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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is thought to facilitate brain
plasticity. However, few studies address anatomical changes following rTMS in
relation to behaviour. We delivered 5 weeks of daily pulsed rTMS stimulation to
adult ephrin-A27- and wildtype (C57BI/6j) mice (n=10 per genotype)
undergoing a visual learning task and analysed learning performance, as well
as spine density, in the dentate gyrus molecular and CA1 pyramidal cell layers
in Golgi-stained brain sections. We found that neither learning behaviour, nor
hippocampal spine density was affected by long term rTMS. Our negative
results highlight the lack of deleterious side effects in normal subjects and are
consistent with previous studies suggesting that rTMS has a bigger effect on
abnormal or injured brain substrates than on normal/control structures.
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ZZ7EZ:3 changes from Version 1

We would like to thank both reviewers for their thoughtful and
constructive reviews of our manuscript. We believe that they have
raised important points and we have tried to address and reflect
their concerns in our revised manuscript. In particular we clarify
aspects of our experimental design, we address up front the
limitations of presenting a triple negative result and we emphasize
that our results are relevant primarily to the use of low intensity
magnetic fields. We are particularly grateful to both reviewers

for the opportunity to develop key ideas in the discussion:

these include the necessity for fundamental animal studies that
will provide insight into what rTMS does to the brain, and the
associated importance of designing clinically relevant animal coils
to be able to do these studies properly. The title of the article was
changed to reflect the findings of the study more precisely in
response to the reviewers comments.

See referee reports

Introduction

Repetitive transcranial stimulation (rTMS) generates electrical
currents in the brain by electromagnetic induction and has been
shown to induce synaptic plasticity in human and animal models'.
Importantly, rTMS induces long term potentiation (LTP) in rodent
hippocampus in vitro® and several sessions of high-frequency rTMS
increases the capacity to induce LTP compared to untreated controls,
suggesting it may also regulate metaplasticity’'. Because rTMS acts
on the same plasticity mechanisms as learning and memory, it has
been hypothesised that rTMS may serve as a “priming” mechanism
to facilitate long-term synaptic and structural modifications’*. The
implication is that repeated rTMS stimulation sets up a “plastic”
brain state that is conducive to long term functional and structural
changes’. For this reason, rTMS is being explored in combination
with behavioural training tasks to see whether it can be used to
prime or improve learning and cognitive performance in humans’*.
However, the potential mechanisms whereby rTMS might accelerate
learning remain unknown.

Declarative and spatial learning tasks are strongly associated with
the hippocampus. More specifically, hippocampal dendritic spines
have been identified as the likely loci of activity-dependent syn-
aptic plasticity and possible structural correlates of memory and
learning™'’. High dendritic spine density in hippocampal neurons is
associated with learning ability and higher performance on cogni-
tive tasks'''*. Furthermore, LTP and LTD induce structural changes
in dendritic spines, with LTP induced electrically or via learning
increasing dendritic length and spine density'>'®. Because higher
spine density is associated with higher spine mobility and turnover
rates'>', this measure is thought to reflect a greater capacity for
synaptic reorganisation.

To date, the only study to examine changes in dendritic spines after
rTMS did so following a single stimulation and showed no change
in spine density, although the size of the smallest spines was
increased’. Therefore, very little has been done to investigate the
impact of long term rTMS on spine density in the hippocampus, or
how it might interact with the learning process. Given the significant
structural changes induced in the mouse visual system following
repeated stimulation sessions, and evidence for structural changes in
the human brain'’, we hypothesised that a similar long-term rTMS
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regime in combination with a hippocampus-dependent learning
task, would rescue impaired learning strategies previously found in
ephrin-A2” mice'® and alter spine density in the hippocampus.

We delivered 5 weeks of daily pulsed rTMS stimulation to ephrin-A2”
and wildtype mice undergoing a visual learning task and analysed
learning performance, as well as spine density in the dentate gyrus
molecular and CA1 pyramidal cell layers in Golgi-stained material.

We used ephrin-A2" mice because they have previously been shown
to have a specific learning deficit'®. In addition, although ephrin-A2
is expressed in the mouse hippocampus throughout life and has been
implicated in its topographic organisation'*”’, there is no evidence that
itis involved in synaptic plasticity or spine dynamics®'. Thus we aimed
to examine a learning-mediated effect of r*TMS on dendritic spines.
Although mice of both genotypes learned the task, their performance
remained suboptimal due to lack of motivation to obtain food rewards
through insufficient food restriction’” and neither learning behaviour,
nor hippocampal spine density were affected by long term rTMS. Our
negative results are consistent with previous data showing that -TMS
has a selective effect on abnormal or injured brain circuitry”, and the
lack of deleterious side effects observed in normal human subjects®*.

Methods

Animals

This experiment used 10 wildtype (C57B1/6J) and 10 ephrin-A2"
knockout mice, with equal number of males and females. Wildtype
mice were purchased from Animal Research Centre (Canning Vale,
WA, Australia). Ephrin-A2” mice were a generous gift from David
Feldheim”™ and carry a homozygous null mutation of the ephrin-A2
gene. Ephrin-A27 mice were bred from heterozygous parents at the
Biomedical Research Facility (The University of Western Australia)
and backcrossed for >10 generations on a C57B1/6] background.
Randomised littermates were not used because the breeding colony
was structured to produce ephrin-A2/A5 double knockout mice
for other studies and no WT littermates were obtained. Mice were
genotyped at weaning, as described previously”. Mice were age
matched, aged 8—10 weeks old (equivalent to young sexually mature
adult in humans) when commencing the experiment. For the dura-
tion of the study, mice were kept in standard caging in a controlled
environment (12/12 light/dark cycle; temperature 22°C+2°C, sepa-
rated into cages with clear plastic walls (17 cm x 19 cm base, 16 cm
high) based on sex and genotype (2—4 per cage)). Food restriction
began two days prior to commencing training. This aimed to reduce
mice to 90% of their free-feeding body weight. Mice were weighed
daily and food intake adjusted using a daily-based controlled diet
to reach and maintain target body weights and ensure animals
remained healthy. Water was available ad libitum throughout the
experiment. All procedures in this study were conducted in accord-
ance with US NIH guidelines and approved by The University of
Western Australia Animal Ethics Committee.

Apparatus and procedure

Mice completed a visual discrimination task in two phases. Mice
were initially rewarded for one stimulus (‘learning phase’). After
mice learned the task (defined as 75% correct responses for three con-
secutive days), the rewarded stimulus was switched to the opposite,
previously incorrect stimulus (‘reverse phase’). rTMS was applied
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(as described below) for 10 minutes daily immediately following
the task during the reverse phase. We chose to stimulate after the
task because we hypothesized that rTMS would enhance LTP-like
processes, stabilizing new spines, and the associated synaptic con-
nections, that had formed during learning. Because most mice in
the study failed to learn the reverse task, we decided to focus on the
relationship between rTMS and dendritic spine density, therefore,
mice were terminally anesthetised with pentobarbitone (Lethabarb,
Virbac Australia, 160 mg/kg, i.p.) 24 hours after 35 days of rTMS
so that all mice received the same amount of stimulation.

Visual discrimination task

The visual discrimination task was carried out using a Y-maze fitted
into a 50 cm? box, with visual stimuli at each end of the Y maze arms
(25 cm long;>). Stimuli consisted of two 5 cm? laminated black and
white striped cards at 0.37 cycles per degree oriented horizontally or
vertically. Both genotypes are capable of distinguishing this spatial
frequency”. The position of the horizontal and vertical stimuli
(left vs. right maze arm) was randomly altered across 30 trials with
the constraint of equal number of trials in right and left arms. The
30 trial schedule changed each day, repeating every seven days.
Random allocation determined which stimulus was rewarded in the
learning phase, with the constraint that half the mice in each geno-
type received rewards for the horizontal and half for vertical. The
rewarded stimulus was also counter-balanced across cage groups (i.e.
mice housed together were rewarded for opposite stimuli) and sex.
Inferential statistics confirmed no significant performance differenc-
es between sexes or stripe orientation first rewarded (Data File). Mice
were placed at the start of the Y-maze, and received a peanut butter
reward immediately after approaching the correct stimulus. If mice
did not approach a stimulus after 30 seconds, the trial was deemed a
non-response (included in analyses as an incorrect response). Each
mouse completed 30 trials per day, in a single session. The reverse
phase commenced the day after mice reached criterion performance
(75% correct for three consecutive days). In the reverse phase the
opposite, previously incorrect stimulus was rewarded. All other
aspects of the reverse task were identical to the initial learning phase.

rTMS application

To deliver rTMS, we built a small coil created for mice (0.25 mm
copper wire (Jaycar, Australia) 300 windings, 16 Q, outer diameter
8 mm;>). The coil was designed to ensure a similar coil-to brain
ratio as is used for induction of focal electric fields in humans’’ and
was driven by an electromagnetic pulse generator (Global Energy
Medicine, Australia). Under these conditions, the coil delivered a
magnetic field of 10 mT. This relatively low intensity was imposed
by the constraints of the coil’s size but had the benefit of allowing
us to evaluate the effects of stimulation without the confounding
factors of stimulation-induced movement or the use of anaesthetic
or restraint, with their associated changes to neuronal excitability and
circulating stress hormones®. Furthermore, low intensity magnetic
fields are clinically relevant for two reasons. Firstly, in humans,
fields in the millitesla range delivered to the brain induce analge-
sia”~'!, and alleviate depression™. Secondly, even though traditional
rTMS is considered to be focal, magnetic fields of lower intensity are
delivered outside of the focal area™, raising the possibility that low
intensity stimulation may be contributing to therapeutic effects by act-
ing on interconnected brain regions.
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We chose a complex pattern of stimulation that is based on biomi-
metic principles (described in detail*’; 59.9-ms trains of 20 pulses
at 3 different frequencies as follows: 1 min warm-up at 6.71 Hz,
8 min treatment at 10.1 Hz, and 1 min cool down at 6.26 Hz) and
has been shown to induce structural changes in mice”. The pulse
was monophasic with a 300us rise time and 100us fall time. A Hall
device probe (Jaycar, Australia) inserted into different brain
regions of a euthanized mouse estimated that the dorsal hippocampus
received roughly 6 mT when the coil was held 1 mm above the
mouse’s head, as described below. The surface temperature of the coil
was measured after 10 min of stimulation and did not exceed 35°C.

As mice had completed the initial learning phase of the visual dis-
crimination task before commencing rTMS they were accustomed
to handling and remained relatively still without restraint. This
allowed the stimulation coil to be held by the experimenter above
the mouse’s head. We thus delivered reproducible rTMS in the
awake animal (as for cat studies***). Unlike in cat studies, the coil
was not in direct contact with the mouse head but was held as close
as possible to the scalp (~1mm). The gap between the coil and the
head does not attenuate the field because magnetic fields decrease
with distance from the source but are not modified by air or bio-
logical tissue (e.g. skin/scalp*®). Unlike in the cat study, stereotaxic
delivery was not attempted because the dimensions of the coil
ensured that the field reached the entire dorsal hippocampus, which
in the mouse, is relatively large in proportion to total brain size.
Consistent with the low intensity of the magnetic field, mice did not
display any head-eye or gross motor movements, nor altered behav-
iour in response to the stimulation. Sham stimulation involved the
same procedure but with the stimulator switched off. This control
was chosen as our coil did not produce any audible sound™.

Golgi staining

Terminally anesthetised mice were transcardially perfused with 4%
paraformaldehyde (Sigma Aldrich; Montana USA); Right hemi-
spheres of brains underwent a silver impregnation staining proto-
col, and a Golgi stain (according to manufacturer’s instructions: FD
NeuroTechnologies, Maryland, USA), which allows the visualisation
of morphology on a subset of neurons”. Briefly, hemispheres were
incubated in the dark in solutions A+B for 8 days with a change into
fresh solution after the first 24 hours. Hemispheres were then incu-
bated in solution C for 4 days with a change into fresh solution after
2 days. The impregnated hemispheres were then cryosectioned at
100 pm on a Leica Cryostat CM1900 at -19°C, mounted onto glass
slides (Thermo Fisher Scientific, Australia) subbed with 0.5% gelatin
(Sigma Aldrich, Montana USA). Sections were dried in the dark for
2-7days, washed in distilled water and developed in solution D+E for
10 minutes. Sections were dehydrated in increasing concentrations
of ethanol and mounted in Entilin (Merck, Darmastadt Germany).

Imaging and analysis

Slides were analysed by a researcher blinded to stimulation con-
dition and genotype. Sections were photographed by an Olympus
DP70 digital camera at a 4x objective zoom, which encompassed
the entire section. We analysed dendrites that could definitive-
ly be attributed to cells in the CA1 pyramidal and the molecular
dentate layer of the hippocampus because dendritic spines on these
cells have previously shown changes in dendritic spine density in
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response to various interventions®. Dendrites were deemed suit-
able for analysis if they had a relatively flat orientation and were
uniformly and strongly stained. Photographs of the dendritic arbour
were taken throughout multiple planes ensuring the entire arbour
was photographed in focus for later image analysis. Between
2 and 12 cells were analysed per animal and values averaged within
animals for statistical analysis. Due to variability in Golgi stain-
ing, the number of dendrites counted varied between regions (CA1
pyramidal layer number of cells, Mean = 5; dentate molecular layer,
Mean = 4.4).

The images for each dendritic arbour were combined into a sin-
gle image, using the Image J plug-in “Stack Focuser” and dendrite
length and number of dendritic spines counted using the Image J
(“Cell counter” plug-in). The number of spines and the dendrite
length data were then used to calculate a dendritic spine density
value, defined as the number of spines per unit length (10 um).

Statistical analysis

We examined the effect of long-term rTMS on reverse learning per-
formance in ephrin-A2” and wildtype mice. Inferential statistics
confirmed no pre-existing differences between groups in the learn-
ing phase, before commencing rTMS (data not shown). The first
day of reverse phase training was excluded from analyses as rTMS
commenced after this training session. Two mice reached the learn-
ing criterion in the reverse phase and were terminally anesthetised
before 35 days (one wildtype and one ephrin-A2", both received
sham stimulation (negative/handling controls)) thus there was non-
random reduction in sample size over time, precluding use of daily
performance measures in statistical analyses. To overcome this prob-
lem, data were divided into three blocks for each subject, with one
third of total days training included in each block, reflecting early,
middle, and late stages of the reverse learning phase. Mean percentage
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correct was analysed by a two-way mixed ANOVA to assess differ-
ences between stimulation conditions (rTMS vs. sham) and between
genotypes (ephrin-A27 vs. wildtype) and changes over time (chang-
es between early, middle and late blocks). As circuitry abnormalities
and connections between measured hippocampal regions have not
been characterised in ephrin-A2” mice, it is unknown whether these
measures should be considered independent for statistical analyses.
Accordingly, a MANOVA was conducted to assess effects of stimu-
lation condition ('TMS vs. sham) and genotype (wildtype vs. ephrin-A2")
on dendritic spine densities in both regions. Pillai’s Trace (V) was
used as the multivariate test statistic. Follow-up ANOVAs were con-
ducted separately for each region, testing the same factors as used in
the MANOVA. The F-test statistic (F) and probability (p) values are
reported for each ANOVA. When the assumption of sphericity was
violated degrees of freedom were adjusted with Greenhouse-Geisser
correction. Data were analysed using SPSS statistics software (IBM
Corporation, New York, USA, v.20).

Behavioural results (% accuracy) and average spine density for all
mice

1 Data File

http://dx.doi.org/10.6084/m9.figshare.786497

Results

rTMS had no significant effect on reverse learning performance
As shown in Figure 1, groups had similar means in each block, with
no significant difference between rTMS and sham, F (1, 16) = 0.28,
p = 0.60, nor between genotypes, F (1, 16) = 0.86, p = 0.37, and no
significant interactions across blocks (all p values >0.05). Within
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Figure 1. Mean percentage correct in a reverse-learning task for wildtype and ephrin-A2" mice receiving daily rTMS. Early, middle (mid)
and late blocks were delineated by the first, second and final third of total number of days training in the reverse-learning task. Within groups,
scores increased significantly between blocks (p <0.001), but there were no significant differences between rTMS and sham or between

genotypes (p values >0.05; ANOVA). Error bars = SEM.
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Figure 2. Assessment of rTMS effects on dendritic spine density
in wildtype and ephrin-A2” knockout mice. (A) Mean dendritic
spine density (number of spines per 10 pum) for hippocampal
regions: CA1 pyramidal layer and dentate gyrus molecular layer (DG
Molecular). There were no significant effects of rTMS nor genotype
on spine densities in either region (p values >0.05; ANOVA). Error
bars = SEM. (B) Right hemisphere Golgi stained section of dorsal
hippocampus representative of those used in analyses. Scale bar
represents 500 um. (C) Dendrite representative of those selected for
analysis, with spines visible. Scale bar represents 10 um.

groups, the percentage correct increased significantly across blocks,
indicating that mice adjusted to the rule reversal and success-
fully learned the task although this was not to the desired criterion
(F(1.43,22.87)=171.80, p <0.001 (Greenhouse-Geisser corrected)).

rTMS did not significantly affect hippocampal dendritic spine
density

Spine density (spine number/10 um) measures were obtained
for each dendrite and averaged within mice. Figure 2 presents
mean dendritic spine density in CA1 pyramidal layer and dentate
molecular layer for ephrin-A2” and wildtype mice, contrasting
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rTMS to sham. There was a slight (non-significant) trend towards
rTMS increasing spine density in ephrin-A2” mice in both regions.
In wildtypes rTMS appeared to have no effect on spine densities
in CA1 pyramidal cells, as means were almost identical. However,
wildtypes showed a similar (non-significant) trend to ephrin-A2"
mice in the dentate molecular layer.

MANOVA, using Pillai’s trace showed there was no significant
effect of stimulation condition, V = 0.13, F (2,9) = 0.67, p = 0.54,
nor genotype, V = 0.08, F (2, 9) = 0.39, p = 0.69, on spine densi-
ties. Follow up two-way ANOVAs were also performed separately
for each region, with no significant differences between stimulation
conditions or between genotypes in either region, all p values were
>0.05 (CA1 pyramidal layer: stimulation condition, F (1, 10) = 0.03,
p = 0.86; genotype, F (1, 10) = 0.86, p = 0.38. Dentate molecular
layer: stimulation condition, F (1, 10) = 1.03, p = 0.34; genotype,
F(1,10)=0.42, p =0.53).

Discussion

We investigated the effects of long-term daily rTMS on learning
and hippocampal dendritic spine density using ephrin-A2” mice
and wildtype controls. We show that rTMS had no significant effect
on learning and no significant effect on hippocampal dendritic spine
densities. Although ephrin-A2" mice have abnormal brain circuitry
and associated abnormal behaviours, in the present study, the previ-
ously reported learning deficit'® was not observed due to low levels
of food deprivation®. Although it is difficult to draw conclusions
from the null results presented here, the absence of observed behav-
ioural and structural change is consistent with previously report-
ed r'TMS specificity for abnormal systems**'. The lack of adverse
effects in our long-term study suggests that up to 5 weeks of daily
sessions of low intensity pulsed magnetic field stimulation at the
parameters used in this study appears safe to use in healthy participants.

Long-term rTMS does not adversely affect learning in normal
subjects

We originally hypothesized that rTMS would rescue the learning
strategy deficit in ephrin-A2" mice'* with minimal or no effect on
wildtype mice. However, both genotypes failed to demonstrate the
strategy deficit, due to insufficient food restriction”. Our results
nonetheless indicate that rTMS does not adversely affect perfor-
mance, but nor does it improve motivation or accelerate learning
when deficits are absent. This is consistent with previous reports
that long-term r'TMS effects are specific to abnormal brain circuitry:
two weeks of rTMS improved visual tracking, visual electrophysi-
ological function and topographical accuracy in a different strain
of mice (ephrin-A2A5” double knockouts) with abnormal circuitry
but produced no lasting effects in wildtype mice”. Human stud-
ies also support specificity of rTMS for abnormal brain circuits, as
a meta-analysis of rTMS effects on cognitive performance found
patients tend to improve more than healthy participants®. Although
some human studies using healthy participants show a single-session
of rTMS enhances cognitive task performance, such as analo-
gous reasoning’ and reaction time’, results are mixed, with other
studies showing no effect of rTMS on knowledge acquisition® or
accuracy in a go/no-go task’'. Furthermore, there is a lack of studies
assessing cognitive effects of long-term rTMS in patients together
with healthy controls, which presents a large gap in knowledge®.
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Because of the lack of understanding of fundamental interactions
between rTMS and behaviour, it would be of great interest to per-
form an exhaustive battery of behavioural tests in healthy wildtype
mice (and eventually in animal models of disease) in conjunction
with various rTMS protocols. Subsequent anatomical and physi-
ological analyses could then be carried out to elucidate the neural
mechanisms of rTMS and gain insight into the treatment of human
disease.

Long-term rTMS and hippocampal spine density

Each mouse received a controlled amount of daily rTMS, allowing
us to investigate how long-term rTMS combined with daily training
influences spine density. Importantly, we found similar spine densi-
ties in sham wildtype and ephrin-A2” mice, suggesting that spine
density is not solely dependent on ephrin-A2, in agreement with the
literature'**'. As such, the null effect of rTMS on dendritic spine
density may be attributed to the absence of both a specific spine
and learning deficit in both wildtype and ephrin-A2” mice. It will
be important to examine other brain regions to determine whether
the selectivity of rTMS for normal and abnormal brain circuits is
also observed. Our result that spine density was not significantly
altered is in agreement with a previous study, showing no change in
spine density in CA1 pyramidal neurons following a single rTMS
stimulation”. However, it is surprising that dendritic spine density
remains unaffected after long-term stimulation, given our previ-
ous results using the same stimulation parameters, demonstrating
structural reorganisation in abnormal axon terminals following
multiple stimulations, but not a single rTMS session*’. As neither
long-term nor short-term rTMS results in dendritic spine density
changes, these negative results may suggest different susceptibil-
ity of axons and dendrites to rTMS. The functional characteristics
of these neuronal compartments require different expression of
ion channels and growth factor receptors*’, which could provide
a molecular basis for differential rTMS effects on excitability and
spatially localised structural and functional change.

Alternatively, the timing of rTMS delivery relative to the behaviour-
al task may have influenced the outcome of our experiments. Here
we stimulated after the task, however rTMS might have been more
effective if delivered before. Because a single session of rTMS
increases the size of dendritic spines and may activate silent synapses’,
this may “prime” the brain for learning. With such pre-treatment,
an effect of rTMS might even have been detected in improved per-
formances on a day to day basis.

An alternative interpretation of our null finding is that our rTMS
treatment changes spine dynamics without affecting their final
density, a result that would not be possible to detect in our fixed
post-mortem tissue. Hence, these results highlight the limitations
in Golgi staining of fixed tissue, a technique still commonly used
in examining dendritic spine density. Sensory manipulation (either
enrichment or withdrawal) strongly alters spine dynamics in vivo
in various areas of the cortex of adult mice*. As a rule, established
spines are pruned during the initial experience of the new stimulus,
while new ones are established, which may result in some studies of
fixed tissue showing no net change in spine density***. Consistent
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with the change in spine dynamics initiated by enrichment, a recent
imaging study in the hippocampus identified two phases in spine
dynamics following repeated induction of LTP. Initially both gen-
eration and retraction of spines increased, followed by a cessation of
spine retraction*. This is consistent with post-mortem studies show-
ing an initial period of apparent spine stability, followed by a detect-
able increase in density. The possibility that rTMS changes spine
dynamics, as opposed to density, is further supported by an increase
in the size of small spines following a single stimulation, which the
authors suggested may indicate the activation of silent synapses by
membrane recruitment of AMPA receptors, precluding the need for
de novo synapse generation’. Future live imaging studies of spine
dynamics in animals that have received single or multiple rTMS
stimulation, potentially in combination with learning tasks will pro-
vide much needed insight into the mechanisms underpinning the
plastic changes elicited by rTMS in humans.

Importantly, we are conscious of the limitations of our rodent scaled
rTMS delivery device which may have contributed to the lack of
effect observed here. Although our coil had a relevant coil to brain
ratio for mice, because of its small size, the intensity of the mag-
netic field did not reach the magnitude commonly used in humans
(6mT compared to 1-2T), raising concern that our stimulation par-
adigm is not comparable to human rTMS. However, this raises a
more general issue because similar criticism applies to studies that
employ larger coils'~: although these deliver the same fields used
in humans, the focal nature of the stimulation is lost. Additional
effort in designing appropriate small animal rTMS coils is urgently
needed to improve the construct validity of animal rTMS research.

Author contributions

JR conceived the study, JR and KM designed the experiments, MS
and KM carried out the research and analysed results. JR and KM
wrote the manuscript and all authors were involved in the revision
of the manuscript and have agreed to the final content.

Competing interests
No relevant competing interests were disclosed.

Grant information

Experiments were funded by project funds to KM from the Univer-
sity of Western Australia (School of Animal Biology). Aspects of
the project were funded by grants to JR from the NHMRC Australia
(no 634386) and the Neurotrauma Progam of Western Australia. JR
is a NHMRC Senior Research Fellow (APP1002258).

The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Acknowledgements
We are grateful to Marissa Penrose for technical assistance and
Leah Attwood for expert animal care. We thank Global Energy
Medicine (Australia) for providing pulse generators and the com-
plex frequency pattern.

Page 7 of 15



References

F1000Research 2013, 2:180 Last updated: 05 MAR 2015

20.

21.

Pell GS, Roth Y, Zangen A: Modulation of cortical excitability induced

by repetitive transcranial magnetic stimulation: Influence of timing and
geometrical parameters and underlying mechanisms. Prog Neurobiol. 2011;
93(1): 59-98.

PubMed Abstract | Publisher Full Text

Vlachos A, Muller-Dahlhaus F, Rosskopp J, et al.: Repetitive magnetic stimulation
induces functional and structural plasticity of excitatory postsynapses in
mouse organotypic hippocampal slice cultures. J Neurosci. 2012; 32(48):
17514-23.

PubMed Abstract | Publisher Full Text

Ogiue-lkeda M, Kawato S, Ueno S: The effect of repetitive transcranial magnetic
stimulation on long-term potentiation in rat hippocampus depends on
stimulus intensity. Brain Res. 2003; 993(1-2): 222-6.

PubMed Abstract | Publisher Full Text

Tokay T, Holl N, Kirschstein T, et al.: High-frequency magnetic stimulation
induces long-term potentiation in rat hippocampal slices. Neurosci Lett.

2009; 461(2): 150—4.

PubMed Abstract | Publisher Full Text

Mozzachiodi R, Byrne JH: More than synaptic plasticity: role of nonsynaptic
plasticity in learning and memory. Trends Neurosci. 2010; 33(1): 17-26.
PubMed Abstract | Publisher Full Text | Free Full Text

Lisman J: A mechanism for the Hebb and the anti-Hebb processes underlying
learning and memory. Proc Natl Acad Sci U S A. 1989; 86(23): 9574-8.

PubMed Abstract | Publisher Full Text | Free Full Text

Evers S, Bockermann |, Nyhuis PW: The impact of transcranial magnetic
stimulation on cognitive processing: an event-related potential study.
Neuroreport. 2001; 12(13): 2915-8.

PubMed Abstract | Publisher Full Text

Guse B, Falkai P, Wobrock T: Cognitive effects of high-frequency repetitive
transcranial magnetic stimulation: a systematic review. J Neural Transm.
2010; 117(1): 105-22.

PubMed Abstract | Publisher Full Text | Free Full Text

Harms KJ, Dunaevsky A: Dendritic spine plasticity: looking beyond
development. Brain Res. 2007; 1184: 65-71.

PubMed Abstract | Publisher Full Text

Calverley RK, Jones DG: Contributions of dendritic spines and perforated
synapses to synaptic plasticity. Brain Res Brain Res Rev. 1990; 15(3):
215-49.

PubMed Abstract | Publisher Full Text

Moser MB, Trommald M, Egeland T, et al.: Spatial training in a complex
environment and isolation alter the spine distribution differently in rat CA1
pyramidal cells. J Comp Neurol. 1997; 380(3): 373-81.

PubMed Abstract | Publisher Full Text

Kolb B, Cioe J, Comeau W: Contrasting effects of motor and visual spatial
learning tasks on dendritic arborization and spine density in rats.

Neurobiol Learn Mem. 2008; 90(2): 295-300.

PubMed Abstract | Publisher Full Text

Avila-Costa MR, Colin-Barenque L, Fortoul Tl, et al.: Memory deterioration in an
oxidative stress model and its correlation with cytological changes on rat
hippocampus CA1. Neurosci Lett. 1999; 270(2): 107-9.

PubMed Abstract | Publisher Full Text

Wallace M, Luine V, Arellanos A, et al.: Ovariectomized rats show decreased
recognition memory and spine density in the hippocampus and prefrontal
cortex. Brain Res. 2006; 1126(1): 176-82.

PubMed Abstract | Publisher Full Text

McKinney R, Thompson S: Glutamate Regulation of Dendritic Spine Form and
Function. In: Larry R editor. Encyclopedia of Neuroscience. Oxford: Academic
Press; 2009; 905-11.

Dur-e-Ahmad M, Imran M, Gul A: Calcium dynamics in dendritic spines: a link to
structural plasticity. Math Biosci. 2011; 230(2): 55-66.
PubMed Abstract | Publisher Full Text

May A, Hajak G, Ganssbauer S, et al.: Structural brain alterations following 5
days of intervention: dynamic aspects of neuroplasticity. Cereb Cortex.
2007; 17(1): 205-10.

PubMed Abstract | Publisher Full Text

Arnall S, Cheam LY, Smart C, et al.: Abnormal Strategies During Visual
Discrimination Reversal Learning in ephrin-A2-/- Mice. Behav Brain Res.
2010; 209(1): 109-13.

PubMed Abstract | Publisher Full Text

Zhou R: Regulation of topographic projection by the Eph family receptor Bsk
(EphAb5) and its ligands. Cell Tissue Res. 1997; 290(2): 251-9.

PubMed Abstract | Publisher Full Text

Gerlai R, Shinsky N, Shih A, et al.: Regulation of learning by EphA receptors: a
protein targeting study. J Neurosci. 1999; 19(21): 9538-49.
PubMed Abstract

Hruska M, Dalva MB: Ephrin regulation of synapse formation, function and
plasticity. Mol Cell Neurosci. 2012; 50(1): 35—-44.
PubMed Abstract | Publisher Full Text | Free Full Text

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35

36

37.

38.

39.

40.

41.

42.

Makowiecki K, Hammond G, Rodger J: Different levels of food restriction reveal
genotype-specific differences in learning a visual discrimination task.

PL0S ONE. 2012; 7(11): €48703.

PubMed Abstract | Publisher Full Text | Free Full Text

Rodger J, Mo C, Wilks T, et al.: Transcranial pulsed magnetic field stimulation
facilitates reorganization of abnormal neural circuits and corrects behavioral
deficits without disrupting normal connectivity. Faseb J. 2012; 26(4): 1593-606.
PubMed Abstract | Publisher Full Text

Rossi S, Hallett M, Rossini PM, et al.: Safety, ethical considerations, and
application guidelines for the use of transcranial magnetic stimulation in
clinical practice and research. Clin Neurophysiol. 2009; 120(12): 2008-39.
PubMed Abstract | Publisher Full Text | Free Full Text

Feldheim DA, Kim Y-I, Bergemann AD, et al.: Genetic analysis of ephrin-A2 and
ephrin-A5 shows their requirement in multiple aspects of retinocollicular
mapping. Neuron. 2000; 25(3): 563-74.

PubMed Abstract | Publisher Full Text

Haustead DJ, Lukehurst SS, Clutton GT, et al.: Functional topography and
integration of the contralateral and ipsilateral retinocollicular projections of
ephrin-A-/- mice. J Neurosci. 2008; 28(29): 7376-86.

PubMed Abstract | Publisher Full Text

Weissman JD, Epstein CM, Davey KR: Magnetic brain stimulation and brain
size: relevance to animal studies. Electroencephalogr Clin Neurophysiol.

1992; 85(3): 215-9.

PubMed Abstract | Publisher Full Text

Gersner R, Kravetz E, Feil J, et al.: Long-term effects of repetitive transcranial
magnetic stimulation on markers for neuroplasticity: differential outcomes in
anesthetized and awake animals. J Neurosci. 2011; 31(20): 7521-6.

PubMed Abstract | Publisher Full Text

Shupak NM, Prato FS, Thomas AW: Human exposure to a specific pulsed
magnetic field: effects on thermal sensory and pain thresholds.
Neurosci Lett. 2004; 363(2): 157-62.

PubMed Abstract | Publisher Full Text

Robertson JA, Theberge J, Weller J, et al.: Low-frequency pulsed
electromagnetic field exposure can alter neuroprocessing in humans.

J R Soc Interface. 2010; 7(44): 467-73.

PubMed Abstract | Publisher Full Text | Free Full Text

Cook CM, Thomas AW, Keenliside L, et al.: Resting EEG effects during exposure
to a pulsed ELF magnetic field. Bioelectromagnetics. 2005; 26(5): 367—-76.
PubMed Abstract | Publisher Full Text

Martiny K, Lunde M, Bech P: Transcranial low voltage pulsed electromagnetic
fields in patients with treatment-resistant depression. Biol Psychiatry. 2010;
68(2): 163-9.

PubMed Abstract | Publisher Full Text

Cohen LG, Roth BJ, Nilsson J, et al. Effects of coil design on delivery of focal
magnetic stimulation. Technical consideration. Electroencephalogr Clin Neurophysiol.
1990; 75(4): 350-7.

PubMed Abstract

Valero-Cabre A, Pascual-Leone A, Rushmore RJ: Cumulative sessions of
repetitive transcranial magnetic stimulation (rTMS) build up facilitation to
subsequent TMS-mediated behavioural disruptions. Eur J Neurosci. 2008;
27(3): 765-74.

PubMed Abstract | Publisher Full Text

Afifi L, Jarrett Rushmore R, Valero-Cabre A: Benefit of multiple sessions of
perilesional repetitive transcranial magnetic stimulation for an effective
rehabilitation of visuospatial function. Eur J Neurosci. 2013; 37(3): 441-54.
PubMed Abstract | Publisher Full Text

Epstein CM, Davey KR: Iron-core coils for transcranial magnetic stimulation.
J Clin Neurophysiol. 2002; 19(4): 376-81.
PubMed Abstract | Publisher Full Text

Seress L, Pokorny J: Structure of the granular layer of the rat dentate gyrus.
A light microscopic and Golgi study. J Anat. 1981; 133(Pt 2): 181-95.
PubMed Abstract | Free Full Text

von Bohlen Und Halbach O: Structure and function of dendritic spines within
the hippocampus. Ann Anat. 2009; 191(6): 518-31.
PubMed Abstract | Publisher Full Text

Boroojerdi B, Phipps M, Kopylev L, et al.: Enhancing analogic reasoning with
rTMS over the left prefrontal cortex. Neurology. 2001; 56(4): 526-8.
PubMed Abstract | Publisher Full Text

Roth HL, Nadeau SE, Triggs WJ: Effect of repetitive transcranial magnetic
stimulation on rate of memory acquisition. Neurology. 2004; 63(8): 1530-1.
PubMed Abstract | Publisher Full Text

Huang CC, Su TP, Shan IK, et al.: Effect of 5 Hz repetitive transcranial magnetic
stimulation on cognition during a Go/NoGo task. J Psychiatr Res. 2004; 38(5):
513-20.

PubMed Abstract | Publisher Full Text

Arnold DB: Polarized targeting of ion channels in neurons. Pflugers Arch.
2007; 453(6): 763-9.
PubMed Abstract | Publisher Full Text

Page 8 of 15


http://www.ncbi.nlm.nih.gov/pubmed/21056619
http://dx.doi.org/10.1016/j.pneurobio.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23197741
http://dx.doi.org/10.1523/JNEUROSCI.0409-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/14642850
http://dx.doi.org/10.1016/j.brainres.2003.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19539714
http://dx.doi.org/10.1016/j.neulet.2009.06.032
http://www.ncbi.nlm.nih.gov/pubmed/19889466
http://dx.doi.org/10.1016/j.tins.2009.10.001
http://www.ncbi.nlm.nih.gov/pmc/articles/2815214
http://www.ncbi.nlm.nih.gov/pubmed/2556718
http://dx.doi.org/10.1073/pnas.86.23.9574
http://www.ncbi.nlm.nih.gov/pmc/articles/298540
http://www.ncbi.nlm.nih.gov/pubmed/11588602
http://dx.doi.org/10.1097/00001756-200109170-00032
http://www.ncbi.nlm.nih.gov/pubmed/19859782
http://dx.doi.org/10.1007/s00702-009-0333-7
http://www.ncbi.nlm.nih.gov/pmc/articles/3085788
http://www.ncbi.nlm.nih.gov/pubmed/16600191
http://dx.doi.org/10.1016/j.brainres.2006.02.094
http://www.ncbi.nlm.nih.gov/pubmed/2289086
http://dx.doi.org/10.1016/0165-0173(90)90002-6
http://www.ncbi.nlm.nih.gov/pubmed/9087519
http://dx.doi.org/10.1002/(SICI)1096-9861(19970414)380:3<373::AID-CNE6>3.0.CO;2-#
http://www.ncbi.nlm.nih.gov/pubmed/18547826
http://dx.doi.org/10.1016/j.nlm.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/10462109
http://dx.doi.org/10.1016/S0304-3940(99)00458-9
http://www.ncbi.nlm.nih.gov/pubmed/16934233
http://dx.doi.org/10.1016/j.brainres.2006.07.064
http://www.ncbi.nlm.nih.gov/pubmed/21295598
http://dx.doi.org/10.1016/j.mbs.2011.01.002
http://dx.doi.org/10.1016/j.mbs.2011.01.002
http://dx.doi.org/10.1016/j.mbs.2011.01.002
http://dx.doi.org/10.1016/j.mbs.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16481564
http://dx.doi.org/10.1093/cercor/bhj138
http://www.ncbi.nlm.nih.gov/pubmed/20100519
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://dx.doi.org/10.1016/j.bbr.2010.01.023
http://www.ncbi.nlm.nih.gov/pubmed/23144936
http://dx.doi.org/10.1371/journal.pone.0048703
http://www.ncbi.nlm.nih.gov/pmc/articles/3492417
http://www.ncbi.nlm.nih.gov/pubmed/22223750
http://dx.doi.org/10.1096/fj.11-194878
http://www.ncbi.nlm.nih.gov/pubmed/19833552
http://dx.doi.org/10.1016/j.clinph.2009.08.016
http://www.ncbi.nlm.nih.gov/pmc/articles/3260536
http://www.ncbi.nlm.nih.gov/pubmed/10774725
http://dx.doi.org/10.1016/S0896-6273(00)81060-0
http://www.ncbi.nlm.nih.gov/pubmed/18632942
http://dx.doi.org/10.1523/JNEUROSCI.1135-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/1376680
http://dx.doi.org/10.1016/0168-5597(92)90135-X
http://www.ncbi.nlm.nih.gov/pubmed/21593336
http://dx.doi.org/10.1523/JNEUROSCI.6751-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/15172106
http://dx.doi.org/10.1016/j.neulet.2004.03.069
http://www.ncbi.nlm.nih.gov/pubmed/19656823
http://dx.doi.org/10.1098/rsif.2009.0205
http://www.ncbi.nlm.nih.gov/pmc/articles/2842792
http://www.ncbi.nlm.nih.gov/pubmed/15887255
http://dx.doi.org/10.1002/bem.20113
http://www.ncbi.nlm.nih.gov/pubmed/20385376
http://dx.doi.org/10.1016/j.biopsych.2010.02.017
http://www.ncbi.nlm.nih.gov/pubmed/1691084
http://www.ncbi.nlm.nih.gov/pubmed/18279329
http://dx.doi.org/10.1111/j.1460-9568.2008.06045.x
http://www.ncbi.nlm.nih.gov/pubmed/23167832
http://dx.doi.org/10.1111/ejn.12055
http://www.ncbi.nlm.nih.gov/pubmed/12436092
http://dx.doi.org/10.1097/00004691-200208000-00010
http://www.ncbi.nlm.nih.gov/pubmed/7333948
http://www.ncbi.nlm.nih.gov/pmc/articles/1167662
http://www.ncbi.nlm.nih.gov/pubmed/19783417
http://dx.doi.org/10.1016/j.aanat.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/11222799
http://dx.doi.org/10.1212/WNL.56.4.526
http://www.ncbi.nlm.nih.gov/pubmed/15505185
http://dx.doi.org/10.1212/01.WNL.0000142081.71440.6B
http://www.ncbi.nlm.nih.gov/pubmed/15380402
http://dx.doi.org/10.1016/j.jpsychires.2004.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17091311
http://dx.doi.org/10.1007/s00424-006-0155-5

43.

44.

Fu M, Zuo Y: Experience-dependent structural plasticity in the cortex. 45.

Trends Neurosci. 2011; 34(4): 177-87.
PubMed Abstract | Publisher Full Text | Free Full Text

Jung CK, Herms J: Structural Dynamics of Dendritic Spines are Influenced by 46.

an Environmental Enrichment: An In Vivo Imaging Study. Cereb Cortex. 2012.
PubMed Abstract | Publisher Full Text

F1000Research 2013, 2:180 Last updated: 05 MAR 2015

Xu T, Yu X, Perlik AJ, et al.: Rapid formation and selective stabilization of
synapses for enduring motor memories. Nature. 2009; 462(7275): 915-9.
PubMed Abstract | Publisher Full Text | Free Full Text

Oe Y, Tominaga-Yoshino K, Hasegawa S, et al.: Dendritic spine dynamics in
synaptogenesis after repeated LTP inductions: Dependence on pre-existing
spine density. Sci Rep. 2013; 3: 1957.

PubMed Abstract | Publisher Full Text | Free Full Text

Page 9 of 15


http://www.ncbi.nlm.nih.gov/pubmed/19946267
http://dx.doi.org/10.1038/nature08389
http://www.ncbi.nlm.nih.gov/pmc/articles/2844762
http://www.ncbi.nlm.nih.gov/pubmed/23739837
http://dx.doi.org/10.1038/srep01957
http://www.ncbi.nlm.nih.gov/pmc/articles/3674431
http://www.ncbi.nlm.nih.gov/pubmed/21397343
http://dx.doi.org/10.1016/j.tins.2011.02.001
http://www.ncbi.nlm.nih.gov/pmc/articles/3073830
http://www.ncbi.nlm.nih.gov/pubmed/23081882
http://dx.doi.org/10.1093/cercor/bhs317

FIOOOResearch F1000Research 2013, 2:180 Last updated: 05 MAR 2015

Open Peer Review

Current Referee Status: r_l r_l

Referee Report 10 March 2014

doi:10.5256/f1000research.3188.r4012

Anthony Hannan
Behavioural Neuroscience, The Florey Institute of Neuroscience and Mental Health, Victoria, Australia

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.

Referee Report 21 October 2013

doi:10.5256/f1000research.2167.r2135

Anthony Hannan
Behavioural Neuroscience, The Florey Institute of Neuroscience and Mental Health, Victoria, Australia

This is a well written paper describing the effects (or lack thereof) of rTMS over 5 weeks in wild-type and
ephrin-a2 knockout (KO) mice. The data are clearly presented in a usable format and are discussed
appropriately. The initial referee Antoni Valero-Cabre, who is an expert in TMS and neuro-stimulation, has
already extensively covered the key points, both positive and negative. | am therefore only going to make
a few additional comments.

The title and abstract should ideally reflect the findings of the study more precisely, for example:

‘Long-term delivery of pulsed magnetic fields does not alter visual discrimination learning or dendritic
spine density in mouse CA1 pyramidal or dentate gyrus neurons’.

The nature of such negative findings means that the authors cannot rule out potential significant effects of
this rTMS protocol on other learning tasks or other classes of neurons/dendrites in the mouse
hippocampus. Furthermore, the abstract should mention that they were adult mice and the background
strain used was C57BI/6J, as it is possible that different aged mice and/or a different genetic strain of
mice might respond differently to the same rTMS protocol.
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One concern regarding the methods and design is that the authors appear to have used a separate
wild-type mouse colony and compared them to ephrin-a2 KO mice inbred via a backcrossed colony. |
strongly feel that all such experiments should always involve wild-type littermates randomised from
age-matched litters to control for both genetic (e.g. sub-strain and genetic drift) and epigenetic differences
between different colonies. This is particularly important for behavioural experiments where even subtle
genetic and epigenetic differences can often have significant impacts. The authors report no significant
gene effects, and it is therefore not a major confound in this case, however if randomised littermates were
not used (as the methods imply) this should be noted.

The discussion and conclusions are balanced. However, it might be worth noting that an extensive battery
of behavioural tests (for example including sensory, cognitive, affective and motor protocols) on wild-type
mice would be worth pursuing to assess whether this rTMS protocol (or others with different spatial and
temporal specificities) has any effects on brain function analogous to human studies. If any positive
results were found, then cellular, physiological and molecular follow-up studies could be targeted towards
understand specific cognitive/behavioural effects of rTMS (thus nicely complementing human studies).

If such comprehensive TMS animal studies are done but still show inconsistencies with matching human
TMS studies then one possibility is that the animal TMS needs to better match the exact spatial, temporal
and biophysical aspects of human TMS. For example, the human brain is much larger, the skull much

thicker and the spatial extent and physical effects of a given TMS coil are no doubt difficult to match. The
need to further improve such ‘construct validity’ for animal TMS may also be worthy of further discussion.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.

Referee Report 26 September 2013

doi:10.5256/f1000research.2167.r1747

Antoni Valero-Cabre
School of Medicine, Anatomy and Neurobiology, Boston University, Boston, MA, USA

This is an outstandingly planned and well-executed study that shows that the rodent brain, after a daily 10
minute exposure to low field pulsed magnetic stimulation for 5 weeks (i.e. 35 sessions) exhibits null
effects on learning behavior and hippocampus dendritic spine density in both Wild Type and Ephrine A2-/-
mice. The effort of the authors deserves a lot of credit, as studies like this one are extremely hard, long
and laborious to perform and the possibility of significant results always uncertain. In spite of the current
null results, this kind of work is greatly needed in the field of non-invasive brain stimulation in order to
understand the cellular underpinnings of these techniques and assess the safeness and real therapeutic
potential of stimulation technologies in clinical neurorehabilitation. Overall, the neurostimulation
community should strongly thank the authors for investing their know-how, time and effort to carry over
this type of animal research and we all should encourage them to pursue their efforts in the future.

GENERAL POINTS

The only limitation of the current manuscript is related to the difficulties in interpreting null outcomes; in
this case a triple negative result. Not only did low field pulsed magnetic stimulation prove unable to modify
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visual learning behavior or hippocampus spine density in these two population of mice but neither of the
two showed (as should have been at least expected) significant differences in any of these two measures.
The authors do an excellent job going over the different possibilities that could explain this null pattern of
outcomes, even if they do not have much basis to rule out any of the hypotheses in particular. Among
other important issues, the study emphasizes once more the importance of task titration. Task titration is
strongly related to animal motivation (and thus intake restriction) and is a key variable and therefore
needs to be manipulated carefully to make sure that the potentially effective impact of magnetic pulses
can be demonstrated behaviorally. With regards to the question however of whether or not increasing
food restriction could have rendered, as the authors suggest, behavioral learning tests more sensitive, the
answer remains unknown. It could also be that highly motivated animals would rapidly show ceiling
learning effects and render the task less sensitive to modulation. To this reviewer, the performance of
both groups of animals in the inversion phase of the task seems to show enough room for behavioral
improvement, even after 5 weeks of stimulation; thus it is tempting to also speculate that such a complex
task for a rodent (which relies on several cognitive processes such as visuo-spatial attention, visual
perception, visual, spatial and declarative memory, associative rewarded learning, rule understanding
and switching and decision making) may not have been well suited to the functions of the brain regions
aimed at in this study and/or that their impact could have rapidly compensated for by other systems or
regions.

Adding to the authors’ arguments with regards to the lack of spine density effects, one could also argue
that a direct impact of the stimulation (and not an indirect effect of the stimulation on learning behavior
driving subsequent effects on memory related regions) on such measures could and should have
occurred primarily in the cortical regions overlying the hippocampus (which have not been analysed in this
study) rather than in the more deeply located hippocampus CA1 and DG neurons. Of course, if the
targeted region theoretically related to the behavior that is being measured is not at least directly or
indirectly impacted and modified in activity by the pulses, then no behavioral differences between sham
and real rTMS patterns should be expected in either population of mice. All these explanations are
directly or indirectly mentioned in the discussion and when not explicitly mentioned in the text, they
emerge logically from the results. However any effort to nuance and expand such justifications even
further would be welcome.

To this reviewer, the only possibility (that would also be compatible with the negative outcomes of this
study) that is not explicitly mentioned in the discussion is that the delivered low field pulsed magnetic
patterns (even if estimated by means of a Hall device in postmortem brains as reaching intensities of ~6
mT in the hippocampus) were not effective at all. Several reasons that could account for that eventuality
are; that the field was too weak to penetrate deep enough with a minimal intensity, imprecise widely
distributed targeting or a field strongly attenuated by the space left, as indicated in the manuscript,
between the stimulating coil and the top of the head. This reviewer cannot demonstrate that this possibility
is more likely than any of the others already mentioned in the manuscript. Nonetheless, in the absence of
any positive sign of a stimulatory impact, this possibility cannot be ruled out and should probably be briefly
discussed. Additionally, it should be clear throughout the manuscript, that the ability of the current
experiment to highlight the innocuity of 5 weeks of low field pulsed magnetic brain stimulation needs to be
interpreted carefully and associated with the field strengths delivered by the modified e-cell device by
Global Energy Medicine, which is far from the normal field strength for TMS/rTMS devices operated in
humans for either research or therapeutic purposes.

MINOR COMMENTS AND SUGGESTIONS
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1. Introduction, Page 1, Col 1, Par 1, Line 6. Could the authors re-evaluate the adequacy of the term
“metaplasticity” with regards to TMS-induced LTP effects, as to this reviewer, the main effect of
high frequency stimulation are LTP or LTP-like effects. Metaplasticity is a consequence of forcing
homeostatic plasticity beyond a particular boundary, which may result in paradoxical modulatory
effects.

2. Introduction, Page 1, Col 1, Par 2, Lines 7-9. With regards to this issue, in this particular study
were the authors hypothesizing a direct impact of low field pulsed magnetic stimulation on specific
cortical locations translated through connectivity into a declarative and spatial memory region such
as the hippocampus, or a cortical effect of stimulation leading to subsequent changes in behavior
that could leave a distinctive memory trace in the hippocampus?

3. Introduction, Page 1, Col 1, Par 3. The paper by May et al. 2007, Cereb. Cortex, in which the effect
of 5 straight days of rTMS on humans assessed with MRI methods and regional size increases
(hypothetically attributed to increases in spine density) could be relevant for this introduction.

4. Methods, Page 1, Col 2, Par 1, Lines 7-8. Could the authors provide an idea of how far in their
development (if possible in age compared to humans) are 8-10 week old mice? It seems that in a
prior study by the same authors that showed significant results after 14 days of low field rTMS on
the visual cortex by Rodger et al. 2012, FASEB J, the mice were slightly younger (6-8 weeks). Is
this period crucial in terms of postnatal development for mice? Could a less plastically sensitive
brain of 8-10 week old mice vs. 6-8 week old mice explain the current null results? Please
comment briefly in the manuscript.

5. Methods, Page 2, Col 2, Par 2, Lines 6-7. Why were mice tested before the low field pulsed
magnetic stimulation session and not also immediately thereafter, when the impact of the
stimulation should have been stronger? Although | understand the authors sought a long-term
effect, such a measure could have proven useful to reveal at least an immediate day-to-day impact
of stimulation and become a proof of their efficacy? Given the order of events, one could be
tempted to speculate the possibility of non-synergistic interaction between the lasting effects of
task practice and immediately subsequent low field rTMS stimulation, cancelling the modulatory
effects.

6. Methods, Page 3, Col 1, Par 2, Lines 7-8. As this is not a standard rTMS stimulation device, some
additional information on the stimulation source should be given to be able to compare the
efficiency of low field pulsed magnetic stimulation with current human rTMS equipment. More
specifically, what is the shape of the stimulating pulse (monophasic, biphasic?) and what is the rise
time of the field? The pattern of stimulation used seems essentially an “excitatory” 10 Hz rTMS
pattern, preceded and followed by short instances of ~6 Hz stimulation. Was this high frequency
employed as a way to induce LTP phenomena in the hippocampus or as a tool to enhance cortical
excitability and facilitate learning behavior leading then to functional and anatomical modulations of
the hippocampus? Please comment briefly.

7. Methods, Page 3, Col 1, Par 2, Lines 7-8. Navigation of the TMS coil of course could have been
improved given the high-focality of the device used by the authors and the fact that any small head
movements in a small rodent brain could easily lead to a completely different area of stimulation. It
is true that prior studies in awake felines by our own group (see Valero-Cabre et al. 2006, Exp
Brain, Valero-Cabre A et al. 2008, Eur J Neurosci.) have used a similar manual procedure, but it is
also the case that the coils and brains in those studies were larger and precise location on a
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10.

11.

12.

specific region of the posterior parietal cortex was guided day to day by stereotaxic based
measures and references. In many instances, we additionally benefited from parietal bone
transparency during surgery, and identified in each animal the sulci/gyral pattern and labelled the
exact area of interest (see Valero-Cabré et al. 2005 Exp Brain Res, Valero-Cabré et al.2007 Exp
Brain Res). Furthermore, in groups that were to be followed longitudinally, we placed a dental
acrylic plug, that could be palpated through the skin of the scalp (see Afifi et al. 2012 Eur J
Neurosci) which was then used as consistent localization marker. The correct positioning of those
plugs with regards to the stimulated areas was often verified pre-treatment by anatomical MRI
methods and also in post-mortem brain dissections at the end of the follow up. In the current study,
given the elongated shape of the hippocampus in rodents, which part of the rodent cortex or which
stereotaxic level was aimed at during the stimulation? Also, in contrast with the quoted feline study,
the authors indicate here that the coil was not in direct contact with the scalp. As air is a strong
isolator, could that have attenuated the strength of such a low intensity field even further? Were
Hall probe field measures in the hippocampus performed with the stimulating cell also separated
from the scalp?

Discussion, Page 5, Col 1, Par 1, Lines 4-6. The statement “The absence of observed behavioral
and structural change is consistent with previously reported rTMS specificity for abnormal systems”
needs to be expanded upon as the Ephrin-A2-/- mice have indeed abnormal systems. Maybe a
short comment on how to reconcile the current findings with those reported in Rodger et al. 2012,
FASEB J, would be important as in that study by the same authors similar stimulation patterns
were able to correct cortico-collicular connectivity only in Ephrin-A2-/- and not in Wild type mice,
supporting the above-mentioned statement.

Discussion, Page 5, Col 1, Par 1, Lines 6-8. | would strongly advise the authors to alter the
contents of the sentence “Furthermore, the lack of adverse effects in our long term study
contributes evidence that rTMS is safe to use in healthy control participants”. Could they rephrase
to something like “Furthermore, the lack of adverse effects in our long term study suggests that up
to 5 weeks of daily sessions (35 session) of low field pulsed magnetic stimulation at the
parameters used in this study appears safe to use in healthy participants”. This is important as the
intensity levels employed are very different of those employed in human rTMS, which are much
higher, and this information could have some public health implications for future use of rTMS in
humans.

Discussion, Page 5, Col 2, Par 1, Lines 19-21. Please check the accuracy of the sentence “To our
knowledge, there have been no studies assessing cognitive effects of long-term rTMS in patients
and healthy controls, which presents a large gap in knowledge”

Discussion, Page 5, Col 2, Par 1, Lines 21-22. As indicated above (comment 10), would the
authors agree to rewrite the sentence “Although more research is needed, our results support that
rTMS is safe to use in healthy control participants...” and revise the second part of it “... invaluable
in assessment of rTMS effects clinically” which to this reviewer is confusing?

Discussion, Page 5, Col 2, Par 2, Lines 5-8. This sentence can be a bit surprising to readers, why
did the authors chose a knock out for Ephrine A2 in a study that aimed to analyze spine density in
the hippocampus if as they affirm in this paragraph, this molecule is not involved in spine
dynamics? Maybe the rational for that choice needs to be explained more carefully.
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