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Abstract.
Background: Despite considerable research on exercise-induced neuroplasticity in the brain, a major ongoing challenge in
translating findings from animal studies to humans is that clinical and preclinical settings employ very different techniques.
Objective: Here we aim to bridge this divide by using diffusion tensor imaging MRI (DTI), an advanced imaging technique
commonly applied in human studies, in a longitudinal exercise study with mice.
Methods: Wild-type mice were exercised using voluntary free-wheel running, and MRI scans were at baseline and after four
weeks and nine weeks of running.
Results: Both hippocampal volume and fractional anisotropy, a surrogate for microstructural directionality, significantly
increased with exercise. In addition, exercise levels correlated with effect size. Histological analysis showed more PDGFR�+
oligodendrocyte precursor cells in the corpus callosum of running mice.
Conclusions: These results provide compelling in vivo support for the concept that similar adaptive changes occur in the
brains of mice and humans in response to exercise.
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INTRODUCTION

Physical activity’s capacity to preserve cognitive
function during aging and dementia are well docu-
mented in animal models and human subjects [1–3],
but the mechanisms underlying these benefits are less
well understood. Translating research results from
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animals to humans is hampered by the fact that
preclinical and clinical contexts use quite disparate
approaches. Mouse studies usually rely on analyz-
ing tissues samples collected post mortem, whereas
human studies must generally employ non-invasive
neuroimaging techniques. Rodent models investigat-
ing neuroplasticity in the hippocampus show that
exercise increases dendritic complexity; raises the
number of dendritic spines; enhances synaptic plas-
ticity; improves de novo neurogenesis, angiogenesis,
and cerebral blood volume in the dentate gyrus; and
elevates oligodendrocyte precursor proliferation [4–
10]. In humans, exercise increases both hippocampal
volume and cerebral blood flow to the hippocam-
pus [7, 11–13]. higher physical activity levels are
associated with improved global white matter (WM)
outcomes, including expanded WM volume, smaller
WM lesions, and better WM microstructure [14]. Of
note, to the best of our knowledge there are cur-
rently no studies that have investigated WM outcomes
specifically in the hippocampus in humans.

An important outstanding question is how animal
studies can include noninvasive neuroimaging out-
comes to link changes in biological substrates to their
testable forms in humans. We address this question
using the advanced imaging method diffusion ten-
sor imaging MRI (in vivo DTI), which is usually
employed in human studies, in a longitudinal study
design with running exercise intervention. DTI is a
neuroimaging technique that can evaluate the orien-
tation and anisotropy of the brain’s white matter tracts
(for a review of the physical concepts underlying DTI,
see [15]). The literature regarding humans generally
accepts DTI as a measure of “white matter integrity”
and “white matter microstructure”, because water
molecule diffusion is restricted by microstructural
barriers, such as the myelin sheaths around axons.
This phenomenon is generally thought to allow the
visualization of large fiber bundles [16, 17]. We
selected in vivo imaging in order to image the mice at
multiple time-points in a longitudinal/interventional
study design. This approach holds great value, as lon-
gitudinal/interventional studies with in vivo imaging
can (1) mimic human clinical trial design, (2) track
changes within the same animal over time, (3) pro-
duce/generate no fixation/post-processing artefacts,
and (4) reduce mouse numbers via a within-subject
(i.e., repeated) design. In addition, follow-up studies
using ex vivo imaging can delineate the molecular
mechanisms that underpin microstructural changes.

In this proof-of-concept-study, we present in vivo
evidence that exercise has similar structural benefits

in mouse and human brains. Our study thus adds to
the existing literature on the roles of new myelin and
white matter microstructural adaptations in neuro-
plasticity [18–21]. Future studies will include a DTI
study in human subjects to determine whether exer-
cise can improve hippocampal FA in humans and
mechanistic studies in mice to delineate the molecular
mechanism that underly the microstructural changes.

MATERIALS AND METHODS

Animal studies

All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC)
of the Massachusetts General Hospital (MGH). Wild-
type C57BL/6J (Jax stock no. 000664) were obtained
from The Jackson Laboratory. Mice were maintained
in an SPF environment at an MGH animal facility,
where they were kept under 12-h light/12-h dark
cycles (7:00 am-7:00 pm) at a constant tempera-
ture (22◦C). Mice had free access to water and food,
specifically a standard diet (Prolab® IsoPro® RMH
3000, Irradiated).

Study design

Male seven-week-old wild-type C57BL/6J mice
(n = 8) were weighed, and MRI scans of their brains
were performed. Then the mice were placed individ-
ually in cages with stainless steel running wheels
(Starr Life Sciences). After four weeks and nine
weeks, the mice were weighed again and the MRI
scans were repeated (n = 8 and n = 7, respectively).
The mice were euthanized using isoflurane anesthe-
sia, then perfused with 4% paraformaldehyde (PFA),
and their brains were collected. In addition, brains
were collected from age- and sex-matched sedentary
control mice (n = 7), which were individually housed
in identical cages without a running wheel for the
duration of the experiment and euthanized on the
same day. Animal #8 died after the MRI scan at four
weeks. Running activity was tracked using a revolu-
tion counter that collected data every hour (Starr Life
Sciences).

MRI mouse procedure

Mice were scanned on a 4.7T preclinical scan-
ner (BioSpec 47/40 USR, Bruker Corporation,
Billerica, MA) with a four-channel phased array
coil under anesthesia (2% isoflurane) with phys-
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iological monitoring including respiratory rate
and temperature. Localizers were performed with
accompanying T1-weighted (TR = 222 ms, TE =
3.2 ms, flip angle = 40deg, 0.2 × 0.2 × 0.75 mm3,
FOV = 20 mm × 20 mm) and T2-weighted (TR =
2315 ms, TE = 44.3 ms, 0.2 × 0.2 × 0.75 mm3, FOV
= 20 mm × 20 mm) anatomical scans. DTI was per-
formed using a single shot 2D echo planar imaging
(TR = 2300 ms, TE = 23.14 ms, NEX = 4 averages,
0.2 × 0.2 × 0.75 mm3, FOV = 20 mm × 20 mm) with
30 directions and b-value = 1000 s/mm2). Total scan
time was ∼45 minutes.

MRI image and data analysis

For each animal across all imaging sessions, the
T2-weighted images underwent blinded manual seg-
mentation to estimate hippocampal volume. These
hippocampal regions of interest (ROI) were then
mapped to the DTI b0 space via conventional affine
registration with mutual information (FLIRT) for
subject-specific DTI parameter estimation [22]. DTI
parameter mapping used conventional log linear
least squares fitting to fit the self-diffusion tensor
[23], in which mean diffusivity (MD) and fractional
anisotropy (FA) were calculated from the eigenvalue
decomposition of the tensor. Resulting eigenvalues
(λ1 > λ2 > λ3) were used to also calculate axial (λa
= λ1) and radial (λr = (λ2 + λ3) / 2) diffusivities.

Immunofluorescence

Mouse brains were fixed for 24 hours in 4%
PFA in phosphate-buffered saline (PBS) at 4◦C, then
stored in 30% sucrose at 4◦C. Coronal sections (–
1.70 to – 2.30 bregma) with a thickness of 35 �m
were used for immunohistochemistry. For MBP stain-
ing, brain sections were incubated overnight with
anti-MBP antibody (1:100, ab7349, Abcam). After
washing with PBS, the brain sections were then
incubated with secondary antibody (1:500; Jackson
Immunoresearch Laboratories) for 1 hour at room
temperature. Next, the sections were covered with
ProLong Gold mountant with DAPI (ThermoFisher).
Immunostaining was analyzed with a fluorescence
microscope (Nikon) interfaced with a digital charge-
coupled device camera and an image analysis system.
For PDGFR� staining, brain sections were incu-
bated overnight with anti-PDGFR� antibody (1:100,
AF1062, R&D). After washing with TBS, the brain
sections were incubated with secondary antibody
(1:500; Jackson Immunoresearch Laboratories) for

1 hour at room temperature. Nuclei were labeled
with DAPI (1:5000, Invitrogen). The sections were
then covered with Fluoromount-G mounting media
(Southern Biotech). Immunostaining was analyzed
fluorescence microscope (Axio Image A2, Zeiss)
interfaced with a digital charge-coupled device cam-
era and an image analysis system. The images were
analyzed using ImageJ. Regions of interest (ROIs) for
different (peri-) hippocampal regions were defined as
indicated on representative images. The average pixel
intensity from each ROI (4 images (L/R x 2 sections)
for each animal) was used as a measure of myelin
density. PDGFR� + cells were counted in each ROI
(4 images (L/R x 2 sections)) using thresholding and
expressed as number of cells per mm2.

Experimental design and statistical analyses

Data analysis was performed using GraphPad
Prism 7 software. Unpaired and paired two-tailed
Student’s t-tests were performed to compare two
groups. One-way repeated-measures ANOVA with
Tukey test post hoc test where appropriate was used
to analyze three groups. Outcomes in MRI mea-
surements (volume, MD, and FA) and histological
analysis (MBP and number of PDGFR � + cells)
were correlated with exercise performance over time
using a Pearson correlation (two-tailed), and a lin-
ear regression analysis was conducted. To be able to
perform repeated-measures one-way ANOVA for the
MRI measurements with every time point, missing
values (animal #8 died after the MRI scan at four
weeks), were substituted using a mean substitution.
To be able to perform repeated-measures one-way
ANOVA for the running activity, missing values (the
sensor for animal #2 did not record for days 24, 25,
and 26) were substituted using a mean substitution.
Significance was assigned to differences with a p-
value less than 0.05. n.s.=not significant. Pooled data
are presented as mean ± SEM.

RESULTS

Longitudinal study design to assess
exercise-induced changes in brain microstructure
using diffusion tensor-magnetic resonance
imaging (DTI)

Recent advances in MRI for neuroimaging appli-
cations have greatly expanded the range of biological
processes that can be investigated. In this longitudi-
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nal study, we used DTI to assess exercise-induced
changes in the hippocampal microstructure of wild-
type mice. We chose a longitudinal design to
take advantage of neuroimaging’s capacity to track
changes over time within a single subject, instead
comparing two groups, to test whether exercise-
induced changes in neuroplasticity can be monitored
in vivo and to replicate a common approach in
human studies (Fig. 1A). Seven-week-old wild-type
C57BL/6J mice were singly housed with access to a
running wheel for nine weeks. At base line (0 weeks),
4 weeks, and 9 weeks, the mice underwent a DTI
scan, with anesthesia, using a 4.7T preclinical scan-
ner (BioSpec 47/40 USR, Bruker Corporation) with
a four-channel phased array coil. These time frames
were chosen because they had previously been shown
in mice to enhance adult hippocampal neurogenesis,
hippocampal synaptic plasticity, and spatial learn-
ing and memory [6]. To confirm mice sufficiently
exercised, body weight and running activity were
monitored (Fig. 1B-D). The mice ran 7.5 ± 0.66 km/d
at four weeks and 6.1 ± 0.62 km/d at nine weeks,

which is on par with previously reported running
activity for mice [6].

Voluntary running changes mouse brain MRI
measurements

The hippocampus, an area of the brain closely
involved in declarative memory and spatial awareness
[24], is compromised early in aging and neu-
rodegenerative diseases [25, 26]; furthermore, the
hippocampal formation is a key recipient of exercise’s
beneficial effects on the brain [1]. For these reasons,
our study focused on changes in the hippocampal for-
mation. T1-weighted (T1w) and T2-weighted (T2w)
MRI was used to locate the anatomical region of
interest (ROI) and to calculate the hippocampal vol-
ume. DTI was performed to measure mean diffusivity
(MD) and fractional anisotropy (FA) in the ROI. MD
measures the overall magnitude of diffusion motility
of water and therefore, MD is expected to be lower
in more densely packed tissue, which restricts diffu-
sion motility, and to be higher when less structure is

Fig. 1. Longitudinal study design to assess exercise-induced changes in brain microstructure using diffusion tensor-magnetic resonance
imaging (DTI). (A) Schematic of running exercise protocol. Mice brains were scanned by MRI at baseline (0 weeks), 4 weeks, and 9 weeks.
(B) Body weight of mice at 0, 4, and 9 weeks. Data are shown as g, expressed as mean ± SEM. (C) Running per day and (D) Total running
over the nine-week time period were measured by a sensor attached to the running wheel. Data were obtained as revolutions per minute and
then converted to km. Data are expressed as mean ± SEM.
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Fig. 2. Voluntary running induces changes in hippocampal volume and microstructure as measured by DTI. Representative MRI images
of hippocampal volume (A), fractional anisotropy (B), and mean diffusivity (C). The red box in (A) outlines the area of the hippocampal
formation. The white area in (B) denotes the region of interest: the hippocampal formation, including CA1, CA2, CA3, and DG. The various
colors in (B) represent orientation of the microstructure in space: red is lateral (from left to right), green is superior to inferior, and blue
is anterior to posterior. Note the corpus callosum in red is traveling from left to right. (D) Hippocampal volume is shown in mm3. Data
are expressed as mean ± SEM. *p < 0.05 using repeated-measures one-way ANOVA. (E) Hippocampal fractional anisotropy (FA) and (F)
mean diffusivity (MD) are depicted as arbitrary units (AU). Data are expressed as mean ± SEM. *p < 0.001 and #p < 0.01 are compared
to baseline scan at 0 weeks using repeated-measures one-way ANOVA. n.s. = not significant, p > 0.05.

present, for example in edema. FA is a surrogate for
microstructural directionality: the higher the FA, the
more directionality is present in the microstructure.
Representative images used to analyze hippocampal
volume, FA, and MD are shown in Fig. 2A-C. Quan-
tification of the MRI outcomes are shown in Fig.
2D-F. All anatomical measurements taken by MRI
are summarized in Table 1.

Running exercise increased the hippocampal vol-
ume over time (F(2,14) = 6.76, p = 0.009, one-way
ANOVA, n = 8 mice; 0 weeks vs. 4 weeks: n.s., 0
weeks vs 9 weeks: p = 0.007, 4 weeks vs 9 weeks:
n.s., Tukey test). At base line, mean hippocampal
volume measured 1.84 ± 0.06 mm3. After four
weeks of exercise, the hippocampal volume rose to
1.92 ± 0.10 mm3, but the rise was not statistically
significant. However, nine weeks of running signifi-
cantly increased the hippocampal volume to 2.10 ±
0.10 mm3 (p = 0.009 compared to baseline) (Fig.
2D). More importantly, running exercise significantly
improved the hippocampal microstructure in terms of
directionality/fractional anisotropy (F(2,14) = 11.43,

p = 0.001, one-way ANOVA; 0 weeks vs. 4 weeks:
p = 0.007, 0 weeks vs. 9 weeks: p = 0.001, 4 weeks
vs. 9 weeks: n.s., Tukey test). The hippocampal FA
rose significantly from 0.35 ± 0.015 at 0 weeks to
0.39 ± 0.014 AU at four weeks (p = 0.007) and to
0.40 ± 0.016 AU at nine weeks (p = 0.001), respec-
tively (Fig. 2E). However, mean diffusivity in the
hippocampus did not significantly change with run-
ning exercise (F(2,14) = 0.15, p = 0.856, one-way
ANOVA) (Fig. 2F). Of note, because the hippocampal
volume and the FA data sets each contained a value
that was further away from the mean than the rest,
we performed the ROUT method (Q-value = 1%) to
identify outliers. No significant outliers were found
in either the hippocampal volume or the FA data set.

Voluntary running levels positively correlate with
MRI measurements

Next, we asked whether MRI outcomes were corre-
lated with the amount of exercise the mice performed.
Total running activity (total running in km) at four
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1 weeks did not significantly correlate with any of

the MRI parameters (Fig. 3A–C). Interestingly, total
running activity after nine weeks was significantly
correlated with hippocampal volume (R2 = 0.52,
p = 0.045) (Fig. 3D) and microstructure direction-
ality/FA (R2 = 0.85, p = 0.001) (Fig. 3E) but not
MD (Fig. 3F).

Voluntary running does not affect axial diffusivity
or radial diffusivity in the hippocampus

MD is calculated as the mean of the diffusion
tensor’s three eigenvalues. Since MD represents an
average, it is less sensitive than the individual mea-
surements of axial and radial diffusivity. We therefore
decided to analyze hippocampal axial diffusivity
(AD) and radial diffusivity (RD) in addition to MD.
However, running exercise did not significantly affect
either AD or RD (Fig. 4A-B). Similar to the results
reported for MD, total running activity (total running
in km) after four or nine weeks did not significantly
correlate with either AD or RD (Fig. 4C-E). Of note,
we tested the data sets for outliers using the ROUT
method (Q-value = 1%) as described above, but no
outliers were identified.

Voluntary running enhances myelination

FA represents diffusion directionality of a popula-
tion of water molecules. In white matter, restriction
in this diffusion has been proposed to depend on
axon size and myelination [15]. Accordingly, we per-
formed immunofluorescence (IF) staining for MBP
(myelin basic protein), which is a major constituent of
the myelin sheath in the brain [19], and for PDGFR�
(platelet derived growth factor receptor �), which
labels oligodendrocyte precursor cells [27, 28], on
hippocampal sections from mice that ran for nine
weeks mice and sedentary controls. We first ana-
lyzed the corpus callosum because in different disease
models, running exercise has been shown to increase
myelinization in this brain region [5, 29]. In line
with these previous reports, we observed a 23%
increase in MBP levels after nine weeks of running,
though this was not significant (unpaired two-tailed t-
test, p = 0.1616 (Fig. 5A-B), and significantly more
PDGFR� + cells in running mice compared to seden-
tary controls (unpaired two-tailed t-test, p = 0.0003
(Fig. 5D-E). Both measures were significantly corre-
lated with the total amount of running at nine weeks
(R2 = 0.64, p = 0.016 and R2 = 0.80, p = 0.003,
respectively) (Fig. 5C, F). These results indicate that
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Fig. 3. Changes in hippocampal volume and microstructure correlate with exercise level. Correlations of hippocampal volume (A), fractional
anisotropy (B), and mean diffusivity (C) with the total amount of running at four weeks were calculated using the two-tailed Pearson correlation
test. An individual dot represents one mouse. Data are expressed as mean ± SEM. Correlations of hippocampal volume (D), FA (E), and MD
(F) with the total amount of running at nine weeks were calculated using the two-tailed Pearson correlation test. An individual dot represents
one mouse. Data are expressed as mean ± SEM. Asterisks highlight significant correlations (*p < 0.05).

our experimental design was sufficient to induce and
to detect white matter plasticity. However, the cor-
pus callosum was not part of the ROI for evaluating
hippocampal FA (Fig. 2B).

Next, we analyzed MBP content in the white matter
surrounding the hippocampus (see blue box in Sup-
plemental Figure 1A-B). Running exercise increased
MBP content by 14%, though this was not statistically
significant (unpaired two-tailed t-test, p = 0.4168)
(Supplemental Figure 1C). Interestingly, total run-
ning activity after nine weeks was significantly
correlated with MBP content (R2 = 0.58, p = 0.03)
(Supplemental Figure 1D). The number of PDGFR�
+ cells rose by 14% in mice that ran, but this boost
was not statistically significant (unpaired two-tailed
t-test, p=0.4663) (Supplemental Figure 1E-G). In
addition, there was no significant correlation between
the changes in histological parameters and total run-
ning activity after nine weeks (Supplemental Figure
1H). We also analyzed the dentate gyrus because
it displays strong plasticity in response to exercise,
including with regard to neurogenesis and angiogen-
esis (2). Yet neither MBP content nor number of

PDGFR� + cells in the dentate gyrus were signifi-
cantly affected by running or significantly correlated
with running levels (Supplemental Figure 2A-H).
Taken together, these data suggest either that our his-
tological analysis did not capture the white matter
changes underlying the increase in hippocampal FA
produced by running exercise or that the increase in
hippocampal FA is a result of changes in hippocampal
microstructure directionality caused by something
other than enhanced myelination.

DISCUSSION

Exercise-induced increases in hippocampal vol-
ume, measured by MRI, have been previously
described in mice [30, 31] and humans [11, 32-35].
In addition, such increases have been correlated with
exercise levels in humans [12, 13, 36], suggesting
a dose-response effect. Our findings on hippocam-
pal volume are in line with these results, indicating
that our study design was sufficient to produce and
evaluate exercise-induced neuroplasticity in the hip-
pocampus. DTI studies in humans have shown that
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Fig. 4. Voluntary running does not affect axial diffusivity or radial diffusivity in the hippocampus. Changes in hippocampal axial diffusivity
(AD) (A) and radial diffusivity (RD) (B) after four and nine weeks of running. Data are depicted as arbitrary units (AU) and are expressed as
mean ± SEM. n.s. = not significant using repeated-measures one-way ANOVA. Correlations of hippocampal AD (C) and RD (D) with the
total amount of running at four weeks were calculated using the two-tailed Pearson correlation test. An individual dot represents one mouse.
Data are expressed as mean ± SEM. Correlations of hippocampal AD (E) and RD (F) with the total amount of running at nine weeks were
calculated using the two-tailed Pearson correlation test. An individual dot represents one mouse. Data are expressed as mean ± SEM.

exercise raises FA in the brain [37-40] and that
a higher-percentile change in fitness was associ-
ated with significantly increased temporal FA [41].
Although, to the best of our knowledge, no study has
yet assessed exercise-induced changes in hippocam-
pal FA in humans. Our study is the first to use (in vivo)

DTI to investigate the effects of running – i.e. aerobic
exercise – on hippocampal microstructure in mice.
In accordance with the human data, we observed
that exercised mice had elevated microstructural
directionality (FA) and that this increase was posi-
tively correlated with exercise levels. These result are
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Fig. 5. Voluntary running enhances myelination in the corpus callosum. Myelin immunostaining for MBP (myelin basic protein) and
PDGFR� (platelet derived growth factor receptor �) in the hippocampus (HC). Representative images of MBP staining of hippocampal
sections (A). Scale bar is 500 �m. Relative myelin intensity in the corpus callosum (CC) (B) and correlation of nine weeks of total running
with myelin intensity in the CC (C). Representative images of PDGFR� staining, a marker for oligodendrocyte precursors, of hippocampal
sections (D). Insert depicts 40x magnification with a PDGFR�+ cells. Scale bar is 100 �m. Total number of PDGFR� +cell count/mm2 of
CC area (G) and correlation of the total amount running in 9 weeks with PDGFR� +cell count/mm2 (H). Data are expressed as mean ± SEM.
Asterisks highlight significance (*p < 0.05), n.s. = not significant. Correlations were calculated using the two-tailed Pearson correlation
test. An individual dot represents one mouse. The boxes in (A) and (D) mark the regions of interest for image analysis. Cg = cingulate gyrus,
cc = corpus callosum, f = fornix.

important because a.) it demonstrates that we can use
a longitudinal/interventional study design to inves-
tigate exercise-induced hippocampal microstructural
plasticity in mice and b.) it confirms the relevance our
model to the human condition. Therefore, we can per-
form the necessary mechanistic studies that cannot be
executed in humans in this model.

Two studies have used ex vivo DTI to evaluate run-
ning exercise’s effects on rat disease models. One
such study using a short-term (4 weeks) treadmill
exercise protocol in Disc1 sv�2 rats, a genetic model
of schizophrenia, reported significant differences in
the neural microstructures – specifically the neo-
cortex, basal ganglia, corpus callosum, and external
capsule, not the hippocampus – of sedentary versus
exercised Disc1 sv �2 animals but observed no such
differences between sedentary and exercised con-
trol animals [42]. The other study employed ex vivo
DTI to investigate the neuroprotective effect of run-
ning exercise in a cranial radiation therapy rat model

and found that exercise increased whole brain vol-
ume, the number of fibers in the entire brain, and
global connectomics. However, this study did not
demonstrate such effects on hippocampal volume or
hippocampal FA [43]. There are several differences
in the study design that could explain the difference
in observed outcomes: the exercise regimen (forced-
treadmill running vs free-wheel running), the models
organism (mice vs rats), the use of in vivo vs ex vivo
DTI, and, lastly, the time-point of performing the
DTI. In both studies, DTI was performed not imme-
diately after the exercise intervention, as it was in our
study, but rather 9–12 days and twelve months later,
respectively. This is important since it is unknow for
how long after ending the exercise intervention, the
microstructural changes persists.

White matter plasticity is important for learning
but its role in running excise-induced neuroplastic-
ity is less well-explored. DTI has been successfully
used to show white matter neuroplasticity in complex
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motor learning in human behaviors such as juggling
[18], piano playing [44], or visuomotor skill train-
ing [20]. Similar motor learning effects have been
observed in rodents using rotarod [45], a prehension
task [19], and a unilateral reaching movement task
[21]. In addition, spatial learning and memory can
induce white matter neuroplasticity in rodents and
humans [46, 47]. However, while both motor learn-
ing and free-wheel running are forms of exercise
and therefore induce neuroplasticity, these exercise
types and their neurobiological effects are distinct.
Motor learning comprises the processes aimed at
learning and refining new skills by practicing them
and induces neuroplasticity in areas important for
motor function and learning/memory [48]. Though
running on an evenly spaced wheel is not very chal-
lenging to the motor system, running elicits major
adaptive responses in the musculoskeletal, cardio-
vascular, and metabolic systems [49]. Interestingly,
while it does not present a (major) cognitive chal-
lenge or learning task, running does improve learning
and memory [1–3]. Running has also been shown
to be the neurogenic and neurotrophic stimulus
in environmental enrichment [50, 51]. Therefore,
additional investigations into the basic biology
of running-exercise induced-neuroplasticity are
important.

We observed no changes in hippocampal MD,
AD, or RD with running exercise. These results are
similar to human studies reporting no significant post-
exercise shifts in MD either globally [37], related
to specific white matter tracts [39, 52], or in hip-
pocampal MD levels [53]. In contrast to FA, which
solely measures directional anisotropy and is affected
by axon myelination, MD also measures unrestricted
diffusivity, which is mainly changed with severe neu-
ropathology associated with demyelination or axonal
injury, such as multiple sclerosis or stroke [54–56].
Of note, one recent study in older adults connected
changes in fitness to changes in hippocampal MD
[57]. Therefore, it would be interesting to test whether
in aged mice running exercise would modify hip-
pocampal MD.

Whereas previous studies have provided evidence
that elevated perfusion/angiogenesis and neurogen-
esis in the hippocampus contribute to the increase
in volume [7, 58, 59], identifying the underlying
cellular and molecular correlates to changes in FA
will be much more challenging. FA represents a
water molecule population’s diffusion directional-
ity. In white matter, on axon size and myelination
have been proposed to cause restriction in this diffu-

sion [15]. Myelination and oligodendrogenesis play
well understood roles in sensory-motor learning, and
oligodendrogenesis (and therefore myelination) was
recently revealed to be an important contributor to
spatial memory consolidation [28, 60–63] (for more
in-depth reviews, please see [64, 65]). Some stud-
ies indicating that learning elevates hippocampal FA
also noted effects on MBP, a main component of
the myelin sheath, and GAP-43, a marker for axon
remodeling [19, 46]. Exercise has also been shown
to raise oligodendrocyte precursor proliferation in
mouse models [4, 5], and a clinical study suggested
myelination of the right parahippocampal cingulum
is associated with physical activity in young healthy
adults [66]. These results align with our findings,
namely that running exercise increased the number
of PDGFR� + oligodendroctyte precursor cells in
the corpus callosum. However, none of these studies
addresses changes in axon directionality, a task that
would require very sophisticated 3D imaging tech-
niques, nor did they demonstrate causality. In the
present work, the corpus callosum was not part of
the ROI for evaluating hippocampal FA , and, inter-
estingly, in the areas that were part of the ROI in
which we investigated MBP levels and PDGFR� +
oligodendrocyte precursor numbers, we did not detect
any significant changes after nine weeks of running
exercise. It may be that the white matter changes
underlying the exercise-induced hippocampal FA
increase evaded our histological analysis. Indeed,
electron microscopy would be required to measure
axon size, lightsheet miscroscopy to assess myeli-
nated fiber directionality. Alternatively, it is possible
that elevated hippocampal FA after running exer-
cise is the result of directional variations/alterations
that are not due to enhanced myelination, especially
since DTI is only an indirect (and non-specific)
measure for myelin [16, 67]. Research in humans
often employs DWI as a measure of “white matter
integrity” and “white matter microstructure” because
water diffusion is/can be restricted by microstruc-
tures such as the myelin sheaths around axons.
Generally, this approach is an accepted way to
investigate/characterize large fiber bundles, although
the literature on humans also includes substan-
tial misinterpretation, as since myelination only
provides indirect interpretation, and some studies
present alternate interpretations [16, 17]. Addition-
ally, recent work indicates that grey matter changes,
such as gliosis, can also affect DWI measure-
ments [17]. The underlying cellular and molecular
correlates of the exercised-induced changes in hip-
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pocampal FA will therefore be identified in future
studies.

Study limitations

While there is reasonable evidence that exercise
mainly affects the dentate gyrus within the hip-
pocampal formation, our study’s spatial resolution
precludes subfield analysis. To achieve such spa-
tial resolution with conventional methods, we would
need 0.1 mm isotopic resolution to resolve the dentate
gyrus, which is 250 um thick, and at least ∼30 times
longer scan time [68]. This limited spatial resolution
also prevented evaluation of connections between the
hippocampus and the cortex that are modulated by
exercise [9, 69]. To obtain a data set with sufficient
resolution will require a separate study with either
much longer scan times per animal (>2 hrs) or an ex
vivo protocol.

This proof-of-concept study provides strong in
vivo evidence that similar adaptive microstructural
changes occur in the hippocampus of mice and
humans in response to running exercise. In addition,
our study adds to the existing literature on the role of
new myelin and white matter microstructural adapta-
tions in neuroplasticity [18–21].
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