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Environmental enrichment is known to induce neuronal changes; however, the
underlying structural and functional factors involved are not fully known and remain an
active area of study. To investigate these factors, we assessed enriched environment
(EE) and standard environment (SE) control mice over 30 days using structural
and functional MRI methods. Naïve adult male mice (n = 30, ≈20 g, C57BL/B6J,
postnatal day 60 initial scan) were divided into SE and EE groups and scanned
before and after 30 days. Structural analyses included volumetry based on manual
segmentation as well as diffusion tensor imaging (DTI). Functional analyses included
seed-based analysis (SBA), independent component analysis (ICA), the amplitude
of low-frequency fluctuation (ALFF), and fractional ALFF (fALFF). Structural results
indicated that environmental enrichment led to an increase in the volumes of cornu
ammonis 1 (CA1) and dentate gyrus. Structural results indicated changes in radial
diffusivity and mean diffusivity in the visual cortex and secondary somatosensory cortex
after EE. Furthermore, SBA and ICA indicated an increase in resting-state functional
MRI (rsfMRI) functional connectivity in the hippocampus. Using parallel structural and
functional analyses, we have demonstrated coexistent structural and functional changes
in the hippocampal subdivision CA1. Future research should map alterations temporally
during environmental enrichment to investigate the initiation of these structural and
functional changes.
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INTRODUCTION

An enriched environment (EE) induces hippocampal
neurogenesis (Kempermann et al., 1997; Clemenson et al., 2015),
which results in memory alterations (Greenough et al., 1972),
and impedes the effects of senescence due to aging (Greenough
et al., 1986). The effects of a simple EE (Hebb, 1947; Sztainberg
and Chen, 2010) can lead to upregulation in methyltransferase,
known to result in neuronal cell differentiation induced by
the nerve growth factor (Rampon et al., 2000). Interestingly,
environmental enrichment has been known to delay neurological
disorders such as Alzheimer’s disease (AD) and Parkinson’s
disease (Nithianantharajah and Hannan, 2006). Despite such
research, the causative factors involved in an EE eliciting these
neurobiological changes are not currently known. Furthermore,
the neuronal processes surrounding enrichment are not fully
understood. Mouse resting-state functional MRI (rsfMRI)
methods offer a reliable and accurate manner to establish
functional connectivity changes (Jonckers et al., 2011; Grandjean
et al., 2020). Recently, it was demonstrated that AD transgenic
mice raised in an EE show increased connectivity between
cornu ammonis (CA1) and cortical areas compared with
control mice raised in the standard environment (SE) (Little
et al., 2012). An environmental enrichment eliciting changes
in AD mice reinforces the idea that enrichment may lead to
resilience in the face of disease, which would otherwise severely
affect structural and rsfMRI connectivity (Jonckers et al., 2015;
Asaad and Lee, 2018).

Previously, structural methods have been used to determine
volumetric changes (Li et al., 2020), and diffusion tensor
imaging (DTI) has been used to assess microstructural fractional
anisotropic changes related to white matter fiber tracts (Scholz
et al., 2015). Recently, functional MRI paradigms have been
used to assess sensory systems (e.g., somatosensory, olfactory,
and auditory; Chen et al., 2020), awake Go/No-Go tasks (Han
et al., 2019), and awake behaving fMRI studies (Fonseca et al.,
2020; Tsurugizawa et al., 2020). Categorization of structural and
functional changes in mice in the above studies, and under
differing conditions, greatly assists advances in neuroimaging and
could help reveal the underlying mechanisms of environmental
enrichment. In this study, we sought to provide a brief
investigation into the structural and functional hippocampal
changes due to environmental enrichment over 30 days. We
wanted to know what structural changes underlie functional
changes due to environmental enrichment. To address these
questions, we used volumetry, DTI, and rsfMRI with different
processing methods to determine if EE mice were different than
age-matched SE control mice.

Based on prior literature, we hypothesized that enrichment
would elicit structural and functional changes resulting in
strengthening neuronal tracts and/or region of interest (ROI)
enlargement/reduction, which could be measured using DTI,
and volumetry, as well as functional changes, were measured
using rsfMRI connectivity metrics. For analysis, t-tests were
used for DTI and volumetry changes. For seed-based analysis
(SBA), independent components analysis (ICA), the amplitude
of low-frequency fluctuation (ALFF), or fractional amplitude of

low-frequency fluctuation (f/ALFF) analyses, F-tests, and t-test
were applied, and correlation coefficients were calculated for
EE vs. SE controls for the hippocampus (primary ROI) and
caudate putamen (control region). Each test for each metric
was performed to test the null hypotheses that EE mice post-
intervention were not significantly different from SE controls or
themselves before enrichment against the alternative hypothesis
that there was a difference between the compared groups. Our
results indicate an enlarged hippocampal volume of CA1 and
dentate gyrus (DG) as well as an increase in resting-state local
connectivity after EE when compared with SE controls. The
structural and functional changes were primarily located within
the CA1 hippocampal subdivision. Future studies should explore
the underlying environmental factors eliciting the neuronal
changes in an EE (colors of objects and number of toys).

MATERIALS AND METHODS

Figure 1 and Supplementary Figure 1 illustrate a detailed
explanation of the experimental design.

Animals
Experiments were approved by the City University of Hong Kong
Committee on the Use of Live Animal in Teaching and Research
in accordance with The Guide (National Institutes of Health
Guide for the Care and Use of Laboratory Animals, revised 2011).
Adult male mice [n = 30, ≈20 g, C57BL/B6J, postnatal day 60
(P60)] were used for two MRI repeated sessions over 30 days. The
P60-aged mice were chosen for our MRI scanning experiment as
they approximately represent the periods of juvenile and entrance
into young adulthood (P60 for the initial before scan and P90
for the after scan; Dutta and Sengupta, 2016). All mice were
raised and bred from the animal colony at the City University
of Hong Kong where they existed in group-caged housing prior
to the beginning of the experiment.

Environmental Enrichment Setup
A total of 30 naive mice raised in the same animal colony were
used for the experiment design. Mice were divided into 2 groups
of 15 (Figure 1A): (1) EE and (2) SE mice as the control group,
with the size of approximately 1.0 m2 for the cages of both
groups. Both groups were scanned two times in a pre/post design:
before/after enrichment (before EE or after EE) or before/after SE
design (before control or after control), separated by 30 days.

Environmental enrichment consisted of the following features:
(1) running wheel, (2) toys consisting of blocks and balls, and (3)
a plastic maze consisting of 1.5-in. tubing cut and connected into
different arrangements (see Supplementary Figure 1). Animals
were left in these conditions for 30 days. Cages were cleaned
once weekly, and animals were handled only during this time.
The mice were otherwise left completely undisturbed. Mice were
cage-housed under a constant 25◦C temperature and 60–70%
humidity under a 12/12-h light/dark cycle; the light phase started
at 8 a.m. and the dark phase started at 8 p.m. The room housing
the cages and mice was temperature-controlled with mice having
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FIGURE 1 | The experimental design setup and data analysis. (A) Enriched environment (EE) and standard environment (SE) control groups were assessed using
structural and functional MRI. (B) Bruker BioSpec 7T scanner with the putative mouse inside. (C) Demonstrative DTI tensor color map. (D) DTI indices maps (AD, FA,
RD, and MD) of the visual cortex at approximately Bregma AP-2.8/–2.9 (Franklin and Paxinos, 2008, Figure 54/55). (E) Seed-based analysis (SBA) of local
connectivity outlining the hippocampal complex as part of rsfMRI (approximately Bregma AP-3.25/–2.50/–1.75 corresponding to Franklin and Paxinos, 2008,
Figures 58/51/45).

ad libitum access to food and water. No other mice were included
in the housing environment.

MRI Animal Preparation
The MRI data were acquired using a Bruker BioSpec 7T scanner
(70/16 PharmaScan, Bruker Biospin, Ettlingen, Germany) with a
maximum gradient of 360 mT/m using a transmit-only birdcage
coil in combination with an actively decoupled receive-only
surface coil. The animals were initially anesthetized in a box
with 0–0.3% isoflurane, a bolus of muscle relaxant (pancuronium
bromide, 0.1 mg/kg), and subsequently a subcutaneous injection
of dexmedetomidine 0.04 mg/kg/h. Throughout MRI scanning,
animals were mechanically ventilated at a rate of 80 min−1 with
1–3.5% isoflurane in room-temperature air using a ventilator
(TOPO, Kent Scientific Corp., Torrington, United States).
During echo-planar functional imaging, isoflurane was adjusted
to 0.2% upon initiation of the sequence. Animals were placed on a
plastic cradle, fixing the head using a tooth bar and plastic screws
in the ear canals (Figure 1B). Body temperature was maintained
using a water circulation system with a rectal temperature
∼37.0◦C used as the controlling factor. Continuous physiological
monitoring was performed using an MRI-compatible system

(SA Instruments, Stony Brook, NY, United States). Vital signs
were within normal physiological ranges (rectal temperature,
36.5–37.5◦C; heart rate, 350–420 beats/min; breathing, > 80–100
breaths/min; oxygen saturation, ∼95% with a pulse oximeter)
throughout the experiment (Chan et al., 2009; Lau et al., 2011;
Cheung et al., 2012a,b; Zhou et al., 2014; Manno et al., 2019,
2021). After the mouse was placed in the scanner, scout images
were acquired along the axial, coronal, and sagittal views to
position MRI slices accurately. The scanning geometry was
positioned according to the Allen Mouse Brain Atlas (Lau et al.,
2008)1 and the Franklin and Paxinos (2008) atlas. Anatomical
images were subsequently acquired using a rapid acquisition
refocusing echo T2 (TurboRARE) scan. The sequence order for
image acquisition was a T2 for manual volumetry, a DTI scan for
structural analysis, and then a series of gradient-echo echo-planar
images for resting state.

Hippocampal Volumetry
The hippocampal complex was localized using MRI slices
from the Franklin and Paxinos stereotaxic atlas (2008) at

1http://www.brain-map.org
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approximately Bregma AP-2.6/–2.7 (first row; Franklin and
Paxinos, 2008, Figure 52/53 Bregma –2.54/–2.70 mm), AP-2.8/–
2.9 (second row; Franklin and Paxinos, 2008, Figure 54/55
Bregma –2.80/–2.92 mm), and AP-3.0/3.1 (third row; Franklin
and Paxinos, 2008, Figure 55/56 Bregma –2.92/–3.08 mm).
Hippocampi were delineated into four subregions (CA1, CA2,
CA3, and DG) for volumetric analysis. The MRI slices from
the aforementioned Bregma AP marks were delineated manually
by drawing the hippocampus subdivisions using the T2 image
map. The ventricular volume was measured using the T2 image.
Volume was calculated by using an estimate from volume
(mm3) = each area (mm2) × (slice thickness + gap among
images, in mm). The localization and delineation used the
mouse brain atlas ROI as the reference standard (Franklin and
Paxinos, 2008). The volume of each hippocampal subdivision was
determined and compared with the time points before and after
in the EE and the SE control group.

Diffusion Tensor Imaging Structural
Analysis
T2-weighted images (T2WI) in both groups were normalized
using SPM12 (The Wellcome Centre for Human Neuroimaging,
UCL Queen Square Institute of Neurology, London,
United Kingdom). The DTI protocol was followed from
our previous study (Manno et al., 2019). The DTI scan
sequence was a spin-echo 4-shot echo-planar imaging
sequence with 15 diffusion gradient directions, b-value is
1,000 s/mm2, and five images without diffusion sensitization
(b = 0.0 ms/µm2, b0 images). Images with motion artifacts
were discarded. The imaging parameters were repetition
time/echo time = 2,000/24.5 ms, δ/1 = 4/12 ms, field of
view = 2.56 × 2.56 cm2, data matrix = 96 × 96, slices = 20,
slice thickness 0.75 mm, spatial resolution 0.26 × 0.26 mm2,
and number of excitements = 4. The diffusion-weighted images
and b0 images were processed using SPM12 (The Wellcome
Centre for Human Neuroimaging, UCL Queen Square Institute
of Neurology, London, United Kingdom) and custom Matlab
(The Mathworks, Natick, MA, United States) scripts. The
mouse brain was manually masked based on the diffusion-
weighted image (Figure 1D). Diffusion-weighted images were
first registered to the respective b0 image using AIR version
5.25 (Roger Woods, UCLA, United States), and images with
severe ghosting were excluded. Distortions in the DTI images
were spatially corrected by non-linear registration to the T2-
structural image of the same mouse. The parameters of the three
transformations were merged into a single transformation (Li
et al., 2010). The DTI index maps were calculated by fitting
the diffusion tensor model to the diffusion data at each voxel
using DTIStudio version 3.02 (The Johns Hopkins University,
Baltimore, MD, United States) as previously detailed (Manno
et al., 2019). The normalized maps were smoothed with a
0.3 mm Gaussian kernel. Mean diffusivity (MD), fractional
anisotropy (FA), axial diffusivity (AD), and radial diffusivity
(RD) maps were calculated. Using SPM12 (The Wellcome
Centre for Human Neuroimaging, UCL Queen Square Institute
of Neurology, London, United Kingdom), the T2-weighted

images from individual mice were coregistered to a customized
reference brain template with a 3D rigid-body transformation,
and the resulting transforming matrix was then applied to
register the respective DTI index maps. Regionally, changes
of AD, FA, RD, and MD in the hippocampus (HP: Franklin
and Paxinos, 2008, Figure 48 Bregma –2.06 mm), visual cortex
(VC: Franklin and Paxinos, 2008, Figure 55 Bregma –2.92 mm),
auditory cortex (AC: Franklin and Paxinos, 2008, Figure 55
Bregma –2.92 mm), the primary somatosensory cortex (S1:
Franklin and Paxinos, 2008, Figure 34 Bregma –0.34 mm), the
secondary somatosensory cortex (S2: Franklin and Paxinos, 2008,
Figure 31 Bregma 0.02 mm), and the caudate putamen (CPu:
Franklin and Paxinos, 2008, Figure 27 Bregma 0.50 mm) were all
measured in the EE and SE controls for both time points assessed
(before and after).

Resting-State Functional MRI
Acquisition and Processing
A T2 TurboRARE anatomical image [TR, 2,500 ms; TE,
35 ms; matrix size, 256 × 256; field of view (FOV),
16 mm × 16 mm; slice thickness, 500 µm; slices, 22;
average, 2; resolution, 62.5 µm × 62.5 µm] was acquired
for coregistration. After a local shimming was applied, single-
shot echo-planar imaging (EPI) images were acquired to assess
rsfMRI. The rsfMRI images were acquired using a gradient-
echo echo-planar image (GE-EPI) sequence with the following
parameters: FOV = 25.6 mm × 25.6 mm, in-plane resolution
0.4 mm × 0.4 mm with a slice thickness of 0.75 mm, data
matrix = 64 × 64, TR = 1,000 ms, TE = 19 ms, 600
acquisitions, two dummy scans. Coregistration of anatomical
images was performed using the Allen Brain Institute reference
atlas (Lau et al., 2008; see text footnote 1) and the Franklin
and Paxinos (2008) atlas. The EPI scan geometry was imported
from the anatomical scan geometry. For each rsfMRI session,
all images were first corrected for slice timing differences
and then realigned to the first image of the series using the
SPM12 affine transformation (The Wellcome Centre for Human
Neuroimaging, UCL Queen Square Institute of Neurology,
London, United Kingdom). A voxel-wise linear detrending
with least-squares estimation was performed temporally to
eliminate the baseline drift caused by physiological noise and
system instability. Spatial smoothing was performed with a
0.5 mm FWHM Gaussian kernel. Motion correction denoising
consisted of 12 motion parameters (roll, pitch, yaw, translation
in three dimensions, and the first derivative of each of those
six parameters). Temporal band-pass filtering was applied with
cutoff frequencies at 0.005 and 0.1 Hz. The first 15 image
volumes and the last 15 image volumes of each session were
discarded to eliminate possible non-equilibrium effects. Finally,
high-resolution anatomical images from individual animals
were coregistered to a brain template with a 3D rigid-body
transformation; the transforming matrix was then applied to the
respective rsfMRI data (Manno et al., 2019). SBA, independent
component analysis (ICA), ALFF, and fALFF were performed to
determine the functional connectivity changes before and after
environmental enrichment.
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Resting-State Functional MRI
Connectivity Analysis
Two 3 × 3 voxel regions were chosen as the ipsilateral and
contralateral seeds, respectively, in the hippocampus and the
CPu. Regionally averaged time course from the voxels within
each seed served as the respective reference time course. Pearson
correlation coefficients were calculated between the reference
time course and the time course of every other voxel to generate
two rsfMRI connectivity maps for each region. A 3 × 3 voxel
region on the contralateral side of the seed was defined as the
ROI. Interhemispheric functional connectivity for each region
was then quantified by averaging the correlation coefficient value
of the corresponding ipsilateral and contralateral ROIs. For
ICA, rsfMRI data were analyzed using the GIFT version 2.0h
toolbox. The estimated number of components for all rsfMRI
data was found to be 20 by the minimum description length
(MDL) criterion. The Infomax algorithm was used, and group-
level ICA was performed on all rsfMRI data from the same
group and at the same time point. The group-level spatial ICA
maps of independent resting-state networks were then scaled to
z-scores and visually inspected to identify the brain regions. The
hippocampal network and CPu network were identified based
on the spatial patterns about known anatomical and functional
locations. For ALFF analysis, the Data Processing Assistant for
Resting-State fMRI (DPARSF) toolbox was used (Chao-Gan and
Yu-Feng, 2010). The time series for each voxel was transformed
to the frequency domain, and the power spectrum was then
obtained. Since the power of a given frequency is proportional
to the square of the amplitude of this frequency component,
the square root was calculated at each frequency of the power
spectrum and the averaged square root was obtained across 0.01–
0.08 Hz at each voxel. This averaged square root was taken as
the ALFF. For fALFF, a ratio of the power of each frequency
at the low-frequency range to that of the entire frequency
range was considered.

RESULTS

The structural and functional MRI results reveal that volumetric
enlargement and functional connectivity increases occurred
in the hippocampus after EE compared with age-matched
SE controls and compared with the previous scanning time
point 30 days before.

Structural Changes Resulting From
Environmental Enrichment
Hippocampal volume was significantly enlarged in the after
EE time point compared with SE controls and before-EE time
point (Figure 2A). Hippocampal volume subdivisions CA1 and
DG increased significantly in the after-EE group compared
with the after-SE control group, as well as the before-EE and
before-SE time point (paired t-test p < 0.05). The cumulative
hippocampal volume found after EE was significantly different
than the cumulative volume found for the after-SE time point
(paired t-test: t = 2.205, df = 12.6, p = 0.0438; Figure 2C).

Interestingly, ventricular volume was insignificantly enlarged in
the after-EE time point compared with the after-SE time point
(paired t-test: t = 1.858, df = 12.7, p = 0.0788; Figure 2D).
Notably, the ventricular volumes from both groups were within
previously reported volumes (4.80 ± 0.40 mm3 for 9-week-old
C57BL/6J mice Badea et al., 2007). Overall, the hippocampus
of mice after EE was enlarged with changes to CA1 accounting
for much of the volume increase. We note that the hippocampi
from both groups were within previously reported volumes
(21 ± 0.5 mm3 for 8-week-old male inbred 129S1/SvImJ mice,
Kovacević et al., 2005; 25.7 ± 1.1 mm3 for 12–14-week-old
C57BL/6J male mice, Ma et al., 2005; 25.75 ± 1.04 mm3 for
9-week-old C57BL/6J mice Badea et al., 2007; several strains,
Wahlsten et al., 2003).

Diffusion Tensor Imaging Changes
Resulting From Environmental
Enrichment
Changes in MD, FA, AD, and RD in the HP, VC, AC, S1, S2,
and CPu were determined in the EE and SE controls for both
the before and after time points using DTI (see Figure 3). There
was a significant increase in RD (paired t-test: t = 2.148, df = 41,
p = 0.0377) and MD (paired t-test: t = 2.319, df = 41, p = 0.0255)
in the VC in the after-EE time point compared with the before-
EE time point. There was a significant increase in RD (paired
t-test: t = 2.239, df = 24, p = 0.0347) and MD (paired t-test:
t = 2.020, df = 24, p = 0.0547) in the S2 in the after-EE time point
compared with the before-EE time point. The DTI analysis did
not reveal any further significant changes in the ROI possibly due
to a low signal-to-noise ratio (SNR) in the presence of high noise
(Supplementary Figure 2).

Resting-State Functional Changes
Resulting From Environmental
Enrichment
Each of the other connectivity analyses yielded differing results.
The SBA rsfMRI connectivity assessment found a significant
increase in the hippocampal functional connectivity in the
after-EE compared with before-EE (repeated ANOVA F-Test:
F = 4.459, df = 7.9, p = 0.0416; paired t-test: t = 1.842,
df = 16, p = 0.0841) as well as compared with SE controls
(repeated ANOVA F-test: F = 4569, df = 7.16, p < 0.0001;
paired t-test: t = 2.729, df = 23, p = 0.0120; Figure 4A).
In contrast to the hippocampal network, the CPu network
remained relatively unchanged after environmental enrichment
(Figure 4B). The ICA rsfMRI connectivity assessment found a
significant increase in the hippocampal functional connectivity
in the after-EE compared with the before-EE (repeated ANOVA
F-test: F = 1.480, df = 21.12, p < 0.4888; paired t-test: t = 2.400,
df = 33, p = 0.0222) as well as compared with the SE controls
(repeated ANOVA F-test: F = 2566, df = 21.29, p< 0.0001; paired
t-test: t = 4.410, df = 50, p < 0.0001; Figure 4C); however, no
significant change was found in the CPu network (Figure 4D). No
significant ALFF changes in the after-EE or the SE controls were
found in the hippocampus or CPu (Supplementary Figure 3A).

Frontiers in Systems Neuroscience | www.frontiersin.org 5 February 2022 | Volume 15 | Article 807297

https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles


fnsys-15-807297 February 9, 2022 Time: 14:30 # 6

Manno et al. Environmental Enrichment Hippocampal Changes

FIGURE 2 | Hippocampal complex volume alterations due to environmental enrichment. (A) Volumetry for hippocampal subdivisions. Blue indicates the time point
before and yellow indicates the time point after 30 days of EE and SE. The hippocampal complex was delineated manually using the T2 image map from slices
AP-2.6/–2.7, AP-2.8/–2.9 to AP-3.0/3.1 (first, second, third rows, respectively; Franklin and Paxinos, 2008). The volume (in mm3) of each hippocampal subdivision
was determined and compared with the time points before and after in the EE group and SE control group. (B) Volume delineations from the hippocampal
subdivisions in mm3. CA1 volume was significantly increased for the after-EE time point compared with the before EE time point (***p < 0.001), in addition to the
control before/after time points (**p < 0.01). DG volume was significantly increased for the after-EE time point compared with the before-EE time point (*p < 0.05), in
addition to the control before/after time points (*p < 0.05). (C) Total hippocampal volume was significantly increased in the after-EE group compared with the SE
control group (*p < 0.05). (D) Ventricular volume was enlarged in the after-EE group, although insignificantly compared with the after-SE control group.
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FIGURE 3 | DTI alterations in environmental enrichment. DTI was measured by AD, FA, RD, and MD. There was a significant increase in RD and MD in the visual
cortex and secondary somatosensory cortex in the after-EE time point (t-test, p < 0.05). DTI metrics were assessed in the hippocampus (HP: Bregma –2.06 mm),
visual cortex (VC: Bregma –2.92 mm), auditory cortex (AC: Bregma –2.92 mm), the primary somatosensory cortex (S1: Bregma –0.34 mm), and secondary
somatosensory cortex (S2: Bregma 0.02 mm), and the caudate putamen (CPu; Bregma 0.50 mm) were all measured in the EE and SE controls for both time points
assessed (before and after). Tractography was attempted; however, considerable noise prevented its inclusion in the analyses (see Supplementary Figure 2).

The f/ALFF and ALFF analyses had considerable noise even after
robust denoising procedures similar to SBA and ICA. Despite
the noise, a significant increase in both hippocampal and CPu
f/ALFF in the after-EE compared with the before EE as well
as compared with the SE controls was found (Supplementary
Figure 3B). However, we chose not to include f/ALFF and ALFF
due to the significant noise present, which likely confounded
the results and are more difficult to interpret since our control
region CPu was also increased (see Supplementary Figure 3).
Both SBA and ICA analyses revealed a significant hippocampal
connectivity increase in the after-EE compared with the before-
EE and SE controls.

DISCUSSION

Environmental enrichment is known to lead to neurogenesis
(van Praag et al., 1999; Kempermann et al., 2015; Overall and
Kempermann, 2018). The process of neurogenesis combines
multiple genetic influences and tight connections between
multiple system levels of gene expression influenced by
the environment (Overall and Kempermann, 2018). The
environmental factors or features that initiate this cascade
are not generally known (van de Weerd, 1996). In this
study, we used functional and structural MRI to assess the
structural and functional changes in a group of P60 mice both
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FIGURE 4 | Resting-state functional alterations from environmental enrichment. The SBA analysis: The rsfMRI connectivity change before and after EE compared
with the SE controls. (A) Functional connectivity maps (left) of the hippocampal (HP) network resulting from SBA for right and left hemisphere seed. Bar plots of
average functional connectivity in HP (right) before (red) and after (blue) environmental enrichment. There was a significant increase in hippocampal functional
connectivity after environmental enrichment compared with the naïve period as well as compared with the SE controls. (B) Functional connectivity maps (left) of the
CPu network resulted from SBA for the right and left hemisphere seed. Bar plots of the average functional connectivity in CPu (right) before (red) and after (blue) the
EE. In contrast to the hippocampal network, the Cpu network remained relatively unchanged after the EE. Color bar represents correlation coefficient from 0.75
yellow to 0.45 red. The asterisk * indicates significant p < 0.05 based on the F-test. The ICA analysis: The rsfMRI connectivity change before and after the EE
compared with the SE controls. (C) Functional connectivity maps (left) of the hippocampal (HP) network resulted from ICA. Bar plots of average z-scores in HP (right)
before (red) and after (blue) environmental enrichment. There was a significant increase in the hippocampal functional connectivity after environmental enrichment
compared with the naïve period as well as compared with the SE controls. (D) Functional connectivity maps (left) of the CPu network resulted from ICA. Bar plots of
average z-scores in Cpu (right) before (red) and after (blue) environmental enrichment. In contrast to the hippocampal network, the CPu network remained relatively
unchanged after environmental enrichment. The color bar represents z-scores from 5.0 yellow to 1.0 red. The asterisk * indicates significant p < 0.05 based on the
F-test. Bregma AP coordinates are listed below each brain slice.

before and after 30 days in their environments such as SE
control and EE (enriched). We found structural and functional
changes in the hippocampal subregion CA1 after the 30-day
enrichment period.

This study concentrated on the hippocampus as it is known
to be modified by environmental enrichment (Kempermann
et al., 1997; Clemenson et al., 2015). In the rat, low frequency
(1 Hz) hippocampal-cortical oscillatory activity drives brain-
wide rsfMRI connectivity likely feeding back to affect sensory
cortical processing (Chan et al., 2017). In an EE, this afferent
feedback may significantly alter the hippocampus, enlarging
in size and increasing the strength of functional connectivity
between the hippocampus and senses that intimately interact
with the environment. Structural changes in myelination occur

rapidly within the first 3 months of mouse life, but volume
appears to be stable by 3 weeks (Hammelrath et al., 2016).
This is interesting to note as our data indicate hippocampal
volume was not significantly different between the time points
before and after for SE control mice, confirming stable volume
during this period.

A C58/J inbred mouse model of restricted, repetitive behavior
found reduced volume in the cortical and basal ganglia regions
implicated in repetitive behavior, including the motor cortex,
striatum, globus pallidus, subthalamic nucleus, and cerebellum
(Wilkes et al., 2019). However, these identical areas are implicated
in normal volumetric changes due to motor learning (Badea
et al., 2019). In this study, we found DTI alterations in S2
due to environmental enrichment. While this may be due to
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their enriched sensory involvement and not an aberrant factor
of being caged (i.e., as in the stereotypy model above), these
data support the conclusion that it is not solely increased
exercise and movement of mice in an EE that elicits the
volumetric changes seen in our EE group. Rather, there may
be an environment-brain interaction (i.e., the feedback and
the type of environmental features) that contribute, and that
environmental enrichment is not purely an exercise effect. It
is interesting to note that mouse brain volume of independent
areas has the highest mean heritability, whereas FA, MD, AD,
and RD are less heritable (Wang et al., 2020). Ex vivo mouse
DTI (Zhang et al., 2002) has previously shown success in
reproducing and depicting neuronal fiber tracts (Johnson et al.,
2010; Jiang and Johnson, 2011); however, low SNR in this
study could prevent accurate replication of tracts in mouse,
possibly due to the repeated-measures design and the nature
of in vivo imaging. However, DTI and tractography in mice is
still a relatively new approach, which should be further pursued
(Harsan et al., 2010).

Environmental enrichment significantly affected the rsfMRI
functional connectivity in the bilateral hippocampus at large.
Prior studies found that the functional connectivity for default
mode network, internetwork connections increased in mice
up to 8.5 months, and then a significant reduction in the
functional connectivity strength was observed due to aging
until 12.5 months (Egimendia et al., 2019). In this study,
we chose mice aged 60 days and scanned for 30 days as
it represented the youth to adulthood transition (Dutta and
Sengupta, 2016), where mice experience age-dependent neuronal
plasticity (Harburger et al., 2007; Navailles et al., 2008; Hill
et al., 2018) and during which the structural and functional
metrics are known to be altered in humans (Buimer et al.,
2020). The rsfMRI networks are known to be modulated by
different physiological states (Chuang and Nasrallah, 2017) such
as anesthetic states (Grandjean et al., 2014; Nasrallah et al.,
2014; Bukhari et al., 2017, 2018; Wu et al., 2017; Xie et al.,
2020), satiety and hunger, i.e., fasting (Tsurugizawa et al., 2019),
and stress (Weible et al., 2017; Johnson et al., 2018). In this
study, we show that rsfMRI networks are also influenced by an
EE over 30 days. The environment in our paradigm included
various enrichment options that provided considerable exercise
(van Praag et al., 1999; Leise et al., 2013; Grégoire et al., 2014)
and nesting opportunities (van de Weerd et al., 1997; Gaskill
et al., 2013). Furthermore, rsfMRI networks are a direct result
of underlying structural features and likely represent a mouse
recapitulation of the human default mode network (Stafford
et al., 2014; Liska et al., 2015; Gozzi and Schwarz, 2016; Mills
et al., 2018; Melozzi et al., 2019). Such a modification of
these functional connectivity networks (as in the previously
mentioned studies and as we have seen in our paradigm) indicates
the importance of future work in defining attributes of the
environment which alter and how these features and factors
modify their neuronal counterparts.

There are several limitations in this assessment of mouse
structure and functional changes due to environmental
enrichment. First, in this preliminary report, we restricted
our structural and functional analysis to the hippocampus,

and future reports could examine whole-brain-wide structural
and functional connectome changes due to environmental
enrichment. The sample size in this study was low (n = 30,
separated by 30 days), which may have contributed to the low
SNR of the DTI data or the rsfMRI data quality. Furthermore, we
limited the analysis to male mice only to eliminate the effect sizes
due to sex (Spring et al., 2007). Future studies should consider
increasing the sample size to address data quality concerns
as well as imaging multiple time points to develop a better
timeline of the alterations observed in this study. Furthermore,
our DTI processing pipeline may not have been sensitive
enough to detect all of the alterations seen in environmental
enrichment (EE) during this short-term period, which could
contribute to the failure of tractography to yield consistent
results for some regions. Optimizations and improvements
in this pipeline and the scanning protocol (e.g., increasing
the number of diffusion gradient directions) for subsequent
tractography might also allow fiber tract microstructure to be
assessed more adequately. It is important to note that the sharing
of MRI equipment through “core-facilities” (Hockberger et al.,
2018) may inherently limit key considerations for any scanning
protocol, some of which include scanning-time, trial-and-error
approaches, experimental design, and pulse sequences and, most
importantly, scientific tinkering. Future protocol “tinkering”
should include these many considerations when attempting
interventions and challenges to environmental enrichment
in an attempt to understand the mechanisms that lead to
alterations in neuronal structure and function metrics due to
changing environments.
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Kovacević, N., Henderson, J. T., Chan, E., Lifshitz, N., Bishop, J., Evans, A. C., et al.
(2005). A three-dimensional MRI atlas of the mouse brain with estimates of the
average and variability. Cereb. Cortex 15, 639–645. doi: 10.1093/cercor/bhh165

Lau, C., Ng, L., Thompson, C., Pathak, S., Kuan, L., Jones, A., et al. (2008).
Exploration and visualization of gene expression with neuroanatomy in the
adult mouse brain. BMC Bioinformatics 9:153. doi: 10.1186/1471-2105-9-153

Lau, C., Zhou, I. Y., Cheung, M. M., Chan, K. C., and Wu, E. X. (2011). BOLD
temporal dynamics of rat superior colliculus and lateral geniculate nucleus
following short duration visual stimulation. PLoS One 6:e18914. doi: 10.1371/
journal.pone.0018914

Leise, T. L., Harrington, M. E., Molyneux, P. C., Song, I., Queenan, H.,
Zimmerman, E., et al. (2013). Voluntary exercise can strengthen the circadian
system in aged mice. Age 35, 2137–2152.

Li, Q., Cheung, C., Wei, R., Cheung, V., Hui, E. S., You, Y., et al. (2010). Voxel-
based analysis of postnatal white matter microstructure in mice exposed to
immune challenge in early or late pregnancy. Neuroimage 52, 1–8. doi: 10.1016/
j.neuroimage.2010.04.015

Li, R., Wang, X., Lin, F., Song, T., Zhu, X., and Lei, H. (2020). Mapping
accumulative whole-brain activities during environmental enrichment with
manganese-enhanced magnetic resonance imaging. Neuroimage 210:116588.
doi: 10.1016/j.neuroimage.2020.116588

Liska, A., Galbusera, A., Schwarz, A. J., and Gozzi, A. (2015). Functional
connectivity hubs of the mouse brain. Neuroimage 115, 281–291. doi: 10.1016/
j.neuroimage.2015.04.033

Little, D. M., Foxely, S., and Lazarov, O. (2012). A preliminary study targeting
neuronal pathways activated following environmental enrichment by resting
state functional magnetic resonance imaging. J. Alzheimer’s Dis. 32, 101–107.
doi: 10.3233/JAD-2012-111508

Ma, Y., Hof, P. R., Grant, S. C., Blackband, S. J., Bennett, R., Slatest, L., et al.
(2005). A three-dimensional digital atlas database of the adult C57BL/6J mouse
brain by magnetic resonance microscopy. Neuroscience 135, 1203–1215. doi:
10.1016/j.neuroscience.2005.07.014

Manno, F. A. M., An, Z., Kumar, R., Wu, E. X., He, J., Feng, Y., et al. (2021).
Structural alterations in a rat model of short-term conductive hearing loss

are associated with reduced resting state functional connectivity. Front. Syst.
Neurosci. 15:655172. doi: 10.3389/fnsys.2021.655172

Manno, F. A. M., Isla, A. G., Manno, S. H. C., Ahmed, I., Cheng, S. H., Barrios,
F. A., et al. (2019). Early stage alterations in white matter and decreased
functional interhemispheric hippocampal connectivity in the 3xTg mouse
model of Alzheimer’s disease. Front. Aging Neurosci. 11:39. doi: 10.3389/fnagi.
2019.00039

Melozzi, F., Bergmann, E., Harris, J. A., Kahn, I., Jirsa, V., and Bernard, C. (2019).
Individual structural features constrain the mouse functional connectome. Proc.
Natl. Acad. Sci. U.S.A. 116, 26961–26969. doi: 10.1073/pnas.1906694116

Mills, B. D., Grayson, D. S., Shunmugavel, A., Miranda-Dominguez, O., Feczko,
E., Earl, E., et al. (2018). Correlated gene expression and anatomical
communication support synchronized brain activity in the mouse functional
connectome. J. Neurosci. 38, 5774–5787. doi: 10.1523/JNEUROSCI.2910-17.
2018

Nasrallah, F. A., Tay, H. C., and Chuang, K. H. (2014). Detection of functional
connectivity in the resting mouse brain. Neuroimage 86, 417–424. doi: 10.1016/
j.neuroimage.2013.10.025

Navailles, S., Hof, P. R., and Schmauss, C. (2008). Antidepressant drug-induced
stimulation of mouse hippocampal neurogenesis is age-dependent and altered
by early life stress. J. Comp. Neurol. 509, 372–381. doi: 10.1002/cne.21775

Nithianantharajah, J., and Hannan, A. J. (2006). Enriched environments,
experience-dependent plasticity and disorders of the nervous system. Nat. Rev.
Neurosci. 7, 697–709.

Overall, R. W., and Kempermann, G. (2018). The small world of adult hippocampal
neurogenesis. Front. Neurosci. 12:641. doi: 10.3389/fnins.2018.00641

Rampon, C., Jiang, C. H., Dong, H., Tang, Y. P., Lockhart, D. J., Schultz, P. G., et al.
(2000). Effects of environmental enrichment on gene expression in the brain.
Proc. Natl. Acad. Sci. U.S.A. 97, 12880–12884.

Scholz, J., Niibori, Y., W Frankland, P., and P Lerch, J. (2015). Rotarod
training in mice is associated with changes in brain structure observable with
multimodal MRI. Neuroimage 107, 182–189. doi: 10.1016/j.neuroimage.2014.1
2.003

Spring, S., Lerch, J. P., and Henkelman, R. M. (2007). Sexual dimorphism
revealed in the structure of the mouse brain using three-dimensional magnetic
resonance imaging. Neuroimage 35, 1424–1433. doi: 10.1016/j.neuroimage.
2007.02.023

Stafford, J. M., Jarrett, B. R., Miranda-Dominguez, O., Mills, B. D., Cain, N.,
Mihalas, S., et al. (2014). Large-scale topology and the default mode network
in the mouse connectome. Proc. Natl. Acad. Sci. U.S.A. 111, 18745–18750.
doi: 10.1073/pnas.1404346111

Sztainberg, Y., and Chen, A. (2010). An environmental enrichment model for mice.
Nat. Protoc. 5, 1535–1539.

Tsurugizawa, T., Djemai, B., and Zalesky, A. (2019). The impact of fasting on
resting state brain networks in mice. Sci. Rep. 9:2976. doi: 10.1038/s41598-019-
39851-6

Tsurugizawa, T., Tamada, K., Ono, N., Karakawa, S., Kodama, Y., Debacker, C.,
et al. (2020). Awake functional MRI detects neural circuit dysfunction in a
mouse model of autism. Sci. Adv. 6, eaav4520. doi: 10.1126/sciadv.aav4520

van de Weerd, H. A. (1996). Environmental Enrichment for Laboratory Mice:
Preferences and Consequences. Doctoral dissertation. Utrecht: University
Utrecht.

van de Weerd, H. A., Van Loo, P. L., Van Zutphen, L. F., Koolhaas, J. M., and
Baumans, V. (1997). Nesting material as environmental enrichment has no
adverse effects on behavior and physiology of laboratory mice. Physiol. Behav.
62, 1019–1028.

van Praag, H., Kempermann, G., and Gage, F. H. (1999). Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci.
2, 266–270.

Wahlsten, D., Metten, P., and Crabbe, J. C. (2003). Survey of 21 inbred mouse
strains in two laboratories reveals that BTBR T/+ tf/tf has severely reduced
hippocampal commissure and absent corpus callosum. Brain Res. 971, 47–54.
doi: 10.1016/s0006-8993(03)02354-0

Wang, N., Anderson, R. J., Ashbrook, D. G., Gopalakrishnan, V., Park, Y., Priebe,
C. E., et al. (2020). Variability and heritability of mouse brain structure:
microscopic MRI atlases and connectomes for diverse strains. Neuroimage
222:117274. doi: 10.1016/j.neuroimage.2020.117274

Frontiers in Systems Neuroscience | www.frontiersin.org 11 February 2022 | Volume 15 | Article 807297

https://doi.org/10.1002/nbm.1496
https://doi.org/10.1038/s41593-018-0120-6
https://doi.org/10.7171/jbt.18-2903-003
https://doi.org/10.7171/jbt.18-2903-003
https://doi.org/10.1016/j.neuroimage.2011.03.031
https://doi.org/10.1016/j.neuroimage.2011.03.031
https://doi.org/10.1038/s41398-018-0092-z
https://doi.org/10.1016/j.neuroimage.2010.06.067
https://doi.org/10.1016/j.neuroimage.2010.06.067
https://doi.org/10.3389/fphar.2015.00231
https://doi.org/10.3389/fphar.2015.00231
https://doi.org/10.1371/journal.pone.0018876
https://doi.org/10.1371/journal.pone.0018876
https://doi.org/10.1093/cercor/bhh165
https://doi.org/10.1186/1471-2105-9-153
https://doi.org/10.1371/journal.pone.0018914
https://doi.org/10.1371/journal.pone.0018914
https://doi.org/10.1016/j.neuroimage.2010.04.015
https://doi.org/10.1016/j.neuroimage.2010.04.015
https://doi.org/10.1016/j.neuroimage.2020.116588
https://doi.org/10.1016/j.neuroimage.2015.04.033
https://doi.org/10.1016/j.neuroimage.2015.04.033
https://doi.org/10.3233/JAD-2012-111508
https://doi.org/10.1016/j.neuroscience.2005.07.014
https://doi.org/10.1016/j.neuroscience.2005.07.014
https://doi.org/10.3389/fnsys.2021.655172
https://doi.org/10.3389/fnagi.2019.00039
https://doi.org/10.3389/fnagi.2019.00039
https://doi.org/10.1073/pnas.1906694116
https://doi.org/10.1523/JNEUROSCI.2910-17.2018
https://doi.org/10.1523/JNEUROSCI.2910-17.2018
https://doi.org/10.1016/j.neuroimage.2013.10.025
https://doi.org/10.1016/j.neuroimage.2013.10.025
https://doi.org/10.1002/cne.21775
https://doi.org/10.3389/fnins.2018.00641
https://doi.org/10.1016/j.neuroimage.2014.12.003
https://doi.org/10.1016/j.neuroimage.2014.12.003
https://doi.org/10.1016/j.neuroimage.2007.02.023
https://doi.org/10.1016/j.neuroimage.2007.02.023
https://doi.org/10.1073/pnas.1404346111
https://doi.org/10.1038/s41598-019-39851-6
https://doi.org/10.1038/s41598-019-39851-6
https://doi.org/10.1126/sciadv.aav4520
https://doi.org/10.1016/s0006-8993(03)02354-0
https://doi.org/10.1016/j.neuroimage.2020.117274
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles


fnsys-15-807297 February 9, 2022 Time: 14:30 # 12

Manno et al. Environmental Enrichment Hippocampal Changes

Weible, A. P., Piscopo, D. M., Rothbart, M. K., Posner, M. I., and
Niell, C. M. (2017). Rhythmic brain stimulation reduces anxiety-
related behavior in a mouse model based on meditation training.
Proc. Natl. Acad. Sci. U.S.A. 114, 2532–2537. doi: 10.1073/pnas.170075
6114

Wilkes, B. J., Bass, C., Korah, H., Febo, M., and Lewis, M. H. (2019). Volumetric
magnetic resonance and diffusion tensor imaging of C58/J mice: neural
correlates of repetitive behavior. Brain Imaging Behav. 14, 2084–2096. doi:
10.1007/s11682-019-00158-9

Wu, T., Grandjean, J., Bosshard, S. C., Rudin, M., Reutens, D., and Jiang, T. (2017).
Altered regional connectivity reflecting effects of different anaesthesia protocols
in the mouse brain. Neuroimage 149, 190–199. doi: 10.1016/j.neuroimage.2017.
01.074

Xie, H., Chung, D. Y., Kura, S., Sugimoto, K., Aykan, S. A., Wu, Y., et al.
(2020). Differential effects of anesthetics on resting state functional connectivity
in the mouse. J. Cereb. Blood Flow Metab. 40, 875–884. doi: 10.1177/
0271678X19847123

Zhang, J., van Zijl, P. C., and Mori, S. (2002). Three-dimensional diffusion
tensor magnetic resonance microimaging of adult mouse brain and
hippocampus. Neuroimage 15, 892–901. doi: 10.1006/nimg.2001.
1012

Zhou, I. Y., Liang, Y.-X., Chan, R. W., Gao, P. P., Cheng, J. S., Hu, Y., et al. (2014).
Brain resting-state functional MRI connectivity: morphological foundation and
plasticity. Neuroimage 84, 1–10. doi: 10.1016/j.neuroimage.2013.08.037

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Manno, Kumar, An, Khan, Su, Liu, Wu, He, Feng and Lau.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Systems Neuroscience | www.frontiersin.org 12 February 2022 | Volume 15 | Article 807297

https://doi.org/10.1073/pnas.1700756114
https://doi.org/10.1073/pnas.1700756114
https://doi.org/10.1007/s11682-019-00158-9
https://doi.org/10.1007/s11682-019-00158-9
https://doi.org/10.1016/j.neuroimage.2017.01.074
https://doi.org/10.1016/j.neuroimage.2017.01.074
https://doi.org/10.1177/0271678X19847123
https://doi.org/10.1177/0271678X19847123
https://doi.org/10.1006/nimg.2001.1012
https://doi.org/10.1006/nimg.2001.1012
https://doi.org/10.1016/j.neuroimage.2013.08.037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles

	Structural and Functional Hippocampal Correlations in Environmental Enrichment During the Adolescent to Adulthood Transition in Mice
	Introduction
	Materials and Methods
	Animals
	Environmental Enrichment Setup
	MRI Animal Preparation
	Hippocampal Volumetry
	Diffusion Tensor Imaging Structural Analysis
	Resting-State Functional MRI Acquisition and Processing
	Resting-State Functional MRI Connectivity Analysis

	Results
	Structural Changes Resulting From Environmental Enrichment
	Diffusion Tensor Imaging Changes Resulting From Environmental Enrichment
	Resting-State Functional Changes Resulting From Environmental Enrichment

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


