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ABSTRACT
Repetitive transcranial magnetic stimulation (rTMS) is increasingly used as a treatment for
neurological dysfunction and therapeutic effects have also been reported for low intensity
rTMS (LI-rTMS) although these remain poorly understood. Our study describes for the first
time a systematic comparison of the cellular and molecular changes in neurons in vitro
induced by low intensity magnetic stimulation at different frequencies. We applied 5 different
low intensity repetitive magnetic stimulation (LI-rMS) protocols to neuron-enriched primary
cortical cultures for 4 days and assessed survival, and morphological and biochemical
change. We show pattern-specific effects of LI-rMS: simple frequency pulse trains (10 Hz
and 100 Hz) impaired cell survival, while more complex stimulation patterns (theta-burst and
a biomimetic frequency) did not. Moreover, only 1 Hz stimulation modified neuronal
morphology, inhibiting neurite outgrowth. To understand mechanisms underlying these
differential effects, we measured intracellular calcium concentration during LI-rMS and
subsequent changes in gene expression. All LI-rMS frequencies increased intracellular
calcium, but rather than influx from the extracellular milieu typical of depolarisation, all
frequencies induced calcium release from neuronal intracellular stores. Furthermore, we
observed pattern-specific changes in expression of genes related to apoptosis and neurite
outgrowth, which were consistent with our morphological data on cell survival and neurite
branching. Thus, in addition to the known effects on cortical excitability and synaptic
plasticity, our data demonstrate that LI-rMS can change the survival and structural
complexity of neurons. These findings provide a cellular and molecular framework for
understanding what low intensity magnetic stimulation may contribute to human rTMS
outcomes.
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Introduction
Repetitive transcranial magnetic stimulation (rTMS) is used in clinical treatment to noninvasively stimulate the brain and promote long-term plastic change in neural circuit function
[1, 2], with benefits for a wide range of neurological disorders [3-5]. In addition, there is
increasing evidence that low intensity magnetic stimulation (LI-rTMS) may also be
therapeutic, particularly in mood regulation and analgesia [6-8]. Nonetheless, clinical
outcomes of rTMS and LI-rTMS are variable [9] and greater knowledge of the mechanisms
underlying different stimulation regimens is needed in order to optimise these treatments.
Investigating the mechanisms of both high and low intensity rTMS is important because most
human rTMS protocols deliver a range of stimulation intensities across and within the brain.
Human rTMS is most commonly delivered using butterfly figure-of-eight shaped coils [10,
11] to produce focal high-intensity fields that depolarise neurons in a small region of the
cortex underlying the intersection of the 2 loops [10, 11], which in turn can modulate activity
in down-stream neural centres [12, 13]. However, this stimulation focus is surrounded by a
weaker magnetic field such that a large volume of adjacent cortical and sub-cortical tissue is
also stimulated, albeit at a lower intensity that is below activation threshold [14, 15]. While
the functional importance of this para-focal low-intensity stimulation in the context of human
rTMS is unclear, low-intensity magnetic stimulation on its own modifies cortical function
[16, 17] and brain oscillations [18]. Moreover, animal and in vitro studies demonstrate that
low-intensity stimulation alters calcium signalling [19, 20], gene expression [21],
neuroprotection [22] and the structure and function of neural circuits [23, 24]. However, the
mechanisms underlying outcomes of low-intensity magnetic stimulation, particularly in
conjunction with different stimulation frequencies, have not been investigated.
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To address this, we undertook a systematic investigation of the fundamental morphological
and molecular effects of five repetitive low intensity magnetic stimulation (LI-rMS) protocols
in a simple in vitro system with defined magnetic field parameters. We show for the first time
that LI-rMS induces calcium release from intracellular stores. Moreover, we show specific
effects of different stimulation protocols on neuronal survival and morphology and associated
changes in expression of genes mediating apoptosis and neurite outgrowth. Taken together,
our data demonstrate that even low intensity magnetic stimulation induces long-term
modifications to neuronal structure, which might have implications for understanding the
effects of high-intensity human rTMS in the whole brain.
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METHODS
Animals
C57Bl/6j mice pups were sourced from the Animal Resources Centre (Canning Vale, WA,
Australia). Experimental procedures were approved by the UWA Animal Ethics Committee
(03/100/957).

Tissue culture
To investigate changes in neuron biology following LI-rMS stimulation, we used neuronal
enriched cultures from postnatal day 1 mouse cortex. Pups were euthanased by
pentobarbitone sodium (150 mg/kg i.p.), decapitated and both cortices removed. Pooled
cortical tissue was dissociated and prepared following standard procedures [25]. Cells were
suspended in NB media (Neurobasal-A, 2 % B27 (Gibco®), 0.6 mg/ml creatine, 0.5 mM Lglutamine, 1 % Penicillin/Streptomycin, and 5 mM Hepes) and plated on round poly-D-lysine
coated coverslips at a density of 75000 cells/well (day 0 in vitro; DIV 0). On DIV 3, half the
culture medium was removed and replaced with fresh media containing cytosine
arabinofuranoside (6 μM; Sigma) to inhibit glial proliferation. Cells were grown at 37°C in
an incubator (5% CO2 + 95% air) for 10 days and half the medium was replaced on DIV 6
and 9. To ensure that any experimental effects were not due to either different litters or
culture sessions, plated coverslips from each litter were randomly allocated to stimulation
groups. The whole culture-stimulation procedure was repeated 3 times.
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Repetitive Magnetic Stimulation
LI-rMS stimulation was delivered to cells in the incubator with a custom built round coil (8
mm inside diameter, 16.2 mm outside diameter, 10 mm thickness, 0.25 mm copper wire, 6.1
Ω resistance, 462 turns) placed 3 mm from the coverslip (Fig 1A) and driven by a 12 V
magnetic pulse generator: a simple resistor-inductor circuit under control of a programmable
(C-based code) micro-controller card (CardLogix, USA). The non-sinusoidal monophasic
pulse [26] had a measured 320µs rise time and generated an intensity of 13 mT as measured
at the target cells by hall effect (ss94a2d, Honeywell, USA) and assessed by computational
modelling using Matlab (Mathworks, USA; Fig 1B,C). Coil temperature did not rise above
37oC, ruling out confounding effects of temperature change. Vibration from the bench surface
(background) and the top surface of the coil were measured at 10 Hz stimulation using a
single-point-vibrometer (Polytec, USA); coil vibration was within vibration amplitude of
background (Fig 1D).

Stimulation was delivered for 10 continuous minutes per day at 1 of 5 frequencies: 1 Hz,
which reduces, or 10 Hz which increases, cortical excitability in human rTMS [27, 28]; we
also used 100 Hz, consistent with very low intensity pulsed magnetic field stimulation [29,
30], continuous theta burst stimulation (cTBS: 3 pulses at 50 Hz repeated at 5 Hz) showing
inhibitory effects on cortical excitability post-stimulation in human rTMS [31, 32] or
biomimetic high frequency stimulation (BHFS: 62.6 ms trains of 20 pulses, repeated at 9.75
Hz). The BHFS pattern was designed on electro-biomimetic principles [33], based on the
main parameter from our previous studies [23, 24]} which was modelled on endogenous
patterns
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PCT/AU2007/000454, Global Energy Medicine). The total number of pulses delivered for
each stimulation paradigm is shown in Table 1. We chose a standard duration of stimulation
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of 10 minutes (rather than a standard number of pulses) because studies of brain plasticity
reveal that 10 minutes of physical training or LI-rTMS is sufficient to induce functional and
structural plasticity [23, 24, 34]. For all experiments, controls were treated identically but the
coils were not activated. An overview of experiments and summary of experimental design is
shown in Fig 1E.

Immunohistochemistry
To investigate the influence of different stimulation frequencies at the cellular level, we used
immunohistochemistry to examine neuronal survival and the prevalence of different cell
types. Cells plated on glass coverslips were grown in 12 spatially separated wells of a 24 well
plate to ensure no overlap of magnetic field. Wells were stimulated for 10 minutes daily from
DIV 6-9 and cells were fixed with 4% paraformaldehyde 24 hours after the last stimulation.
Mouse anti-active Caspase-3 (1:50, Abcam) and TUNEL (DeadEnd™ Fluorometric TUNEL
System, Promega) double labelling were carried out to identify apoptosis. Glia and neurons
were labelled with rabbit anti-GFAP (1:500, Dako) or mouse anti-βIII Tubulin (1:500,
Covance). Subpopulations of neurons were identified, using rabbit anti-calbindin D-28K
(inhibitory and small excitatory neurons; 1:500, Chemicon [35]) or mouse anti-SMI-32
(excitatory neurons; 1:2000, Covance [36]). Antibody binding was visualised using
fluorescently labelled secondary antibodies (Alexa Fluor 546 and Alexa Fluor 488;
Invitrogen). Cell nuclei were labelled with either Hoechst (1:1000, Sigma Aldrich) or Dapi
(DeadEnd™). Coverslips were mounted with Fluoromount-G.
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Histological Analysis
For each experimental group, histological analyses were performed blind to stimulation
paradigm on 12-18 images containing cultured cells from 2-3 different litters. Five semirandomly distributed images per immunostained coverslip were taken from locations
underneath the desired magnetic field (13 mT), in order to analyse cells that had received
similar stimulation intensity. We counted cells labelled with the following antibody
combinations: βIII Tubulin or GFAP (neurons/glia), Caspase-3 and TUNEL (apoptotic cells),
or Calbindin or SMI-32 (inhibitory/excitatory neurons). Raw counts were normalized to the
total cells numbers (Hoechst or DAPI labelled) in the analysed field (FA). Cells that were not
immunolabelled for either marker were identified as 'other' and included in the total cell
count.
Morphometric analysis was undertaken on individually visualized neurons. Calbindin
labelled neurons had weakly labelled processes thus neurite morphology could not be reliably
distinguished. Thus, only SMI-32 positive cells were analysed. For every cell, the longest
neurite was traced and its total length calculated with Image J. To estimate neuronal
morphology, fast Sholl analysis [37] was performed, using an Image-Pro®Plus (Media
Cybernetics, Inc.) based macro (M. Doulazmi, UPMC).

Calcium Imaging
To assess the mechanisms underlying LI-rMS effects, we measured real-time changes in
intracellular calcium during stimulation. On DIV 6-10, cells were incubated in 1 µM Fura2AM (Molecular Probes) supplemented media at 37°C for 90-120 min. Immediately prior to
experimentation, cells were transferred to Fura-2AM supplemented imaging solution
containing: 140 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 0.5 mM MgCl2, 10 mM Glucose and
9

10 mM Hepes (pH 7.4). Intracellular calcium was assessed at 37°C as described previously
[38] to evaluate ratiometric change and estimate intracellular concentration [Ca2+]i (nM).
Fura-2 340/380 nm ratiometric fluorescence was captured using a Hamamatsu Orca ER
digital camera attached to an inverted Nikon TE2000-U microscope (ex 340/380 nm, em 510
nm) and analysed by manually tracing cells in MetaMorph® 6.3 (Molecular Devices).
Ratiometric fluorescent values were recorded from 5 min pre-stimulation to 5 min poststimulation (or control) at 1 minute time intervals. Analyses were made off-line such that the
experimenter was blind to stimulation group. Ratiometric fluorescent values were averaged
over the last 3 min of stimulation (µMain : minutes 8-10), and normalised to the pre-stimulation
baseline (µPre: minutes 3-5). Percentage Fura-2 ratiometric signal change (Y%change) was
calculated (Y%change = ((µPre - µMain )/ µMain ) * 100) (Fig 1E). Pilot experiments showed that
there was no effect of culture age (DIV) on calcium responses, thus data were pooled across
days.
Following each experiment, cells were fixed with 4% paraformaldehyde and immunostained
for GFAP/βIII Tubulin/Hoechst, as described above, to confirm that imaged cells were
neurons. Only data from βIII tubulin-positive neurons were included in the analysis.
To investigate the source of increased intracellular calcium, we assessed alterations in
intracellular calcium when neurons were either placed in calcium-free imaging solution, or
exposed to thapsigargin (3 μM, SIGMA) to deplete intracellular calcium stores. For calciumfree studies, cells were placed in calcium-free imaging solution (140 mM NaCl, 5 mM KCl,
0.5 mM MgCl2, 10 mM HEPES, 10 mM Glucose, 3 mM EGTA, pH 7.4) immediately prior
to experimentation. To confirm that results were not based on changes in ion concentration,
in some experiments we compensated for the drop in Ca2+ with an equi‐molar replacement of
Mg2+ to keep a constant surface charge effect across the membrane. Results showed no
10

difference between these 2 solutions. Thapsigargin studies (supplemented 10 min prior to
experimentation) were performed in normal 2.5 mM calcium containing imaging solution.
All imaging solutions were supplemented with 1 µM Fura-2AM. Cell viability was confirmed
with propidium iodide (PI) post-stimulation and cells that were permeable to PI were
excluded from subsequent analysis.

PCR Array
To investigate the molecular events triggered by different frequency stimulation, changes in
gene expression were examined in a separate series of cultures following a single stimulation
at DIV 6. For each group (3 frequencies plus control), three replicates of ten wells underwent
one stimulation session. Five hours after the end of stimulation, total RNA was extracted with
Trizol (Life Technologies) followed by purification on RNeasy kit columns (Qiagen). cDNA
was transcribed from 200 ng of total RNA using the RT² Easy First Strand cDNA Synthesis
Kit (Qiagen). For each sample, 250 ng of cDNA was applied to the Mouse cAMP / Ca2+
Signaling Pathway Finder PCR Array and amplified on a Rotorgene 6000. Results were
analysed by a researcher (K Carter), who did not know the tissue groupings, on the Qiagen
RT2 Profiler PCR array data analysis (v3.5) using the geometric mean of housekeeping genes
glyceraldehyde-3-phosphate dehydrogenase and glucuronidase beta. Normalized mean
expression levels (log2(2-ΔCt)) were used to determine differentially expressed genes
between each group and control. Changes in gene expression were analysed further in R 3.0.1
using the NMF package [39], Ingenuity Pathways Analysis (IPA) and WebGestalt [40].
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Statistical analysis
Data from all groups were explored for outliers and normal distribution with SPSS Statistics
20 (IBM). For cell survival and calcium imaging experiments, effects of frequency were
analysed with One-way Analysis of Variance (Kruskal-Wallis; H) and Mann-Whitney (U)
pairwise comparisons with Bonferroni-Dunn correction where appropriate. Neurite length
data was analysed with Univariate ANOVA (F). Gene expression levels from the PCR array
were compared by two sample t-test. All values are expressed as mean ± SEM and considered
significant at p < 0.05.

12

RESULTS
We delivered multiple sessions of LI-rMS (DIV6-9) to see the cumulative effects on the
survival and morphology of single neurons. We then examined potential mechanisms
underpinning these cellular effects by identifying acute changes induced by a single session
of LI-rMS: (1) intracellular calcium during stimulation; (2) gene expression 5hrs after a
single stimulation session, an interval necessary for transcriptional changes to have occurred.
The experimental design is summarized in Fig 1E.

rMS stimulation-specific effects on neuronal survival and morphology
We first investigated whether low intensity LI-rMS had deleterious effects and induced
apoptosis by counting cells double labeled for Caspase-3 and TUNEL (Nfields

analyzed (FA):

Control = 22; 1 Hz = 10; 10 Hz = 10; 100 Hz = 9; cTBS = 10; BHFS = 10). While the great
majority of cells (about 90%) continued growing normally, there was a small but significant
increase of apoptotic cells in cultures stimulated at 10 Hz (11.11 % ± 1.84) and 100 Hz
(11.08 % ± 1.79) compared to unstimulated controls (4.3 % ± 0.9; p = 0.036 and 0.044
respectively, Fig 2A). In contrast, stimulation by 1 Hz and complex frequencies did not
significantly alter apoptosis ( 4-7% cells in each group). Because stimulation at 100 Hz did
not induce more apoptosis than 10 Hz, it was not investigated further.
We next evaluated whether different LI-rMS patterns altered the proportions of neurons and
glia in primary cortical cultures (NFA: Control = 19; 1 Hz = 18; 10 Hz = 18; cTBS = 18;
BHFS = 15). The ratio of neurons-to-glia following stimulation at any frequency was no
different from unstimulated control cultures (Fig 2B,C), suggesting that the small amount of
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apoptosis ( 4-7%) involved all cell types equally. On average, pooled across all frequencies,
we observed 85.6 % ± 1.1 neurons, 5.1 % ± 1.3 glia and 9.3 % undefined cells in our cultures.
Because some studies have shown that magnetic fields differentially affect inhibitory and
excitatory neurons [41, 42] we quantified the proportions of two neuronal populations:
calbindin D-28K-positive neurons, which are predominantly inhibitory [35], and SMI-32labelled excitatory neurons (NFA: Control = 24; 1 Hz = 13; 10 Hz = 25; cTBS = 16; BHFS =
14). The higher proportion of inhibitory neurons in early postnatal cultures is in line with
previous studies [43]. Only 1 Hz stimulation altered the relative proportions by increasing
that of calbindin positive neurons (p = 0.001), from 81.6 % ± 1.8 in control cultures to 92.2 %
± 1.7, while decreasing the percentage of SMI-32 positive neurons (p = 0.029), from 4.1 % ±
0.8 in control cells to 0.8 % ± 0.3 (Fig. 2D,E). This reduction in number of SMI-32 positive
cells (3.3 %) is within the 4-7% cell death observed in control and 1 Hz stimulated cultures
(Fig 2A) and suggests that LI-rMS at 1 Hz slightly impaired survival of SMI-32 positive
excitatory neurons without increasing apoptosis overall.

We then investigated neurite branching and outgrowth from individual SMI-32 positive
neurons (N: Control = 24; 1 Hz = 8; 10 Hz = 14; cTBS = 7; BHFS = 11). Stimulation at 1 Hz
significantly reduced neurite branching and outgrowth by 60% compared to control neurons
(Fig 3A-E; p = 0.001). Sholl analysis revealed that changes occurred 10-50 µm from the
soma (Fig 3E). However, the length of the longest neurite of each SMI-32 positive neuron
was not significantly different between stimulation frequencies (F = 0.936, p = 0.45).
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LI-rMS releases calcium from intracellular stores
To identify mechanisms that may explain these morphological and cell survival data, we
examined changes in intracellular calcium during stimulation. Compared to unstimulated
controls, each of 10 Hz, cTBS and BHFS stimulation significantly increased Fura-2
ratiometric fluorescence (p < 0.001; Fig 4A) by 11–13 % (Control: 2.1 % ± 0.8; 10 Hz: 13.4
% ± 2.3; cTBS: 15.0 % ± 2.6 and BHFS: 15.1 % ± 2.0). This is equivalent to an average
change in intracellular Ca2+ from 34.31 nM ± 7.44 in control to 414.77 nM ± 41.52 after 10
min stimulation, a rise which is in the range of increased Ca2+ concentration following action
potential induction [44, 45]. In contrast, 1 Hz stimulation induced an intermediate increase
(8.3 % ± 1.1) in Fura-2 ratiometric fluorescence which was not significantly different from
either unstimulated control or other stimulation frequencies (Fig 4A). No impact on neuronal
viability was observed following a single session of LI-rMS stimulation (data not shown).

To determine whether the increase in intracellular calcium originated from the extracellular
milieu or intracellular stores, we stimulated neurons either in calcium-free imaging solution,
or after thapsigargin treatment (Fig 4B). Because of apparent equivalence of effect for cTBS
and BHFS stimulation in previous experiments, pharmacological tests were carried out on 1
Hz, 10 Hz and BHFS frequencies. For all frequencies, the increase in neuronal Fura-2
ratiometric fluorescence under calcium-free conditions was not significantly different from
that in normal imaging media (1 Hz: 10.7 % ± 2.5; 10 Hz: 14.7 % ± 1.8 and BHFS: 14.7 % ±
1.7). In contrast, exposure of cells to thapsigargin resulted in strong attenuation of the Fura-2
signal during stimulation at all frequencies (p < 0.05; 1 Hz: 1.5 % ± 1.4, 10 Hz: 4.6 % ± 2.4
and BHFS: 0.4 % ± 0.4). These data indicate that LI-rMS stimulation induces release of Ca2+
from intracellular stores rather than influx from the extracellular milieu (Fig 4B).
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LI-rMS changes expression of genes implicated in neuronal survival
To further understand how LI-rMS may lead to changes in cell survival and morphology, we
examined the immediate up-and down-regulation of genes associated with Ca2+ signaling,
five hours after a single session of stimulation at different frequencies. We identified 16
genes (Table 2; Fig 5A) for which expression changes were significantly different from
unstimulated controls (p < 0.05) in at least one of the three experimental groups (Fig 5B).
Enrichment analysis on these 16 genes in IPA and gene ontology terms (Webgestalt;
supplementary Table 1) revealed that 15 of the 16 genes were significantly associated with
two major biofunctions: 1) cell survival and apoptosis and 2) cell morphology and migration
(Fig 5C). The remaining gene, slc18a1 encodes a vesicular monoamine transporter and was
significantly increased following stimulation with 10 Hz.
All LI-rMS frequencies induced changes in genes situated within neuronal survival or
apoptosis pathways (Fig 6A,B), of which some were common to all frequencies (ENO2 and
CRH), and others pattern-specific (Figs 5B, 6A,B; Table 2). 10 Hz stimulation, which was
associated with apoptosis, upregulated pro-apoptotic genes (e.g. Pmaip1/Noxa, and BRCA1)
and downregulated anti-apoptotic genes (e.g. JunD). In addition, stimulation by frequencies
which did not induce apoptosis resulted in pro-survival changes to gene expression (eg. 1 Hz
upregulated hexokinase and BHFS downregulated cdk5 and Sod2). These data also show that
although all our LI-rMS paradigms altered intracellular Ca2+, the downstream effects on gene
expression were specific for each stimulation frequency and rhythm.
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DISCUSSION
This study used cortical neuron cultures to identify cellular and molecular mechanisms
underlying the outcomes of different low intensity magnetic stimulation parameters. Our data
show differential effects of specific LI-rMS paradigms on neuronal survival and morphology.
Furthermore, evidence for calcium release from intracellular stores and stimulation-specific
regulation of gene expression identify a potential cellular and molecular framework for
understanding what low intensity magnetic stimulation may contribute to rTMS outcomes in
humans.

Paradigm-specific effects on neuronal survival: dose vs rhythm
Our study shows specific effects of different LI-rMS paradigms on neuronal survival,
suggesting that the overall stimulation load (pulse number and density) and/or rhythm of
pulse delivery may be important. It has recently been proposed that there is no simple dosedependent cumulative effect of rTMS on the cerebral cortex [46]. Our data on isolated
cortical neurons, showing that several low-intensity stimulation paradigms induce similar
changes to intracellular calcium concentration but different patterns of gene expression and
cell survival, extend this hypothesis to suggest that pulse rhythm, i.e. the pattern of
stimulation frequency, is a primary determinant.
Considering pulse trains delivered at simple frequencies, increasing stimulation load
(pulses/unit time) is associated with an increase in intracellular Ca2+ and cell death. In the
group that received the lowest number of pulses (1 Hz: 600 pulses), there was only an
intermediate non-significant increase in intracellular Ca2+ and a level of apoptosis that was
within the range observed in control cultures (4%). Moreover, increasing stimulation load
17

with 10 and 100 Hz (6000 and 60,000 pulses within the 10 min stimulation period),
significantly increased intracellular Ca2+ and overall cellular apoptosis, consistent with the
deleterious effect of prolonged magnetic stimulation to human monocyte leukemia cells [47].
Such fundamental biological knowledge will be important to future human rTMS as advances
in coil cooling will permit longer stimulation trains without frequent TMS-free pauses seen in
current clinical practice [5]. In contrast, even higher stimulation load, but delivered with a
complex biomimetic frequency (TBS: 7000 and BHFS: 120000 pulses within 10 minutes) did
not increase neuronal apoptosis despite rises in intracellular Ca2+ similar to those following
10 Hz. This not only confirms the hypothesis that dose and effect are not simply related [46,
48], but suggests that the rhythm with which the pulses are delivered is fundamental to their
effect. By mimicking endogenous patterns of neuronal firing, biomimetic complex
waveforms may induce more intricate and biologically safe changes compared to simple
frequencies [28, 33]. One possible mechanism underlying these observations is frequencyand pattern-specific regulation of calcium buffering proteins [49-51], which is likely to
contribute to the complex relationship between stimulation load, regulation of intracellular
Ca2+ levels and cell viability. Indeed the promising therapeutic outcomes in human patients
using TBS, albeit at high intensity [52, 53], would appear to support the hypothesis. Thus our
data shows a complex interplay between pulse frequency, rhythm and outcome, confirms the
recent suggestion that appropriately designed rTMS protocols may generate highly adaptable
therapies to treat a wide range of neurological conditions [5].
The possibility that the effect of LI-rMS is determined by the number and/or rhythm of pulses
was supported by our gene expression studies, which show that 1 Hz results in fewer geneexpression changes than 10 Hz and BHFS stimulation and BHFS alters a greater number of
genes than 10 Hz. The majority of the regulated genes in our study were associated with cell
survival and apoptosis pathways (Fig 5C), consistent with evidence for pro-survival [22] or
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pro-apoptotic [47, 54] effects of magnetic fields and our survival data (discussed above). All
frequencies in our study downregulated neuron-specific enolase (ENO2) and corticotrophinreleasing hormone (CRH), both of which have neuroprotective properties [55, 56]. However,
in addition, we show paradigm-specific regulation of genes within neuronal survival and
apoptosis pathways. Increased apoptosis after 10 Hz stimulation was associated with the
upregulation of pro-apoptotic [57, 58] and downregulation of anti-apoptotic genes [59, 60]. In
contrast, stimulation by frequencies which did not induce apoptosis showed survivalpromoting gene expression changes [61, 62]. Given that neuroprotective effects of rTMS
remain controversial [63], further characterisation of these gene expression changes at the
protein and functional level could identify novel neuroprotective therapies for treatment of
neurological disorders.

Stimulation-specific effects of LI-rMS on neuronal morphology: implications for
reorganisation of cortical circuits
In addition to effects on neuronal survival, our data also shows a stimulation pattern-specific
effect on neuronal morphology. 1 Hz stimulation reduced neurite complexity of glutamatergic
projection neurons, consistent with a recent study in hippocampal neurons in vitro
demonstrating that 1 Hz magnetic stimulation reduced dendritic branching and damaged
synaptic structure [64]. This suggests that the intermediate rise in Ca2+ following 1 Hz
stimulation, although statistically non-significant, has biological relevance. In addition, 1 Hzinduced neurite regression would have the net effect of reducing excitatory connectivity
within a cortical circuit, which is consistent with the LTD-like effects of 1 Hz rTMS on the
human cortex [65]. However, we studied dissociated neurons, with minimal contact between
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neurites, suggesting that magnetic stimulation may directly alter neuronal structure beyond
those changes (e.g. spines) associated with modulation from synaptic signalling [51, 66, 67].
Although we did not observe morphological changes when applying other frequencies, BHFS
upregulated Cyr61, which is involved in the control of dendritic growth and has been
associated with reorganisation of neuronal projections [68] and in association with longer
treatment may contribute to the reorganization of abnormal circuitry induced by LI-rTMS at
BHFS frequency [23, 24].

Intracellular Ca2+ increase: mechanism of cortical plasticity?
Changes in intracellular Ca2+ in response to magnetic fields have been demonstrated in a
range of cells [19, 69, 70]. We show here for the first time that in neurons LI-rMS releases
Ca2+ from intracellular stores. This provides a mechanism for LI-rMS induced cellular and
molecular changes that is independent of action potential induction, given that the stimulation
was subthreshold, estimated to be 0.5V/m [33], which is several orders of magnitude below
the ~50V/m that depolarises neurons [46]. This concurs with our gene expression data in
which markers of synaptic activity and action potential firing (e.g. CREB and BDNF) were
not upregulated (data not shown). Importantly, calcium release from intracellular stores can
modulate synaptic plasticity [71] even without action potential firing and associated calcium
influx. Therefore our data provide a mechanism to explain the effects of low intensity
magnetic stimulation on cortical neurons [17], and provides a cellular and molecular
framework for understanding what low intensity magnetic stimulation may add to the altered
calcium signalling induced by the high-intensity focus of human rTMS, and thus its potential
contribution to human rTMS outcomes.
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Elucidation of novel mechanisms: relevance of in vitro low intensity LI-rMS to human rTMS
As discussed above, we have identified changes to cell morphology, intracellular calcium
flux and gene expression in isolated neurons stimulated by subthreshold low-intensity
magnetic pulses. This experimental paradigm is very different from the peri-threshold highintensity stimulation of whole neural networks in human rTMS; so what do our data
contribute? First, our data reveal for the first time a fundamental cellular mechanism of nondepolarising magnetic fields on neurons, which in the in vivo context would underlie any
trans-synaptic, neural circuit or cell environment responses. This could only be achieved by
the application of a defined magnetic field to isolated cortical neurons, thus removing the
confounding effects of glial responses and neuronal circuit activity from the observed
outcomes. However, neurons that are maintained in culture are relatively immature, albeit
fully differentiated, and not integrated within functioning neural networks.

Thus their

response to magnetic fields may be modified by different receptor and calcium-buffering
capacities to adult neurons, especially in the absence of normal glial metabolic regulation and
afferent activity. This, in turn, may make these neurons more susceptible to the low-intensity
stimulation we induced in a manner that would not occur in the adult human brain even to
higher intensity stimulation. Second, we identified potentially deleterious effects of 10
minutes continuous stimulation (slight increase in neuronal apoptosis) even at low intensity.
Although such continuous pulse trains are not given in current human rTMS, the concern our
data raise has pertinence to potential future human rTMS protocols as advances in coilcooling technology may remove the requirement for short stimulation trains interspersed with
TMS-free pauses. Taken together, our data demonstrate a novel cell-intrinsic mechanism for
low intensity magnetic field stimulation of neurons which provides new insights into the
structural and functional plastic changes described following low intensity magnetic
stimulation [17, 23, 24, 30]. Importantly, this mechanism may also be evoked during high
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intensity stimulation, thus potentially working together with previously described metabolic
and synaptic plasticity mechanisms of human rTMS [64, 67, 72-74].

Conclusion
In summary, our data show that magnetic fields of different frequencies and rhythms alter
intracellular calcium concentration and gene expression, which are consistent with long term
modulation of neuronal survival. The immediate modification of calcium levels and gene
expression support the development of long term changes following multiple stimulation
sessions. Taken together with our previous study demonstrating that LI-rTMS can induce
reorganization of neural circuits in vivo [23, 24] our data indicate that effects of low intensity
stimulation as a by-product of high intensity rTMS coils cannot be disregarded. Although,
our stimulation parameters did not directly mimic those used in human rTMS, the knowledge
about mechanisms underlying the effects of different stimulation paradigms provided by this
study will contribute to understanding magnetic stimulation outcomes and optimizing
therapeutic application in humans.
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Figure legends
Figure 1 Stimulation apparatus and experimental design: A: photographs of an in vitro
stimulation coil used in this study. Views are from the top (top panel) and side (bottom
panel). The diagram in the bottom panel shows that the coil was placed beneath one well of a
24 well culture dish containing a coverslip (blue) with culture medium (pink). The coil
(orange) was located at a distance of 3 mm from the coverslip because of the thickness of the
plastic base of the culture dish (white). Note that neighbouring wells did not contain
coverslips to avoid interactions of magnetic fields from individual coils (compare extent of
magnetic field and coverslip shown in C). B: Matlab software model representing the induced
magnetic field at the level of the coil, distance in mm. C: Top view of modelled magnetic
field strength at 3 mm from the base of the coil (position of the coverslip). Dashed circle
represents the well and solid circle represents the edge of the cover slip (Ø = 13 mm). Black
dots show the sampling locations for cell counts and morphological analysis. D: Fourier
transform of the frequency spectrum of vibration measurement (mm/s) taken by a singlepoint-vibrometer placed either on the bench surface (background) or on top of the coil
(in place of the culture plate as illustrated in A). Vibration measured from background
surface (black) and the coil (red) confirms that the coil did not generate vibration above
background levels. E: Timeline for our experimental design. We delivered multiple sessions
of LI-rMS (DIV6-9) to see the cumulative effects on the survival and morphology of single
neurons. Then in separate experiments we examined potential mechanisms underpinning
these cellular effects by identifying acute changes induced by a single session of LI-rMS: (1)
intracellular calcium during stimulation; (2) gene expression 5 hrs after stimulation, an
interval necessary for transcriptional changes to have occurred. The inset shows the detailed
timeframe for intracellular calcium imaging, and is an example for DIV 6. LI-rMS was
delivered for 10 minutes (grey zone). Ratiometric fluorescent values recorded over the last 3
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min of stimulation were averaged and reported as a percentage of pre-stimulation baseline.
Scale bar (A): 15 mm.

Figure 2: LI-rMS alters cell survival. A: Percentage cells double labeled for Caspase-3 and
TUNEL were increased following 10 and 100 Hz compared to unstimulated controls (H =
14.32, p = 0.014. Pairwise comparisons Control-10 Hz: U = -23.832, p = 0.036 and Control100 Hz: U = -24.237, p = 0.044). B,C: Percentage cells that were labeled with βIII Tubulin
(neurons; B) or GFAP (glia; C) (Neuron: H = 5.93, p = 0.204, Glia: H = 14.53, p = 0.006.
Pairwise comparisons (U): no significant difference to Control). D,E: Percentage cells that
were labeled with Calbindin (D) or SMI-32 (E). 1 Hz increased the proportion of calbindin
positive inhibitory neurons and decreased SMI-32 positive glutamatergic neurons compared
to unstimulated controls (H = 21.103, p = 0.000. Pairwise comparisons Control-1 Hz: U = 35.94, p = 0.001. SMI-32: H = 15.19, p = 0.004. Pairwise comparisons Control-1 Hz: U =
26.71, p = 0.029). Error bars are standard error of the mean.

Figure 3: LI-rMS has stimulation pattern-specific effects on neuronal morphology A,B:
Representative neuronal morphology from control (A) and 1 Hz (B) stimulation. C: diagram
illustrating Sholl analysis. D: mean number of dendrite intersections per neuron following LIrMS (4 days, 10 min per day) at different frequencies (H = 17.84, p = 0.001. Pairwise
comparisons Control-1 Hz: U = 30.771, p = 0.001). E: Number of intersections per concentric
Sholl circle from 10-80 µm from the soma are decreased in 1 Hz stimulated samples
compared to unstimulated controls (10 µm: U = 7.13, p = 0.008, 20 µm: U = 5.94, p = 0.015,
30 µm: U = 7.86, p = 0.005, 40 µm: U = 6.84, p = 0.009, 50 µm: U = 5.29, p = 0.021). Error
bars are standard error of the mean.
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Figure 4: LI-rMS induces Ca2+ release from intracellular stores. Alterations in Fura-2
340/380 nm ratiometric fluorescence (% change Fura-2) in cortical neurons after a single 10
min stimulation with 1 Hz, 10 Hz, cTBS and BHFS frequencies. A: LI-rMS at each of 10 Hz,
cTBS and BHFS increased intracellular calcium compared to unstimulated controls, while 1
Hz only generated an intermediate rise (H = 20.7, p = 0.000. Pairwise comparisons Control10 Hz: U= -27.97, p = 0.007; Control-cTBS : U = -32.48, p = 0.001; Control-BHFS : U = 38.03, p = 0.000). B: LI-rMS induced similar increase in Fura-2 ratiometric fluorescence in
normal imaging and calcium-free media but not in thapsigargin supplemented (H = 20.89, p =
0.000. Pairwise comparisons Normal-Thapsigargin: U = 23.6, p = 0.000; Ca2+ free –
Thapsigargin: U = 31.39, p = 0.000). Error bars are standard error of the mean.

Figure 5: Changes in gene expression following different LI-rMS stimulation protocols.
A: Heat map showing changes in expression (log2 fold change) of the 16 genes that were
significantly (asterisks) regulated following LI-rMS stimulation at one or more frequencies.
B: Venn diagram showing number of changes in gene expression that are common to all
frequencies and those that are specific to individual frequencies. C: Biofunctions of the 16
modulated genes as identified in Ingenuity Pathway analysis.

Figure 6: Representations of the relationships between 15 genes that were significantly
regulated following LI-rMS stimulation. A. Pathway diagram obtained from Ingenuity
Pathway Analysis showing the relationship between the genes examined following LI-rMS
(blue = 1 Hz; green = 10 Hz and red = BHFS). Dark shading indicates upregulation and light
30

shading indicates downregulation. B. Regulated genes (in ovals) are situated within the cell
survival and cell death pathways (see also Table 2 and Fig 5C). Non-regulated genes are
included to provide context.
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Table

Table 1: Total number of pulses delivered during 10 minutes for each frequency
Frequency
1 Hz
10Hz
100 Hz
cTBS
BHFS

Total pulses delivered in 10 minutes
600
6,000
60,000
7,000
120,000

Table

Table 2: List of genes that were significantly up or down regulated (Student t-test) five hours after a single PMF stimulation at 1Hz, 10Hz or BHFS
frequencies. Fold change (primary colours indicate up-regulation and pastels indicate down-regulation) and p-values are relative to unstimulated controls.
ID

Entrez Gene Name

1Hz
p-value

1 Hz Log
FC

10 Hz
p-value

10Hz
Log FC

BHFS
p-value

BHFS
Log FC

Brca1

breast cancer 1, early onset

0.27

1.200

0.03

1.530

0.62

1.070

Cdk5

0.75

-1.030

0.68

-1.040

0.03

-1.220

0.20

2.620

0.75

1.050

0.01

-1.540

0.03

-1.620

0.04
0.003

1.640
-1.500

0.19

1.290

0.06

1.370

0.04

-2.590

0.03

-2.740

0.03
0.03

1.410
-2.560

Gem
Hk2
Hspa4

cyclin-dependent kinase 5
glycoprotein hormones, alpha
polypeptide
corticotropin releasing hormone
cysteine-rich, angiogenic inducer,
61
enolase 2 (gamma, neuronal)
GTP binding protein overexpressed
in skeletal muscle
hexokinase 2
heat shock 70kDa protein 4

0.85

-1.050

0.57

-1.090

0.09

-1.350

-1.110
1.280
-1.280

-1.330

1.360

0.33
0.14
0.08

0.02

0.04

0.04

-1.610

Junb

jun B proto-oncogene

0.04

-2.330

0.03

-2.670

0.08

-1.860

Cell survival

Jund

jun D proto-oncogene
phorbol-12-myristate-13-acetateinduced protein 1

0.07

-1.950

0.007

-2.510

0.33

-1.300

Cell survival

0.31

1.980

0.03

2.860

0.30

1.620

apoptosis

POU class 1 homeobox 1
solute carrier family 18 (vesicular
monoamine), member 1
superoxide dismutase 2,
mitochondrial
tumor necrosis factor

0.26

-2.470

0.10

-1.760

0.04

-3.220

Cell survival

0.37

2.320

0.04

2.480

0.23

3.650

Cytoplasmic protein
transcription
regulator
Membrane
transporter

0.22
0.34

-1.310
-1.610

0.71

-1.090

0.03

-1.580

0.04

-2.390

0.89

-1.160

apoptosis
Cell survival

Cytoplasmic enzyme
Extracellular cytokine

Cga
Crh
Cyr61
Eno2

Pmaip1
Pou1f1
Slc18a1
Sod2
Tnf

Function
Cell survival
Cytoskeletal
remodelling

Type(s)
transcription
regulator
Nuclear kinase

Cell survival
Cell survival
Cytoskeletal
remodelling
Cell survival

hormone
Extracellular cytokine

apoptosis
Cell survival

Membrane enzyme
Cytoplasmic kinase
Cytoplasmic protein
transcription
regulator
transcription
regulator

Extracellular protein
Cytoplasmic enzyme
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