/861893

Smith EE, Jonides ], Koeppe RA. Dissociating verbal and spatial work-
ing memory using PET. Cereb Cortex. 1996;6:11-20. doi:10.1093/cer-
cor/6.1.11

Hotting K, Reich B, Holzschneider K, et al. Differential cognitive effects
of cycling versus stretching/coordination training in middle-aged adults.
Health Psychol.2012;31:145-155. doi:10.1037/20025371

Cohen MS, Kosslyn SM, Breiter HC, et al. Changes in cortical activity
during mental rotation. A mapping study using functional MRI. Brain.
1996;119 (Pt 1):89-100. doi:10.1093/brain/119.1.89

Gillner S, Mallot HA. Navigation and acquisition of spatial knowl-
edge in a virtual J Cogn Neurosci. 1998;10:445-463.
doi:10.1162/089892998562861

Wolbers T, Biichel C. Dissociable retrosplenial and hippocampal contri-

maze.

butions to successful formation of survey representations. | Neurosci.
2005;25:3333-3340. doi:10.1523/J]NEUROSCIL.4705-04.2005

Szabo AN, McAuley E, Erickson KI, et al. Cardiorespiratory fitness, hip-
pocampal volume, and frequency of forgetting in older adults. Neuropsy-
chology. 2011;25:545-553. doi:10.1037/a0022733

Erickson KI, Prakash RS, Voss MW, et al. Aerobic fitness is associated with
hippocampal volume in elderly humans. Hippocampus. 2009;19:1030—
1039. doi:10.1002/hipo.20547



1066

Journals of Gerontology: BIOLOGICAL SCIENCES, 2015, Vol. 70, No. 9

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Erickson KI, Voss MW, Prakash RS, et al. Exercise training increases
size of hippocampus and improves memory. Proc Natl Acad Sci USA.
2011;108:3017-3022. doi:10.1073/pnas. 1015950108

Holzschneider K, Wolbers T, Réder B, Hotting K. Cardiovascular fitness
modulates brain activation associated with spatial learning. Neuroimage.
2012;59:3003-3014. doi:10.1016/j.neuroimage.2011.10.021

Smith TD, Adams MM, Gallagher M, Morrison JH, Rapp PR. Circuit-spe-
cific alterations in hippocampal synaptophysin immunoreactivity predict
spatial learning impairment in aged rats. | Neurosci. 2000;20:6587-6593.
Heine VM, Maslam S, Joéls M, Lucassen PJ. Prominent decline of newborn
cell proliferation, differentiation, and apoptosis in the aging dentate gyrus,
in absence of an age-related hypothalamus-pituitary-adrenal axis activation.
Neurobiol Aging. 2004;25:361-375. doi:10.1016/S0197-4580(03)00090-3
Barnes CA. Normal aging: regionally specific changes in hippocampal syn-
aptic transmission. Trends Neurosci. 1994;17:13-18. d0i:10.1016/0166-
2236(94)90029-9

Akers KG, Martinez-Canabal A, Restivo L, et al. Hippocampal neu-
rogenesis regulates forgetting during adulthood and infancy. Science.
2014;344:598-602. doi:10.1126/science.1248903

Brown WR, Thore CR. Review: cerebral microvascular pathology in age-
ing and neurodegeneration. Neuropathol Appl Neurobiol. 2011;37:56—
74. doi:10.1111/5.1365-2990.2010.01139.x

Heo S, Prakash RS, Voss MW, et al. Resting hippocampal blood flow, spa-
tial memory and aging. Brain Res. 2010;1315:119-127. doi:10.1016/j.
brainres.2009.12.020

Teng H, Zhang ZG, Wang L, et al. Coupling of angiogenesis and neu-
rogenesis in cultured endothelial cells and neural progenitor cells after
stroke. | Cereb Blood Flow Metab. 2008;28:764-771. doi:10.1038/
sj.jcbfm.9600573

Riddle DR, Sonntag WE, Lichtenwalner RJ. Microvascular plastic-
ity in aging. Ageing Res Rev. 2003;2:149-168. doi:10.1016/S1568-
1637(02)00064-8

Rivard A, Berthou-Soulie L, Principe N, et al. Age-dependent defect in
vascular endothelial growth factor expression is associated with reduced
hypoxia-inducible factor 1 activity. ] Biol Chem. 2000;275:29643-29647.
do0i:10.1074/jbc.M001029200

Oakley R, Tharakan B. Vascular hyperpermeability and aging. Aging Dis.
2014;5:114-125. doi:10.14336/AD.2014.0500114

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

van Beek AH, Claassen JA, Rikkert MG, Jansen RW. Cerebral autoregu-
lation: an overview of current concepts and methodology with special
focus on the elderly. | Cereb Blood Flow Metab. 2008;28:1071-1085.
doi:10.1038/jcbfm.2008.13

Ogoh S, Ainslie PN. Cerebral blood flow during exercise: mechanisms of
regulation. | Appl Physiol (1985).2009;107:1370-1380. doi:10.1152/jap-
plphysiol.00573.2009

Ichikawa D, Miyazawa T, Horiuchi M, Kitama T, Fisher JP, Ogoh S. Rela-
tionship between aerobic endurance training and dynamic cerebral blood
flow regulation in humans. Scand | Med Sci Sports. 2013;23:¢320-e329.
doi:10.1111/sms.12082

Swain RA, Harris AB, Wiener EC, et al. Prolonged exercise induces angi-
ogenesis and increases cerebral blood volume in primary motor cortex
of the rat. Neuroscience. 2003;117:1037-1046. doi:10.1016/S0306-
4522(02)00664-4

Ding YH, Li J, Zhou Y, Rafols JA, Clark JC, Ding Y. Cerebral angiogen-
esis and expression of angiogenic factors in aging rats after exercise. Curr
Neurovasc Res. 2006;3:15-23.

Kerr AL, Steuer EL, Pochtarev V, Swain RA. Angiogenesis but not neuro-
genesis is critical for normal learning and memory acquisition. Neurosci-
ence.2010;171:214-226. doi:10.1016/j.neuroscience.2010.08.008

Bullitt E, Rahman FN, Smith JK, et al. The effect of exercise on the cerebral
vasculature of healthy aged subjects as visualized by MR angiography.
AJNR Am ] Neuroradiol. 2009;30:1857-1863. doi:10.3174/ajnr.A1695
Markus EJ, Petit TL, LeBoutillier JC. Synaptic structural changes during
development and aging. Brain Res. 1987;432:239-248. doi:10.1016/0165-
3806(87)90048-4

Magnusson KR, Brim BL, Das SR. Selective vulnerabilities of N-methyl-
D-aspartate (NMDA) receptors during brain aging. Front Aging Neurosci.
2010;2:11. doi:10.3389/fnagi.2010.00011

Vasuta C, Caunt C, James R, et al. Effects of exercise on NMDA recep-
tor subunit contributions to bidirectional synaptic plasticity in the
mouse dentate gyrus. Hippocampus. 2007;17:1201-1208. doi:10.1002/
hipo.20349

Gomes da Silva S, Simoes PS, Mortara RA, Scorza FA, Cavalheiro EA,
da Graca Naffah-Mazzacoratti M, et al. Exercise-induced hippocampal
anti-inflammatory response in aged rats. | Neuroinflamm. 2013;10:61.
doi:10.1186/1742-2094-10-61



