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ABSTRACT
BACKGROUND: Repetitive transcranial magnetic stimulation (rTMS), a noninvasive neuromodulation technique, is an
effective treatment for depression. However, few studies have used diffusion magnetic resonance imaging to
investigate the longitudinal effects of rTMS on the abnormal brain white matter (WM) described in depression.
METHODS: In this study, we acquired diffusion magnetic resonance imaging from young adult male Sprague Dawley
rats to investigate 1) the longitudinal effects of 10- and 1-Hz low-intensity rTMS (LI-rTMS) in healthy animals; 2) the
effect of chronic restraint stress (CRS), an animal model of depression; and 3) the effect of 10 Hz LI-rTMS in CRS
animals. Diffusion magnetic resonance imaging data were analyzed using tract-based spatial statistics and fixel-
based analysis.
RESULTS: Similar changes in diffusion and kurtosis fractional anisotropy were induced by 10- and 1-Hz stimulation in
healthy animals, although changes induced by 10-Hz stimulation were detected earlier than those following 1-Hz
stimulation. Additionally, 10-Hz stimulation increased axial and mean kurtosis within the external capsule,
suggesting that the two protocols may act via different underlying mechanisms. Brain maturation–related changes
in WM, such as increased corpus callosum, fimbria, and external and internal capsule fiber cross-section, were
compromised in CRS animals compared with healthy control animals and were rescued by 10-Hz LI-rTMS.
Immunohistochemistry revealed increased myelination within the corpus callosum in LI-rTMS–treated CRS animals
compared with those that received sham or no stimulation.
CONCLUSIONS: Overall, decreased WM connectivity and integrity in the CRS model corroborate findings in patients
experiencing depression with high anxiety, and the observed LI-rTMS–induced effects on WM structure suggest that
LI-rTMS might rescue abnormal WM by increasing myelination.

https://doi.org/10.1016/j.bpsgos.2021.08.006
Depression is a heterogeneous disorder affected by subject-
related variables, such as sex, age, diet, and genetic back-
ground (1), and up to one third of adults are treatment
resistant. Repetitive transcranial magnetic stimulation (rTMS)
has been used clinically for treatment-resistant depression for
over a decade (2), but its underlying mechanisms are still un-
clear. While translational animal models of depression do not
replicate the full complexity of human mood disorders, they
can provide homogeneous endophenotypes of depression
that facilitate the investigation of causal effects (e.g., genetic
and environmental factors) and the efficacy of treatments such
as rTMS (3). The chronic restraint stress (CRS) depression
model in Sprague Dawley rats has been validated in several
pharmacological and magnetic resonance imaging (MRI)
studies. Following CRS, animals exhibit changes resembling
those found in human depression, including altered behavior
(4,5), gene expression (6), and protein levels (7); dysfunctional
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connectivity (8); reduced glutamate and glutamine levels (5);
and hippocampal atrophy (5,9,10).

One of the least understood aspects of depression in pa-
tients is related to the microstructural changes often present in
the white matter (WM). Diffusion MRI (dMRI) measures the
diffusion of water and enables in vivo investigation of tissue
microstructure and macro organization of fiber bundles. Water
diffusion has been shown to be increased in patients with
depression (11,12) and in other animal models of depression
(13,14) using several dMRI measures, including mean diffu-
sivity, a global measure of water diffusion, and radial kurtosis,
a measure of diffusion restriction perpendicular to axonal di-
rection. These different measures that can be derived from
dMRI data are known to provide complementary and partly
overlapping information by reflecting changes in WM integrity,
specifically with respect to cell density, size, and membrane
permeability. Myelin content, known to decrease in depression
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Figure 1. Timeline of an experiment. (A) Timeline for the Seewoo et al.
(19,23) studies, which consisted of 2 weeks of daily 10-minute stimulation at
10 Hz (10 pulses/s, total of 6000 pulses) or 1 Hz (1 pulse/s, total of 600
pulses) delivered to healthy animals. (B) Timeline for the CRS model ex-
periments, which consisted of 4 groups of animals. CRS1/10Hz1, CRS1/
0Hz1, and CRS1/0Hz2 groups were all subjected to the CRS procedure, but
CRS1/10Hz1 animals received accelerated 10-Hz LI-rTMS (10 pulses/s,
total of 6000 pulses delivered 3 times daily, 1 hour apart, 5 days a week for
2 weeks), CRS1/0Hz1 animals received a sham version of the stimulation
protocol, and CRS1/10Hz2 received no stimulation or extra handling. The
CRS2/0Hz2 animals were not subjected to the CRS procedure and did not
receive any stimulation or extra handling. The animals from both (A) and (B)
had 5 sessions of magnetic resonance imaging scans, each separated by at
least 1 week, and stimulation (if any) was ceased at the post-rTMS time
point. CRS, chronic restraint stress; LI-rTMS, low-intensity repetitive trans-
cranial magnetic stimulation; W1, 1 week after stimulation cessation; W2,
2 weeks after stimulation cessation.
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(15,16), is a key factor that drives the changes in dMRI mea-
sures, and this has been demonstrated in mice with demye-
lination (17,18).

We recently acquired multimodal MRI data following low-
intensity rTMS (LI-rTMS) in healthy rats [resting-state func-
tional MRI and magnetic resonance spectroscopy data
published in (19)] and following CRS [resting-state functional
MRI, magnetic resonance spectroscopy, and hippocampal
volume data (5)]. In this study, we analyzed the dMRI data
acquired in these experiments to investigate changes in the
WM of healthy rats following LI-rTMS and CRS. We also
report diffusion changes and myelin changes in the WM in the
CRS model following LI-rTMS treatment.

METHODS AND MATERIALS

Animals

Experimental procedures were approved by the University of
Western Australia Animal Ethics Committee (RA/3/100/1430
and RA/3/100/1640). Young adult male Sprague Dawley rats
(5–8 weeks old, 150–250 g) from the Animal Resources Centre
(Canning Vale, Western Australia) were maintained in a
temperature-controlled animal care facility on a 12-hour light-
dark cycle with food and water ad libitum. The CRS proced-
ure was carried out for 2.5 hours/day for 13 consecutive days
as described previously (5). Animals receiving LI-rTMS were
habituated to handling and the coil as described previously
(20,21). LI-rTMS was delivered using a custom-built round coil
(Supplement) at an intensity of approximately 13 mT at the
surface of the cortex (22). During the sham procedure, the coil
was disconnected.

Healthy animals from Seewoo et al. (19) did not undergo the
CRS procedure but received 10 minutes LI-rTMS at 10 Hz
(n = 9; CRS2/10Hz1) or 1 Hz (n = 9; CRS2/1Hz1) to the right
brain hemisphere once daily for 15 days (Figure 1A). For the
CRS experiments (B.J. Seewoo, B.Sc. Hons, et al., unpub-
lished data, July 2020) and data from (5)], animals were
randomly assigned to one of the following groups: 1) CRS1/
10Hz1animals (n = 22) underwent CRS and received acceler-
ated 10-Hz LI-rTMS (10 min 3 times daily, 1 hour apart, 5 days/
week for 2 weeks) to the left hemisphere; 2) CRS1/0Hz1 (n =
21) animals underwent CRS and sham LI-rTMS; 3) CRS1/0Hz2

(n = 19) restraint control animals underwent CRS but did not
receive any stimulation; and 4) CRS2/0Hz2 (n = 8) healthy
control animals did not undergo CRS or stimulation
(Figure 1B). Because we have previously shown that 1-Hz
stimulation has milder effects than 10 Hz (19), only 10-Hz
LI-rTMS was used for the next experiments to investigate its
effects in more detail in the depression model. Additionally, a
pilot study comparing the effects of the accelerated 10-Hz LI-
rTMS protocol (3 stimulation sessions/day) and the standard
10-Hz protocol (1 stimulation session/day) showed significant
improvement in depression-like behaviors in animals receiving
accelerated LI-rTMS only (23). Therefore, only accelerated
LI-rTMS was delivered in the CRS experiments.

MRI Data Acquisition

Anesthesia and physiological monitoring were performed
as previously described (5). MRI data acquisition time
154 Biological Psychiatry: Global Open Science April 2022; 2:153–166
points for the CRS2/10Hz1 and CRS2/1Hz1 animals have
been previously described (19) (Figure 1A). For the CRS
experiments, baseline dMRI data were acquired, followed
by the CRS procedure and post-CRS dMRI (Figure 1B). LI-
rTMS was then delivered with weekly imaging. MRI data
were also acquired 7 and 14 days after stimulation
cessation.

MRI hardware and software setup has been described
previously (19) (Supplement). B0 shimming was completed for
a region of interest covering the brain using the Bruker Map-
shim routine before dMRI data acquisition using a spin-echo
echo-planar imaging sequence. Five nondiffusion images
were also acquired during each dMRI scan.

CRS2/10Hz1 and CRS2/1Hz1 animals were imaged with
the following imaging parameters: repetition time = 2800 ms,
echo time = 21.0 ms, field of view = 28.2 3 21.0 mm2, matrix
size = 94 3 70, 21 coronal slices (scanner axial), thickness = 1
mm, in-plane resolution = 0.3 3 0.3 mm2, diffusion duration
(d) = 3.5 ms, and diffusion gradient separation (D) = 11 ms.
Multishell dMRI data consisted of 30 diffusion gradient di-
rections, b-values = 1000 and 2000 s/mm2, and imaging time =
6 minutes 4 seconds.

For the CRS experiments, two dMRI datasets were ac-
quired with the following imaging parameters: repetition
time = 3000 ms, echo time = 20.8 ms, field of view = 25.6 3

21.6 mm2, matrix size = 64 3 54, 29 axial slices (scanner
coronal), thickness = 0.4 mm, in-plane resolution = 0.4 3 0.4
mm2, d = 3.5 ms, and D = 12 ms. Single-shell dMRI data
consisted of 81 diffusion sampling directions with b-value =
3000 s/mm2 and imaging time = 8 minutes 36 seconds.
Multishell dMRI data consisted of 30 diffusion gradient di-
rections, b-values = 1000 and 2000 s/mm2, and imaging
time = 6 minutes 30 seconds.
www.sobp.org/GOS
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dMRI Data Analysis

dMRI data processing was carried out using the MRtrix3
software package (24) and included denoising (25–27), removal
of Gibbs ringing artifacts (28), and B1 field inhomogeneity
correction (29). Skull stripping was performed using the qimask
utility from QUantitative Imaging Tools (30).

Tract-Based Spatial Statistics. Multishell dMRI datasets
were analyzed using the tract-based spatial statistics (TBSS)
method (31) in the FSL (version 6.0.3) (32) and adapted for
using rodent data (Supplement). First, the preprocessed
datasets were converted to NifTI file format (https://nifti.nimh.
nih.gov/). Diffusion kurtosis parameter maps for fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD),
radial diffusivity (RD), kurtosis fractional anisotropy, mean
kurtosis, mean kurtosis tensor, axial kurtosis (AK), and radial
kurtosis (RK), as well as diffusion tensor parameter maps for
FA, MD, AD, and RD, were then generated for each animal at
each time point using the diffusional kurtosis estimator (33).
Next, the SPM12 toolbox (using MATLAB, version
9.10.0.1602886 (R2021a) [The MathWorks, Inc.] compiler) was
used to convert the above parameter maps into a format
compatible with input through the DTI-ToolKit software. DTI-
ToolKit was then used to spatially normalize each dataset to
a population-specific template (34) using a tensor-based
registration formulation (35). These coregistered images were
concatenated to create one single 4-dimensional image for
each diffusion parameter and fed into the FSL/TBSS pipeline.

The mean of all FA images was computed and used to
generate a mean FA skeleton and a skeleton mask using an FA
threshold of 0.26 (36). The mean FA and mean FA skeleton
mask were used to skeletonize all parameter maps, which were
then fed into the voxelwise analysis using nonparametric per-
mutation testing (FSL/randomise).

Fixel-Based Analysis. Single-shell dMRI data were used to
generate and analyze fixel-based metrics, including the
apparent fiber density (AFD), fiber cross-section (FC), and the
combination of AFD and FC (FDC), using the multitissue fixel-
based analysis pipeline implemented in MRtrix3 as outlined
previously (37–40). In this study, a population-based template
was generated based on 50 datasets across groups and time
points. Whole-brain tractography was performed on the tem-
plate with probabilistic tracking at a cutoff of 0.2 (41).

For track-weighted imaging analysis, whole-brain tractog-
raphy was performed in native space for each rat using the
same parameters outlined above and registered to the study-
specific template to normalize both the length and spatial
location of the streamlines. The normalized tractograms were
then used to generate the average pathlength map (APM),
representing the average length of tracks passing through
each voxel (42), and mean curvature map, representing the
average curvature of all tracks passing through each voxel.

Differences between time points were determined using
nonparametric permutation testing over 5000 permutations
(43,44).

Statistical Analyses. Because of the longitudinal nature of
the data presented, within-group comparisons were performed
Biological Psychiatry: Glob
to investigate changes over time. To quantify the amount of
change with and without restraint, baseline and postrestraint
time points were compared using an equal number of animals
from the CRS2/0Hz2 and CRS1/0Hz2 groups (n = 8). For all
image analyses, all voxels in the brain were corrected using the
threshold-free cluster enhancement method with familywise
error correction (45). Statistically significant differences for
maps were visualized at a Bonferroni-corrected p value of .006
(rTMS effects) and .025 (CRS effects). In addition, raw diffusion
values from 4 regions of interest (ROIs) within the corpus cal-
losum, internal capsule, external capsule, and fimbria [manu-
ally drawn using ITK-SNAP 3.3.0 (46); http://www.itksnap.org]
were extracted and analyzed using RStudio (version 3.6.1;
RStudio Team). Analysis of variance (lmerTest package) was
utilized to test for any significant effect of animal group or time
point. When there was an effect of both animal group and time
point, post hoc pairwise comparisons were performed with
false discovery rate correction (emmeans package) to deter-
mine significant differences in diffusion parameters between
time points for each group and ROI.

Brain Immunohistochemistry

At the end of the study, the rats were euthanized with an
overdose of sodium pentobarbitone (.160 mg/kg intraperito-
neal) and transcardially perfused with 200 mL of 4% para-
formaldehyde in 0.2M phosphate buffer. Brains were postfixed
in 4% paraformaldehyde solution at 4 �C and transferred to
30% sucrose in phosphate-buffered saline 48 hours before
cryosectioning into 40-mm coronal sections. Five brains from
each of the CRS1/10Hz1, CRS1/0Hz1, and CRS1/0Hz2

groups were selected and 3 sections were chosen per brain for
immunohistochemical staining at positions 80, 88, and 97 on
our MRI population template corresponding to
bregma 23.11, 22.11, and 20.11 mm (47). Sections were
processed for immunohistochemistry (Supplement) using
rabbit anti-myelin basic protein polyclonal antibody (ab40390)
and anti-NeuN monoclonal antibody (MAB377). Sections were
imaged on a Nikon confocal C2, NI-E microscope with a 103
lens, captured using NIS Elements AR software using the same
settings and analyzed using FIJI (ImageJ 1.53c, National In-
stitutes of Health) software by an operator blinded to condi-
tions (48) (Supplement). Data were analyzed and plotted using
RStudio (version 3.6.1; RStudio Team). Analysis of variance
(lmerTest package) was utilized to test for any significant effect
of animal group or ROI. Post hoc Mann-Whitney two-sample
rank-sum test with false discovery rate correction (rstatix
package) was then used to determine significant differences in
myelin basic protein (MBP) intensity between groups.

RESULTS

WM Changes Following 10- and 1-Hz LI-rTMS in
Healthy Rats

We first examined whether LI-rTMS-induced any changes in
WM tracts in healthy rats. TBSS analysis of the 10- and 1-Hz
data revealed an increase in diffusion kurtosis imaging/diffu-
sion tensor imaging (DKI/DTI) FA for both frequencies. This
increase was detectable at the 7 days after stimulation
cessation time point in the 10-Hz group but was observed only
al Open Science April 2022; 2:153–166 www.sobp.org/GOS 155
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at the 14 days after stimulation cessation time point in the 1-Hz
group (Figure 2). In addition, only the 10-Hz group exhibited an
increase in external capsule AK, internal and external capsule
kurtosis FA and mean kurtosis, and fimbria and external
capsule mean kurtosis tensor (Figures 2 and 3). ROI-based
analyses showed that both groups showed an increase in in-
ternal capsule DTI/DKI FA, but only the 1-Hz group showed an
increase in fimbria DTI FA (Figure 3). Additionally, internal
capsule AD and fimbria RK increased in the 10-Hz group only
and corpus callosum RK increased in both groups (Figure S1).
Rat Model of Depression: WM Changes Following
CRS

Having demonstrated that LI-rTMS altered WM tracts in
healthy animals, it was relevant to examine the effects of LI-
rTMS in a disease model. rTMS is an FDA-approved treat-
ment of depression, and therefore a rat model of depression
(CRS) was chosen. We first report CRS-induced WM changes
in restrained animals compared with healthy unrestrained
animals.

Changes in WM diffusion and kurtosis were observed in
both restrained and unrestrained groups, likely reflecting brain
maturation. DTI AD, DTI/DKI RD, and DTI/DKI MD decreased
significantly from baseline at the postrestraint time point, while
DKI AD decreased in healthy animals only and AK and DTI FA
increased in restrained animals only (Figure 4A). ROI-based
analyses showed that both groups exhibited a significant
decrease in external capsule DTI RD and increase in external
capsule DTI FA, while internal capsule DTI FA increased in
restrained animals only and fimbria RK increased in healthy
animals only (Figure 5A).
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Following restraint, animals exhibited smaller and delayed
brain maturation–related changes in WM FC and morphology
compared with unrestrained animals. Unrestrained animals
showed a greater increase in internal capsule FC and FDC and
corpus callosum and fimbria FDC compared with restrained
animals (Figure 4B). Additionally, there was a significant in-
crease in AFD, APM, and mean curvature map in unrestrained
animals only. ROI-based analyses showed a significant in-
crease in internal capsule FC and corpus callosum and fimbria
FDC in both groups. Only the unrestrained animals exhibited a
significant increase in corpus callosum, fimbria and external
capsule FC, internal capsule FDC, and external capsule and
fimbria APM (Figure 5B).
Rat Model of Depression and Treatment: WM
Changes Following CRS and Accelerated 10-Hz
LI-rTMS

Diffusion MRI. Having identified changes in WM that were
induced by CRS, we then determined whether these changes
could be rescued using LI-rTMS. Similar to changes reported
following CRS, there was a significant increase in DTI FA and
FC when comparing postrestraint and 14 days after stimulation
cessation time points in all groups (Figure 6), suggesting
ongoing brain maturation. LI-rTMS and control groups showed
similar amount of change in DTI/DKI FA overall, but only the
control group showed changes within the corpus callosum
(Figure 7). DKI/DTI RD decreased over time in the corpus
callosum in the sham and control groups but decreased over
time in the fimbria in the LI-rTMS group (Figure 7). While FC
increased with time in all groups, there was a greater increase
in FC in the internal capsule and fimbria of the LI-rTMS group
compared with sham and control groups, suggesting a
1 Hz
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35%
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0%

0%

Y = 70

Y = 60

Y = 75

Y = 70

Figure 2. Tract-based spatial statistics analysis
shows significant changes in diffusion and kurtosis
parameters following 10- or 1-Hz low-intensity rTMS
in healthy rats (pBonferroni , .006). The figure illus-
trates changes between baseline and 4 time points:
after 1 (mid-rTMS) and 2 weeks (post-rTMS) of daily
stimulation and W1 and W2 follow-up. Green rep-
resents mean FA skeleton of all animals; red denotes
an increase after stimulation. The percentage in the
top-right corner of the coronal slices represents
the percentage of the significant voxels relative to
the whole skeleton voxels for each parameter. Low-
intensity-rTMS was delivered to the right side of the
brain (denoted by R). AK, axial kurtosis; DKI, diffu-
sion kurtosis imaging; DTI, diffusion tensor imaging;
FA, fractional anisotropy; KFA, kurtosis fractional
anisotropy; MK, mean kurtosis; MKT, mean kurtosis
tensor; rTMS, repetitive transcranial magnetic stim-
ulation; W1, 1 week after stimulation cessation; W2,
2 weeks after stimulation cessation.
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Figure 3. Significant changes in DTI and DKI
measures within the internal and external capsules
and fimbria in healthy animals receiving 10- or 1-Hz
low-intensity rTMS (pFDR , .006). The boxplots
illustrate changes between baseline and 4 time
points: after 1 week (mid-rTMS) and 2 weeks (post-
rTMS) of daily stimulation and W1 and W2 follow-up.
‡pFDR , .1, *pFDR , .05, **pFDR , .01, ***pFDR ,

.001. AK, axial kurtosis; DKI, diffusion kurtosis im-
aging; DTI, diffusion tensor imaging; FA, fractional
anisotropy; KFA, kurtosis fractional anisotropy; MK,
mean kurtosis; MKT, mean kurtosis tensor; pFDR,
false discovery rate-corrected p; rTMS, repetitive
transcranial magnetic stimulation; W1, 1 week after
stimulation cessation; W2, 2 weeks after stimulation
cessation.
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significant effect of LI-rTMS in normalizing the WM changes
observed postrestraint (Figure 6B). ROI-based analyses
showed similar changes in FC and FDC in all groups
(Figure S2).

Immunohistochemistry. Given that we found a decrease
in DTI and DKI RD after rTMS and that changes in RD are
Biological Psychiatry: Glob
related to myelination, we measured the relative immunoden-
sity of the MBP fluorescent signal in the left, center, and right
regions of the corpus callosum in the CRS1/10Hz1, CRS1/
0Hz1, and CRS1/0Hz2 groups (Figure 8A). A near-significant
difference was detected between groups (analysis of vari-
ance, F2,12 = 3.710; p = .056). Given the small sample size (n =
5/group), a post hoc Mann-Whitney two-sample rank-sum test
al Open Science April 2022; 2:153–166 www.sobp.org/GOS 157
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A B Figure 4. CRS results in significant changes in the
white matter (pBonferroni , .025). (A) Results from
tract-based spatial statistics analysis. Green repre-
sents the mean FA skeleton of all animals; red de-
notes an increase and blue represents a reduction
after restraint. The percentage on the top-right
corner of each coronal slice represents the per-
centage of the significant voxels relative to the whole
skeleton voxels for each parameter. (B) Results from
fixel-based analysis and track-weighted imaging.
Rats that underwent CRS (CRS1/0Hz2) had a
smaller increase in FC, AFD, FDC, APM, and MC.
Statistically significant fixels are overlaid on the
population template. The whole-brain template
tractogram is also overlaid on the population tem-
plate for APM and MC. The number at the top-right
corner of each coronal slice represents the volume
of significant voxels. The right side of the brain is
denoted by R. AD, axial diffusivity; AFD, apparent
fiber density; AK, axial kurtosis; APM, average
pathlength mapping; CRS, chronic restraint stress;
DKI, diffusion kurtosis imaging; DTI, diffusion tensor
imaging; FA, fractional anisotropy; FC, fiber cross-
section; FDC, combination of AFD and FC; MC,
mean curvature; MD, mean diffusivity; RD, radial
diffusivity.
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was performed. CRS1/10Hz1 animals showed greater MBP
immunodensity than CRS1/0Hz1 animals or CRS1/0Hz2 ani-
mals at each ROI (Figure 8B). This difference was greater in the
left hemisphere, which received LI-rTMS (Table 1), supporting
the fixel-based analysis findings that LI-rTMS rescued the
delayed myelination caused by CRS.
DISCUSSION

To our knowledge, this study is the first to employ dMRI to
track whole-brain WM changes in healthy and CRS animals
over time and following multiple sessions of LI-rTMS. While
caution is needed when linking diffusion measures to micro-
structural correlates, based on the current literature, our dMRI
and histological findings suggest that the restorative effects of
LI-rTMS on WM are at least in part due to an increase in
myelination.
158 Biological Psychiatry: Global Open Science April 2022; 2:153–166
High-Frequency LI-rTMS Induces Greater and
Faster Changes in the WM of Healthy Rats Than
Low-Frequency LI-rTMS

In this study, we observed extensive WM changes in healthy
Sprague Dawley rats following 10- and 1-Hz LI-rTMS using
both DKI and conventional DTI. The increase in anisotropy
observed following 10-Hz stimulation likely stems from the
increased axial (parallel) diffusivity observed within the internal
capsule, which in turn may result from an increase in packing
density of fiber bundles and axons, axonal diameter increase,
changes in neurofibrils, and/or increased complexity of extra-
cellular matrix (49). Increased diffusion restriction perpendic-
ular to axonal direction (RK) in the corpus callosum of both
groups likely reflects increased myelination and/or number of
axons (49). RK is thought to be more influenced by cellular
membranes and myelin sheaths, whereas AK (parallel to
axonal direction) is considered to be primarily affected by
www.sobp.org/GOS

http://www.sobp.org/GOS


Corpus callosum Internal capsule Fimbria

Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz- CRS-/0Hz- CRS+/0Hz-

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Fimbria External capsule

Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz- CRS-/0Hz- CRS+/0Hz-

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz- CRS-/0Hz- CRS+/0Hz-

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz- CRS-/0Hz- CRS+/0Hz-

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz-

Baseline Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Corpus callosum Internal capsule Fimbria External capsule

F
D

C
F

C
A

P
M

F
C

A
P

M

Internal capsule External capsule

D
T

I 
F

A

D
T

I 
F

A
Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz-

Baseline Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz-

Baseline Post-CRS

Baseline minus 

Post-CRS

External capsule Fimbria

R
K

D
T

I 
R

D

Baseline minus 

Post-CRS

Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz-

Baseline Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

Baseline Post-CRS

CRS-/0Hz- CRS+/0Hz-

Baseline Post-CRS

Baseline minus 

Post-CRS

Baseline minus 

Post-CRS

A

B

C

* * *

** ***

***

* *** ** ** ** ⱡ

** * ⱡ*** ** *

* *

P
ai

re
d

 C
o

h
en

’s
 d

P
ai

re
d

 C
o

h
en

’s
 d

P
ai

re
d

 C
o

h
en

’s
 d

P
ai

re
d

 C
o

h
en

’s
 d

P
ai

re
d

 C
o

h
en

’s
 d

P
ai

re
d

 C
o

h
en

’s
 d

Low-Intensity rTMS–Induced White Matter Changes in Rats

Biological Psychiatry: Global Open Science April 2022; 2:153–166 www.sobp.org/GOS 159

Biological
Psychiatry:
GOS

http://www.sobp.org/GOS


8 mm3 1 mm3 1 mm3

28 mm3 17 mm3 3 mm3

Y = 80

P=0P=0.006

DTI FA

W1 follow-up 
> Post-CRS

W2 follow-up 
> Post-CRS

CRS+/10Hz+ CRS+/0Hz+ CRS+/0Hz-

R 2%

19%

8%

0%

1%

0%

10%

23%

12%DKI FA

W1 follow-up 
> Post-CRS

W2 follow-up 
> Post-CRS

19% 0% 22%

Y = 68

A

B FC

W1 follow-up 
> Post-CRS

W2 follow-up 
> Post-CRS

Figure 6. Increase in (A) DTI/DKI FA and (B) FC
following restraint in animals receiving active
(CRS1/10Hz1), sham (CRS1/0Hz1), and no stimu-
lation (CRS1/0Hz2). (A) Results from tract-based
spatial statistics analysis. Green represents the
mean FA skeleton of all animals; red denotes an
increase after restraint. The percentage on the top-
right corner of each coronal slice represents the
percentage of the significant voxels relative to the
whole skeleton voxels for each parameter. (B) Re-
sults from the fixel-based analysis. Statistically sig-
nificant fixels are overlaid on the population
template. The number at the top-right corner of each
coronal slice represents the volume of significant
voxels. The right side of the brain is denoted by R.
Low-intensity repetitive transcranial magnetic stim-
ulation was delivered to the left side of the brain. All
voxels were thresholded at a minimum Bonferroni-
corrected p value of .006. CRS, chronic restraint
stress; DKI, diffusion kurtosis imaging; DTI, diffusion
tensor imaging; FA, fractional anisotropy; FC, fiber
cross-section; W1, 1 week after stimulation cessa-
tion; W2, 2 weeks after stimulation cessation.
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intracellular structures. Although interpreting DKI metrics in
terms of tissue microstructure is challenging, a significantly
higher AK in the 10 Hz could be considered consistent with
higher neurite density and increased microstructural
complexity along the axial direction of WM fibers. It will be
interesting to determine whether the frequency-specific
changes in WM observed here are linked to the frequency-
specific effects that have been reported on neuronal excit-
ability, functional connectivity, and neurometabolite changes,
among others (50–53).

There are a few dMRI reports on the effect of rTMS on water
diffusion in healthy subjects, but only the effects of a single
rTMS session were assessed and results were inconclusive.
One study reported no changes following high- or low-
frequency rTMS (54), in contrast with other 1-Hz stimulation
=

Figure 5. CRS results in significant changes in (A) DTI measures and (B) FC
comparisons are shown in the Cumming estimation plots. The raw data are plotte
On the lower axes, each paired mean difference is plotted as a bootstrap sam
intervals are indicated by the ends of the vertical error bars. ‡pFDR , .1, *pFDR ,

chronic restraint stress; DKI, diffusion kurtosis imaging; DTI, diffusion tensor imag
apparent fiber density and FC; pFDR, false discovery rate–corrected p; RD, radia
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studies finding a brief (5 min) restriction in diffusion within the
stimulated region compared with the contralateral region (55),
and changes lasting up to 20 minutes were also reported in
remote nonstimulated regions (56). One explanation for the
longer-lasting effects observed in this study is that 2 weeks of
daily repeated rTMS reinforced the changes in diffusion,
inducing a long-lasting (cumulative) effect on WM organization
and structural integrity within the whole brain (57).
Compromised Brain Maturation–Related Changes
Following CRS

Local fiber density, FC, average pathlength, and mean cur-
vature increased from baseline in healthy control animals,
which may suggest changes in fiber morphology, an overall
, FDC, and (C) APM within white matter regions. The Cohen’s d for two
d on the upper axes; each paired set of observations is connected by a line.
pling distribution. Mean differences are depicted as dots; 95% confidence
.05, **pFDR , .01, ***pFDR , .001. APM, average pathlength mapping; CRS,
ing; FA, fractional anisotropy; FC, fiber cross-section; FDC, combination of

l diffusivity; RK, radial kurtosis.
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Figure 7. Significant changes in (A) DKI RD and (B) DTI RD within the corpus callosum and fimbria in animals receiving active (CRS1/10Hz1), sham (CRS1/
0Hz1), and no stimulation (CRS1/0Hz2). The Cohen’s d for four comparisons against the shared control after CRS are shown in the Cumming estimation plot.
The raw data are plotted on the upper axes. On the lower axes, mean differences are plotted as bootstrap sampling distributions. Each mean difference is
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increase in number of axons, and/or total intra-axonal vol-
ume within fiber bundles within the corpus callosum, fimbria,
and internal and external capsules (40). These results concur
with the work of Mengler et al. (58), who reported progressive
increases in cortical thickness and volume of several brain
Biological Psychiatry: Glob
regions in healthy rats up until 2 months of age. Moreover,
similar to this study, they found a decrease in AD, RD, and
MD during the first 6 months of cerebral development (58).
Our DTI/DKI measures confirm these findings and further
show an increase in fimbria RK, which likely reflects
al Open Science April 2022; 2:153–166 www.sobp.org/GOS 161
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Figure 8. MBP immunostaining in CRS animals
receiving active (CRS1/10Hz1), sham (CRS1/0Hz1),
and no stimulation (CRS1/0Hz2). (A) Representative
images of the three sections selected from each
brain for immunostaining. Left: original fluorescent
signal of MBP staining (red), NeuN (green), and
Hoechst signal (blue). Right: gray-scale images of
MBP fluorescent signal (white) with left, center, and
right ROIs overlaid (yellow) from which immuno-
density was measured. Low-intensity repetitive
transcranial magnetic stimulation was delivered to
the left side of the brain. R represents the right side
of the brain. (B)Mean 6 SEM of the mean gray value
of the left, center, and right ROIs measured as the
percentage of the maximum gray value of the image.
Comparisons were made by Mann-Whitney two-
sample rank-sum test with false discovery rate
correction. Low-intensity repetitive transcranial
magnetic stimulation was delivered to the left side of
the brain. ‡p , .1, *p , .05. CRS, chronic restraint
stress; MBP, myelin basic protein; ROI, region of
interest.
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increased myelination leading to more diffusion restriction
radially (49). Overall, our results confirm and extend previous
studies of ongoing brain maturation–related changes in
young adult rats.

Animals subjected to restraint stress exhibited less of these
brain maturation–related changes, with the greatest impact on
changes related to fiber morphology (AFD, APM, and mean
curvature map). However, the DTI and DKI results are less
clear-cut. Microstructural disruption in WM, axonal degener-
ation, and demyelination in depression are generally believed
to produce higher RD and MD and lower FA in both patients
with depression (11,59–61) and animal models of depression
(62,63), such as the Wistar–Kyoto strain genetic model (14)
and chronic unpredicted mild stress model (13). Keeping in
mind that relating DTI and DKI measures to tissue
Table 1. Statistical Table Indicating the Results of Immunohisto

ROI CRS1/10Hz1 CRS1/0Hz1 CRS1/0Hz2 CRS1/10Hz1 . CR

Left 76 6 3 58 6 8 52 6 5 pFDR = .024a; ES = .6

Center 70 6 5 53 6 8 49 6 5 pFDR = .071b; ES = .5

Right 77 6 3 62 6 10 55 6 7 pFDR = .071b; ES = .5

Values are presented as mean 6 SE for each group.
CRS, chronic restraint stress; ES, effect size; pFDR, false discovery rate–
apFDR , .05
bpFDR , .1
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microstructure is difficult, our observation of higher FA values
being driven by a decrease in RD and MD contradicts the
above-mentioned studies. Nevertheless, the heterogeneity of
symptoms of depression may lead to these differential
microstructural alterations [human: (64–66), animal: (67)]. For
example, increased FA and decreased RD can be associated
with high levels of anxiety in human depression (65,68,69).
Similarly, different animal model strains are prone to variation
in behavioral and physiological adaptations to repeated stress
and therefore exhibit different changes in dMRI (70). Overall,
while the exact pathological processes occurring in patients
with depression and CRS animals are still unknown, increased
AK and decreased MD and RD strongly suggest that water
diffusion is more restricted and WM structure is altered
by CRS.
chemistry Data

S1/0Hz1 CRS1/10Hz1 . CRS1/0Hz2 CRS1/0Hz1 . CRS1/0Hz2

94 pFDR = .012a; ES = .826 pFDR = .075b; ES = .495

61 pFDR = .048a; ES = .694 pFDR = .21; ES = .297

61 pFDR = .024a; ES = .760 pFDR = .274; ES = .231

corrected p; ROI, region of interest.
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Accelerated 10-Hz LI-rTMS Rescued Brain
Maturation–Related Changes

Given that we have shown changes in WM linked to ongoing
brain maturation in our young rats, dissecting changes related
to brain maturation, CRS, and LI-rTMS is difficult. For example,
an increase in FA has consistently been reported in patients
with depression following repeated high-frequency rTMS
(71,72) and electroconvulsive therapy (73,74). In contrast, in
this study, FA increased over time in all three CRS groups,
suggesting that there was no effect of LI-rTMS on FA. How-
ever, we cannot rule out that changes in FA due to LI-rTMS
were masked by ongoing maturation.

Nonetheless, some measures were specific to LI-rTMS, and
these were consistent with an increase in myelination. Myeli-
nation has been positively correlated to FC in previous animal
studies combining dMRI and immunohistochemistry (75) and
in human dMRI studies of demyelinating diseases (76,77). We
observed a greater increase in FC in the active group,
consistent with their higher level of MBP in the corpus cal-
losum compared with sham and depression control groups.
The combination of an increase in FC and myelination in the
corpus callosum (78) reflects normal cerebral development in
rats, and these changes typically continue well into adulthood
(3–6 mo) but were impaired in sham and depression control
animals. It is well established that exposure to early life stress
alters WM development in humans, nonhuman primates, and
rodents (79). In addition, abnormal myelination has been re-
ported in human patients with depression and animal models
of depression and anxiety-like behaviors (15,80). Therefore, our
results suggest that LI-rTMS may rescue brain maturation-
related and/or CRS-related changes, potentially via increased
survival of oligodendrocytes and/or increased myelin produc-
tion (81).

Because neuronal activity is a major regulator of oligo-
dendrocyte biology during development and in adulthood
(81,82), brain stimulation is a compelling therapeutic
approach to promote myelin repair. Low-intensity magnetic
stimulation as used in this study has been shown to increase
survival of newly generated oligodendrocytes in mice (81),
which may underpin the increased myelination observed in
our experiments. Low-intensity magnetic stimulation does
not trigger action potentials (83,84) but has been shown to
increase excitability of pyramidal neurons in cortical slices
(85) and alter conduction velocity of axons in the corpus
callosum (86). These changes to intrinsic neuronal properties
may alter the probability of neuronal firing, leading to the
increased myelination described in both studies. It is
possible that higher intensities of rTMS, such as those used
in clinical settings, might have the same outcomes; direct
electrical stimulation to the corticospinal tract at supra-
threshold intensities results in proliferation and differentia-
tion of oligodendrocyte progenitor cells (87). Although both
stimulation protocols would ultimately increase myelination,
it is interesting to note that they likely do so via different
mechanisms.

Study Limitations and Future Directions

Our study has two main limitations. First, dMRI cannot directly
measure microstructural changes, which need to be confirmed
Biological Psychiatry: Glob
using invasive methods in animal studies. For example, retro-
grade tract-tracing data together with immunohistochemistry
of gliosis status can further verify dMRI changes. Second,
older adult rats that have completed cerebral development
(6 mo or older) can be used to exclude brain maturation–
related changes seen in this study. Nonetheless, combining
the use of DKI and conventional DTI along with fixel-based WM
tractography improved the detection of changes induced by
CRS and LI-rTMS and provided more directionally specific and
complementary information compared with using these ap-
proaches individually. These findings suggest that multiple
diffusion and kurtosis parameters should be used in conjunc-
tion with AFD and track-weighted imaging measures to assist
in further advancing our understanding of depression disease
progression and rTMS treatment.

Conclusions

In conclusion, this study found evidence of delayed brain
maturation–related changes in restrained animals, but these
were partly rescued by LI-rTMS. By integrating dMRI and
immunohistochemistry, our results raise the possibility that
LI-rTMS and potentially rTMS may exert therapeutic effects by
rescuing abnormal myelination, in addition to their well-
characterized effects on neuronal plasticity (50), providing
new insight into their mechanism of action and potential
therapeutic applications.
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