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Abstract

Currently approved repetitive transcranial magnetic stimulation (rTMS) protocols for the treatment
of major depressive disorder (MDD) involve once-daily (weekday) stimulation sessions, with

10 Hz or intermittent theta burst stimulation (iTBS) frequencies, over 4-6 weeks. Recently,
accelerated treatment protocols (multiple daily stimulation sessions for 1-2 weeks) have been
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increasingly studied to optimize rTMS treatments. Accelerated protocols might confer unique
advantages for adolescents and young adults but there are many knowledge gaps related to dosing
in this age group. Off-label, clinical practice frequently outpaces solid evidence as rigorous
clinical trials require substantial time and resources. Murine models present an opportunity for
high throughput dose finding studies to focus subsequent clinical trials in humans. This project
investigated the brain and behavioural effects of an accelerated low-intensity rTMS (LI-rTMS)
protocol in a young adult rodent model of chronic restraint stress (CRS). Depression and anxiety-
related behaviours were induced in young adult male Sprague Dawley rats using the CRS model,
followed by the 3-times-daily delivery of 10 Hz LI-rTMS, for two weeks. Behaviour was assessed
using the Elevated Plus Maze and Forced Swim Test, and functional, chemical, and structural
brain changes measured using magnetic resonance imaging techniques. CRS induced an agitated
depression-like phenotype but therapeutic effects from the accelerated protocol were not detected.
Our findings suggest that the age of rodents may impact response to CRS and LI-rTMS. Future
studies should also examine higher intensities of rTMS and accelerated theta burst protocols.
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Introduction

Repetitive Transcranial Magnetic Stimulation (rTMS) is a non-invasive brain stimulation
technique that is FDA approved for treatment-resistant major depressive disorder (MDD),
obsessive-compulsive disorder, and migraine (Horvath et al., 2010). While the therapeutic
mechanism of action of rTMS remains poorly understood, recent neuroimaging studies in
patients with MDD have shown that rTMS treatment is associated with widespread changes
in brain connectivity, and that the magnitude of specific connectivity changes is correlated
with symptom improvement (Philip et al., 2018). Currently approved rTMS protocols for
the treatment of MDD involve once-daily (weekday) stimulation sessions, with 10 Hz or
intermittent theta burst stimulation (iTBS) frequencies, over 4-6 weeks. More recently,
accelerated treatment protocols (multiple daily stimulation sessions for 1-2 weeks) have
been studied in the belief that increasing the dose will improve outcomes (Baeken et al.,
2021; Baeken et al., 2020; Cole et al., 2020; Williams et al., 2018). However, there is

a lack of clear evidence for a biological benefit of accelerated over standard protocols
(Fitzgerald et al., 2018; Modirrousta et al., 2018). A better understanding of the behavioural
and brain outcomes associated with rTMS will support optimisation of dosing and treatment
parameters required to improve patient outcomes.

Off-label, clinical practice frequently outpaces evidence as rigorous clinical trials require
substantial time and resources. Murine models offer a cost-effective opportunity for high
throughput dose finding studies to focus subsequent clinical trials in humans. MRI-based
experiments have shown that changes in brain connectivity in rodents following low-
intensity magnetic fields (LI-rTMS; to maximise focality (Rodger et al., 2012)) reflect those
observed in healthy humans after conventional TMS (Seewoo et al. 2018, 2019b). LI-rTMS
has also been applied in rodent models of depression with promising behavioural results:
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LI-rTMS successfully rescued behavioural and neurological symptoms in a mouse model
of depression (Heath et al., 2018), and a study in adolescent rats suggested a benefit of
low-intensity 10 Hz accelerated compared to standard rTMS protocol on depression-like
behaviours (Seewoo et al., 2021b). However, to date there have been no studies correlating
behavioural and brain-based outcomes of rTMS in an animal model of depression.

For the first time, here we report repeated measures of behaviour and brain connectivity

in young adult rats subjected to chronic restraint stress (CRS), followed by treatment with
an accelerated 10 Hz low-intensity rTMS protocol. CRS is a well-established model of
anxiety and depression in rodents and is accompanied by changes in brain connectivity that
reflect those reported in human subjects with depression. Furthermore, changes in behaviour
post CRS in rodents are associated with changes in connectivity (Seewoo et al., 2020). We
chose to study accelerated rTMS because recent clinical studies suggest that an accelerated
delivery that provides a higher dose of stimulation may be as effective as standard delivery
and may have advantages in some populations (Baeken et al., 2021; Baeken et al., 2020;
Cole et al., 2020; Seewoo et al., 2021b; Williams et al., 2018). Our results show that
although CRS successfully induced an agitated depression-like phenotype that was detected
in behavioural and brain imaging measures, two weeks of accelerated 10 Hz LI-rTMS did
not influence behaviour, brain connectivity, hippocampal volume or neurotransmitter levels.
Our results are discussed in the context of possible confounders of age, phenotype as well as
rTMS intensity and frequency.

2. Materials and methods

2.1. Animals

Fifty-six male Sprague Dawley rats (7-8 weeks old; 290+47 g) were sourced from the
Animal Resources Centre, Western Australia. Rats were habituated to the animal care
facility for one week prior to experiments. All animals were group-housed (two rats/cage)
in a temperature-controlled, standard 12 h light/dark cycle environment with food and water
provided ad libitum except where specified in the methods.

2.2. Study overview

The experimental protocol was approved by the University of Western Australia Animal
Ethics Committee (RA/3/100/1640) and was in accordance with the National Health and
Medical Research Council’s Australian Code for the Care and Use of Animals for Scientific
Purposes (8th Edition, 2013).

Animals were randomly assigned to one of three groups: accelerated active treatment (n =
20 per group), accelerated sham treatment (n = 20 per group), or no treatment (depression-
induced control group; n = 16 per group). As batches of animals completed the experiment
step-wise, each condition was equally allocated within batches (i.e. random assignment of
four animals to each condition in batches of 12 animals). All animals underwent chronic
restraint stress for 2.5 h per day for 13 days. Following CRS, animals in the treatment
groups received 3 sessions of active or sham 10 Hz stimulation per day (spaced 1 h apart),
for 5 consecutive days per week, for 2 weeks. Each stimulation session consisted of 10 min

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennessy et al.

Page 4

of 10 Hz low-intensity stimulation, in line with previous animal studies (Makowiecki et al.,
2018; Moretti et al., 2020; Poh et al., 2019; Seewoo et al. 2018, 2019b, 2021a, 2021b). For
all animals, behavioural tests and magnetic resonance imaging procedures were conducted at
baseline, after the chronic restraint stress period, midway through treatment, post-treatment,
and at one-week and two-week follow-up time points (Fig. 1). Behavioural testing and
imaging were conducted over a four-day period. This testing period was conducted before
moving onto the next stages of the experiment, with the exception of the mid-treatment
timepoint (comprised of two days), where the testing period overlapped with the fifth and
sixth days of rTMS delivery.

2.3. Chronic restraint stress

Depression-like behaviours were induced using a Chronic Restraint Stress (CRS) model (see
Ulloa et al. (2010)), as validated in Seewoo et al. (2020). Rats were placed in individual
transparent acrylic tubes for 2.5 h each day, for 13 consecutive days.

2.4. Repetitive transcranial magnetic stimulation

Stimulation was delivered at 10 Hz using a custom-built round coil (8 mm inner diameter
x 16.2 mm outer diameter x 10 mm height; 460 turns of 0.25 mm diameter copper wire;
6.1 Q resistance). The coil was connected to a pulse generator and produced a magnetic
field intensity of 24 mT at the coil surface and 13 mT at the surface of the cortex (Grehl

et al., 2015; Seewoo et al. 2018, 2019b). Sham stimulation was delivered with the pulse
generator switched off, acting as a handling control. Our goal was to position the coil with
the maximum induced electric field over the left prefrontal cortex: Animals were placed on
the investigator’s lap, and the coil was placed flat against the dorsal-lateral (left) side of the
animal’s head, with the rostral-most edge of the coil positioned behind the left eye. In this
way, the area immediately underneath the coil winding (with the maximum induced electric
field) targeted the left prefrontal cortex. Because of the circular shape of the coil, other
more caudally located brain regions also received stimulation although at lower intensity
(modelled in (Seewoo et al., 2018). Coils were manually held in the appropriate position
relative to the animal’s head throughout the stimulation period because the animals were
awake and lightly restrained and made occasional head movements. Each treatment session
was conducted during the afternoon, commencing between 12:00-13:30.

2.5. Behavioural testing

2.5.1. Elevated Plus Maze—Animals first underwent the Elevated Plus Maze (EPM)
test (see Walf and Frye (2007) for full protocol) to assess the presence of anxiety-related
behaviours. Animals were placed in the centre of a plus-shaped maze, facing an open arm,
and allowed to explore the maze for 5 min.

2.5.2. Sucrose preference test—The Sucrose Preference test was conducted
following the EPM, but yielded unreliable results as previously reported (Seewoo et al.,
2020). Protocol is described in supplementary information.

2.5.3. Forced Swim Test—The Forced Swim Test (FST) was conducted last in the
sequence of behavioural tests to evaluate learned-helplessness (Slattery and Cryan, 2012).
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Animals were individually placed for 6 min in white, opaque 20 L buckets (height = 41 cm,
diameter = 28 cm) filled with water (23-25 °C) to a depth of 30 cm. Animals were exposed
to the test conditions in a pre-test (see Slattery and Cryan (2012)).

2.5.4. Analysis of behavioural videos—For the EPM and FST, behaviour was
recorded using a GoPro Hero 7 (GoPro, Inc.) camera and the footage analysed offline

(full 5 min for the EPM, the first 5 min for the FST) by a trained experimenter blind to
condition and timepoint. For the EPM, exploration was determined through the number

of exits and time spent in the open and closed arms. Rearing and grooming behaviours
were also measured to quantify stress responses. For the FST, the video was splitinto 5 s
segments. Each segment was analysed to determine the predominant behaviour. Behaviours
were classified as either climbing, swimming, or immobility. Latency to the first segment
with predominant immobility was also determined.

2.6. Magnetic resonance imaging

2.6.1. MRI procedure—Imaging sessions were conducted in the two days following the
Forced Swim Test. Animals were placed in an induction box containing 4% Isoflurane in
medical air, then transferred to the MRI machine as described previously (Seewoo et al.,
2020). Isoflurane was then slowly reduced to 2%, at which point a 0.05 mg/kg bolus dose
and continuous 0.15 mg/kg/hr infusion of medetomidine were delivered subcutaneously.
The concentration of isoflurane was gradually decreased to 0.5-0.75% for resting-state
functional MRI (rs-fMRI) data collection. At the conclusion of the imaging session, animals
were returned to their home cage and a 0.15 mg/kg subcutaneous injection of atipamezole
was administered as a medetomidine reversal agent. Although isoflurane has been shown in
some studies to be an antidepressant, the concentrations we used were well beneath those
showing evidence of an antidepressant effect (Antila et al., 2017).

2.6.2. MRI parameters—Images were acquired using a 9.4 T (400 MHz; H-1) Bruker
Biospec 94/30 US/R pre-clinical MRI machine (Bruker BioSpin GmbH, Germany). A
BGA-12SHP imaging gradient system and Avance I11 console were operated using
ParaVision 6.0.1 software. An 86 mm-diameter volume transmit coil, and rat brain surface
quadrature receiver head coil were also used. To acquire the scans, we followed a previous
imaging protocol, as detailed in Seewoo et al. (2018). First, an anatomical localiser scan
was obtained, followed by a multi-slice 2D rapid acquisition with relaxation enhancement
(RARE) sequence for three T2-weighted anatomical scans (21 coronal slices, 21 axial
slices, 20 sagittal slices, 1 mm thickness; TE = 33 ms, TR = 2500 ms; 280 x 280 matrix;
0.1 x 0.1 mm? pixel size). For 1H-magnetic resonance spectroscopy, a point resolved
spectroscopy (PRESS) sequence consisting of a 90° pulse followed by two 180° pulses and
water suppression was obtained (64 averages; TE = 16 ms, TR = 2500 ms), using a single
voxel (3.5 x 2 x 6 mm3) placed over the left sensorimotor cortex (for consistency with
locations chosen in human studies; as discussed in Seewoo et al. (2020)). Rs-fMRI data was
acquired using the single-shot gradient echo planar imaging sequence (21 coronal slices, 1
mm thickness; TE = 11 ms, TR = 1500 ms; 94 x 70 matrix; 0.3 x 0.3 mm? pixel size; 90°
flip angle; 300 vol; first order automatic ghost correction; 300 kHz receiver bandwidth).
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2.6.3. Data analysis—All MRI data was processed and analysed as previously
described in Seewoo et al. (2020).

All rs-fMRI data was pre-processed and analysed using FSL v5.0.10 (Functional MRI of the
Brain (FMRIB) Software Library) (Jenkinson et al., 2012) and following the data analysis
pipeline detailed in Seewoo et al. (2021c). Multi-subject temporal concatenation group-1CA
and FSL dual regression analysis was conducted (see supplementary information), followed
by seed-based analysis using the atlas mask for the cingulate cortex. Higher-level analysis
was carried out using OLS (ordinary least squares) simple mixed-effects (Beckmann et al.,
2003; Woolrich, 2008; Woolrich et al., 2004) in atlas space. Z (Gaussianised T/F) statistic
images were thresholded non-parametrically using clusters determined by Z > 2 and a
(FWE-corrected) cluster significance threshold of p = .05 (Worsley, 2001).

To assess hippocampal volume, the three T2-weighted anatomical (coronal, sagittal and
axial) data were pre-processed as described in Seewoo et al. (2020) and then registered

to the high-resolution Sprague Dawley brain atlas (no downsampling). Atlas masks for
bilateral hippocampus (including cornu ammonis and dentate gyrus) and whole-brain (grey
matter, white matter and cerebrospinal fluid) were transformed to each individual animal’s
anatomical space. The “fsistats” command was used to extract bilateral hippocampal
volumes and whole-brain volumes from each of the three planes. Hippocampal and
whole-brain volumes from the three planes were averaged for each animal scan session.
Hippocampal volume was normalised to whole brain volume to adjust for differences in
head size, as previously described by Welniak—Kaminska et al. (2019). All hippocampal
volume results presented here are expressed as a percentage of whole-brain volume.

1H-MRS data were analysed in LCModel (“Linear Combination of Model spectra” version
6.3-1 L) (Provencher, 2001) using a simulated basis set provided by the software vendor.
Individual metabolite concentrations were computed using the unsuppressed reference water
signal for each individual scan. As a measure of reliability of metabolite concentrations,
Cramér-Rao lower bound (CRLB) values were calculated by LCModel and reported

as percent standard deviation of each metabolite. The metabolites of interest were -y-
aminobutyric acid (GABA), glutamate (Glu), glutamine (GIn), and combined glutamate-
glutamine (GIx). All 1H-MRS results are expressed as a ratio to tCr (total creatine = Cr

+ PCr) spectral intensity, the simultaneously acquired internal reference peak (Block et al.,
2009; Walter et al., 2009; Xu et al., 2013).

2.7. Statistical analysis

Statistical analysis was conducted using SPSS (v. 21, IBM Corporation, Armonk, New
York, USA), RStudio (v. 4.0.2, RStudio Team, Boston, Massachusetts, USA), and DABEST
(via https://estimationstats.com ), with figures created and directly downloaded from https://
estimationstats.com.

Paired student’s t-tests and Wilcoxon signed ranks tests (for non-parametric data) were used
to assess the effect of the chronic restraint stress model on all behavioural measures and
MRI outcomes compared to baseline. Mixed model analysis of variance (ANOVA) was used
to test the effect of treatment group and timepoint for both behavioural tests and change in
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functional connectivity, hippocampal volume, and metabolite levels. Visual inspection of QQ
plots was used to assess normality. All variables met the assumption of normal distribution
except the following behavioural measures: open arm exit count, time spent in open arms,
time spent grooming, and climbing count. These variables were then log transformed to
meet normality. Follow-up Tukey’s HSD and Games-Howell post hoc tests were used to
account for multiple comparisons.

Estimation statistics based on confidence intervals (Cl) and 5000 bootstrap samples were
conducted to further assess the data over time within each treatment group. Pvalues
represent the likelihood of observing the effect sizes, with Cohen’s d used to measure effect
size (with the exception of the behavioural test multi-paired plots, which instead used the
paired median difference due to a large number of animals recording zero counts and thus a
non-normal distribution).

We note that some data points were excluded from the analyses due to technical

failures, including failure of the MRI machine and associated equipment (heating blankets,
monitoring equipment), camera recording failure, anaesthetic failure, and the limitations
of statistical packages in dealing with null values. A full outline of these exclusions is
provided in the supplementary material. All measurements are presented as mean+SEM
unless otherwise specified, with the level for statistical significance set at p <.05.

3. Results

3.1. Baseline vs Post-CRS

We first compared behaviour and brain changes in rats at baseline and immediately
following CRS to characterise the impact of the CRS intervention.

In the Elevated Plus Maze, there was a significant increase in the number of exits out of
both the closed arms (Baseline M= 6.88, SE=0.59; Post-CRS M=9.33, SE=0.48; n
=52; Z=-3.375, p=.001) and open arms (Baseline M= 0.52, SE = 0.15; Post-CRS
M=1.02, SE=0.19; n=50; Z=2.099, p=.036) following CRS. There was also a
significant decrease in the total amount of time spent in the closed arms (Baseline M=
220.37, SE=4.88; Post-CRS M=193.21, SE=6.96; n=52; t(51) =3.771, p<.001),

and a significant increase in total time spent in the open arms (Baseline M= 3.72, SE=
1.05; Post-CRS M=9.64, SE=2.18; n=50; £=-2.562, p=.010). Additionally, there
was an increase in number of times the animals exhibited grooming behaviours (Baseline
M =256, SE=0.30; Post-CRS M= 3.44, SE=0.30; n=50; Z=-2.299, p=.022).
However, there were no significant changes in total time spent grooming, number of times
demonstrating rearing behaviour, or total time spent rearing. In the Forced Swim Test, there
was a significant decrease in swimming compared to baseline levels (Baseline M= 32.23,
SE =2.14; Post-CRS M=25.43, SE=2.09; n=35; t(34) = 3.039, p=.005; Fig. 2).

There was also an increase in immobility and a reduced latency to the first immobility score,
although these differences were not significant. There were no significant differences found
for climbing behaviour.
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Assessment of resting-state fMRI data using seed-based analysis identified a reduction in
functional connectivity between the cingulate cortex and a range of regions following CRS
(¢(47) =8.112, p<.001; Fig. 3). Furthermore, the percentage of total hippocampal volume
did not change immediately following CRS compared to baseline levels (Baseline M=
5.87%, SE=0.005; Post-CRS M =5.87%, SE=0.008; p=.356). Individual left or right
hippocampal volumes also did not change for post-CRS timepoints (Left M= 2.90%, SE
=0.004, p=.247; Right M= 2.97%, SE=0.004; n=49; p=.630). There were also no
significant changes in any measured neurometabolite levels following CRS (p >.05) (not
shown; see supplementary material information).

3.2. rTMS treatment and long-term outcomes

Having confirmed that CRS had induced brain and behavioural changes, animals were
randomly allocated to accelerated rTMS treatment, accelerated sham treatment, or no
intervention for 2 weeks. Behavioural and MRI outcome measures were monitored weekly
during, and for 2 weeks following treatment.

3.2.1. Behaviour—There was no clear effect of LI-rTMS on behaviour following CRS
(Fig. 4). In the Elevated Plus Maze, the mixed model ANOVA found a significant interaction
between treatment group and timepoint for total time spent grooming (F (10,115) = 1.99, p=
.041), with significant simple main effects found in the sham group between mid-treatment
and post-treatment timepoints (p = .007) and between the sham and control groups at

the mid-treatment timepoint (p = .049). No other simple main effect comparisons were
significant (Fig. 4). There were no interactions found for the other variables, however a main
effect of timepoint was found for total time spent in closed and open arms, total exits from
closed and open arms, and total count of grooming behaviours. No variables showed an
effect of treatment on behaviour in the EPM.

For the Forced Swim Test, there was a significant interaction between treatment group and
timepoint for swimming (F (7.20,112.94) = 2.18, p=.039), with significant simple main
effects found in the active group between baseline and mid-treatment timepoints (p=.001),
and in the sham group between the baseline and week 2 follow-up (p = .026), post-treatment
and week 2 follow-up (p = .006), and week 1 and week 2 follow up timepoints (p = .048)
(Fig. 4). However, there were no significant interactions or main effects found for the other
variables.

3.2.2. Resting-state fMRI—Using seed-based analysis of fMRI data, the mixed model
ANOVA found a significant main effect of timepoint on functional connectivity to the
cingulate cortex (F (5254.77) = 13.03, p= < .001), but no main effect of treatment or
interaction between the two variables suggesting that brain connectivity changed over time
in all rats. Accelerated LI-rTMS did not have an impact on brain connectivity over time (Fig.
5).

3.2.3. Hippocampal volume—The mixed model ANOVA found a significant main
effect of timepoint on total hippocampal volume (F (5260.52) = 3.51, p=.004), but no
main effect of group or interaction between the two variables. Similarly, when left and
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right hippocampi were analysed separately, the mixed model ANOVA found a significant
main effect of timepoint for both left (F (5260.97) = 2.47, p=.033) and right hippocampal
volumes (F (5260.51) = 3.41, p=.005), but no main effect of group or interaction between
the two variables. This data suggests that hippocampal volume slightly increased over time
following CRS and was not affected by accelerated LI-rTMS (Fig. 6).

3.2.4. 1H magnetic resonance spectroscopy—The levels of y-aminobutyric acid
(GABA), glutamate (Glu), glutamine (GlIn) and combined glutamate-glutamine (GIx) were
measured in the sensorimotor cortex across all timepoints and determined as concentrations
relative to tCr. A mixed model ANOVA was used to compare the levels across all conditions
and timepoints. There was a significant main effect of timepoint on the levels of Glu (F
(5264.98) = 3.22, p=.008), but not for GABA, GIn, or GIx (p> .05). There was no main
effect of group or significant interaction found for any of these recorded metabolites. The
data suggest that there were small fluctuations in Glu over time that were not related to
treatment with accelerated LI-rTMS (Fig. 7).

4. Discussion

r'TMS is a promising tool for treating patients with neuropsychiatric conditions, however
there is a need to better understand the dosing parameters in order to develop optimal
treatment protocols. Our aim in the present study was to evaluate the long-term effects of
an accelerated LI-rTMS protocol on brain and behavioural outcomes in young adult rats
subjected to chronic restraint stress (CRS). The rats unexpectedly displayed hyperactivity
and an agitated depression-like behavioural phenotype in response to CRS, which was
associated with a decrease in cingulate cortex connectivity. However, treatment with
accelerated 10 Hz LI-rTMS did not alter behaviour or brain-based measures. Our findings
contrast with the positive outcomes previously reported after accelerated LI-rTMS in
younger adolescent rats (6—7 weeks, at the start of the experiment (Seewoo et al., 2021b)).
One possible interpretation is that the response to CRS and potentially LI-rTMS depends
on the age and/or weight and size of the animals, and these factors are discussed in

detail at the end of the discussion. Another possibility is that the variability across our
experiments matches the variability in symptoms and rTMS treatment outcomes reported in
human patients with depression, suggesting that our database of preclinical experiments may
provide a valuable resource for investigating predictive biomarkers of rTMS efficacy.

4.1. Decreased functional connectivity and behavioural agitation following chronic
restraint stress

An unexpected finding in our experiments was that the changes induced by CRS in young
adult rats, both in terms of brain connectivity and behaviour do not conform to standard
presentations of anxiety and depression-like behaviours. Abnormal functional connectivity
is a common characteristic of depression and anxiety in human patients (Mulders et al.,
2015; Kaiser et al., 2015; Kim et al., 2011; Hilbert et al., 2014), with the cingulate cortex
generally showing increased functional connectivity with regions in the limbic system,
resulting in deficits in moderating and regulating the processing of emotion in mood
disorders (Greicius et al., 2007; Davey et al., 2012; Rolls et al., 2019; Mulders et al.,
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2015; Connolly et al., 2013). Similarly, following chronic restraint stress in rodents, we and
others have previously demonstrated decreased functional connectivity within the salience
and interoceptive networks, and hyperconnectivity of multiple regions to the cingulate cortex
(Seewoo et al., 2020). However, in the current study, we instead identified a decrease in
connectivity between the cingulate cortex and several brain regions, similar to findings in
human patients with trauma and/or anxiety (Kennis et al., 2015; Chen et al., 2019; Chang
and Yu, 2018; Hahn et al., 2011).

Changes in behaviour also support a non-standard response to CRS. In the EPM, rats spent
more time in the open arms, suggesting a reduction in anxiety, however this was combined
with increased movement across all arms, suggesting hyperactivity and agitation. Similarly
in the FST, animals showed both increased immaobility suggesting learned helplessness,
but they also had a significant increase in climbing behaviour, suggesting agitation. Taken
together, these behaviours may reflect aspects of a clinical presentation of depression and
anxiety with agitation.

Hyperactivity has been reported in other animal models of depression, such as olfactory
bulbectomy in mice (Heath et al., 2018; Masini et al., 2004; Wang et al., 2007), and is

a common clinical symptom of depression in some human patients (Serra et al., 2019;
Iwanami et al., 2015; Angst et al., 2009). Moreover, psychomotor agitation is a common
symptom of anxiety disorders, particularly when comorbidities of anxiety and mood
disorders are present (Kaiser et al., 2021; Zbozinek et al., 2012). Taken together, the MRI
and behavioural outcomes suggest that CRS induced an agitated phenotype in our young
adult rats, contrasting with previous studies in adolescent and older adult rats showing
behaviours predominantly associated with depression (learned helplessness, anhedonia)
(Seewoo et al., 2020; Ulloa et al., 2010; Ménard et al., 2016; Chiba et al., 2012; Liu et
al., 2016) (see also supplementary info).

4.2. Accelerated LI-rTMS did not affect connectivity, hippocampal volume, metabolites or

behaviour

We did not observe any changes in brain or behavioural measures following ten sessions of
accelerated LI-rTMS over two weeks. This was surprising given the results from our pilot
study suggesting that just one week of accelerated LI1-rTMS rescued the effects of CRS
(Seewoo et al., 2021b). We cannot rule out that the pilot study produced a false positive
result due to a small sample size (n = 5 per group), or that the reduced statistical power

due to multiple timepoints in the current study resulted in a false negative, despite the larger
group size of n = 12. However, most of the behavioural outcomes had medium to large
effect sizes in both the pilot (Seewoo et al., 2021b) and current study (see supplementary
material). In contrast, the effect sizes for MRI outcomes were small in the present study,
suggesting high variability. An alternative explanation is that the animals used in the present
study did not respond to LI-rTMS because of their slightly older age compared to the

pilot study cohort (6—7 vs 7-8 weeks upon experiment onset; see below), and/or because
accelerated LI-rTMS may not be an effective treatment for the hyperactivity and agitiation
that was induced following CRS, even though rTMS has shown benefits in treating anxiety
in human patients (Balderston et al., 2020). A further complication in our study is that
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significant brain growth in rats continues to occur until approximately 9 weeks of age
(Bandeira et al., 2009), with certain regions still developing up to 11 weeks of age (Fu et
al., 2013). The continuing maturation of the brain likely underpins the significant effect of
timepoint observed across most of the measures in our study and raises the possibility that
the combined impacts of CRS, rTMS and concurrent age-related brain maturation might
have masked treatment-related changes.

Another consideration is that the experimental design involves repeated behavioural testing
which has been reported affect the outcome of EPM and FST (e.g. (Carobrez and Bertoglio,
2005; Schrader et al., 2018)). As animals undergo the test multiple times over several weeks,
there is evidence that they learn to adopt specific strategies (e.g. learned helplessness) and
become familiar with the conditions of the test (reduced anxiety in the EPM). However
there is also evidence that differences in these tests remain detectable compared to control
groups, and we previously demonstrated that we could obtain robust responses over time
following CRS in both of these tests (Seewoo et al., 2020). Therefore while we acknowledge
the limitations and potential confounds of repeated behavioural testing, we suggest that the
negative results obtained here are likely due to other factors.

Finally, it is also possible that LI-rTMS was applied at an intensity that was too low to

have an effect. In a previous study directly comparing stimulation intensities in mice, only
the medium intensity (50 mT — roughly twice as strong as the current LI-rTMS) and high
intensity (1 T) protocols caused behavioural changes, while LI-rTMS at 10 mT had no
effect (Heath et al., 2018). Nonetheless, it is well established that intensities lower than 24
mT alter brain structure and function in healthy rats, in non-psychiatric mouse models of
disease and in drosophila (Dufor et al., 2019; Makowiecki et al., 2014; Poh et al., 2018;
Rodger et al., 2012; Sherrard et al., 2018). However, those experiments mostly targeted
superficial brain regions such as the cortex and cerebellum (Dufor et al., 2019; Makowiecki
et al., 2014; Poh et al., 2018) and higher intensities may be required to stimulate deeper
cortical regions and interconnected brain networks at a level sufficient to affect changes in
mood (Philip et al., 2018). rTMS in clinical studies involving psychomotor deficits have

all used high intensity (>1 T (Baeken et al., 2010; Hoeppner et al., 2010);) and a study

that showed increased locomotion following accelerated rTMS in healthy rats used a similar
high intensity (EI Arfani et al., 2017). Because low and high intensity rTMS call different
mechanisms into play, determining the intensity required to induce changes in the brain that
are relevant for the treatment of depression may provide insight into the brain mechanisms
underpinning neuropsychiatric disorders.

4.3. Influence of age and future directions

We acknowledge that our results do not fully replicate the findings of previously published
studies from our own group, nor from other laboratories (Seewoo et al. 2020, 2021b; Ulloa
etal., 2010; Ménard et al., 2016; Chiba et al., 2012; Liu et al., 2016). We have discussed
the statistical limitations above, and here consider in more depth the possibility that these
differences may be associated with age and maturational state of the brain.

We identified un-anticipated differences in the age of the rats used in Seewoo et al. (2020),
Seewoo et al. (2021b), and the present study: due to logistical constraints, the animals in
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the current study begun procedures at approximately 7-8 weeks of age, while those in
Seewoo et al. (2020, 2021b) were aged 6—7 weeks. The difference of 1-2 weeks was also
associated with a significant difference in weight (~300 g in current study vs 150-200 g

in the former) indicating that the maturity of the two cohorts was very different and may
have been associated with sexual maturity differences. Developmental literature suggests
that rodents are considered juvenile up to approximately 6 weeks, and reach sexual maturity
around postnatal day (PND) 48-60 (i.e. approx. 7-9 weeks) (Brust et al., 2015), however
this can vary between individuals, occurring anywhere between PND 40 (5.5 weeks) and 76
(11 weeks) in male Sprague Dawley rats (Lewis et al., 2002). Additionally, significant brain
growth continues to occur until approximately 9 weeks of age (Bandeira et al., 2009), with
certain regions still developing up to 11 weeks of age (Fu et al., 2013). Our studies may
therefore be differentiated based on whether the rats were just before (adolescent; Seewoo et
al., 2020, 2021b) or just after (young adult; current study) sexual maturity. The implication
is that CRS would have acted on brains in very different maturational states, potentially
contributing to the differences in brain and behavioural outcomes. For example, behavioural
responses to stress are known to vary non-linearly across developmental periods in rodents:
although novelty exploration in the EPM generally decreases with age, adolescent animals
are less anxious and more explorative than both juvenile and young-adult animals (Albani
et al., 2015; Laviola et al., 2003; Macri et al., 2002). Furthermore, the impact of a

stressor on EPM behaviours is stronger in adolescent mice compared to young adult mice
(Stone and Quartermain, 1997), which may have contributed to the more robust results we
found previously (Seewoo et al., 2021b). Importantly, sexual maturity commonly precedes
behavioural maturity (Brust et al., 2015), suggesting that full adulthood may not occur until
sometime later. This is particularly important to note, as behavioural responses are more
stable in fully mature adult compared to developing animals (Brust et al., 2015). In addition,
because the intensity of the magnetic field is reduced with distance, a larger brain and head
size would alter the intensity and distribution of stimulation, potentially contributing to the
different outcomes.

In summary, there is evidence in the literature that rodents show significant variability in
response to stress during the developmental period, potentially explaining why we obtained
different outcomes in our experiments. In spite of the current challenges in interpreting
these conflicting results, collectively, our past and ongoing studies provide a rich dataset
from a significant number of animals of different ages that underwent the same procedures
in the same laboratory. We therefore have a unique opportunity to explore the age-related
factors that contribute to individual brain and behavioural changes in response to stress and
LI-rTMS treatment.

5. Conclusion

Overall, our study suggests that 10 sessions over two weeks of accelerated 10 Hz low-
intensity rTMS does not rescue an agitated depression-like phenotype induced in young
adult rats by chronic restraint. Our findings highlight that age- and symptom-specific
protocols may be required to provide patients with optimal treatment. Further investigation
is required to understand the brain-based mechanisms of rTMS to both harness and optimize
its therapeutic effects in MDD, particularly in the immature brain.

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennessy et al. Page 13

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

LAH was supported by a University Postgraduate Award at the University of Western Australia, and the
Commonwealth Government’s Australian Government Research Training Program Fees Offset. BJS was supported
by a Forrest Research Foundation Scholarship, an International Postgraduate Research Scholarship, and a
University Postgraduate Award. PEC was supported through grants from the National Institute of Mental Health
under award numbers RO1IMH113700 and RO1MH124655. JR was supported by a Fellowship from MSWA and the
Perron Institute for Neurological and Translational Science and a grant from the Perpetual Foundation — The Helen
Leech Endowment. The authors thank Ms Marissa Penrose-Menz, Ms Kerry Leggett, Mr Rex Edwards, Mr Samuel
Bolland, Ms Elena Faessler, Ms Yashvi Bhatt, Mr Erik Stefan, Ms Tess Wheeler, Ms Kaylene Schutz, Mr Parth
Patel, Ms Samantha Musgrave, Mr David Gerard, Ms Tatum Mitchley, Ms Katherine Fisher, and Ms Yerim Wong
for their assistance with running the experiments. We thank Twain Dai for insightful discussion of the potential for
combined dataset analysis. Additionally, the authors would like to thank the team at M Block Animal Care Services
for their assistance with animal care and transport, and supplying items essential for the conduction of experiments
and procedures. The authors acknowledge the facilities, and the scientific and technical assistance offered by the
National Imaging Facility at the Centre for Microscopy, Characterisation & Analysis, The University of Western
Australia, a facility funded by the University, State and Commonwealth Governments. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National Institute of Mental
Health or the National Institutes of Health.

Declaration of competing interest

The authors declare the following financial interests/personal relationships which may be considered as potential
competing interests: Dr. Croarkin has received research grant support from Mayo Foundation for Education and
Research, Neuronetics, Inc.; NeoSync, Inc.; NSF, NIMH, and Pfizer, Inc. He has received grant-in-kind (equipment
support for research studies) from Assurex; MagVenture, Inc; and Neuronetics, Inc. He has served as a consultant
for Engrail Therapeutics, Myriad Neuroscience, Procter & Gamble, and Sunovion.

References

Albani SH, Andrawis MM, Abella RJH, Fulghum JT, Vafamand N, Dumas TC, 2015. Behavior in the
elevated plus maze is differentially affected by testing conditions in rats under and over three weeks
of age. Front. Behav. Neurosci 9, 31. [PubMed: 25741257]

Angst J, Gamma A, Benazzi F, Ajdacic V, Réssler W, 2009. Does psychomotor agitation in major
depressive episodes indicate bipolarity? Eur. Arch. Psychiatr. Clin. Neurosci 259 (1), 55-63.

Antila H, Ryazantseva M, Popova D, Sipila P, Guirado R, Kohtala S, Yalcin I, Lindholm J, Vesa L,
etal., 2017. Isoflurane produces antidepressant effects and induces TrkB signaling in rodents. Sci.
Rep 7 (1), 1-12. [PubMed: 28127051]

Baeken C, De Raedt R, Santermans L, Zeeuws D, Vanderhasselt M-A, Meers M, Vanderbruggen N,
2010. HF-rTMS treatment decreases psychomotor retardation in medication-resistant melancholic
depression. Prog. Neuro Psychopharmacol. Biol. Psychiatr 34 (4), 684-687.

Baeken C, van Beek V, Vanderhasselt MA, Duprat R, Klooster D, 2021. Cortical thickness in the right
anterior cingulate cortex relates to clinical response to left prefrontal accelerated intermittent theta
burst stimulation: an exploratory study. Neuromodulation 24 (5), 938-949. [PubMed: 33788975]

Baeken C, Wu G, Sackeim HA, 2020. Accelerated iTBS treatment applied to the left DLPFC in
depressed patients results in a rapid volume increase in the left hippocampal dentate gyrus, not
driven by brain perfusion. Brain Stimul. 13 (5), 1211-1217. [PubMed: 32512184]

Balderston NL, Beydler EM, Goodwin M, Deng Z-D, Radman T, Luber B, Lisanby SH, Ernst M,
Grillon C, 2020. Low-frequency parietal repetitive transcranial magnetic stimulation reduces fear
and anxiety. Transl. Psychiatry 10 (1), 68. [PubMed: 32066739]

Bandeira F, Lent R, Herculano-Houzel S, 2009. Changing numbers of neuronal and non-neuronal
cells underlie postnatal brain growth in the rat. Proc. Natl. Acad. Sci. Unit. States Am 106 (33),
14108-14113.

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennessy et al.

Page 14

Beckmann CF, Jenkinson M, Smith SM, 2003. General multilevel linear modeling for group analysis
in FMRI. Neuroimage 20 (2), 1052-1063. [PubMed: 14568475]

Block W, Traber F, von Widdern O, Metten M, Schild H, Maier W, Zobel A, Jessen F, 2009. Proton
MR spectroscopy of the hippocampus at 3 T in patients with unipolar major depressive disorder:
correlates and predictors of treatment response. Int. J. Neuropsychopharmacol 12 (3), 415-422.
[PubMed: 18845018]

Brust V, Schindler PM, Lewejohann L, 2015. Lifetime development of behavioural phenotype in the
house mouse (Mus musculus). Front. Zool 12 (1), 1-14. [PubMed: 25628752]

Carobrez AP, Bertoglio LJ, 2005. Ethological and temporal analyses of anxiety-like behavior: the
elevated plus-maze model 20 years on. Neurosci. Biobehav. Rev 29 (8), 1193-1205. [PubMed:
16084592]

Chang J, Yu R, 2018. Alternations in functional connectivity of amygdalar subregions under acute
social stress. Neurobiology of stress 9, 264-270. [PubMed: 30450390]

Chen HJ, Zhang L, Ke J, Qi R, Xu Q, Zhong Y, Pan M, Li J, Lu GM, et al. , 2019. Altered
resting-state dorsal anterior cingulate cortex functional connectivity in patients with post-traumatic
stress disorder. Aust. N. Z. J. Psychiatr 53 (1), 68—79.

Chiba S, Numakawa T, Ninomiya M, Richards MC, Wakabayashi C, Kunugi H, 2012. Chronic
restraint stress causes anxiety- and depression-like behaviors, downregulates glucocorticoid
receptor expression, and attenuates glutamate release induced by brain-derived neurotrophic factor
in the prefrontal cortex. Prog. Neuro Psychopharmacol. Biol. Psychiatr 39 (1), 112-119.

Cole EJ, Stimpson KH, Bentzley BS, Gulser M, Cherian K, Tischler C, Nejad R, Pankow H, Choi
E, etal. , 2020. Stanford accelerated intelligent neuromodulation therapy for treatment-resistant
depression. Am. J. Psychiatr 177 (8), 716—726. [PubMed: 32252538]

Connolly CG, Wu J, Ho TC, Hoeft F, Wolkowitz O, Eisendrath S, Frank G, Hendren R, Max JE, et
al. , 2013. Resting-state functional connectivity of subgenual anterior cingulate cortex in depressed
adolescents. Biol. Psychiatr 74 (12), 898-907.

Davey CG, Harrison BJ, Yicel M, Allen NB, 2012. Regionally specific alterations in functional
connectivity of the anterior cingulate cortex in major depressive disorder. Psychol. Med 42, 2071-
2081. [PubMed: 22954259]

Dufor T, Grehl S, Tang A, Doulazmi M, Traoré M, Debray N, Dubacq C, Deng Z-D, Mariani
J, etal., 2019. Neural circuit repair by low-intensity magnetic stimulation requires cellular
magnetoreceptors and specific stimulation patterns. Sci. Adv 5 (10) eaav9847.

El Arfani A, Parthoens J, Demuyser T, Servaes S, De Coninck M, De Deyn PP, Van Dam D, Wyckhuys
T, Baeken C, et al. , 2017. Accelerated high-frequency repetitive transcranial magnetic stimulation
enhances motor activity in rats. Neuroscience 347, 103-110. [PubMed: 28189610]

Fitzgerald PB, Hoy KE, Elliot D, McQueen RS, Wambeek LE, Daskalakis ZJ, 2018.

Accelerated repetitive transcranial magnetic stimulation in the treatment of depression.
Neuropsychopharmacology 43 (7), 1565-1572. [PubMed: 29467437]

Fu Y, Rusznak Z, Herculano-Houzel S, Watson C, Paxinos G, 2013. Cellular composition
characterizing postnatal development and maturation of the mouse brain and spinal cord. Brain
Struct. Funct 218 (5), 1337-1354. [PubMed: 23052551]

Grehl S, Viola HM, Fuller-Carter P1, Carter KW, Dunlop SA, Hool LC, Sherrard RM, Rodger J, 2015.
Cellular and molecular changes to cortical neurons following low intensity repetitive magnetic
stimulation at different frequencies. Brain Stimul. 8 (1), 114-123. [PubMed: 25444593]

Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna H, Reiss AL, Schatzberg
AF, 2007. Resting-state functional connectivity in major depression: abnormally increased
contributions from subgenual cingulate cortex and thalamus. Biol. Psychiatr 62 (5), 429-437.

Hahn A, Stein P, Windischberger C, Weissenbacher A, Spindelegger C, Moser E, Kasper S,
Lanzenberger R, 2011. Reduced resting-state functional connectivity between amygdala and
orbitofrontal cortex in social anxiety disorder. Neuroimage 56 (3), 881-889. [PubMed: 21356318]

Heath A, Lindberg DR, Makowiecki K, Gray A, Asp AJ, Rodger J, Choi DS, Croarkin PE, 2018.
Medium- and high-intensity rTMS reduces psychomotor agitation with distinct neurobiologic
mechanisms. Transl. Psychiatry 8 (1), 126. [PubMed: 29976924]

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennessy et al.

Page 15

Hilbert K, Lueken U, Beesdo-Baum K, 2014. Neural structures, functioning and connectivity in
Generalized Anxiety Disorder and interaction with neuroendocrine systems: a systematic review. J.
Affect. Disord 158, 114-126. [PubMed: 24655775]

Hoeppner J, Padberg F, Domes G, Zinke A, Herpertz SC, GroBheinrich N, Herwig U, 2010. Influence
of repetitive transcranial magnetic stimulation on psychomotor symptoms in major depression.
Eur. Arch. Psychiatr. Clin. Neurosci 260 (3), 197-202.

Horvath JC, Mathews J, Demitrack MA, Pascual-Leone A, 2010. The NeuroStar TMS device:
conducting the FDA approved protocol for treatment of depression. JOVE: JoVE 45.

lwanami T, Maeshima H, Baba H, Satomura E, Namekawa Y, Shimano T, Suzuki T, Arai H, 2015.
Psychomotor agitation in major depressive disorder is a predictive factor of mood-switching. J.
Affect. Disord 170, 185-189. [PubMed: 25248024]

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM, 2012. Neuroimage 62 (2),
782-790. ‘FsI’. [PubMed: 21979382]

Kaiser RH, Andrews-Hanna JR, Wager TD, Pizzagalli DA, 2015. Large-scale network dysfunction
in major depressive disorder: a meta-analysis of resting-state functional connectivity. JAMA
Psychiatr. 72 (6), 603-611.

Kaiser T, Herzog P, Voderholzer U, Brakemeier EL, 2021. Unraveling the comorbidity of depression
and anxiety in a large inpatient sample: network analysis to examine bridge symptoms. Depress.
Anxiety 38 (3), 307-317. [PubMed: 33465284]

Kennis M, Rademaker AR, van Rooij SJH, Kahn RS, Geuze E, 2015. Resting state functional
connectivity of the anterior cingulate cortex in veterans with and without post-traumatic stress
disorder. Hum. Brain Mapp 36 (1), 99-109. [PubMed: 25137414]

Kim MJ, Loucks RA, Palmer AL, Brown AC, Solomon KM, Marchante AN, Whalen PJ, 2011.

The structural and functional connectivity of the amygdala: from normal emotion to pathological
anxiety. Behav. Brain Res 223 (2), 403-410. [PubMed: 21536077]

Laviola G, Macri S, Morley-Fletcher S, Adriani W, 2003. Risk-taking behavior in adolescent mice:
psychobiological determinants and early epigenetic influence. Neurosci. Biobehav. Rev 27 (1-2),
19-31. [PubMed: 12732220]

Lewis EM, Barnett JF Jr., Freshwater L, Hoberman AM, Christian MS, 2002. Sexual maturation
data for Crl Sprague-Dawley rats: criteria and confounding factors. Drug Chem. Toxicol 25 (4),
437-458. [PubMed: 12378951]

Liu L, Zhou X, Zhang Y, Liu Y, Yang L, Pu J, Zhu D, Zhou C, Xie P, 2016. The identification
of metabolic disturbances in the prefrontal cortex of the chronic restraint stress rat model of
depression. Behav. Brain Res 305, 148-156. [PubMed: 26947756]

Macri S, Adriani W, Chiarotti F, Laviola G, 2002. Risk taking during exploration of a plus-maze is
greater in adolescent than in juvenile or adult mice. Anim. Behav 64 (4), 541-546.

Makowiecki K, Garrett A, Harvey AR, Rodger J, 2018. Low-intensity repetitive transcranial magnetic
stimulation requires concurrent visual system activity to modulate visual evoked potentials in adult
mice. Sci. Rep 8 (1), 5792. [PubMed: 29643395]

Makowiecki K, Harvey AR, Sherrard RM, Rodger J, 2014. Low-intensity repetitive transcranial
magnetic stimulation improves abnormal visual cortical circuit topography and upregulates BDNF
in mice. J. Neurosci 34 (32), 10780-10792.

Masini CV, Holmes PV, Freeman KG, Maki AC, Edwards GL, 2004. Dopamine overflow is increased
in olfactory bulbectomized rats: an in vivo microdialysis study. Physiol. Behav 81 (1), 111-119.
[PubMed: 15059690]

Ménard C, Hodes GE, Russo SJ, 2016. Pathogenesis of depression: insights from human and rodent
studies. Neuroscience 321, 138-162. [PubMed: 26037806]

Modirrousta M, Meek BP, Wikstrom SL, 2018. Efficacy of twice-daily vs once-daily sessions of
repetitive transcranial magnetic stimulation in the treatment of major depressive disorder: a
retrospective study. Neuropsychiatric Dis. Treat 14, 309-316.

Moretti J, Poh EZ, Bolland SJ, Harvey AR, Albrecht MA, Rodger J, 2020. Concurrent LI-rTMS
induces changes in c-Fos expression but not behavior during a progressive ratio task with adult
ephrin-A2A5-/-mice. Behav. Brain Res, 113011

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennessy et al.

Page 16

Mulders PC, van Eijndhoven PF, Schene AH, Beckmann CF, Tendolkar I, 2015. Resting-state
functional connectivity in major depressive disorder: a review. Neurosci. Biobehav. Rev 56, 330—
344. [PubMed: 26234819]

Philip NS, Barredo J, Aiken E, Carpenter LL, 2018. Neuroimaging mechanisms of therapeutic
transcranial magnetic stimulation for major depressive disorder. Biol. Psychiatr.: Cognitive
Neuroscience and Neuroimaging 3 (3), 211-222.

Poh EZ, Hahne D, Moretti J, Harvey AR, Clarke MW, Rodger J, 2019. Simultaneous quantification of
dopamine, serotonin, their metabolites and amino acids by LC-MS/MS in mouse brain following
repetitive transcranial magnetic stimulation. Neurochem. Int 131, 104546.

Poh EZ, Harvey AR, Makowiecki K, Rodger J, 2018. Online LI-rTMS during a visual learning
task: differential impacts on visual circuit and behavioral plasticity in adult ephrin-A2A5-/-mice.
eNeuro 5, 1.

Provencher SW, 2001. Automatic quantitation of localized in vivo 1H spectra with LCModel. NMR
Biomed.: An International Journal Devoted to the Development and Application of Magnetic
Resonance In Vivo 14 (4), 260-264.

Rodger J, Mo C, Wilks T, Dunlop SA, Sherrard RM, 2012. Transcranial pulsed magnetic field
stimulation facilitates reorganization of abnormal neural circuits and corrects behavioral deficits
without disrupting normal connectivity. Faseb. J 26 (4), 1593-1606. [PubMed: 22223750]

Rolls ET, Cheng W, Gong W, Qiu J, Zhou C, Zhang J, Lv W, Ruan H, Wei D, et al. , 2019. Functional
connectivity of the anterior cingulate cortex in depression and in health. Cerebr. Cortex 29 (8),
3617-3630.

Schrader AJ, Taylor RM, Lowery-Gionta EG, Moore NLT, 2018. Repeated elevated plus maze trials as
a measure for tracking within-subjects behavioral performance in rats (Rattus norvegicus). PLoS
One 13 (11), e0207804.

Seewoo BJ, Feindel KW, Etherington SJ, Rodger J, 2018. Resting-state fMRI study of brain activation
using low-intensity repetitive transcranial magnetic stimulation in rats. Sci. Rep 8 (1), 6706.
[PubMed: 29712947]

Seewoo BJ, Feindel KW, Etherington SJ, Rodger J, 2019h. Frequency-specific effects of low-intensity
rTMS can persist for up to 2 weeks post-stimulation: a longitudinal rs-fMRI/MRS study in rats.
Brain Stimul. 12 (6), 1526-1536. [PubMed: 31296402]

Seewoo BJ, Feindel KW, Won Y, Joos AC, Figliomeni A, Hennessy LA, Rodger J, 2021a. White
matter changes following chronic restraint stress and neuromodulation: a diffusion magnetic
resonance imaging study in young male rats. Biol. Psychiatr. Global Open Sci 2 (2), 153-166.

Seewoo BJ, Hennessy LA, Feindel KW, Etherington SJ, Croarkin PE, Rodger J, 2020. Validation
of Chronic Restraint Stress Model in Young Adult Rats for the Study of Depression Using
Longitudinal Multimodal MR Imaging. eNeuro. ENEURO.0113-20.2020.

Seewoo BJ, Hennessy LA, Jaeschke LA, Mackie LA, Etherington SJ, Dunlop SA, Croarkin PE,
Rodger J, 2021b. A preclinical study of standard versus accelerated transcranial magnetic
stimulation for depression in adolescents. J. Child Adolesc. Psychopharmacol 32 (3), 187-193.
[PubMed: 34978846]

Seewoo BJ, Joos AC, Feindel KW, 2021c. An analytical workflow for seed-based correlation and
independent component analysis in interventional resting-state fMRI studies. Neurosci. Res 165,
26-37. [PubMed: 32464181]

Serra F, Gordon-Smith K, Perry A, Fraser C, Di Florio A, Craddock N, Jones I, Jones L, 2019.
Agitated depression in bipolar disorder. Bipolar Disord. 21 (6), 547-555. [PubMed: 31004555]

Sherrard RM, Morellini N, Jourdan N, EI-Esawi M, Arthaut L-D, Niessner C, Rouyer F, Klarsfeld A,
Doulazmi M, et al. , 2018. Low-intensity electromagnetic fields induce human cryptochrome to
modulate intracellular reactive oxygen species. PLoS Biol. 16 (10), e2006229.

Slattery DA, Cryan JF, 2012. Using the rat forced swim test to assess antidepressant-like activity in
rodents. Nat. Protoc 7 (6), 1009-1114. [PubMed: 22555240]

Stone EA, Quartermain D, 1997. Greater behavioral effects of stress in immature as compared to
mature male mice. Physiol. Behav 63 (1), 143-145. [PubMed: 9402627]

Ulloa JL, Castaneda P, Berrios C, Diaz-Veliz G, Mora S, Bravo JA, Araneda K, Menares C, Morales P,
et al. , 2010. Comparison of the antidepressant sertraline on differential depression-like behaviors

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hennessy et al.

Page 17

elicited by restraint stress and repeated corticosterone administration. Pharmacol. Biochem. Behav
97 (2), 213-221. [PubMed: 20705085]

Walf AA, Frye CA, 2007. The use of the elevated plus maze as an assay of anxiety-related behavior in
rodents. Nat. Protoc 2 (2), 322. [PubMed: 17406592]

Walter M, Henning A, Grimm S, Schulte RF, Beck J, Dydak U, Schnepf B, Boeker H, Boesiger
P, etal., 2009. The relationship between aberrant neuronal activation in the pregenual anterior
cingulate, altered glutamatergic metabolism, and anhedonia in major depression. Arch. Gen.
Psychiatr 66 (5), 478-486. [PubMed: 19414707]

Wang D, Noda Y, Tsunekawa H, Zhou Y, Miyazaki M, Senzaki K, Nabeshima T, 2007. Behavioural
and neurochemical features of olfactory bulbectomized rats resembling depression with comorbid
anxiety. Behav. Brain Res 178 (2), 262-273. [PubMed: 17261334]

Welniak—Kaminska M, Fiedorowicz M, Orzel J, Bogorodzki P, Modlinska K, Stryjek R, Chrzanowska
A, Pisula W, Grieb P, 2019. Volumes of brain structures in captive wild-type and laboratory rats:
7T magnetic resonance in vivo automatic atlas-based study. PLoS One 14 (4), e0215348.

Williams NR, Sudheimer KD, Bentzley BS, Pannu J, Stimpson KH, Duvio D, Cherian K, Hawkins J,
Scherrer KH, et al. , 2018. High-dose spaced theta-burst TMS as a rapid-acting antidepressant in
highly refractory depression. Brain 141 (3), e18 e18.

Woolrich M, 2008. Robust group analysis using outlier inference. Neuroimage 41 (2), 286-301.
[PubMed: 18407525]

Woolrich MW, Behrens TEJ, Beckmann CF, Jenkinson M, Smith SM, 2004. Multilevel linear
modelling for FMRI group analysis using Bayesian inference. Neuroimage 21 (4), 1732-1747.
[PubMed: 15050594]

Worsley KJ, 2001. Statistical analysis of activation images. Functional MRI: An introduction to
methods 14 (1), 251-270.

Xu J, Dydak U, Harezlak J, Nixon J, Dzemidzic M, Gunn AD, Karne HS, Anand A, 2013.
Neurochemical abnormalities in unmedicated bipolar depression and mania: a 2D 1H MRS
investigation. Psychiatr. Res. Neuroimaging 213 (3), 235-241.

Zbozinek TD, Rose RD, Wolitzky-Taylor KB, Sherbourne C, Sullivan G, Stein MB, Roy-Byrne
PP, Craske MG, 2012. Diagnostic overlap of generalized anxiety disorder and major depressive
disorder in a primary care sample. Depress. Anxiety 29 (12), 1065-1071. [PubMed: 23184657]

Neuroimage Rep. Author manuscript; available in PMC 2022 October 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hennessy et al. Page 18

Wmin 10 min 0 min

[[ mes [T s ""l e
Wk1 Wk 2
Baseline Post-CRS : Mid-1TMS Post-rTMS follow-up follow-up
Behaviour & Behaviowr & b ' . wl‘ ] T'L’lS ) Behaviour & Behaviour & Behaviour &
— Chronic Restraint Stress (2.5hr daily) S rIM§ MRI o . e —
%0 %0 (3x daily) &0 (3x daily) &0 &0 &0
L | | | -2 | | |
13 days 5 days S days 7 days 7 days

Fig. 1.
Experimental Timeline & Study Design. Behavioural tests and MRI were conducted over a

consecutive 4-day period at each timepoint.
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Comparisons of depression-related behaviours at baseline and post-CRS timepoints from the
Elevated Plus Maze (2a-d) and Forced Swim Test (2e-f). 2a. Total number of exits into
closed and open arms (i.e. exploration behaviour). 2b. Total time spent (sec) in closed and
open arms (i.e. exploration behaviour). 2c-d. Total number of times (2c) and total time spent
(2d) exhibiting anxiety-related behaviours (grooming and rearing behaviours). 2e. Total
count of immobility, swimming, and climbing behaviours. 2f. Time taken to exhibit the first
immobility count. Raw data are plotted on the top segment of the estimation plots, with
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paired data points connected via a line. Paired Cohen’s d for the comparisons are shown in
the bottom segmentt of the Cumming estimation plots (TNB: right side in 2f). Bootstrap
sampled distributions are shown via bolded vertical lines, with the centre circle indicating
the mean difference, and non-bolded ends representing error bars for the 95% Cls. * denotes
significance of p < .05, ** denotes significance of p < .001.
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Fig. 3.
Comparisons of functional connectivity to the cingulate cortex between baseline and post-

CRS timepoints assessed via seed-based analysis (3a) and Cumming estimation plot (3b).
3a. Seed-bhased analysis using cingulate cortex seed. The figure displays coronal and axial
slices of spatial statistical colour-coded maps overlaid on the rodent brain atlas, with resting-
state networks represented as z scores (1.96 < z < 2.58) corrected for multiple comparisons
at cluster level (thresholded at p < .05). The numbers on the right refer to the slice position
on the atlas. R denotes right hemisphere. Significant differences were found in: 1, motor
cortex; 2, cingulate cortex; 3, somatosensory cortex; 4, insular cortex; 5, infralimbic cortex;
6, auditory cortex; 7, frontal association cortex; and 8, prelimbic cortex. 3b. Average COPE
extracted from individual animals’ functional connectivity to the cingulate cortex is plotted
on the left of the estimation plot, with unpaired Cohen’s d for the two comparisons on the
right. The bootstrap sampled distribution is shown via bolded vertical lines, with the centre
circle indicating the mean difference, and non-bolded ends representing error bars for the
95% Cls. ** denotes significance of p <.001.
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Behaviours with significant interactions from the Elevated Plus Maze (4a, 4c-€) and Forced
Swim Test (4b, 4f-h) displayed across all timepoints as a line graph (4a-b) and Cumming
estimation plots (4c-h). Comparison of all conditions across time for total time spent
exhibiting grooming behaviour (4a) and total count of swimming (4b). Total time spent
exhibiting grooming behaviour for active (4c), sham (4d) and depression control (4€)
conditions. Total count of swimming for active (4f), sham (4g) and depression control

(4h) conditions. Raw data are plotted on the top section of the estimation plot, with
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unpaired mean difference for comparisons to baseline on the bottom. The bootstrap sampled
distribution is shown via bolded vertical lines, with the centre circle indicating the average
mean difference, and non-bolded ends representing error bars for the 95% Cls.
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Fig. 5.

Cgmparisons of functional connectivity to the cingulate cortex across all timepoints for
active treatment (5a), sham treatment (5b) and depression control (5c) conditions. Data is
displayed as a Cumming estimation plot. Raw data is plotted on the top section of the
estimation plot, with unpaired Cohen’s d for the comparisons to baseline on the bottom.

The bootstrap sampled distribution is shown via bolded vertical lines, with the centre circle
indicating the mean difference, and non-bolded ends representing error bars for the 95% Cls.
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Fig. 6.
Comparisons of total hippocampal volume across all timepoints for active treatment (6a),

sham treatment (6b) and depression control (6¢) conditions. Data is displayed as a Cumming
estimation plot. Raw data is plotted on the top section of the estimation plot, with unpaired
Cohen’s d for the comparisons to baseline on the bottom. The bootstrap sampled distribution
is shown via bolded vertical lines, with the centre circle indicating the mean difference, and
non-bolded ends representing error bars for the 95% Cls.
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Concentration levels across all timepoints for Glutamate (Glu) (7a-c) and GABA (7d-f).
Levels of Glutamate are shown within active (7a), sham (7b) and depression control (7c)
conditions. Levels of GABA are shown within active (7d), sham (7€) and depression control
(7f) conditions. Data is displayed as a Cumming estimation plot. Raw data are plotted on the
top section of the estimation plot, with unpaired Cohen’s d for the comparisons to baseline
on the bottom. The bootstrap sampled distribution is shown via bolded vertical lines, with
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the centre circle indicating the mean difference, and non-bolded ends representing error bars
for the 95% Cls.
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