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Abstract 

The non-invasive brain stimulation technique repetitive transcranial magnetic stimulation 

(rTMS) applies magnetic pulses over the cranium to induce electric currents in the 

underlying brain. Clinically, rTMS is used to treat a wide range of neurological and 

neuropsychiatric disorders. Experimental research indicates the therapeutic and 

neuromodulatory effects of rTMS are dependent on the timing of the magnetic pulses 

(stimulation frequency), even when delivered at low intensities that do not induce action 

potentials. The mechanisms underlying the effects of high and low intensity rTMS on 

neurons are increasingly understood, but there has been little focus on the impact of rTMS 

on glia, especially astrocytes, despite their known involvement in neuroplasticity and 

therapeutic processes. This thesis characterises the cellular and molecular effects of low 

intensity (LI)-rTMS on astrocytes in a mouse model of neurotrauma (in vivo), and LI-

repetitive magnetic stimulation (LI-rMS, i.e. no cranium) in enriched astrocyte cultures (in 

vitro).  

 

To examine the effect of rTMS on reactive gliosis, a unilateral penetrating cortical stab was 

delivered to adult (3 month) and aged (18 month) male and female mice, followed by two 

weeks of daily LI-rTMS applied at the injury site (1Hz, biomimetic high frequency 

stimulation, or sham) or contralateral to the injury site (1Hz). The volume of the glial scar, 

the lesion volume, and the density of GFAP-positive astrocytes, IBA1-postive microglia and 

macrophages, and area and intensity of deposited growth-inhibitory matrix were measured 

across all groups. LI-rTMS did not alter the volume of the glial scar, but significantly 

reduced the density of astrocytes and microglia/macrophages in the scar in adult and aged 

females, and increased the density of astrocytes and microglia/macrophages in adult and 
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aged males. However, there was no change in the area or fluorescence intensity of 

inhibitory matrix deposition. 

 

To further examine the cellular and molecular responses of LI-rTMS on astrocytes 

specifically, I used an in vitro system of purified neonatal mouse cortical astrocyte cultures. 

Changes in astrocytic calcium were measured during and immediately following a single 

session of LI-rMS (1Hz, continuous theta burst stimulation, 10Hz, biomimetic high 

frequency stimulation) and sham controls. In addition, the effect of LI-rMS sessions on 

astrocyte proliferation, hypertrophy, and migration following a scratch injury were 

measured daily for four days. Only 1Hz LI-rMS increased calcium levels compared to sham 

controls in cytoplasmic and nuclear regions in astrocytes during stimulation. Similarly, only 

1Hz resulted in reduced astrocyte hypertrophy at the scratch margin 24 hours post-injury. 

LI-rMS did not lead to any changes in proliferation or migration at the scratch site. 

 

I then investigated the effects of a single session of LI-rMS (1Hz, 10Hz, sham) on the 

expression of select genes and proteins known to be influential in astrocyte biology in 

purified neonatal mouse cortical astrocytes. RT-qPCR was used to measure expression of 

125 genes in astrocytes 5 hours following stimulation, and for some of these genes, 

immunofluorescence was used to measure their protein levels at 5 and 24 hours post-

stimulation. Whilst I did not find significant gene upregulation following LI-rMS, I identified 

21 genes that were significantly downregulated across the applied LI-rMS protocols relative 

to sham. Downregulated genes were implicated primarily in calcium signalling, 

inflammation, cytoskeletal composition, and plasticity. Immunofluorescence analysis for 

the proteins of four significantly regulated genes, STIM1 (calcium signalling), ORAI3 

(calcium signalling), KCNMB4 (calcium signalling), and NCAM1 (cell adhesion and 
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plasticity), confirmed significant changes in protein levels in astrocytes which was most 

prominent at 24 hours post-stimulation. 

 

The results of this thesis reveal the ability of LI-rMS and LI-rTMS to elicit changes in 

astrocyte physiology and suggest that rTMS may have therapeutic effects that extend 

beyond neuronal modulation to target processes such as glial reactivity and inflammation. 

My results raise the possibility of using rTMS to target astrocyte functions in conditions 

such as stroke, depression and neurodegenerative conditions.  
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Chapter 1 Introduction 

1.1 Repetitive transcranial magnetic stimulation (rTMS) 

1.1.1 Overview 

Repetitive transcranial magnetic stimulation (rTMS), the most widely used non-invasive 

brain stimulation technique, shows powerful neuromodulatory capabilities and promising 

therapeutic utility. However, the implementation of rTMS in humans has preceded the 

understanding of the effects of rTMS on nervous tissue. Alongside clinical research, 

experimental cellular and molecular studies have provided support for rTMS inducing 

neuroplasticity-like effects that may involve long-term potentiation (LTP) and long-term 

depression (LTD). However, these studies have not, as yet, provided a complete 

understanding of the mechanisms of rTMS-induced effects. Glia, in particular astrocytes, 

are integral in the modulation and implementation of neuroplasticity, and are intricately 

involved in many of the disorders and injuries for which rTMS is administered 

therapeutically. Yet the study of rTMS effects on astrocytes, the topic of this thesis, has 

been largely neglected for the past thirty years. The thesis introduction examines 

characteristics of rTMS and rTMS-induced plasticity, provides an overview of astrocyte 

physiology, function and reactivity, and summarises the known effects of rTMS on 

astrocytes before presenting the experimental aims. 

1.1.2 Transcranial magnetic stimulation 

The recorded use of electric current on the human brain dates back nearly two millennia, 

where Roman physicians would use electric ray fish to deliver electric currents to patients 
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heads to treat headaches (Largus 43). Notable advancement in the application and 

documentation of electrical stimulation occurred in the 18th and 19th centuries for inducing 

phosphenes (visual sensations from stimuli other than light) and treating psychoses 

(d'Arsonval 1896; Geddes 1991; Pascual-Leone & Wagner 2007). Modern application and 

research of non-invasive stimulation began forty years ago. Merton and Morton (1980) 

applied electrical stimulation via stimulating electrodes to the scalp overlying the human 

visual cortex to briefly elicit phosphenes, or the motor cortex to evoke movement of the 

contralateral digits. They used high intensity electrical stimulation to pass through the scalp 

and skull but activated scalp pain receptors, limiting its feasibility as a therapeutic 

approach.  

 

The advent of transcranial magnetic stimulation (TMS) bypassed painful scalp stimulation 

by providing a time-varying electromagnetic field to induce current in underlying brain 

tissue (Barker, Jalinous & Freeston 1985). TMS takes advantage of Faraday’s law of 

induction, where a changing magnetic field interacts with an electric circuit to induce an 

electric current. TMS utilises a pulse generator to power a magnetic coil, which is placed 

over the nervous tissue region of interest (Figure 1.1). At sufficient strength of the 

electromagnetic field, a single pulse of TMS depolarises neurons to induce action 

potentials, although the spatial and physical dynamics of the evoked depolarisation of the 

neuron are not known. It has been suggested by modelling research that the axon bends, 

the soma, axon initial segment, and synaptic terminals are likely candidates for the neuron 

depolarisation due to the biophysics of membrane capacitance and constrictions in 

extracellular space at these regions (Ilmoniemi, Ruohonen & Karhu 1999; Pashut et al. 2011; 

Rattay 1998), and varies through the cortical layers (Esser, Hill & Tononi 2005).  
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When a strong TMS pulse is delivered over the motor cortex, it can elicit movement within 

the contralateral arm or leg, which can be measured with recording electrodes as a motor 

evoked potential (MEP). MEP latency can be used to measure conduction velocity (Barker 

et al. 1986), and MEP amplitude is used to assess excitability of the motor cortex (Rossini 

et al. 1991). My thesis focusses on the use of multiple repetitive pulses of TMS, termed 

repetitive transcranial magnetic stimulation (rTMS). There are also TMS protocols that 

involve combinations of single pulses at varying time intervals (e.g. paired pulse TMS) to 

study many aspects of cortical excitability (Ziemann, Rothwell & Ridding 1996), but these 

are beyond the scope of this thesis.  

Figure 1.1 Visual representation of the basic principles of rTMS application and pulse 
characteristics. A – Fo8/butterfly coil is placed above the scalp, and a rapidly pulsing 
electric current passes through coil windings, generating a magnetic field perpendicular 
to the coil. The magnetic field induces an electric field in the underlying brain tissue. The 
strength of the magnetic field is coloured from high (warm/red) to low (cold/blue), 
indicating the focality of stimulation. B and C – monophasic (B) and biphasic (C) stimulus 
waveforms illustrating the induced voltage in the brain (dark line) and current in the coil 
(light line). Shaded caps represent the greatest magnitude of induced voltage. Adapted 
from Arns et al. (2019) and Epstein (2008). 

A 

 

B 

 

C 
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1.1.3 Repetitive transcranial magnetic stimulation (rTMS) 

Based on the ability to non-invasively depolarise neurons, research moved to the idea of 

multiple depolarisations to induce plasticity such as LTP and LTD, phenomena that had 

already been demonstrated in animal models in the 1970s and 1980s (Abraham & Goddard 

1983; Bliss & Lømo 1973; Bramham & Srebro 1987; Ito 1989; Lynch, Gribkoff & Deadwyler 

1976). rTMS is commonly used to modulate cortical excitability (Pascual-Leone et al. 1994) 

and has promising therapeutic potential in a number of neurological disorders such as 

depression and stroke. The broad range of rTMS applications derives from the 

customisable nature of many parameters of rTMS: coil shape, stimulus pulse 

characteristics, pulse intensity, and pulse frequency.  

1.1.4 rTMS intensity 

The intensity of the electromagnetic field generated by the coil is measured in Tesla (T) and 

milliTesla (mT). TMS literature commonly reports intensity in reference to the MEP bioassay. 

TMS is standardised across subjects by using an individual’s resting motor threshold 

(RMT), measured as the minimum stimulus intensity delivered to the motor cortex that 

evokes a motor response in a muscle at rest. Some studies also report the percentage of 

rTMS stimulator machine output, which is difficult to compare between studies using 

different equipment.  

 

Applied rTMS intensities can be broadly classified into three groups – suprathreshold, 

subthreshold, and low intensity. Suprathreshold stimulation in TMS research is 

conventionally defined as intensities that depolarise neurons equal to or beyond RMT, 

which can generate MEPs or phosphenes (Barker, Jalinous & Freeston 1985). 

Subthreshold stimulation does not induce an overt functional response (e.g. MEP or 
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phosphene) but may elicit action potentials in individual neurons. Clinically this is 

administered by reducing the stimulator output below RMT and is commonly used for rTMS 

to make it more tolerable for patients. Subthreshold rTMS is capable of inducing plasticity, 

altering cortical excitability, and ameliorating symptoms of neurological disorders such as 

depression (Gerschlager, Siebner & Rothwell 2001; Huang et al. 2005; Pascual-Leone et al. 

1996). 

 

In this thesis, I will refer to subthreshold and suprathreshold rTMS collectively as high 

intensity (HI) stimulation to contrast it with low intensity (LI)-rTMS, which refers to an 

applied magnetic field strength below 150mT at the site of stimulation. Although this 

intensity does not appear to elicit action potentials (Tang et al. 2016a), it nonetheless can 

result in long-lasting neuroplastic effects in humans (Capone et al. 2009; Cook, Thomas & 

Prato 2004; Martiny, Lunde & Bech 2010) and animals (Makowiecki et al. 2014; Rodger et 

al. 2012) and is the main focus of my thesis. 

1.1.5 rTMS pulse characteristics 

The first parameter to consider is the electrical pulse, driven by the pulse generator/power 

supply. Current pulses are discharged from the power supply to the coil, with short pulse 

widths at high voltage more effective at achieving high intensity stimulation and reducing 

circuit heating compared to long pulses at reduced voltage (Riehl 2008). The induced 

electric field is proportional to the rate of change of magnetic field induction over time 

(dB/dt). As a result, pulses with more rapid rise times generate greater electric fields 

(Wassermann & Zimmermann 2012). The waveform/shape of the pulse is generally applied 

as monophasic (e.g. half sine wave) or biphasic pulses (full sine wave). Representations of 

monophasic and biphasic pulses are presented in Figure 1.1. Monophasic stimulators 
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deliver pulses in a single voltage polarity, and the capacitor must recharge completely 

before the next pulse. The resulting relatively long inter-stimulus interval (ISI) between 

pulses limits the use of monophasic stimulators to low frequency rTMS (Riehl 2008). rTMS 

can be applied at higher frequencies (i.e. lower ISI) with biphasic pulse generators, which 

allow the voltage to oscillate between positive and negative values, minimising energy loss 

(Riehl 2008). However, monophasic rTMS results in greater facilitation of MEP amplitude in 

comparison to biphasic rTMS, potentially due to the single polarity of monophasic 

stimulation activating a uniform neuron population (Arai et al. 2005). Pulse parameters 

continue to be explored to optimise cortical excitability (Halawa et al. 2019; Hannah et al. 

2020), but are not addressed further in this thesis. 

1.1.6 rTMS coils 

rTMS coils are commonly made of insulated copper wire wound a varying number of times 

in a circular fashion. The shape of the rTMS coil determines the magnetic field geometry 

and focality: as the electrical current travels along the coil winding, the induced magnetic 

field is perpendicular to the coil, and the induced electric field is parallel to the coil (following 

the same shape) but in the opposite direction (Figure 1.1 panel A). The magnetic field is 

greatest under the centre of the coil, whereas the electric field is greatest below the coil 

windings (Epstein 2008). The two main coil shapes in human rTMS are circular (torus) and 

figure of 8 (Fo8, butterfly) coils. In addition, other designs such as C-Core and H-coils 

(Deng, Peterchev & Lisanby 2008; Roth et al. 2007) have been designed for specific 

interventions (e.g. deeper penetration) but will not be addressed here. Because of their 

geometry, circular coils lack focality, although this can be improved by reducing the coil 

diameter (Rösler et al. 1989). Alternatively, Fo8 coils, consisting of two adjacent circular 

coils with current flow in the same direction, can produce a focal stimulation site at the 

intersection of the two coils (Epstein 2008). However, the electric field does not penetrate 
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to the same depth of tissue as the circular coils, generally because the diameter of the each 

coil in the Fo8 is not as wide as the single circular coil (Deng, Lisanby & Peterchev 2013). 

In principle, greater magnetic field intensities can be achieved with additional copper wire 

coil windings, larger diameter coils and by adding iron into the coil centre but this is always 

at the cost of focal stimulation (Deng, Lisanby & Peterchev 2013). On the other hand, if a 

small coil size is maintained, passing a high intensity electric current (thousands of amps 

per second) to increase intensity causes thermal and mechanical stress on the coil, limiting 

the duration of use (Cohen & Cuffin 1991).  

 

This trade-off between intensity and focality means that translating rTMS to the small brain 

of rodents is an engineering challenge (Rodger & Sherrard 2015; Wilson et al. 2018). 

Application of rTMS in rodents for experimental research can be conducted with 

commercial coils designed for humans, although the entire brain and possibly even 

peripheral nerves of the animal may be stimulated by the high intensity, low focality induced 

electric fields. However, reducing the coil size can increase precision, with small human 

Fo8 coils (outside lobe diameter 20mm) capable of inducing MEPs unilaterally in 

anaesthetised rats, even though bilateral MEPs are observed at high intensity (Rotenberg 

et al. 2010). 
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An alternative approach used by our lab is to prioritise focality over intensity (Rodger et al. 

2012; Rodger & Sherrard 2015; Tang et al. 2016b) by reducing the diameter of the coil, 

effectively reducing intensity and minimising thermal issues. The intensity of these focal 

rodent circular coils is approximately 2-3 orders of magnitude below MEP-inducing human 

rTMS. This means that they do not induce sufficient neuronal depolarisation to trigger 

action potentials and MEPs (Tang et al. 2016a; Tang et al. 2016b), but they allow for focal 

stimulation in awake, lightly-restrained (Tang et al. 2018), and even freely moving rodents 

(Poh et al. 2018). Size comparisons of human and rodent coils are shown in Figure 1.2. 

Figure 1.2 Comparison of human and rodent coil specifications for focal stimulation of 
brain regions. Coil dimensions relative to human skulls, rodent skulls, and plastic dishes 
are illustrated for human coils (A), smaller figure of 8 coils (B), and custom animal coils 
(C). The coil is coloured black with the induced electric field in grey, and the ‘hotspot’ of 
peak field strength in dark grey. The distance between coil and brain for humans and 
rodents is shown in D. Adapted from Rodger and Sherrard (2015). 
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1.1.7 rTMS pulse frequency 

The frequency of pulses can be modulated to achieve differing plasticity effects in the 

underlying neural circuitry. In line with early experiments on LTP and LTD, and due to 

technical limitations of the hardware and software of early rTMS machines, simple 

frequencies with consistent ISIs were the first to be investigated. Low frequency stimulation 

is defined by consensus as a frequency of ≤1 pulse per second or Hertz (Hz), and generally 

elicits depressive effects on neural excitability when applied at high intensity (Wassermann 

et al. 1996). In contrast, high frequency (>5Hz) HI-rTMS has been shown to generate 

facilitation-like plasticity in previous research (Pascual-Leone et al. 1994; Ziemann, Hallett 

& Cohen 1998). These findings correspond to the classic experiments of frequency-specific 

induction of long-term synaptic plasticity (Bliss & Lømo 1973) and repetitive electrical 

stimulation (McNaughton 1982; Stanton & Sejnowski 1989) in rodent in situ and in vivo 

hippocampal circuitry. 

 

Complex frequencies with variable ISI patterns have risen to prominence with the 

technological advancement of rTMS stimulators (Suppa et al. 2016). These complex 

patterns are primarily based on endogenous neural firing patterns, such as the popular 

theta burst stimulation (TBS) originating from the recording of hippocampal oscillatory 

activity in the 5-12Hz range in freely moving rats (Vanderwolf 1969; Winson 1974). TBS was 

later found to be a reliable electrical stimulation paradigm for inducing LTP (3-5 pulses at 

100Hz repeated at 5-10Hz in hippocampal slices) (Capocchi, Zampolini & Larson 1992; 

Larson & Lynch 1986; Larson, Wong & Lynch 1986; Nguyen & Kandel 1997). The specific 

TBS pattern most commonly used in human research and treatment is 3 pulses at 50Hz 

repeated at 5Hz, as established by Huang et al. (2005). TBS was further differentiated into 

intermittent TBS (iTBS) for facilitatory effects: 2s TBS trains delivered every 10s for 600 
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pulses total (190s); and continuous TBS (cTBS) for inhibitory effects on cortical excitability: 

TBS for 600 continuous pulses (40s). 

 

Other frequencies have been used in the rTMS literature but are less well characterised. 

One example is quadripulse stimulation (4 pulses at an ISI of 1.5ms repeated at 5Hz), which 

has robust effects on cortical excitability and a reduction in facilitation-like effects observed 

with greater ISI (Hamada et al. 2008). Relevant to my work, biomimetic high frequency 

stimulation (BHFS) has been used only in low intensity rTMS studies (59.9ms trains of 20 

pulses, with trains repeated at 6.67Hz for 1 minute, 10.01Hz for 8 minutes, and 6.25Hz for 

the final minute; designed from nerve activity patterns recorded during exercise) (Grehl et 

al. 2015; Makowiecki et al. 2014; Rodger et al. 2012). Although BHFS has been 

demonstrated to have a range of biological effects in cells and animal models, its impact 

on neuronal excitability has not been examined. 

1.1.8 rTMS variability 

While there is agreement over the general facilitation/depression-like effects evoked from 

the various frequencies, the brain stimulation field struggles to standardise frequency and 

intensity parameters. Other factors are also inconsistent, such as stimulation location and 

the duration of rTMS sessions – both the number of pulses in a single session and the 

number of administered sessions. While a wide range of parameters in theory allow rTMS 

to be tailored to treat a broad range of neuromodulatory and therapeutic purposes, in 

practice this is not realised because of the lack of an evidence base providing an 

understanding of rTMS mechanisms. 

 

The understanding of rTMS mechanisms is further complicated by the variability of rTMS-

induced effects on therapeutic outcome and excitability within individuals and between 
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individuals (Fitzgerald et al. 2016; Hinder et al. 2014; López-Alonso et al. 2014; Maeda et 

al. 2000; Nettekoven et al. 2015). This variability raises concerns regarding the relevance of 

rTMS as a therapeutic tool if reparative effects cannot be reliably induced within an 

individual, and if only a proportion of individuals respond to rTMS as a treatment.  

 

Age and gender in particular, are known factors that contribute to rTMS variability. For 

example, Todd et al. (2010) reported that inhibitory HI-rTMS reduced MEP amplitudes in 

young adults (~25 years) but had no effect on aged adults (~67 years). This could potentially 

reflect reduced primary motor cortex plasticity in aged individuals (Müller-Dahlhaus et al. 

2008; Rogasch et al. 2009), as cognitive performance improvements have been observed 

when HI-rTMS was applied to the dorsolateral prefrontal cortex in aged individuals (Kim et 

al. 2012). The ageing brain shows structural and functional changes (Smith et al. 2020) and 

altered inhibitory synapse regulation (Liguz-Lecznar et al. 2015) that may need to be 

considered for optimising rTMS for ageing populations. In addition, menstrual cycle stage 

influences cortical excitability in human females (Smith et al. 1999; Smith et al. 2002) and 

modulates HI-rTMS efficacy in females (Inghilleri et al. 2004; Rogers & Dhaher 2017). 

Furthermore, there have been studies highlighting sex differences in HI-rTMS therapeutic 

efficacy, for example in schizophrenic individuals (Huber, Schneider & Rollnik 2003), and in 

a rat model of depression (Yang et al. 2007). 

 

Other known factors influencing the response to rTMS include anatomical and structural 

variation, genetics, and time of day (Alekseichuk et al. 2019; Cheeran et al. 2008; Nathou 

et al. 2015; Ridding & Ziemann 2010). Hence, animal and experimental models provide 

unique insight into rTMS mechanisms, but as reviewed above the best tools for delivering 

rTMS in animal models induce low intensity magnetic fields. Below, I review mechanisms 
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and findings elucidated from HI-rTMS and LI-rTMS animal research. Although it is not 

investigated in this thesis, the mechanisms of HI-rTMS are briefly summarised, giving 

important context for LI-rTMS findings. 

1.2 Mechanisms of HI-rTMS 

Despite extensive application and research in humans, the cellular and molecular 

mechanisms underlying the effects of rTMS are poorly understood. The experimental 

evidence suggests that frequency-specific effects are underpinned by altered synaptic 

plasticity in the form of changes to synapse strength and levels of synaptic activity-related 

proteins. 

1.2.1 HI-rTMS induces synaptic plasticity 

Patch clamp electrophysiology experiments of excitatory neurons in mouse organotypic 

hippocampal slices revealed that HI-repetitive magnetic stimulation (rMS, no cranium) 

delivered at 10Hz led to an increased strength of glutamatergic synapses and enlargement 

(but not increased density) of dendritic spines 2-6 hours following stimulation (Vlachos et 

al. 2012). The synapse strengthening was observed in the form of increased amplitude and 

frequency of miniature excitatory postsynaptic currents. Furthermore, this effect was 

primarily found at proximal dendrites and required voltage-gated sodium channel 

activation, voltage-gated calcium channel activation, and N-methyl-D-aspartate (NMDA) 

receptor activity (Lenz et al. 2015). This indicated that the excitatory synapses strengthened 

as a result of presynaptic glutamatergic transmission and postsynaptic depolarisation. The 

authors suggested HI-rMS was inducing presynaptic action potentials that would arrive at 

the synapse in synchrony with backward propagating action potentials from the 

postsynaptic neuron, resulting in LTP-like synapse strengthening (Lenz et al. 2015). When 
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examining the effect of rMS on inhibitory γ-aminobutyric acid (GABA) synapses, synapse 

strength was decreased 2-4 hours following 10Hz rMS (Lenz et al. 2016). Specifically, 10Hz 

HI-rMS reduced inhibitory synaptic transmission and destabilisation of gephyrin (Lenz et 

al. 2016), a protein that anchors the majority of ligand-gated ionotropic GABAA receptors 

in the postsynaptic neuron (Kneussel & Betz 2000). Similar to their previous study (Lenz et 

al. 2015), these changes were dependent on voltage-gated sodium channels, voltage-

gated calcium channels, and NMDA receptor activity. This series of experiments highlights 

structural and functional plasticity at presynaptic and postsynaptic compartments in 

inhibitory and excitatory neurons induced by a facilitatory stimulation protocol, resulting in 

an increased strength of excitatory pathways and decreased strength of inhibitory 

pathways. Whether low frequency “inhibitory” rTMS protocols elicit synaptic plasticity-

related changes in neurons through the same mechanisms and reliance on voltage gated 

channels and NMDA receptors is yet to be determined. In addition, there are intrinsic 

differences in the electrophysiological and morphological properties of neurons in 

hippocampus, where these experiments were performed, and cortex, where rTMS is 

delivered (Dégenètais et al. 2002; Larkman & Mason 1990; Masukawa, Benardo & Prince 

1982). Therefore, rTMS-induced changes to electrophysiological and morphological 

synaptic plasticity need to be ascertained in the cortex.  

1.2.2 HI-rTMS modulates protein levels 

HI-rTMS has been shown to alter of protein levels relating to synaptic activity. For example, 

the immediate early gene proteins c-Fos and zif268 are upregulated following synaptic 

activity, and displayed enhanced expression following HI-rTMS (1Hz, 10Hz, and iTBS), with 

differential regulation of the proteins across rat cortical and subcortical regions with each 

frequency (Aydin-Abidin et al. 2008) Specifically, 10Hz and iTBS resulted in a greatest 

amount of c-Fos positive cells and zif268 positive cells in the brain regions. In addition, HI-
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rTMS (1Hz, 10Hz, and iTBS) acutely altered the levels of the GABA precursor glutamic acid 

decarboxylase (GAD) isoforms 65 and 67, with a reduction of GAD67 but increased GAD65 

in inhibitory interneurons (Trippe et al. 2009). Over 7 days, the direction of effects reversed 

for 10Hz and iTBS (reduction GAD65 and increased GAD67), and 1Hz led to increased 

levels. (Trippe et al. 2009). Furthermore, in another experiment, the protein levels for 

GAD67, c-Fos, and the calcium-binding proteins parvalbumin and calbindin decreased with 

repeated stimulation of both iTBS and cTBS (Volz et al. 2013). These studies demonstrate 

that rTMS modulates the levels of specific proteins relating to synaptic plasticity in a 

frequency-related manner, but other factors such as number of pulses can influence the 

effect. However, it is unknown whether rTMS is directly affecting gene transcription and/or 

protein translation, or whether these are indirect changes as a result of induced synaptic 

plasticity. Additionally, these studies did not confirm that the expression of all examined 

proteins were specific to neuronal cells. 

 

Further synaptic changes have been observed following rTMS in ageing (15 month) mice. 

Mice were restrained and subjected to 1Hz HI-rTMS delivered daily, followed by learning 

and memory performance tasks. In the hippocampus, the aged mice exhibited mRNA and 

protein levels of synaptic activity markers synaptophysin, growth associated protein 43 

(GAP43), and postsynaptic density 95 (PSD95) in hippocampal regions with 1.1T 

stimulation, and reduced levels of these markers with 1.5T stimulation (Ma et al. 2014). 

Synaptic structural changes were observed with HI-rTMS, with 1.1T 1Hz increasing the 

density of the synapse and the thickness of the post-synaptic density. And 1.5T 1Hz 

decreasing both synaptic size measurements (Ma et al. 2014). The studies discussed in 

Section 1.2 support the notion that rTMS modulates aspects of synapse activity, rather 

than synapse formation and pruning. However, the investigation of non-synaptic plasticity 
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changes has not been adequately investigated to determine if synaptic plasticity is the sole 

effector of rTMS-induced changes to neuronal performance. 

 

In addition to protein markers of synaptic plasticity relating to synaptic function, HI-rTMS 

has been previously shown to increase BDNF levels. When 20Hz rTMS was applied to the 

brains of awake rats daily for 10 days, it increased the levels of BDNF and the α-amino-3-

hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor subunit GLUR1 in the 

hippocampus and prelimbic cortex (Gersner et al. 2011). However, when the same 

experiment was performed on rats anaesthetised with isoflurane for stimulation, BDNF and 

GluR1 levels decreased in these regions with the application of 20Hz HI-rTMS (Gersner et 

al. 2011). Importantly, there was no effect of 1Hz HI-rTMS on BDNF or GluR1 levels in 

awake or anaesthetised rats, indicating that the frequencies may influence different 

plasticity mechanisms. As the long-term effects of rTMS was investigated in this study, it 

is hard to determine whether BDNF changes are a complementary or consequential effect. 

However, it is well established that high frequency stimulation paradigms that elicit LTP 

result in the secretion of BDNF and the upregulation of Bdnf mRNA expression (Aicardi et 

al. 2004; Balkowiec & Katz 2002; Patterson et al. 1992). As BDNF has various effects on 

neurons beyond synaptic plasticity, cellular and molecular HI-rTMS research should also 

non-synaptic plasticity-related changes. 

1.3 Mechanisms of LI-rTMS 

LI-rTMS shows robust effects on neuroplasticity in humans with potential therapeutic 

application (Martiny, Lunde & Bech 2010; Robertson et al. 2010). Below I summarise 

evidence from animal models and in vitro experiments showing that LI-rTMS alters neuronal 
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excitability, calcium levels, and gene expression, and that these cellular and molecular 

changes may contribute to long-term behavioural and functional changes. 

1.3.1 Changes in excitability 

The most elementary demonstration of LI-rMS altering neuroplasticity in an excitability-

related manner comes from electrophysiological evidence of altered excitability, which was 

acutely maintained post-stimulation. A single session of iTBS LI-rMS facilitated the 

excitability of pyramidal neurons in mouse cortical slices by reducing the depolarisation 

needed to elicit an action potential, with observed increases in the frequency of evoked 

action potentials, but with no change in resting membrane potential (Tang et al. 2016a). As 

these changes were observed directly after stimulation and were still present 20 minutes 

post-stimulation, they are too rapid to be explained by changes in the quantity of channels 

responsible for action potential generation, i.e. voltage-sensitive sodium channels. This 

suggests LI-rMS may prompt the voltage-sensitive sodium channels to open at more 

hyperpolarised voltages by altering the voltage-sensing mechanism (Tang et al. 2016a). 

This intrinsic regulation of neuronal excitability presumably occurred independent of 

activity-dependent synaptic plasticity as the LI-rTMS did not directly induce action 

potential firing (Tang et al. 2016a). 

1.3.2 Calcium and gene expression 

In addition to demonstrating changes in excitability, there is evidence that LI-rTMS alters 

key signalling pathways in cells via changes in calcium levels and gene expression. 1Hz, 

10Hz, and BHFS LI-rMS applied to cortical neurons grown in vitro resulted in increased 

intracellular calcium release and altered gene expression relating to cell survival and 

cytoskeletal remodelling after a single 10 minute stimulation session, and altered 

morphology and cell survival after four consecutive days of LI-rMS sessions (Grehl et al. 
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2015). In other experiments, 10 minutes of 1Hz, 10Hz, or BHFS LI-rMS was applied to 

olivocerebellar explant cultures for 14 consecutive days. Results showed increased c-Fos 

positive neurons following 10Hz and BHFS, and altered mRNA expression of genes 

involved in development and plasticity in a frequency-specific manner (Grehl et al. 2016). 

Furthermore, metabolite levels have also been shown to be influenced following LI-rMS, 

with 1Hz and 10Hz reducing selected metabolites related to the Krebs cycle without 

influencing major energy supplies in rat neuroblastoma cultures (Hong et al. 2018). These 

studies suggest that various intracellular pathways and mechanisms may be affected 

following rTMS, independent of synaptic changes. 

1.3.3 Long-term changes 

LI-rTMS also induces plasticity at system and behavioural levels. In an assessment of 

mouse behavioural performance, 10 consecutive days of iTBS was delivered as a priming 

stimulus (prior to individual training sessions) or consolidation stimulus (following individual 

training sessions) in conjunction with skilled reaching training. Mice that were primed with 

iTBS displayed increased skill accuracy, but no improvement in learning rate, whereas mice 

that received iTBS following training had increased learning rates, but skill accuracy was 

not affected (Tang et al. 2018). These behavioural changes were not associated with altered 

levels of brain-derived neurotrophic factor (BDNF) or levels of synaptic plasticity-associated 

markers gephyrin or AMPA receptor subunits GLUR1 and GLUR2 in post-mortem tissue 

collected after the end of the testing period. A previous LI-rTMS study in an optic nerve 

crush model also found no changes to synaptic plasticity or axonal regeneration markers 

GAP43 and BDNF (Tang et al. 2015a). 

 

In the visual system, the impact of LI-rTMS on plasticity has been studied in the context of 

improving abnormal, ectopic projections in ephrin A2/A5 double knock-out mice by 
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stimulating the visual cortex with BHFS daily for two weeks. Stimulation induced BDNF and 

neuronal nitric oxide synthase expression, and improved retinocollicular projection 

accuracy and visual tracking behaviour (Rodger et al. 2012). Importantly, these changes 

occurred in the ephrin A2/A5 mice but not wildtype mice. Reorganisation was subsequently 

examined in the corticotectal and geniculocortical projections of ephrin A2/A5 and wildtype 

mice, with similar beneficial refinement of abnormal projections and upregulation of BDNF 

in ephrin A2/A5 mice following BHFS, and no change in wildtype mice (Makowiecki et al. 

2014).  

 

Because these experiments within the visual system showed that LI-rTMS has effects on 

multiple interconnected circuits, changes throughout the whole brain were investigated via 

resting state functional magnetic resonance imaging (rs-fMRI). Anaesthetised rats received 

10 minutes of LI-rTMS (1Hz, 10Hz, cTBS, BHFS) to the right hemisphere with rs-fMRI 

conducted pre-and post-stimulation. LI-rTMS led to frequency-specific changes in the 

synchrony of resting activity within various cortical regions, with both unilateral and bilateral 

effects (Seewoo et al. 2018). This suggests LI-rTMS can modulate the functional 

connectivity of the resting state network. Furthermore, a longitudinal study indicated long-

term modulation of network connectivity, with resting state network effects persisting up 

to 14 days following the end of two weeks daily LI-rTMS (Seewoo et al. 2019). 

 

As LI-rTMS is capable of generating rapid and long-term changes to various aspects of 

neuronal biology without inducing action potentials, it may also alter the biology of non-

excitable glial cells such as astrocytes, and this is the primary focus of my thesis. In the 

next sections (1.4 – 1.6), I review astrocyte biology to identify and justify why I have chosen 
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specific outcome measures. This is followed by an overview of rTMS effects on astrocyte 

physiology and function (1.7).  

1.4 Astrocytes support and modulate neurons 

1.4.1 Astrocyte overview 

Astrocytes account for approximately 20-40% of cells in the mammalian brain and display 

many different morphologies (Herculano‐Houzel 2014; Pelvig et al. 2008). For example, 

fibrous astrocytes, with a characteristic stellate morphology, are found in white matter of 

the mammalian central nervous system (CNS), while protoplasmic astrocytes express less 

filament protein and reside in grey matter. There is further regional and morphological 

specialisation, for example, the radial glial cells of the cerebellum (Bergmann glia), and the 

retina (Müller glia), and recent findings of region- and layer-specific astrocyte features in 

mouse cortex (Bayraktar et al. 2020). There are known differences in the complexity of 

astrocytes between mammalian species: human astrocytes estimated to be on average 2.6 

fold larger in diameter than rodent astrocytes, with an ability to propagate calcium waves 

over 5 times faster, and capable of integrating and potentially modifying up to 10 times 

more synapses compared to rodent astrocytes (Oberheim et al. 2009). 

1.4.2 Astrocyte function 

Astrocytes exhibit considerable phenotypic plasticity within the CNS, and contribute to 

various modulatory actions in support of neuronal function across brain regions (Khakh & 

Sofroniew 2015; Panatier et al. 2011; Pellerin et al. 1998). Astrocytes regulate many aspects 

of healthy and damaged nervous tissue function. These include but are not limited to ionic 

buffering, transmitter recycling, blood flow regulation, influencing plasticity, 
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synaptogenesis, responding to inflammation, wound healing, and providing nutritional and 

metabolic support (Sofroniew & Vinters 2010). Importantly, rTMS has been shown to 

modulate these processes for example synaptic plasticity (Lenz et al. 2016; Vlachos et al. 

2012), blood flow (Knoch et al. 2006; Speer et al. 2003), and inflammation (Sasso et al. 

2016). Below I briefly explore astrocyte involvement in synaptic plasticity and the use of in 

vitro systems to examine astrocyte physiology before discussing in more depth astrocyte 

calcium signalling and the role of astrocytes following injury because these areas are most 

relevant to my experiments. 

1.4.3 Synaptic function and plasticity 

Due to the spatial arrangement of neurons and astrocytes, astrocyte processes surround 

multiple neuronal synapses and play a key role in synaptic function. As described below 

(Section 1.5.2), neurotransmitters released at the synapse can diffuse to astrocytes, 

resulting in intracellular calcium increases (Porter & McCarthy 1996). Increased intracellular 

calcium in astrocytes can result in the release of astrocytic gliotransmitters, chemicals that 

are synthesised or stored in glia that can affect adjacent cells (Papouin et al. 2017; Parpura 

& Zorec 2010). The astrocytic release of gliotransmitters in response to neurotransmitters 

is the premise of the tripartite synapse, and the major pathway for astrocyte regulation of 

synaptic plasticity (Bonansco et al. 2011; Navarrete et al. 2012; Rose et al. 2018). For 

example, astrocytes can increase AMPA receptor expression via cytokine release (Beattie 

et al. 2002), and activate NMDA receptors and increase neurotransmitter release 

probability, strengthening the synapse via glutamate release (Araque et al. 2012; Jourdain 

et al. 2007). These glia are also important in providing anaerobic energy that is needed for 

long-lasting modifications believed to underpin long-term memory formation (Alberini et al. 

2018). Astrocytes are also critical in synaptogenesis (Clarke & Barres 2013), and secrete 

molecules such as thrombospondins and glypicans that support the formation and 
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maturation of new excitatory and inhibitory synapses during development (Allen et al. 2012; 

Blanco-Suarez et al. 2018; Hughes, Elmariah & Balice-Gordon 2010). However, there is little 

evidence of rTMS-induced synaptogenesis. 

1.4.4 Examining astrocytes in vitro 

The understanding of astrocyte function has been greatly assisted by in vitro models of 

primary astrocyte cell culture, which can complement in vivo experiments. Prominent 

examples include mechanisms of intracellular and intercellular calcium signalling (Cornell-

Bell et al. 1990; Nedergaard 1994) and responses to neuroinflammatory stimuli (Hamby et 

al. 2012; Liddelow et al. 2017). The cell culture technique allows for the investigation of 

astrocyte function when isolated from other cell types, and the significance of neuron-

astrocyte or glia-astrocyte interaction on cell function when cultured with other cells (Lange 

et al. 2012). There are various methods to generate and maintain enriched astrocyte or 

mixed cell cultures, with most astrocyte cell culture protocols based on the technique by 

McCarthy and de Vellis (1980). In this method, brain cells are grown in a monolayer, and 

astrocytes settle to the bottom and adhere, and non-astrocytic cells are positioned above, 

and are removed by shaking. This technique is a well-validated model with appropriate 

time, animal use, and expense in comparison to alternative approaches. Other methods 

such as immunopanning are also popular (Barres et al. 1988; Foo et al. 2011), where cell 

type-specific antibodies to membrane antigens sequentially separate non-astrocytic cells 

from suspended cells, followed by panning for astrocytes. Studies vary the composition of 

supplemented media to promote different astrocyte conditions, such as enhanced growth 

or process-bearing morphologies. However, media supplements can have unexpected 

consequences on aspects of astrocyte biology (Lange et al. 2012; Liddelow & Barres 2017). 

For example, serum-containing media shift astrocyte morphology from stellate towards a 
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flattened morphology similar to fibroblasts and alters the transcriptome towards 

inflammatory and reactive states (Cahoy et al. 2008; Foo et al. 2011). This may be due to 

serum not normally provided as trophic support to astrocytes in the brain and would only 

appear when the integrity of the blood brain barrier is impaired. As such, the cell culture 

technique and media conditions can greatly alter cultured astrocytes such that they no 

longer represent in vivo phenotypes. Therefore, astrocyte cell cultures are a valuable tool 

as they allow investigation of specific aspects of astrocyte physiology, but should be 

interpreted with caution as they may not necessarily reflect in vivo physiology (Liddelow & 

Barres 2017).  

1.5 Astrocyte calcium signalling 

Calcium is a versatile signalling molecule involved in many biochemical pathways, 

positioning astrocytes to contribute to a wide range of processes including modifying 

synaptic function and plasticity and regulating gene and protein activity (Panatier et al. 

2011; Verkhratsky & Nedergaard 2017; Verkhratsky, Orkand & Kettenmann 1998). While 

the dynamics and triggers of astrocyte calcium signalling in astrocytes are well-established, 

the diverse ramifications of astrocyte calcium signalling on cellular functions in astrocytes 

and other cells are still developing (Guerra-Gomes et al. 2018; Yu et al. 2018). Below I 

discuss historical recordings of calcium increase in astrocytes, neurotransmitter-induced 

calcium increases, spontaneous calcium increases, and calcium increases in astrocyte 

subcellular compartments. 

1.5.1 Historical recordings of calcium increase in astrocytes 

Transient intracellular calcium rises are the most documented form of astrocytic ionic 

signalling to date (Agulhon et al. 2008; Bazargani & Attwell 2016; Scemes & Giaume 2006; 
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Volterra, Liaudet & Savtchouk 2014). The most investigated mechanism of increased 

intracellular calcium in astrocytes is following glutamatergic synaptic activity. Calcium flux 

in the presence of neurotransmitters and ions were recorded in cultured gliomas and 

astrocytes almost 50 years ago (Henn 1976; Lazarewicz et al. 1977; Lazarewicz & Kanje 

1981), although targeted research into calcium signalling mechanisms in astrocytes is 

much more recent (Barres, Chun & Corey 1989; Glaum, Holzwarth & Miller 1990; Jensen & 

Chiu 1990; Olson et al. 1990). Sustained increases of intracellular calcium were first 

observed in the cytoplasm of cultured hippocampal astrocytes in response to prolonged 

application of glutamate (Cornell-Bell et al. 1990; Jensen & Chiu 1990). The increase and 

propagation of calcium within the astrocyte are commonly referred to as calcium waves, 

and these waves can also propagate through the transmission of secondary messengers 

to adjacent non-stimulated astrocytes via gap junctions (Charles et al. 1991; Cornell-Bell 

et al. 1990; Finkbeiner 1992; Scemes & Giaume 2006). The propagation of calcium waves 

within and between astrocytes was confirmed in situ/ex vivo, where electrical stimulation 

of the dentate gyrus in hippocampal slices led to calcium increases in CA3 neurons, 

followed by rises in cytoplasmic calcium levels within adjacent astrocytes (Dani, 

Chernjavsky & Smith 1992). The evoked astrocytic calcium rise in response to physiological 

activity was later recorded in vivo within the mouse barrel cortex following whisker 

stimulation in adult mice (Wang et al. 2006).  

 

Increased astrocyte calcium can in turn impact on neuronal excitability through 

gliotransmission, as previously mentioned (Section 1.4.3). It was demonstrated that the 

application of the inflammatory mediator bradykinin increased calcium levels in astrocytes 

co-cultured with neurons. The intracellular calcium increase led to the release of astrocytic 

glutamate, resulting in an NMDA receptor-dependent increase in neuronal calcium (Parpura 
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et al. 1994), in turn modifying neuronal excitability. It was later shown that calcium 

signalling-mediated glutamate release from cultured astrocytes was dependent on the 

soluble NSF attachment protein receptor (SNARE) protein complex (Araque et al. 2000), 

indicating that glutamate was released through vesicular/exocytotic pathways rather than 

via transporters. Glutamate release onto the neuron and subsequent calcium increase can 

result in synaptic effects such as increasing the frequency of postsynaptic currents (Araque 

et al. 1998) and probability of neurotransmitter release (Perea & Araque 2007). Astrocytic 

modulation of neuronal calcium via glutamate has also been observed in brain slices (Bezzi 

et al. 1998; Pasti et al. 1997). In addition, waves of astrocyte calcium signalling can trigger 

various intracellular biochemical cascades in astrocytes and influence intracellular calcium 

release, activity of membrane proteins such as G protein-coupled receptors (GPCR)s, and 

modify expression of at least some genes (Scemes & Giaume 2006). However, the 

pathways and consequences of intracellular calcium effects in astrocytes are not yet 

elaborated. (Guerra-Gomes et al. 2018). 

1.5.2 Mechanisms of neurotransmitter-induced calcium increase 

A range of neurotransmitters have been shown to elicit increased calcium levels in 

astrocytes. The most studied of these neurotransmitters is glutamate, which activates 

astrocytic metabotropic glutamate receptors (mGluR, particularly mGluR5), which are Gq 

class GPCRs (Porter & McCarthy 1996). Evoked calcium increases in astrocytes have also 

been observed following the release of other excitatory neurotransmitters, including 

acetylcholine (ACh) (Navarrete et al. 2012; Pabst et al. 2016; Takata et al. 2011) and 

adenosine triphosphate (ATP) (Araque et al. 2012; Perea & Araque 2005; Perea & Araque 

2007). Additionally, inhibitory neurotransmitters can also evoke calcium signalling in 

astrocytes, indicating that astrocytes are sensitive to a range of stimuli and capable of 

modulating both inhibitory and excitatory synapses (Perea, Navarrete & Araque 2009). 
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GABA increases astrocytic calcium oscillations through ligand-gated ionotropic receptor 

(GABAA), Gi-coupled GPCR (GABAB), and GABA transporter pathways (Kang et al. 1998; 

Mariotti et al. 2016; Matos et al. 2018; Nilsson et al. 1993; Perea et al. 2016; Serrano et al. 

2006). Importantly, stimulation of astrocytes with inhibitory neurotransmitters similarly 

results in the release of gliotransmitters onto adjacent neurons, altering excitability. This 

was shown in vivo by applying the GABA agonist baclofen to cortical astrocytes, resulting 

in increased astrocytic intracellular calcium levels, glutamate release, and subsequent slow 

inward currents mediated by NMDA receptor activation in adjacent pyramidal neurons 

(Mariotti et al. 2016). In addition, this was observed in situ, where firing of somatostatin-

positive interneurons of the hippocampus results in calcium oscillations in astrocyte 

processes, leading to the release of ATP (Matos et al. 2018). The ATP was converted 

extracellularly to adenosine, activating adenosine A1 receptors to evoke inhibitory 

postsynaptic currents in hippocampal pyramidal neurons (Matos et al. 2018). These results 

illustrate that astrocytes can regulate the direction of synaptic modulation from an 

individual class of neurotransmitter, positioning astrocytes as powerful and effective 

modulators of neuron activity. 

 

Although both inhibitory and excitatory neurotransmitters evoke calcium increases in 

astrocytes, little is known about the response of individual astrocytes to multiple 

neurotransmitters (Durkee & Araque 2019; Shigetomi et al. 2008), however it is likely that 

downstream signalling converges on the inositol-1,4,5-trisphosphate (IP3) receptor. 

Neurotransmitters bind to different ligand-gated receptors on astrocytes, which are usually 

coupled to Gq GPCRs. The GPCR activates phospholipase C (PLC), which produces the 

secondary messenger IP3 from phosphatidylinositol biphosphate (PIP2) and diacylglycerol 

(DAG) (Scemes & Giaume 2006). IP3 binds to its receptor (IP3R, predominantly IP3R2 in 
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astrocytes) in the endoplasmic reticulum (ER), releasing calcium from the ER stores (Biber 

et al. 1999; Hua et al. 2004). Calcium levels can increase through other pathways, such as 

calcium influx, via voltage-gated calcium channels (Barres, Chun & Corey 1989; Corvalan 

et al. 1990) and ionotropic receptors (Kettenmann & Schachner 1985; Sontheimer et al. 

1988), but these pathways are not substantially involved with increased astrocyte calcium 

levels in response to neurotransmitters (Agulhon et al. 2008). The GPCR-IP3-IP3R2 pathway 

is the most significant as calcium increases activate PLC and IP3R2 to release calcium from 

intracellular ER stores, further increasing intracellular calcium levels (Finch, Turner & Goldin 

1991; Scemes & Giaume 2006; Venance et al. 1997). This illustrates the ubiquitous nature 

of the IP3 pathway in elevating intracellular calcium levels irrespective of neurotransmitter. 

 

Astrocytes also have pathways for replenishing intracellular calcium stores. The movement 

of calcium to the extracellular space through the ATPase calcium pump occurs more 

rapidly than the process of returning calcium to the ER stores via ER membrane-bound 

calcium pumps (Clapham 2007), resulting in depleted ER calcium stores. Depletion of 

intracellular ER calcium stores initiates store-operated calcium (SOC) entry. A common 

mechanism of SOC entry in astrocytes involves Stim1, the sensor protein for astrocytic ER 

calcium store levels, migrating towards, and opening plasma membrane-bound SOC 

channels to permit calcium influx (Pizzo et al. 2001; Zhang et al. 2005). SOC channels are 

generally comprised from transient receptor potential (TRP) or Orai family proteins, with 

TRPC1, Orai3 the most prevalent in astrocytes (Golovina 2005; Kwon et al. 2017). In 

addition, calcium entry can occur independent of the detection of SOC depletion, a process 

termed receptor-operated calcium (ROC) entry. ROCs can be activated by calcium ions 

and second messengers directly (Beskina et al. 2007; Gary et al. 2004). 
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1.5.3 Spontaneous astrocyte calcium signalling 

Additionally, astrocyte intracellular calcium can also increase spontaneously i.e. without 

being driven by neuronal firing. This has been observed in cultured astrocytes (Fatatis & 

Russell 1992), brain slices (Nett, Oloff & McCarthy 2002; Parri, Gould & Crunelli 2001), and 

in vivo (Hirase et al. 2004). For example, low frequency (0.003-0.01Hz) spontaneous 

intracellular calcium transients were observed independent of neuronal firing or action 

potential-related neurotransmitter release in the thalamus in situ (Parri, Gould & Crunelli 

2001). These spontaneous waves propagate between astrocytes, and also lead to NMDA 

receptor-mediated neuronal excitation via glutamate release (Bonansco et al. 2011; Parri, 

Gould & Crunelli 2001), indicating astrocyte-astrocyte and astrocyte-neuron signalling 

independent of neuronal activity. Furthermore, spontaneous calcium waves are dependent 

on intracellular calcium stores, voltage gated calcium channels, and extracellular calcium 

(Parri, Gould & Crunelli 2001). Aguado et al. (2002) showed that spontaneous calcium 

oscillations are present within astrocytes in various brain regions in situ (and dependent on 

the calcium sources and channels above), and displayed brain region-specific spontaneous 

calcium wave dynamics, such as altered oscillation frequency and amplitude. Interestingly 

it was also shown that 48 hours following a cortical stab injury, spontaneous intracellular 

calcium waves were absent in the reactive astrocytes during somatic recordings (Aguado 

et al. 2002). IP3 receptor-dependent spontaneous calcium waves have also been reported 

in astrocyte processes in the absence of both neuronal firing and spontaneous vesicular 

neurotransmitter release in hippocampal slices (Nett, Oloff & McCarthy 2002). Additionally, 

spontaneous calcium oscillations within cortical astrocytes have been confirmed in vivo 

(Hirase et al. 2004), although the receptors and calcium source was not explored. These 

studies illustrate the ability of astrocytes to actively signal and modulate neuronal function, 

rather than the classical view of astrocytes as passive regulators. 
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1.5.4 Localisation of calcium changes within astrocytes 

Changes in calcium have been reported across many subcellular compartments within 

astrocytes. Initial studies reporting calcium increases in astrocytes following neuronal 

activity and glutamate release examined the calcium dynamics of astrocyte somata, 

attributing astrocyte modulation of neurons to waves of somatic calcium released from the 

endoplasmic reticulum stores (Kim, Rioult & Cornell-Bel 1994; Parpura et al. 1994; Porter 

& McCarthy 1996). However, it has been reported that the location of endoplasmic 

reticulum and IP3R2 expression in astrocytes is not restricted to the somata, but is 

expressed throughout the cytoplasm, including within processes (Sheppard et al. 1997). 

Changes to somatic calcium levels most likely indicate modulations at the whole-cell level, 

whereas changes to calcium levels in processes reflects local regulation of distinct 

synapses. More recent imaging techniques utilising genetically encoded calcium indicators 

(GECI) have shown differences in cultured astrocyte calcium signalling at the soma, near 

the plasma membrane, and in processes (Shigetomi et al. 2010). Additionally, nuclear 

calcium increases have been observed following cytoplasmic calcium increases in cultured 

cortical astrocytes (Zhao & Brinton 2002; Zhao & Brinton 2003). The effect of nuclear and 

cytoplasmic calcium increases on gene expression is well-characterised in neurons (Ghosh 

et al. 1994; Hardingham et al. 1997; West et al. 2001), but as described earlier remains 

poorly understood in astrocytes (Scemes & Giaume 2006). It remains to be determined 

whether select genes and pathways are more vulnerable to nuclear calcium signalling in 

astrocytes, or the calcium modulates transcriptional machinery irrespective of the gene 

product. Ultimately, calcium signalling in the nucleus can have extensive downstream 

effects by regulating multiple biological pathways in a singular location. 
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1.6 The role of astrocytes in CNS injury 

Injury to the CNS produces a plethora of cellular and molecular response pathways that 

ultimately lead to an environment that is not permissive to regeneration. Nervous tissue at 

the initial injury site is irreparably damaged, and degeneration spreads to closely adjacent 

regions (Bignami & Dahl 1976; Bush et al. 1999). The end result is functional loss of neurons 

at the injury site, and an inhibitory barrier that restricts regrowth of severed afferent and 

efferent fibres through the injury site and proximal tissue (Fitch & Silver 2008; McKeon et 

al. 1991). Although the clinical symptoms of these events are manifested in neuronal 

dysfunction, the contribution of astrocytes to these acute and long-term events is 

beginning to be fully appreciated. Furthermore, there is evidence for a role of astrocytes in 

neuroinflammation and neurological conditions that do not involve injury, such as 

neurodegenerative disorders and depression (Ben Haim et al. 2015; González-Reyes et al. 

2017; Rajkowska & Stockmeier 2013; Yun et al. 2018; Zamanian et al. 2012). The following 

section focusses on the involvement and response of astrocytes, primarily following CNS 

injury. 

1.6.1 Reactive astrocyte heterogeneity 

CNS injury induces a shift in astrocyte functional phenotype, where astrocytes become 

‘reactive’. Note that the term ‘activated’ astrocytes is not used as it implies astrocytes are 

quiescent/dormant within the healthy brain. Rather, injury changes the CNS environment, 

and astrocytes alter their modulatory and supportive functions in response. Astrocyte 

reactivity is also sometimes referred to as astrogliosis, a term encapsulating the cellular 

and molecular changes that reactive astrocytes undergo in response to injury, and the 

effects this has on surrounding tissue (Sofroniew 2015). Similar to the diversity of function 

and phenotype of quiescent astrocytes (Khakh & Sofroniew 2015), reactive astrocytes 
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exhibit considerable heterogeneity between models of reactivity and in response to injury 

(Anderson, Ao & Sofroniew 2014; Hara et al. 2017; Liddelow & Barres 2017; Zamanian et 

al. 2012). For example, astrocytes exhibit distinct differences in reactive phenotype 

following a middle cerebral artery occlusion (MCAO) model of ischemic injury and 

lipopolysaccharide-induced neuroinflammation (Zamanian et al. 2012). Astrocyte reactivity 

in response to inflammation was associated with increased expression of genes with 

detrimental functions such as synapse elimination, whereas ischemia upregulated genes 

that confer neuroprotection, such as neurotrophic factors (Zamanian et al. 2012). Many 

other studies have shown that reactive astrocytes can exhibit functions that have both 

positive and negative impacts on the outcome of injury and functional repair (Anderson et 

al. 2016; Okada et al. 2018). A key question that is still unresolved in the literature is whether 

the heterogeneity of reactivity can be classified into discrete phenotypes or whether it falls 

along a continuum of plastic phenotypes (Liddelow & Barres 2017). An instructive factor in 

reactive astrocyte physiology is the surrounding environment (Burda & Sofroniew 2014; 

Nathan & Li 2017), illustrating considerable phenotypic diversity exhibited by astrocytes in 

response to different reactivity models, and spatially and temporally within individual 

models of reactivity. Environment-dependent of reactive astrocyte plasticity is evident in 

spinal cord injury models, where non-reactive astrocytes transplanted from uninjured spinal 

cords to injured spinal cords become reactive and exhibit scar forming characteristics (Hara 

et al. 2017). Additionally, transplanting reactive astrocytes to uninjured spinal cord reverts 

the reactive phenotype, suggesting therapeutic potential in modulating the environment of 

the injury site. The following reactivity sections primarily focus on astrocyte reactivity as 

characterised in injury models relevant to the experiments of my thesis. 
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1.6.2 Triggering astrocyte reactivity 

Following traumatic injury to the CNS, a profusion of secondary cascades follows the initial 

insult. These include secondary degeneration in regions proximal to the injury in the form 

of increased inflammation, compromised blood brain barrier integrity and infiltration of 

foreign cells and molecules, glutamate excitotoxicity from damaged and dead cells, and 

oxidative stress (Imamoto & Leblond 1977; Ridet et al. 1997). However, astrocytes are not 

the first cells of the CNS to alter their functional phenotype in response to these events: 

microglia can become reactive via macrophage activity, pro-inflammatory and immune 

system molecules, debris from necrotic cells and foreign molecules that have entered via 

the compromised blood brain barrier (Hampton et al. 2004; Kreutzberg 1996; Perry, 

Matyszak & Fearn 1993). The reactive microglial cells migrate to the injury site, alter their 

morphology, rapidly proliferate, producing pro-inflammatory cytokines, and retain 

phagocytic functions (Perry, Andersson & Gordon 1993). This rapid microglial response 

occurs within the first hours to days and further increases the inflammatory cascade, while 

removing debris (Amat et al. 1996; Kreutzberg 1996). Reactive microglia are commonly 

characterised by the labelling of ionised calcium binding adaptor molecule 1 (IBA1) in 

experimental mouse models, however this also expressed in macrophages (Ito et al. 1998), 

which infiltrate the brain following neurotrauma. Astrocyte reactivity is then triggered by 

microglial- and macrophage-derived pro-inflammatory cytokines such as interleukins, 

tumour necrosis factor (TNF) α and transforming growth factor β (TGFβ) (Giulian et al. 1988; 

Lindholm et al. 1992). Recently, it has been shown that interleukin 1α, TNF, and 

complement component 1 subcomponent q (C1q) expression by microglia can strongly 

induce astrocyte reactivity towards a neurotoxic phenotype (Liddelow et al. 2017). 

Neutralising or removing the expression of these cytokines resulted in significantly reduced 

death of axotomised retinal ganglion cells following an optic nerve crush (Liddelow et al. 
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2017). Reactive astrocytes also produce various pro-inflammatory markers, resulting in 

extensive astrogliosis surrounding the injury (Dong & Benveniste 2001; Eddleston & Mucke 

1993; Giulian & Lachman 1985). In addition to cytokines, molecules related to specific 

insults such as oxidative stress, ischemia, neurodegeneration, cell death and excitotoxicity 

have been shown to play a role in triggering astrocyte reactivity (Cassina et al. 2005; Dusart, 

Marty & Peschanski 1991; Norris et al. 2005; Sofroniew 2009).  

1.6.3 Reactive astrocyte morphology 

Reactive astrocytes undergo morphological, molecular, and functional changes that range 

from reversible changes in gene expression to persistent functional reorganisation to form 

the glial scar (Anderson, Ao & Sofroniew 2014; Okada et al. 2006; Wanner et al. 2013). 

Reactive astrocytes undergo morphological changes, such as hypertrophy of the soma and 

processes, and robust upregulation of intermediate filaments (Amat et al. 1996; Bignami & 

Dahl 1976). In the healthy nervous system, astrocyte processes do not extend into the 

domain of adjacent astrocytes, and this was thought to also be the case for reactive 

astrocytes following injury (Wilhelmsson et al. 2006). However, overlap of distinct process 

by reactive astrocytes has been observed, for example, following spinal cord injury (Wanner 

et al. 2013). One of the most commonly used markers to define and visualise astrocyte 

reactivity in a range of injuries and pathologies is the intermediate filament glial fibrillary 

acidic protein (GFAP) (Eng et al. 1971; Eng & Ghirnikar 1994). However, the significance of 

GFAP expression is often mischaracterised and overstated in experimental research, as it 

is not sufficient to infer other aspects of reactivity, and can even be absent in reactive 

astrocytes (Shandra et al. 2019). Therefore, GFAP should not be used as the only 

quantitative measure of astrocyte performance, because the intermediate filament does not 

distinguish between reactive astrocyte phenotypes (Liddelow et al. 2017), is not expressed 

in fine processes, and may not accurately indicate whole cell morphology (Sofroniew 2009). 
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1.6.4 Altered calcium signalling in reactive astrocytes 

The impact that injury and reactivity have on the functional roles of quiescent astrocytes 

and the downstream effects on neuronal modulation, both acutely and long-term, is poorly 

understood. While many of the pioneering studies on astrocyte calcium signalling were 

conducted in astrocyte cultures prepared by the McCarthy and De Vellis technique (1980), 

which exhibit phenotypes resembling reactive states (Foo et al. 2011, as discussed in 

Section 1.4.4), the intrinsic changes in calcium signalling properties, and the downstream 

consequences on intercellular communication are yet to be investigated. It is known that 

exposure to inflammatory mediators increases calcium signalling and regulates GPCR 

expression in astrocytes in vitro (Hamby et al. 2012). Because some cultured astrocytes 

express markers of reactive astrocytes, an argument could be made to cautiously interpret 

previous calcium imaging research in cultured astrocytes as representing reactive rather 

than quiescent astrocytes. Inflammatory molecules such as TNFα also influence astrocytic 

calcium signalling and gliotransmission (Agulhon et al. 2012; Hamby et al. 2012). 

Additionally, increased calcium levels have been reported in injury models that induce 

astrocyte reactivity (Shigetomi et al. 2019). Following an hour of MCAO in male and female 

mice, coronal brain slices were immediately collected for imaging cortical astrocyte 

intracellular calcium at contralateral and ipsilateral regions. The amplitude and frequency 

of astrocyte calcium waves were region-specific (Morrison & Filosa 2016), most likely 

reflecting surrounding neuronal activity and spontaneous activity. Interestingly, male mice 

displayed decreased astrocyte calcium signalling frequencies after the ischemic injury in all 

regions compared with female mice (Morrison & Filosa 2016). However, as discussed in 

Section 1.5.3, spontaneous calcium waves are absent in reactive astrocytes 48 hours 

following a cortical stab injury (Aguado et al. 2002), which may indicate altered calcium 

signalling dynamics in astrocytes with the progression of reactivity. Additionally, molecular 
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and structural changes to reactive astrocyte phenotype may disturb the tripartite synapse 

and regulation of neuronal activity. The disruption of astrocytic regulation of neuronal 

synaptic activity with the presence of reactivity could lead to maladaptive plasticity in the 

form of dysfunctional synaptic turnover, and inflammatory-related effects on neuronal 

health. 

1.6.5 Reactive astrocytes and the glial scar 

In most circumstances, the migration, proliferation, and altered function of astrocytes in 

acute stages after injury generates a cellular barrier of glial cells surrounding the injury site 

(Mathewson & Berry 1985), termed the ‘glial scar’ (Figure 1.3). As a three-dimensional 

structure, this scar initially functions as a barrier between healthy and unhealthy tissue, 

limiting the spread of damage. There is controversy over the degree of astrocyte migration 

to the site of injury, with some studies reporting little to no migration (Bardehle et al. 2013; 

Wanner et al. 2013), and others indicating migration is a crucial element to the astrocyte 

reactivity response (Harvey et al. 1993; Okada et al. 2006; Renault-Mihara et al. 2008). 

Similarly, the proportion of proliferating reactive astrocytes is also disputed (Bardehle et al. 

2013; Miyake et al. 1988). Astrocytes are highly proliferative following penetrating cortical 

stab injury (Buffo et al. 2008) and spinal cord injury (Anderson et al. 2016), where they 

generate the border of the glial scar (Wanner et al. 2013). Astrocytes exhibit a lesser degree 

of proliferation in ischemic injury models (Barreto et al. 2011; Zamanian et al. 2012). It has 

been previously suggested that variation in the rate and contribution of proliferation and 

migration in the post injury response is due to the injury model, and whether there is a 

requirement for additional astrocytes (e.g. to repair the blood brain barrier) (Anderson et al. 

2016; Liddelow & Barres 2017). However, given that the studies cited above still observe 

significant proliferative rates up to a week following the injury, it is more likely that 

proliferation of reactive astrocytes is driven by unknown environmental factors.  
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A change in phenotype is associated with a change in gene expression and protein levels. 

Studies have identified key mediators of astrocyte reactivity, such STAT3 signalling (Okada 

et al. 2006). In purified cortical astrocyte cultures, the changes to the transcriptome are 

dependent on the molecular triggers of astrogliosis (Hamby et al. 2012). Additionally, 

neuroinflammatory and ischemic models induce different gene expression profiles in 

reactive astrocytes in vivo (Zamanian et al. 2012), although there are molecular and 

functional changes common across different phenotypes. These findings suggest that 

astrocytes progressively and contextually respond to the injury environment, rather than 

display an invariable/standardised reaction to various stimuli. As a result, astrocyte 

reactivity has short-term and long-term effects on the surrounding tissue. 

Figure 1.3 Cellular profile of the glial scar. Following central nervous system injury, 
astrocytes and microglia surround the injury site resulting in an inflammatory response and 
secondary degeneration to adjacent tissue. This response damages and demyelinates 
nearby neuronal projections. Proteoglycans are secreted by reactive astrocytes at the scar, 
which provide chemical and molecular inhibition of neuronal regrowth through the injury site, 
severely limiting regeneration. Adapted from Fitch and Silver (2008). 

Injury Cavity Proteoglycan 
Upregulation 
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Reactive astrocytes can produce a variety of molecules that are detrimental to surrounding 

cell health. Pro-inflammatory cytokines such as the interleukin family and TGFβ (which are 

triggers for astrogliosis) are secreted by astrocytes and increase inflammation within the 

first few days following injury (Eddleston & Mucke 1993). The release of proinflammatory 

cytokines alongside the chronic inhibition of neuronal regrowth and repair (explored below) 

initially suggested that astrocytes were impediments to regeneration and improved 

functional outcomes following CNS injury. However, ablating scar-forming astrocytes 

resulted in a worse outcome, with increased infiltration of peripheral immune cells, reduced 

blood brain barrier repair, and increased neuron degeneration (Bush et al. 1999). Reactive 

astrocyte neuroprotective functions following injury include (but are not limited to) 

promoting blood brain barrier repair, secreting ant-inflammatory factors and trophic 

factors, removing debris, limiting glutamate excitotoxicity, reducing the spread of 

secondary degeneration, and regulating synaptic remodelling (Anderson et al. 2016; 

Boghdadi, Teo & Bourne 2020; Burda, Bernstein & Sofroniew 2016; Bush et al. 1999; Okada 

et al. 2018; Pöyhönen et al. 2019).  

 

In the days to weeks following injury, astrocytes also secrete extracellular matrix (ECM) 

proteins into the glial scar and injury zone (Figure 1.3) (McKeon et al. 1991). Markedly high 

expression of ECM molecules persists past two months following injury in rodent models 

(Jones, Margolis & Tuszynski 2003). Chondroitin sulphate proteoglycans (CSPGs) are 

among the main groups of ECM molecules secreted into the fibrotic scar. They consist of 

a core protein and chondroitin sulphated glycosaminoglycan side chains, both of which 

have been shown have inhibitory effects on neurite growth (Dou & Levine 1994; McKeon, 

Jurynec & Buck 1999; Snow et al. 1990). Additionally, excessive ECM molecule deposition 
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may affect charged molecules and volume dynamics in the extracellular space (Syková et 

al. 2002). Neuronal growth and regeneration at the injury site is ultimately chemically 

inhibited by the ECM deposition, and physically inhibited by the dense glial scar (Silver & 

Miller 2004). Note that it has also been shown that reactive astrocytes can, in some 

circumstances, promote the regrowth of injured axons following CNS injury, challenging 

the general consensus that the glial scar always inhibits growth. This has been reported in 

the spinal cord where preventing the ability of astrocytes to form a glial scar attenuated 

regrowth that was stimulated by growth factor delivery, and the production of CSPGs was 

in non-astrocytic cells (Anderson et al. 2016). However, previous studies examining the 

removal of scar-forming reactive astrocytes in cortical stab injury models demonstrated 

that the loss of reactive astrocytes resulted in increased neurite regrowth (Bush et al. 1999). 

Furthermore, in the visual system, when forming post-injury membrane-like structures 

rather than complex three-dimensional barriers, laminin expressing reactive astrocytes 

support the spontaneous regeneration of retinal ganglion cell axons (Dyson et al. 1988; 

Harvey & Tan 1992). The geometry of the reactive astrocytic environment is likely to be all-

important (Fawcett et al. 1989). These studies highlight the ongoing contextual and regional 

complexities of astrocyte contributions to growth inhibition. However, the results from 

independent research groups across multiple in vivo and in vitro injury models indicate that 

astrocytes have a role in the CSPG-mediated inhibition following injury. Whether this is 

direct through the production and secretion of CSPG molecules, or through intercellular 

signalling promoting CSPG increases is yet to be concluded.  

 

In summary, although complex, astrocyte reactivity is integral to the progression and 

outcome of CNS injury. The current understanding of astrocyte functions following CNS 

injury highlights that labelling astrocytes as solely beneficial or detrimental disregards their 
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diversity. While the heterogeneity of reactive astrocytes limits the application of broad 

treatment approaches for specific injury models and stages of reactivity, these 

extraordinary cells nonetheless have great potential as therapeutic targets for a range of 

neurological conditions and injuries (Liddelow & Barres 2017). 

1.6.6 Modulators of astrocyte reactivity: age 

The ageing brain shows astrocytes undergo robust upregulation of chemokine gene 

expression (Felzien et al. 2001), GFAP expression (Jucker et al. 1994; Nichols et al. 1993) 

and altered transcriptional phenotypes indicative of reactive astrocytes (Clarke et al. 2018), 

with variation in astrocyte gene expression between brain regions (Boisvert et al. 2018). 

Interestingly, the enhanced expression of genes associated with astrocyte reactivity in aged 

mice was attenuated in the absence of microglial-secreted cytokines TNF, interleukin 1α 

and C1q (Clarke et al. 2018), suggesting that microglia guide astrocyte reactivity in ageing. 

The increase in basal reactivity of astrocytes may trigger the more extensive and 

accelerated reactivity and gliosis observed following experimental models of brain injury 

(Clarke et al. 2018; Hamm et al. 1991; Kyrkanides et al. 2001).  

1.6.7 Modulators of astrocyte reactivity: sex 

Oestrogens and androgens have been shown to directly and indirectly affect reactive 

astrocytes after neurotrauma (Acaz-Fonseca et al. 2016; Arevalo et al. 2013). As discussed 

in Section 1.6.4, astrocyte calcium waves were twice as frequent in female mice compared 

to male mice following ischemic injury at both proximal and distal locations (Morrison & 

Filosa 2016). Gonadectomised male and female rats show reduced quantity and 

proliferation of GFAP-positive astrocytes following brain injury when injected with gonadal 

hormones (Garcia-Estrada et al. 1993). Additionally, astrocytes increase the expression of 

oestrogen receptors and androgen receptors following excitotoxic injury (García-Ovejero 
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et al. 2002). Receptor expression in reactive astrocytes peaked 7 days after injury, and was 

elevated until 28 days after injury, suggesting a persisting involvement of sex hormones in 

regulating astrocyte reactivity. Oestrous cycle stages have been reported to affect GFAP 

levels following ischemic injury in female mice (Cordeau et al. 2008). However, endogenous 

circulating hormones have been suggested to more strongly influence neuroprotective 

qualities following traumatic brain injury (Wagner et al. 2004). 

1.7 rTMS and glial plasticity 

The impact of brain stimulation on astrocytes and other glial cells is an emerging area of 

research. The effects on glia have been previously reviewed for rTMS (Cullen & Young 

2016), and transcranial direct current stimulation (tDCS) (Gellner, Reis & Fritsch 2016), a 

technique that delivers low amplitude direct current to the brain via scalp electrodes and 

elicits similar neuroplastic effects to rTMS (Nitsche & Paulus 2000). Briefly, iTBS (but not 

cTBS or 10Hz) LI-rTMS has been recently shown to increase the quantity of newborn or 

newly differentiated oligodendrocytes in cortex of adult mice by increasing progenitor cell 

survival rather than proliferation (Cullen et al. 2019). In addition, Cullen et al. (2019) 

observed increased myelin internode length from newly myelinating oligodendrocytes. The 

known effects of rTMS on microglia are presently confined to altered levels of IBA1 in 

rodent injury models (Kim et al. 2013; Rauš et al. 2013; Sasso et al. 2016), although this 

marker is also expressed in macrophages. However, the focus of this thesis relates to rTMS 

effects on astrocytes specifically, which will be discussed below. Although some studies 

using tDCS in astrocytes and microglia have been carried out (Mishima et al. 2019; Monai 

et al. 2016; Pelletier et al. 2015), here I focus on rTMS only. 
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As described earlier, astrocytes are involved in various regulatory activities in healthy and 

injured nervous tissue, such as modulating synaptic plasticity and synaptic performance, 

assisting development, maintaining ionic, molecular, and metabolic homeostasis, 

regulating blood flow, and responding to injury and inflammation (Verkhratsky & 

Nedergaard 2017). Previous research has shown that rTMS modulates aspects of these 

brain processes, for example synaptic plasticity (Lenz et al. 2016; Vlachos et al. 2012), 

blood flow (Knoch et al. 2006; Speer et al. 2003) and post-injury outcome (Khedr et al. 

2005; Kim et al. 2006), but outcome measures have focussed primarily on neuronal 

contributions and effects. There has been little consideration of the effects of rTMS on glial 

cell biology, or even a potential role for glial cells in contributing to the observed effects in 

neurons. Previous sections of the introduction have discussed the effects of rTMS on 

neurons at various levels and explored astrocyte functions. This section examines the 

effects of rTMS directly on astrocytes. 

1.7.1 rTMS and rMS effects on astrocyte physiology 

Although astrocytes have voltage-gated channels and receptors, astrocytes do not 

generate classical action potentials. As a consequence, the relationship between rTMS field 

intensity and a threshold for astrocyte effects is not well-characterised. Furthermore, the 

frequencies of rTMS applied are generally transferred from neuronal literature without 

consideration of frequency-dependent astrocyte processes, such as intracellular calcium 

waves. The application of high and low simple and complex rTMS frequencies is an 

appropriate beginning but complicates the interpretation of rTMS on glia. 

 

The first evidence of rTMS modulating astrocytes was published by Fujiki and Steward 

(1997). Mice were restrained and administered up to 30 trains of 25Hz HI-rTMS, delivered 

with a round coil (5cm diameter) to the head at a stimulus strength that evoked muscle 
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twitching in extremities (70% machine output, ~1.6T below the coil centre). Mice that 

received less than 30 rTMS trains were sacrificed 24 hours following stimulation to examine 

dose-dependent Gfap mRNA expression, and mice that received 30 rTMS trains were 

sacrificed at various time-points up to 8 days post stimulation to examine Gfap expression 

over time. Ten to thirty trains significantly increased Gfap mRNA levels, with more trains 

producing larger increases. The increase in Gfap mRNA expression was more pronounced 

in the dentate gyrus compared to cortical regions, and peaked at 24 hours post-stimulation 

(Fujiki & Steward 1997). The intention of this study was to use rTMS as a tool to activate a 

large neuronal population similar to an electroconvulsive seizure to examine astrocyte gene 

expression. The authors interpreted limb twitching to indicate that populations of cortical 

motor neurons were activated via HI-rTMS. However, limb twitching may have resulted 

from non-focal spinal cord stimulation due to electric field distribution in mice with human 

coils (Alekseichuk et al. 2019; Weissman, Epstein & Davey 1992). It is therefore difficult to 

conclude how rTMS stimulation resulted in altered GFAP levels in the hippocampus, and 

whether effects were directly on astrocytes, or indirectly via activation of neurons, and if 

the latter, in which brain region. 

 

In another study, a butterfly coil was used to deliver a focal stimulation to astrocyte cell 

cultures containing notable microglia clusters. Astrocytes received 10s of 10Hz rMS at 

intensities of 100mT, 210mT, 420mT, and 630mT. GFAP levels increased three days post 

stimulation following 630mT rMS, and returned to baseline by five days post-stimulation in 

comparison to non-stimulated controls (Chan et al. 1999). This suggests a transient yet 

intensity-dependent regulation of GFAP in astrocytes, although the influence of microglia 

on GFAP levels was not considered. Additionally, Chan et al. (1999) qualitatively studied 
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the effect of rMS on astrocyte morphology, but found no changes to differentiation or 

process morphology.  

 

In contrast, some experimental studies found no effect of GFAP levels. For example, 

chronic HI-rTMS did not alter the amount of GFAP within rodent brains (Liebetanz et al. 

2003; Post et al. 1999). In addition, HI-rTMS induced increased levels of c-Fos, a marker 

of neuronal activation, and cytochrome oxidase, a marker of neuronal mitochondria activity, 

without altering the number of GFAP-positive cells or IBA1-positive cells (Zorzo et al. 2019). 

A weakness common to all of these publications is that astrocytes were measured only 

using GFAP without including other markers or considering other aspects of astrocyte 

biology.  

 

A more informative marker of astrocyte function is calcium signalling, due to the integral 

role calcium plays in astrocyte functions pertaining to intracellular activity and intercellular 

regulation. Cultured U-373 MG (human glioblastoma astrocytoma) cells were exposed to 

24 hours of LI (3mT) electromagnetic fields pulsed at 50Hz, which resulted in increased 

intracellular calcium concentration and interleukin 6 concentration (Aldinucci et al. 2000). 

This was replicated in media supplemented with 1.2µM substance P, a neuropeptide 

associated with interleukin production and increased cytoplasmic calcium in astrocytes, 

(Martin et al. 1992). Increased calcium levels were measured in both stimulated and non-

stimulated cells supplemented with substance P, however, the calcium increase was twice 

as large in non-stimulated cells compared to stimulated cells. The contribution of 

extracellular calcium and intracellular calcium stores to stimulation-induced calcium was 

assessed in a subsequent study (Pessina et al. 2001). The authors concluded that 

stimulation acts on either intracellular stores or the plasma membrane (Pessina et al. 2001). 
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Furthermore, the effect of stimulation on proliferation and cell death were assessed in the 

cultured cells, but no changes were observed following stimulation. While these 

experiments on astrocytoma cells are interesting, they must be interpreted with caution as 

the physiological differences between astrocytes and astrocytomas is not determined. 

1.7.2 rTMS effects on astrocytes following injury 

The effect of rTMS on astrocytes has also been examined in the context of neurotrauma 

models, due to the critical role of astrocytes following injury. Following a cerebellar lesion 

in rats, TBS HI-rTMS was applied over the occipital bone daily for one week, reducing 

GFAP and IBA1 protein and mRNA levels, and resulting in improved functional recovery 

(Sasso et al. 2016). GFAP and IBA1 immunoreactivity has also been reported to decrease 

as a result of 5 days/week repetitive trans-spinal magnetic stimulation (25Hz, 200mT) for 8 

weeks following contusive spinal cord injury in rats (Kim et al. 2013). The study conducted 

by Kim et al. (2013) is the only study to my knowledge to utilise female rats investigating 

rTMS on glial reactivity following injury. 

 

In another set of experiments, the effect of rTMS on glial scarring in a demyelination model 

in the spinal cord was assessed by measuring lesion volume and the quantity of GFAP and 

ERK1/2 (Fang et al. 2010; Li et al. 2010), a kinase involved in many post-injury pathways 

including cell migration (Jiang et al. 2002). In the first experiment, five minutes of daily HI-

rTMS (0.76T, 1.52T, and 1.9T at 1Hz, stimulus location not specified) was applied following 

ethidium bromide injection in rats (Fang et al. 2010). Fang et al. (2010) reported that 

increased rTMS intensity reduced the lesion volume but elevated the GFAP and ERK1/2 

levels. A later study used the same injury model and stimulation duration, but examined the 

effect of HI-rTMS frequency (1, 2, 5, 10, or 20Hz at 1.52T) on astrocytes (Li et al. 2010). Li 

et al. (2010) found that higher rTMS frequencies reduced lesion volume, but increased 
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GFAP and ERK1/2 levels. An additional experimental group received an ERK1/2 inhibitor 

prior to 1.9T 1Hz rTMS (Fang et al. 2010) or prior to 1.52T 10Hz rTMS (Li et al. 2010), 

resulting in similar lesion volumes and GFAP changes to sham stimulation, suggesting that 

ERK1/2 activity plays a key role in rTMS-mediated effects on lesion volume and GFAP 

regulation. The authors concluded that rTMS influences the migration of astrocytes to the 

injection site in a frequency- and intensity- dependent manner (Fang et al. 2010; Li et al. 

2010). However, this was solely based on western blot analysis of GFAP near the epicentre 

of the injection, and ERK1/2 is involved in various other pathways including proliferation, 

cell survival and cell death, and is expressed in other cells of the CNS (Chang & Karin 2001). 

 

In stroke models of neurotrauma, low intensity stimulation has shown mixed effects on glial 

cells. Following bilateral occlusion of common carotid arteries, gerbils were exposed to one 

week of continuous non-focal 50Hz stimulation at 0.2-2mT, resulting in increased in GFAP 

and IBA1 observed at 7, but not 14 days post-reperfusion (Rauš et al. 2013). In a MCAO 

model of stroke in rats, 20Hz LI-rTMS (8mT) was delivered to the injured cortex acutely (1 

and 24 hours) post-perfusion, followed by BHFS to the injured cortex or 1Hz to the non-

injured cortex up to 7 days post-perfusion (Bates et al. 2012). GFAP immunoreactivity was 

not affected by LI-rTMS, but there was increased macrophage infiltration, potentially 

indicating altered blood brain barrier repair (Bates et al. 2012).  

1.7.3 Limitations of previous approaches to studying rTMS in astrocytes 

The majority of studies examining astrocyte response to rTMS or rMS have used GFAP as 

the sole metric of astrocyte physiology. A common motif in these studies is the intensity 

analysis of GFAP, calculated as intensity within the field of view of histological tissue 

samples. However, the interpretation of collective increase in GFAP (rather than measuring 

expression of individual astrocytes) does not distinguish whether GFAP expression 
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changes are due to a different number of astrocytes or changes to astrocyte size, 

complexity of astrocytic processes, and other morphological characteristics. This can lead 

to unsubstantiated statements regarding the biological relevance of increased/decreased 

GFAP levels. Complementing GFAP assessment with investigation into additional 

indicators of astrocyte functions is more instructive when considering the mechanism of 

rTMS-induced changes (Shandra et al. 2019; Zamanian et al. 2012).  

 

A further issue in rTMS literature is the lack of characterisation of direct versus indirect 

effects: is rTMS affecting astrocytes directly, or are effects a consequence of neuronal or 

other glial cell modulation? However, this is extremely difficult to address when 

mechanisms of rTMS are not completely understood. Studying rTMS effects in isolated cell 

cultures is required to begin elucidating direct versus indirect effects. The elaboration of 

direct versus indirect effects will help rTMS to deliver neuromodulatory and therapeutic 

results by optimising current parameters to elicit specific cellular and molecular responses.  

1.8 Aims 

rTMS is widely used in pre-clinical and clinical research for neuromodulatory and 

therapeutic purposes without understanding the cellular and molecular mechanisms that 

are responsible for its functional and beneficial effects. LI-rTMS shows similar 

neuromodulation and therapeutic advantages without inducing action potentials, 

suggesting that synaptic plasticity-based mechanisms are not solely responsible for 

observed effects of rTMS and that non-neuronal cells such as astrocytes may also 

contribute. rTMS research has neglected the involvement of glia, specifically astrocytes, in 

regulating neuromodulatory and therapeutic processes. This thesis aims to address this 

knowledge gap by examining the effects of LI-rMS on astrocyte gene expression, protein 
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levels, calcium levels, response to injury, and age and sex effects following injury using a 

combination of in vitro and in vivo models. It was hypothesised that LI-rTMS affects 

astrocytes in a frequency-specific manner. Investigation of the astrocyte response to rTMS 

contributes to the understanding of cellular and molecular mechanisms of rTMS-induced 

effects and potential optimisation of rTMS as a neuromodulatory and therapeutic 

technique. 

1.8.1 Aim 1: Investigate whether age and sex modulate the effects of LI-

rTMS on the reaction of astrocytes and microglia in a mouse model of CNS 

injury 

The CNS exhibits limited regrowth and regeneration at the site of neurotrauma, which can 

result in chronic loss of function for damaged regions. There has been great interest in 

understanding the cellular and molecular events following neurotrauma in order to develop 

therapies to mitigate damage and detrimental aspects on quality of life.  

 

A key element in the response to neurotrauma is the activity of reactive microglia and 

reactive astrocytes, as discussed in Section 1.6. Microglia and astrocytes rapidly undergo 

a phenotypic shift following injury, which is initially beneficial in restricting the spread of 

damage and secondary degeneration to adjacent tissue. This culminates in the collective 

response of astrocytes at the injury site forming a ‘glial scar’, a network of hypertrophied 

reactive astrocytes secreting various substances including growth-inhibitory 

proteoglycans. This scar ultimately obstructs neural regeneration by chronically inhibiting 

the regrowth at the site of injury. Additionally, age and sex are factors in neurotrauma 

outcome, with severity of reactivity greater in aged individuals, and endogenous female 

hormones offering a greater degree of neuroprotection than male hormones. 



 47 

 

The penetrating cortical stab injury model provides a well-characterised, controlled glial 

scar to examine the response of microglia and astrocytes without disrupting major cellular 

physiology across the brain. Microglial reactivity precedes and initiates astrocyte reactivity, 

therefore investigating the effect of rTMS on these two types of glial cell is worthwhile 

considering their contributions to glial scarring. With rTMS effects on glial cells following 

injury recently emerging (Cullen & Young 2016; Sasso et al. 2016), and prominent effects 

of rTMS on neurorehabilitation (Demirtas-Tatlidede et al. 2015; Hummel & Cohen 2006), 

this experiment aimed to understand the effect of LI-rTMS on astrocyte and microglial 

reactivity in a mouse model of injury, and whether the effect of LI-rTMS on reactive glia was 

different between adult and aged mice and male and female mice. 

1.8.2 Aim 2: Characterise LI-rMS frequency-specific effects on 

astrocytes in vitro. 

As discussed in Section 1.5, astrocyte calcium signalling mediates many intracellular and 

intercellular functions, such as gliotransmission, synaptic plasticity, gene expression, and 

other biological pathways (Papouin et al. 2017; Scemes & Giaume 2006). Astrocyte 

gliotransmission and synaptic modulation can occur both dependent and independent of 

neuronal firing (Paixão & Klein 2010; Parri, Gould & Crunelli 2001; Perea, Navarrete & 

Araque 2009), positioning astrocytes as both passive and active regulators of neuronal 

activity. However, studies in intact animals and ex vivo tissue complicate the interpretation 

of direct and indirect effects of rTMS effects on astrocytes. Astrocytes were therefore 

isolated from neonatal mouse cortices to generate enriched astrocyte cell cultures. This 

experiment aimed to examine the effects of LI-rMS on aspects of astrocyte physiology 

relating to calcium signalling and injury response in isolation from other cell types. Chapter 



 48 

3 will examine the effect of a single session of LI-rMS on astrocyte cytoplasmic and nuclear 

calcium levels. In addition, Chapter 3 also details an experiment examining the effect of 4 

days of daily LI-rMS on migration, proliferation, and hypertrophy in reactive astrocytes 

following a scratch assay. 

1.8.3 Aim 3: Characterise the effect of LI-rMS on astrocyte gene 

expression and protein levels. 

Gene expression analysis techniques unravel pathways and functions of cell activity that 

offer insight into long-term consequences to cellular biology. The effect of rTMS on gene 

expression is highly contextual, and influenced by intensity, frequency, brain region, cell 

type, and injury (Aydin-Abidin et al. 2008; Grehl et al. 2015; Ljubisavljevic et al. 2015; Trippe 

et al. 2009). Chapter 4 continues in the enriched cortical astrocyte culture model and aimed 

to determine whether a single session of LI-rMS alters the gene expression of cultured 

astrocytes. The effect of different frequencies and durations of LI-rMS on the expression of 

a range of genes influential in astrocyte biology were examined. Additionally, it was 

investigated whether LI-rMS-induced changes in gene expression translate to protein 

changes through analysis of immunohistochemical label intensity of individual astrocytes.  
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Chapter 2 Low intensity rTMS has sex-dependent 

effects on the local response of glia following a 

penetrating cortical stab injury 

Published as: Clarke, D, Penrose, MA, Harvey, AR, Rodger, J & Bates, KA 2017, 'Low 

intensity rTMS has sex-dependent effects on the local response of glia following a 

penetrating cortical stab injury', Experimental Neurology, vol. 295, pp. 233-242. 

 

Astrocytes and microglia exhibit neuroprotective functions following CNS injury, but also 

generate barriers to the restoration of lost function (Boghdadi, Teo & Bourne 2020; Chen & 

Trapp 2016; Fitch & Silver 2008). Thus, modulation of glial function, for example through 

application of rTMS, could potentially be a useful therapeutic tool following neurotrauma. 

rTMS has shown experimental and clinical efficacy in a range of neuromodulatory models, 

including following neurotrauma (Khedr et al. 2005; Ridding & Rothwell 2007). In this set of 

experiments, I investigated whether various LI-rTMS protocols influenced the response of 

reactive astrocytes and microglia/macrophages to a penetrating cortical stab injury, and if 

stimulation altered the deposition of molecules inhibitory to axonal growth at the site of 

injury. This was conducted in adult and aged male and female mice, to further elucidate the 

effects of age and sex on rTMS and glial reactivity.  
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2.1 Introduction 

Repetitive transcranial magnetic stimulation (rTMS) is a form of non-invasive brain 

stimulation that harnesses the process of electromagnetic induction (Pell, Roth & Zangen 

2011). rTMS modulates cortical excitability and has shown some experimental and clinical 

efficacy in a range of neurological and psychological conditions, such as depression 

(George et al. 1995; Martiny, Lunde & Bech 2010; Pascual-Leone et al. 1996) and stroke 

(Khedr et al. 2005; Takeuchi et al. 2005). rTMS modulates neuroplasticity (Siebner & 

Rothwell 2003), possibly through modulating neurotransmitter release (Yue, Xiao-lin & Tao 

2009) and post-synaptic strength (Vlachos et al. 2012). While most rTMS research focuses 

on the effects of electromagnetic pulses on neurons, recent studies have shown that 

electromagnetic fields also have the capability to influence glial cell biology (as reviewed in 

Cullen & Young 2016). 

 

Many factors influence the phenotypic state of CNS glia. Altered reactivity of astrocytes 

and microglia can have both beneficial and inhibitory effects on plasticity and repair 

following brain injury. Glial cell activation is beneficial via facilitating blood brain barrier 

repair and attenuating secondary degeneration (Burda & Sofroniew 2014; Bush et al. 1999). 

Conversely, reactive astrocytes and microglia ultimately contribute to neuroinflammation 

and inhibit axon regrowth (Busch & Silver 2007; McKeon et al. 1991); activated astrocytes 

produce extracellular matrix, which is deposited into a fibrous scar, a major impediment to 

neuronal growth in and around the injury site (Wiese, Karus & Faissner 2012). Glial reactivity 

and scarring are also influenced by factors such as age and sex (Anderson, Ao & Sofroniew 

2014; Colton 2009). Endogenous male and female sex hormones have shown various levels 

of neuroprotective and gliosis-restricting properties after brain injury (Garcia-Estrada et al. 

1993; Garcıá-Estrada et al. 1999; Pettus et al. 2005; Wagner et al. 2004). Finally, 
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accelerated reactive astrocyte and microglial activity is observed in aged rodents after 

injury, which in turn, is associated with poorer functional outcome (Kumar et al. 2013; 

Kyrkanides et al. 2001). 

 

Modulation of glial reactivity and enhancing neuroplasticity after CNS injury are therefore 

potentially attractive therapeutic targets (Yiu & He 2006). Application of high field intensity 

rTMS following a cerebellar lesion in rats has been shown to reduce glial activation in the 

pontine nuclei (Sasso et al. 2016), however it is unclear whether rTMS is directly or indirectly 

affecting glia. Our lab have previously found low and high rTMS frequencies, applied at low 

intensity (LI-rTMS) to rodents after stroke, increased macrophage infiltration, suggestive of 

altered blood brain barrier repair (Bates et al. 2012). Recently, I found that 1Hz low intensity 

magnetic stimulation (LI-rMS: in vitro, no cranium) increased astrocytic intracellular calcium 

levels in astrocyte-enriched cultures (Clarke et al. 2017a). The present study examined the 

effects of LI-rTMS in adult (3 month) and aged (18 month) male and female mice following 

a penetrating cortical stab injury. Post-injury, LI-rTMS was applied daily for two weeks and 

LI-rTMS-induced changes in the phenotype of cells involved in glial scarring were 

characterised using fluorescence immunohistochemistry. The well-established markers of 

astrocyte (GFAP) and microglia/macrophage (IBA1) reactivity were used for quantitative 

analysis, and changes in proteoglycan immunoreactivity was conducted. The volume and 

density of the glial markers were quantified, revealing differential age- and sex-specific 

effects on glial cell reactivity elicited by different LI-rTMS frequencies. 

  



 52 

2.2 Materials and methods 

2.2.1 Animal source and habituation procedure 

C57BL/6J mice of 3 months of age (20 male, 20 female) and 18 months of age (20 male, 

20 female) were sourced from the Animal Resource Centre (Canning Vale, WA, Australia) 

and housed at the Pre-Clinical Facility, University of Western Australia. Mice were housed 

under controlled conditions, with a 12-hour light–dark cycle and food and water ad libitum. 

A maximum of 5 mice of a single sex were housed in each open top cage and animals were 

monitored daily for general health and wellbeing. Mice were allowed to acclimatise to the 

animal facility for one week. Because anaesthesia can alter the efficacy of rTMS induction 

of neuroplasticity mechanisms (Gersner et al. 2011; Sykes et al. 2016), stimulation was 

conducted on awake, freely moving mice. The mice were handled for up to 10 minutes per 

day for a week in preparation for rTMS delivery similar to previous studies (Makowiecki et 

al. 2014; Rodger et al. 2012). Mice were separated into eight experimental treatments 

based on age, sex, and rTMS intervention. Experimental procedures were approved by The 

University of Western Australia Animal Ethics Committee (03/100/1380), under guidelines 

set by the National Health and Medical Research Council.  

2.2.2 Surgical procedure – penetrating cortical stab injury 

Mice were anaesthetised with ketamine and medetomidine (75mg/kg and 1mg/kg i.p. 

respectively, Troy Laboratories, NSW, Australia) and all mice received a unilateral 

penetrating cortical stab wound to the right hemisphere (Wang et al. 2007). Briefly, 

anaesthetised mice were placed in a stereotaxic frame and underwent a craniotomy at 

1.8mm posterior and 1.5mm right of midline from bregma (Paxinos & Franklin 2004). This 

location provided a reproducible injury site and allowed the hippocampal dentate gyrus to 
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be used as a reference point for histological analysis of the stab injury. A 23-gauge needle 

(BD PrecisionGlideTM #305143, NSW, Australia) attached to a stereotaxic mount was 

inserted to a depth of 2 mm and left in place for two minutes. Animals were given 

postoperative analgesic (0.1mg/kg Buprenorphine, Temgesic, Reckitt Benckiser, UK) and 

anaesthetic reversal agent (Atipamezole, 10 mg/kg, Troy Laboratories, New South Wales) 

subcutaneously. Mice were placed on a heat pad (37°C) for at least one hour, and were 

returned to their cage after they regained mobility and had increased post-surgery 

monitoring schedules. There were no observed changes in aggression, movement, activity, 

body posture, grooming, response to handling, or the surgical site in daily monitoring, 

indicating that the injury did not induce any noticeable changes in behaviour or movement, 

consistent with previous cortical stab studies (Bignami & Dahl 1976; Wang et al. 2007). 

 

2.2.3 LI-rTMS delivery 

An electromagnetic pulse generator (Global Energy Medicine, WA, Australia) delivered a 

complex high frequency waveform (Biomimetic high frequency stimulation; BHFS) based 

on endogenous neural firing patterns during exercise (patent PCT/AU2007/000454) and 

has been used in previous studies (Makowiecki et al. 2014; Rodger et al. 2012; Tang et al. 

Handling 

1 week 2 weeks 3 weeks 

Surgery Histology 

rTMS 

Figure 2.1 Experimental timeline. A) After a week of daily handling, mice received a 
unilateral cortical stab. rTMS (ipsilateral sham, 1Hz, BHFS, or contralateral 1 Hz) was 
applied daily from 24 hours after injury for 10 minutes for two weeks.  
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2015b). Low frequency (1Hz) rTMS was delivered with an e-cell generator (Global Energy 

Medicine, WA, Australia), and delivered 600 electromagnetic pulses in the 10 minutes of LI-

rTMS administration (Bates et al. 2012; Rodger et al. 2012; Tang et al. 2015b).  

 

As described in detail in a previous publication (Makowiecki et al. 2014), a custom built 

animal circular coil with a steel core to increase field penetration (Epstein & Davey 2002) 

was used to deliver rTMS. The coil had 300 copper windings of 0.25mm, with an inner 

diameter of 6mm, and an outer diameter of 8mm. The steel core had a 5mm diameter. The 

same coil was used for all treatments, and sham stimulation was delivered with the coil 

disconnected from the generator. All sham mice received cortical injury, but not stimulation, 

and therefore were controls for stimulation.  

 

The field strength of the magnetic field induced by the coil was measured with a Hall effect 

probe (Honeywell, NJ, USA) and recorded on PowerLab 430 software (AD Instruments, 

NSW, Australia). The electromagnetic field strength was roughly 12mT at the base of the 

coil, but at 3mm from the base of the coil (the estimated distance from coil to scar) was 

5.4mT for 1Hz and 4.0mT for BHFS. LI-rTMS or sham was delivered for 10 minutes per day 

for two weeks, starting 24 hours after surgery (Figure 2.1). The week of handling prior to 

stimulation helped to habituate the mice to human touch and reduce stress so that the mice 

remained relatively still during stimulation. All stimulation took place in the morning to 

decrease circadian rhythm-related variability and reduce stress to the mice. Mice were 

placed unrestrained on the trained experimenter’s lap and the coil tracked the target area 

at approximately 1-2mm from the skull during stimulation, as per previous studies 

(Makowiecki et al. 2014; Rodger et al. 2012). For ipsilateral 1Hz, BHFS and sham 

stimulation, the base of the coil was positioned directly over the injury site so the magnetic 



 55 

field would be strongest at the injury site (Makowiecki et al. 2014); for contralateral 1Hz 

stimulation, the coil was above the symmetrical site in the contralateral hemisphere, roughly 

3mm away from the injury site. As previously published, the coils did not generate any noise 

or vibration that could be detected by the strain of mice used in the experiments (Grehl et 

al. 2016; Rodger et al. 2012). 

2.2.4 Tissue preparation and staining 

Within two hours of the final stimulation, mice were euthanased with an overdose of 

pentobarbitone (175mg/kg i.p., Lethabarb, Virbac, NSW, Australia) and transcardially 

perfused with 0.9% saline followed by 40ml paraformaldehyde (4%) in 0.1M phosphate 

buffer solution, (PBS; pH 7.2). The brains were removed and post-fixed for 24 hours, stored 

in PBS at 4°C, and transferred to cryoprotective solution (30% sucrose in PBS) for 48 hours 

prior to cryosectioning. Frozen 20 μm brain sections were collected and stored on 

SuperFrost Plus slides (Lomb, Menzel-Glaser, Germany) at -80 °C until further processing.  

 

Figure 2.2 Diagram of image analysis. Representation of lesion volume, astrocyte 
(green), microglial (red) and proteoglycan (shading) expression around the cortical stab 
on consecutive sections. 
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A Nissl stain was applied to one complete series from each brain to reconstruct and confirm 

lesion position before immunohistochemical staining. Nissl-stained slides were mounted 

with Entellan (ProSciTech), coverslipped, viewed on an upright BX50 microscope 

(Olympus, Japan) and captured with a DP70 digital camera (DP Controller 2.1 software, 

Olympus, Japan). Immunofluorescent staining for astrocytes (polyclonal rabbit anti-GFAP, 

1:750 Dako, Denmark), macrophage/microglia (polyclonal rabbit anti-IBA1, 1:1000 Wako, 

Japan), and a glycosaminoglycan moiety of the neuronal growth-inhibitory extracellular 

matrix component chondroitin sulphate (monoclonal mouse anti-CS56, 1:200 Abcam, VIC, 

Australia) was performed on brain sections to determine the extent of glial scarring. Thawed 

slides were washed with PBS, permeabilised with 0.1% Triton in PBS (PBS-T), followed by 

1 hour of blocking with 10% normal donkey serum in 0.1% bovine serum albumin (BSA, 

Sigma-Aldrich, MO, USA) in PBS-T for an hour. Primary antibodies were applied in fresh 

blocking solution overnight at 4°C overnight. The following day, sections were washed 

three times with PBS, and then incubated at room temperature for 2 hours with the 

appropriate secondary antibodies diluted at 1:600 in PBS (donkey anti-rabbit AlexaFluor 

488, Invitrogen, CA, USA, donkey anti-mouse Alexa-Fluor 488). Extracellular matrix was 

co-localised to astrocytes with a donkey anti-rabbit Alexa-Fluor 555. Hoechst (1:2000, 

Invitrogen) was included in the secondary solution. This was followed by two PBS washes, 

slide mounting with Fluoromount-G (Southern Biotech, USA) and coverslipped. 

Immunostained slides were viewed on an upright Eclipse E800 (Nikon, Japan), and 

captured with a cooled digital camera (QuantiFire, Optronics, CA, USA). 

2.2.5 Image analysis 

To decrease subjectivity and reduce bias, one person carried out the measurements of all 

variables in a blinded, random order on ImageJ software (National Institutes of Health, MD, 

USA). The area of needle indentation was measured on Nissl-stained slides from the start 
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to end, and extrapolated to a three-dimensional volume, considering the distance between 

sections. This method was also applied to generate total volumes containing GFAP positive 

(+) astrocytes and IBA1+ microglia/macrophage from the start to end of cellular reactivity 

beyond the injury, with the scar shape and lesion volume factored into the volume 

estimation. GFAP+ astrocyte and IBA1+ microglia/macrophage cell densities were 

estimated on the section identified as the stab epicentre (Figure 2.2). An area of 0.5mm2 for 

astrocytes and 0.125mm2 for microglia/macrophages either medial or lateral to the needle 

tract was imaged to enable accurate high-density cell counts within a defined area of the 

brain occupied by GFAP+ and IBA1+ cells (Rauš et al. 2013; Wanner et al. 2013) to generate 

number of cells per area adjacent to the needle tract. 

2.2.6 Statistical analysis 

Data were analysed with SPSS (version 21, IBM, NY, USA) and GraphPad Prism (version 

6, GraphPad Software, CA, USA). After verifying normality and homogeneity of variance, 

the effect of stimulation, age, and sex were analysed for astrocyte and microglial volume 

and density, and matrix area and intensity with a factorial multivariate ANOVA (MANOVA), 

with lesion volume as a covariate, for Sidak-corrected post-hoc tests where appropriate. 

MANOVA tests were also done on sham-stimulated mice to analyse the effects of age and 

sex on scarring. Means are presented with their standard error of the mean (SEM) and the 

level for significance was set at p < 0.05. An ANCOVA was used to confirm that stimulation, 

age, and sex were determinants in the dependent variables rather than differences in lesion 

volume. 
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2.3 Results 

2.3.1 Consistency of surgical procedure 

Of the 80 mice, five were euthanased due to post-surgery complications (one in each old 

male group, one old female contralateral 1Hz), and three were removed from analysis due 

to insufficient stab injury, inadequate perfusion, or substantial tissue damage (old females: 

sham, 1Hz, and contralateral 1Hz). Final group size is noted in Table 2.1. All remaining mice 

recovered as expected following the surgery and exhibited no obvious alteration in 

behaviour over the two-week period.The reproducibility of the injury was confirmed via 

ANCOVA, and indicated that lesion volume variation (measured using Nissl staining) did 

not influence the dependent variables, F (6, 50) = 4.53, p > 0.05, suggesting that observed 

differences were not due to variation in surgical technique. Therefore, lesion volume was 

removed as a covariate in MANOVA analysis to conduct post-hoc tests. 

2.3.2 Effect of age and sex on glial scar volume, glial cell density and 

CS56 levels at the injury 

Before considering the effects of LI-rTMS on glial scarring, MANOVA tests were performed 

to analyse the effects of age and sex on glial reactivity in the sham cortical stab groups. 

Due to reports of the greater gliosis-restricting effect of female sex hormones following 

brain injury compared to male sex hormones (Garcia-Estrada et al. 1993; Garcıá-Estrada 

et al. 1999), it was expected that adult female mice would exhibit comparatively reduced 

immunostaining of GFAP, IBA1, and CS56 compared to adult male mice. Because previous 

studies found greater quantities of reactive glia at an accelerated rate after injury in aged 

rodents (Kyrkanides et al. 2001; Sandhir et al. 2004), It was also hypothesised that 18 month   
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mice would have greater induction of GFAP, IBA1, and CS56 around the injury compared 

to 3 month mice.  

 

The injured cortices of 18 month male and female mice contained a greater volume 

occupied by GFAP+ astrocytes than 3 month male and female mice, F (1, 14) = 5.45, p = 

0.035. Additionally, there were greater densities of GFAP+ astrocytes, F (1, 14) = 8.76, p = 

0.01, and IBA1+ microglia and macrophages, F (1, 14) = 13.98, p = 0.002, surrounding the 

injury in 18 month male and female mice compared to 3 month male and female mice. The 

area of CS56+ expression, F (1, 14) = 11.03, p = 0.005, and CS56 intensity, F (1, 14) = 5.91, 

p = 0.029, were also greater in 18 month mice. These results supported the hypothesis that 

mice of 18 months would have greater GFAP, IBA1, and CS56 immunostaining; 

unexpectedly however, there was no significant differences between male and female mice 

in the volume and density of GFAP+ glia, IBA1+ glia, or CS56 levels after injury. 

2.3.3 Effects of age, sex, and LI-rTMS on microglia and macrophages 

Microglial cells and macrophages are an important part of the post-injury glial response, 

contributing to inflammation and cell death (Kreutzberg 1996). To assess whether LI-rTMS 

affected IBA1+ microglia/macrophages, the volume of IBA1+ cells around the injury site was 

compared across stimulation groups (Figure 2.3 panel A). The volume of reactive 

microglia/macrophages surrounding the injury was not significantly altered by the type of 

stimulation administered, F (3, 56) =0.625, p = 0.60, even when considering age and sex 

influence on stimulation. The effect of stimulation on the density of IBA1+ cells at the stab 

epicentre was affected by stimulation. IBA1+ cell density was statistically significant for the 

LI-rTMS*age*sex interaction, F (3, 56) = 4.74, p = 0.005. Post-hoc analysis revealed that in 

18-month-old female mice, BHFS reduced the density of IBA1 expressing  
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Figure 2.3 The effect of LI-rTMS on microglia and macrophages. A) Representative 
immunohistochemical images of IBA1+ microglia/macrophages (red) co-labelled with 
Hoechst (blue) across age, sex, and stimulation groups at 14 days after a unilateral 
cortical stab injury, scale bar 200µm. B) Violin plots displaying the effect of LI-rTMS on 
the density of IBA1+ microglia surrounding the injury site for 3 month and 18 month adult 
and aged male and female mice. Dotted lines indicate median and interquartile ranges 
and black bars between groups represent statistically significant differences between 
groups (p<0.05). 



 62 

 
 
microglia/macrophages (p = 0.029) in contrast to sham stimulation. However, in male mice 

of 18 months, BHFS increased the density relative to 1Hz and sham (p < 0.033, Figure 2.3 

panel B). The effects of LI-rTMS on glial cell density are summarised in Table 2.2, and high 

magnification images of the IBA1+ microglia/macrophages are shown in Figure 2.4. 

Figure 2.4 Morphology of IBA1+ cells for each condition. Representative 
immunohistochemical images of IBA1+ microglia/macrophages across age, sex, and 
stimulation groups at 14 days after a unilateral cortical stab injury, scale bar 20µm.  
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2.3.4 Effects of age, sex, and LI-rTMS on astrocytes 

While reactive astrocytes play a vital role in both the beneficial and detrimental aspects of 

scar formation (Sofroniew 2009), modulation of the astrocytic response could provide 

functional benefits in the long term. MANOVA tests were used to examine whether LI-rTMS 

reduced the volume of the astroglial scar and the density of the GFAP+ astrocytes 

surrounding the injury site across male and female mice of different ages. The estimated 

total volumes of these presumed reactive astrocytes were not significantly altered by the 

type of stimulation administered, F (3, 56) = 0.31, p = 0.82. For the density of GFAP+ 

astrocytes, the MANOVA indicated that whilst the types of stimulation alone were not 

significant, F (3, 56), p = 0.94, the interactions between stimulation and age, F (3, 67) = 

4.34, p = 0.008, and stimulation*sex, F (3, 56) = 5.25, p = 0.003, were significant. Post-hoc 

testing revealed that sham-stimulated 3-month-old female mice had a greater density of 

GFAP+ astrocytes two weeks after injury compared to BHFS-stimulated 3-month-old 

female mice (p = 0.047; Table 2.2). In female mice of 18 months, 1Hz reduced GFAP+ 

astrocyte density (p = 0.042) in contrast to sham stimulation. By contrast, male mice of 3 

months that received 1Hz had a significantly greater density of GFAP+ cells than sham (p = 

0.035). Additionally, BHFS increased GFAP+ astrocyte density relative to 1Hz and sham in 

18-month-old male mice (p < 0.04). Representative images of GFAP staining and a 

histogram of GFAP densities are shown in Figure 2.5. 
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Figure 2.5 The effect of LI-rTMS on astrocytes and proteoglycans. A) Representative 
immunohistochemical images of GFAP+ astrocytes (green) co-labelled with CS56+ 
proteoglycan (red) and Hoechst (blue) across age, sex, and stimulation groups at 14 
days after a unilateral cortical stab injury, scale bar 200µm. B) Violin plots displaying the 
effect of LI-rTMS on the density of GFAP+ astrocytes surrounding the injury site for 3 
month and 18 month adult and aged male and female mice. Dotted lines indicate median 
and interquartile ranges and black bars between groups represent statistically significant 
differences between groups (p<0.05). 
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2.3.5 Age, sex, and LI-rTMS effects on proteoglycans at the injury site 

Reactive astrocytes produce and secrete extracellular matrix molecules that contribute to 

the inhibition of neuronal growth at the injury site (Fitch & Silver 1997; McKeon et al. 1991). 

Chondroitin sulphate proteoglycans, a prominent growth-inhibitory molecule upregulated 

after injury, was visualised with CS56 antibody staining Interestingly, although LI-rTMS 

induced sexually dimorphic and age-related changes in GFAP+ astrocyte immunoreactivity 

at and around the injury site, there was no significant effect on CS56, F (6, 112) = 0.575, p 

= 0.749, and this was also conserved when age and sex influences on stimulation were 

considered (p > 0.05). 

2.4 Discussion 

By modulating electrical activity in the brain, rTMS has the potential to alter not only 

neuronal but also glial function in the brain. In this study, various LI-rTMS protocols were 

delivered to the brain following a penetrating cortical stab injury in adult and aged male and 

female mice, and resulted in contrasting effects on the response of glial cells at the injury 

site for male and female mice. These findings have potential implications for the design of 

therapeutic rTMS protocols for the treatment of various forms of brain injury. Here, the 

results are discussed in terms of the changes in GFAP and IBA1, the modulating effect of 

Protocol Marker 3 month 18 month 
Female Male Female Male 

1Hz ipsi. GFAP - - - - 
IBA1 -  ¯ - 

1Hz contra. GFAP - - - - 
IBA1 - - - - 

BHFS GFAP - - ¯  
IBA1 ¯ - -  

Table 2.2 Summary of rTMS effects on glial cell density proximal to the lesion epicentre. 
¯ Significantly decreased cell density,  significantly increased, – no significant change. 
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age and sex, potential mechanisms by which rTMS may affect glia directly, and possible 

functional consequences. 

2.4.1  Changes in GFAP and IBA1 levels 

LI-rTMS affected the levels of GFAP in astrocytes and IBA1 in microglia/macrophages 

around the injury site following BHFS and 1Hz, although there was no change in the total 

volume occupied by reactive glial cells surrounding the stab injury. The stable zone of 

reactive gliosis may be due to attenuation of magnetic field strength with increasing 

distance from the injury epicentre, which was the target of stimulation in this experiment, 

and rTMS has previously been shown to have no obvious effect on GFAP in the cortex and 

hippocampus of healthy rats (Liebetanz et al. 2003).  

 

The simplest explanation is an upregulation of GFAP and IBA1 protein in previously 

quiescent astrocytes, microglia, and infiltrating macrophages (Rauš et al. 2013), although 

proliferation and/or migration changes cannot be ruled out (Ross 2016). Cortical stab 

injuries are known to induce, first microglial and then astrocytic proliferation (Norton 1999; 

Janeczko 1988), the microglia potentially contributing to induction of astrocyte reactivity 

(Liddelow et al. 2017). Migration is perhaps less likely (Tsai et al. 2012), although in adult 

cortex there is evidence for extensive migration of grafted astrocytes within the cerebral 

hemisphere (Harvey et al. 1992; Harvey et al. 1993). 

 

Reactive gliosis has multiple consequences for the surrounding neural tissue, and although 

there was significant changes in the density of hallmark reactive glial proteins surrounding 

the injury site, this did not lead to changes in the amount of astrocyte-produced ECM 

component chondroitin sulphate proteoglycan. However, expression of some inhibitory 

ECM molecules peak as late as two months after injury (Jones, Margolis & Tuszynski 2003), 
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unlike the two week time period of this study. Future investigation of temporal and 

mechanistic aspects of glial scarring, such as ECM and calcium changes, hormonal 

impacts, as well as the biophysical properties of the electromagnetic field are needed to 

further characterise the findings with respect to the effects of age and sex. 

2.4.2  Sex differences in scarring and LI-rTMS 

While previous studies have clearly defined sex differences in scarring (Garcıá-Estrada et 

al. 1999; Kyrkanides et al. 2001), and in response to rTMS (Ridding & Ziemann 2010), a 

direct comparison of effects of rTMS and injury on glia between males and females has not 

been previously documented. I report for the first time that LI-rTMS has a stronger effect 

on the induction of glial reactivity proteins in females compared to males, regardless of 

age. This work is supported by previous studies which independently confirm the sex-

specific findings. Fang et al. (2010) found an increase in the induction of GFAP+ cells 

following 1Hz stimulation in male rats after ethidium bromide injection to the spinal cord, 

whereas Kim et al. (2013) reported a decrease in GFAP and IBA1 induction in female rats 

after 25Hz stimulation following spinal cord injury. The distinct sex-specific effect of LI-

rTMS on glial cell density after injury may be due to modulation of sex hormone receptor 

expression during the progression of reactive gliosis; oestrogen and androgen receptors 

are differentially expressed on glial cells after injury, and can influence glial scarring (García-

Ovejero et al. 2002). Furthermore, the oestrous cycle of female mice might have influenced 

outcomes, because rTMS effects on cortical excitability have been previously shown to be 

influenced by cycle stage in healthy human females (Inghilleri et al. 2004), potentially 

through oestrogen-related effects on neurotransmitters and ion channels (Malenka & Nicoll 

1999). Oestrous cycle stages of female mice were not documented because endogenous 

circulating hormones, rather than oestrous cycle, are more indicative of sex hormone 

mediated neuroprotective effects after injury (Wagner et al. 2004). Nonetheless, the findings 
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suggest that gender and stage of the oestrous cycle should be taken into consideration 

when selecting an rTMS protocol for the treatment of brain injury in humans. 

2.4.3  Age differences in scarring and LI-rTMS 

In addition to sex differences, LI-rTMS effects on GFAP and IBA1 were of greater 

magnitude in aged mice (18 months) compared to adult mice (3 months). While the effects 

of age on glioplasticity are not fully understood, this current finding contrasts with previous 

research reporting that the impact of rTMS on neural plasticity weakens with age (Todd et 

al. 2010). Furthermore, neuroinflammatory, reactive phenotypes are prominent in 

astrocytes with normal aging and triggered by microglial-secreted cytokines (Clarke et al. 

2018). This ultimately contributes to more detrimental and inflammatory processes and 

poorer functional outcome following injury (Kumar et al. 2013; Kyrkanides et al. 2001). 

Although synaptic plasticity was not directly addressed in this study, astrocytes and 

microglia actively shape synaptic plasticity in normal, healthy cortex, (Chung et al. 2015; 

Pannasch & Rouach 2013; Perea, Sur & Araque 2014), however it is unclear whether the 

age-associated depression of synaptic plasticity has glial contributions (Bertoni-Freddari 

et al. 1986; Cotrina & Nedergaard 2002). It is interesting to note that astrocyte reactivity 

and astrocyte dysfunction is linked to age-related neurodegenerative diseases, such as 

Alzheimer’s disease (Itagaki et al. 1989) and Parkinson’s disease (Yun et al. 2018). 

2.4.4  LI-rTMS effects on glia: direct or indirect? 

A key finding of the study is that rTMS may affect plasticity by modulating not only the 

electrical activity of excitable neurons, but also the biology of non-excitable cells such as 

astrocytes (Cullen & Young 2016; Murray & Farndale 1985; Xie et al. 2016). It is unknown 

whether rTMS directly affects glia, or whether effects were mediated indirectly through 

modulation of neurons adjacent to the injury. A better understanding of how rTMS, neurons 
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and glia interact may help explain how stimulation can induce changes in neural circuits 

that are remote from the target of stimulation (Bestmann et al. 2003), and how these 

changes can be harnessed for optimal therapeutic outcomes. Future studies into the impact 

of stimulation on different cell types, for example in mixed neuronal/glial cultures could 

dissect the possible mechanisms.  

2.4.5  LI-rTMS effects: possible functional consequences? 

Although cellular changes in reactive glia have the capacity to alter functional outcomes 

after injury, the stab injury model does not result in any behavioural deficits (Bignami & Dahl 

1976), thus it remains undetermined whether the observed LI-rTMS induced changes 

affected function.  

 

In previous LI-rTMS studies there have been mixed results in terms of relating cellular 

changes to functional improvement, such as increased ED1-positive macrophage 

infiltration (and no change in IBA1 immunoreactivity) but no effect on functional recovery 

following stroke (Bates et al. 2012); no effect on retinal ganglion cell survival or axonal 

regeneration in an optic nerve crush injury model (Tang et al. 2015b); and beneficial 

reorganization of abnormal visual circuitry accompanied by a rescue of visual function in 

ephrin-A2A5 mice (Makowiecki et al. 2014; Rodger et al. 2012). 

 

In contrast with LI-rTMS, high intensity rTMS has been reported to induce various 

improvements in injury models, such as reduced infarct volume, apoptosis and pro-

inflammatory cytokine expression accompanied by improved neurological severity scores 

(NSS) following stroke (Gao et al. 2010; Pena-Philippides et al. 2014); and attenuated glial 

activation and neuronal death following hemicerebellectomy, with improved NSS as soon 

as 3 days after injury (Sasso et al. 2016). However, these beneficial effects have not been 



 70 

convincingly translated to human patients (Hao et al. 2013). Presumably, the impact of high 

intensity fields applied in animal models is not the same as when these fields are applied 

in humans. Differences in stimulation conditions and biological outcomes between low and 

high intensity stimulation in animals and in humans suggest that it will be important to 

carefully consider which rTMS parameters tested in animal models should be replicated in 

human patients to obtain the best possible clinical outcomes.  

2.4.6  Conclusion 

Non-invasive brain stimulation has the potential to be a clinically useful tool in the treatment 

of neurological and psychological disorders. However, it is important to understand the 

effects of rTMS on all the cells in the brain, including glia, which have many different roles 

in the healthy and injured CNS. This study demonstrates that LI-rTMS can influence the 

local response of glia to injury, and that the direction of this effect was sex-specific. These 

results in young and aged mice support the potential for LI-rTMS to be used as a therapy 

especially in females. Whether such sex-specific effects also occur in humans needs to be 

determined, but the findings suggest that rTMS protocols should be carefully tailored to 

the individual. Future studies should investigate the mechanistic and functional changes to 

glial scarring following non-invasive brain stimulation effects on functional change following 

glial scarring. 
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Chapter 3 Frequency-specific effects of repetitive 

magnetic stimulation on primary astrocyte cultures 

Published as: Clarke, D, Penrose, MA, Penstone, T, Fuller-Carter, PI, Hool, LC, Harvey, AR, 

Rodger, J & Bates, KA 2017, 'Frequency-specific effects of repetitive magnetic stimulation 

on primary astrocyte cultures', Restorative Neurology and Neuroscience, vol. 35, no. 6, pp. 

557-569. 

 

The results of Chapter 2 show that the densities of GFAP-positive astrocytes and IBA1-

positive microglia and macrophages surrounding the injury site were altered following LI-

rTMS, but that the scar volume and ECM deposition were not. This was exciting as it was 

the first time a sex-dependent effect on glia was observed following rTMS. A key question 

remained: was the finding a direct effect on astrocytes, or indirect due to neuronal 

modulation. In order to isolate the astrocyte-specific effects of rTMS, I examined the effect 

of LI-rMS on enriched cultures of primary cortical astrocytes. In this Chapter, an in vitro 

injury model was performed to further investigate the effects of stimulation on astrocyte 

reactivity, assessing proliferation, migration, and hypertrophy. In addition, neurons have 

previously been shown to respond to LI-rMS with calcium changes (Grehl et al. 2015) and 

calcium is also a good candidate mechanism for mediating astrocyte changes. It was 

investigated whether astrocytes exhibited altered intracellular calcium responses during 

and following LI-rMS. 
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3.1 Introduction 

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive technique that uses 

magnetic pulses over the cranium to induce electrical currents in underlying cortical tissue. 

In general, high frequency rTMS (≥5Hz) has excitatory effects, whereas low frequency rTMS 

(£1Hz) reduces cortical excitability (Pell, Roth & Zangen 2011). Recent meta-analyses have 

concluded that rTMS is of clinical value (Hsu et al. 2012), however significant variation 

within individual patients and between studies is a consistent problem, for example 

Cardenas-Morales et al. (2014); Shen et al. (2017). The reasons for this variability are not 

understood, primarily because there is a limited understanding of how rTMS influences 

cellular function and cell-cell interactions. 

 

rTMS is most commonly applied at intensities that are around the threshold for axon 

potential firing (50-120% of motor threshold). However, even very low intensity stimulation 

(6% motor threshold equivalent) has clinically significant outcomes in patients with 

treatment resistant depression after 1 week of treatment (Martiny, Lunde & Bech 2010). 

Similarly, although the equivalent motor threshold measure was not measured, magnetic 

fields of 5-7mT delivered to animal models (estimated at the surface of the cortex) resulted 

in improved brain connectivity and function in a mouse model of abnormal brain 

organization (Rodger et al. 2012). For comparison, human rTMS is delivered at intensities 

of between 1-2T, measured at the surface of the coil (Deng, Lisanby & Peterchev 2013; 

Weissman, Epstein & Davey 1992). Our research lab recently characterised the effect of 

low intensity pulsed magnetic stimulation on primary neuronal cultures, demonstrating that 

subthreshold stimulation can induce intracellular calcium signaling and gene expression 

changes (stimulation intensity of 13mT at the level of the neurons; Grehl et al., 2015). 

Together, these studies indicate that a small change in cell membrane potential (i.e. below 
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the level necessary for action potential generation) is able to alter cellular physiology to 

induce beneficial, clinically relevant effects. This is of significance not only for neuronal 

function, but also suggests that rTMS may exert effects beyond modulating neuronal 

excitability and may therefore also affect the function and responsiveness of non-neuronal 

cells (Cullen & Young 2016; Monai et al. 2016). 

 

Traditionally, rTMS research has been neuron-centric and there is a lack of data pertaining 

to other cell types. Current estimates suggest that the human brain contains roughly equal 

numbers of neuronal and “non-neuronal” cells, defined as NeuN-negative by Azevedo and 

colleagues, also defined morphologically by other groups (Azevedo et al. 2009; Pelvig et al. 

2008; Walloe, Pakkenberg & Fabricius 2014). Research over the past 25 years has led to 

an increasing appreciation of the complex and essential role that astrocytes play in brain 

health and disease. Recent advances have demonstrated that astrocytes regulate neural 

circuitry (Chung et al. 2013) and respond to neuronal activity (Carmignoto 2000; Ding et al. 

2013). Astrocytes are also capable of releasing neuro-active compounds such as ATP and 

D-serine and are therefore active contributors to signal transduction and processing in the 

brain (Henneberger et al. 2010). The release of these gliotransmitters has been shown to 

be calcium dependent (Agulhon et al. 2012) and calcium signalling has also been implicated 

in astrocyte-neuron communication at synapses (Honsek et al. 2012). Lastly, astrocytes are 

capable of driving sustained neuronal activity in organotypic cultures, thereby providing an 

extra-synaptic form of brain plasticity (Pirttimaki, Hall & Parri 2011), and are important 

contributors to information processing (Perea, Sur & Araque 2014) and memory formation 

(Zorec et al. 2015). rTMS is a prime candidate for modulating astrocytic control of neural 

connectivity and potentially the response of astrocytes to injury (Clarke et al. 2017a).  
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Because rTMS is effective even at subthreshold intensity, it is likely that the weak electrical 

currents induced by the magnetic fields affect the movement of ions across cell 

membranes, thus altering membrane potential and opening voltage gated ion channels. 

Electrical excitability in astrocytes is associated with changes in intracellular calcium 

([Ca2+]I) (Vardjan & Zorec 2015), suggesting that calcium is an important intracellular 

signalling molecule that modulates astrocyte activity. High frequency, subthreshold 

repetitive magnetic stimulation (rMS, 3mT, 50Hz) has previously been shown to increase 

[Ca2+]I, interleukin-6 release and proliferation in an astrocytoma cell line (Aldinucci et al. 

2000), although astrocytoma cells exhibit greater proliferative capacity than astrocytes, 

which are largely post-mitotic in the adult nervous system (Horner et al. 2000). However, 

very high frequency rTMS has the potential to induce seizure activity in the brain. Therefore 

this study aimed to examine repeated magnetic stimulation (rMS) influences on astrocyte 

physiology in vitro. Four different rMS frequencies were delivered to primary neonatal 

astrocyte cultures, and the calcium responses were recorded. Additionally, the effect of 

rMS on astrocyte migration and proliferation in vitro was examined via a scratch wound 

assay. 

3.2 Methods 

All experiments were conducted with the approval of The University of Western Australia 

Animal Ethics Committee and under the Australian Code of Practice for the Use of Animals 

in Research (National Health and Medical Research Council of Australia). 

3.2.1 Cell culture 

Primary cell cultures were prepared from male and female C57Bl6/J mouse pups (between 

1 and 2 days postnatal) obtained from the Animal Resources Centre, Western Australia. 
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Pups were euthanased via lethal injection of sodium pentobarbitone (Lethabarb, Virbac 

NSW, Australia), decapitated and the cortex from both hemispheres carefully removed. The 

tissue was then dissociated using 12mg/ml Papain (Worthington Biochemical Corporation, 

NJ, USA) in Hibernate-A media containing B-27 supplement and Glutamax prepared as per 

manufacturer’s instructions (Gibco Invitrogen Corporation CA, USA). Cultures were seeded 

at a density of approximately 3x105 in T-75 flasks coated with a 50:50 mix of poly-D-Lysine 

hydrobromide (PDL, 10µg/mL, Sigma, MO, USA) and laminin (10µg/mL, Invitrogen, Victoria, 

AUS). Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM high glucose, 

Gibco Invitrogen Corporation CA, USA) containing 10% fetal calf serum (Serana WA 

Australia), 1% Penicillin/Streptomycin, 1:400 100X Glutamax®, and 1:500 100X G-5 

supplement (Gibco Invitrogen Corporation CA, USA).  

 

On the second day in culture (DIV2), flasks were shaken for 3 to 5 hours at 100-150rpm at 

37°C to remove unattached cells. Media were removed; cells washed twice with phosphate 

buffered saline (PBS) and replaced with fresh maintenance media. Media were replaced 

every second day until cells became confluent (around DIV7). Upon confluence, cells were 

split and seeded onto glass cover slips (13mm, Hurst Scientific, WA, Australia) at a density 

of 1x105 for migration and proliferation studies, or 1x105 and 1x104 to allow for continued 

cell growth for calcium imaging studies. These procedures resulted in astrocyte-enriched 

cultures consisting of approximately 98% astrocytes (as measured by GFAP 

immunohistochemistry). 

3.2.2 Repetitive magnetic stimulation 

Magnetic stimulation (rMS) was applied to cell cultures using custom-built round coil with 

an inside diameter of 8mm, outside diameter of 17mm and 9.5mm thickness, attached to 
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the bottom of the culture plate. rMS was driven by a 12V magnetic pulse generator 

(provided by Global Energy Medicine) and delivered using a pulse of 300µs duration 

repeated at frequencies of 1Hz, 10Hz, continuous theta burst stimulation (cTBS: 3 pulses 

at 50Hz repeated at 5Hz as per Huang et al. (2005)) or biomimetic high frequency 

stimulation (BHFS: 59.9ms trains of 20 pulses, with trains repeated at 6.67Hz for 1 minute, 

10.01Hz for 8 minutes, and 6.25Hz for the final minute). Sham stimulation was delivered in 

the same way, but with the coil switched off. Each stimulation session lasted 10 minutes at 

an intensity of 18mT. The details for the stimulation protocol have been published 

elsewhere (Grehl et al. 2015).  

3.2.3 Calcium imaging 

Calcium imaging was performed on cell cultures that were approximately 80% confluent to 

allow for optimal live-cell imaging (DIV 8-11). Intracellular calcium was assessed using Fura-

2AM 340/380 nm ratiometric fluorescence. Cells were incubated with 10µM Fura-2AM in 

maintenance media (Molecular Probes™ Invitrogen CA, USA) at 37°C for 20-30 minutes. 

Just prior to imaging, coverslips were transferred to imaging media containing 140mM 

NaCl, 5mMKCl, 2.5mM CaCl2, 0.5mM MgCl2.6H2O, 10mM HEPES and 10mM glucose (pH 

7.4; Grehl et al., 2015). Fura-2AM fluorescence was detected using an Olympus XM10 

camera attached to a BXS1W1 microscope (Olympus). Image analysis was conducted 

using xcellence imaging software (Olympus Soft Imaging Solutions GmbH, version 1.1). 

Living astrocytes were identified by their distinctive morphology and size, compared to that 

of oligodendrocytes, microglia and neurons.  

 

Baseline intracellular calcium measurements were taken each minute for 5 minutes (pre-

stimulation), each minute during rMS and each minute for 5 minutes at the end of 
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stimulation, giving a total of 20 measurements per cell. For each cover slip, 2-4 cells were 

imaged. Regions of interest were identified using Olympus xcellence software to identify 

the cytoplasmic and nuclear areas. For analysis, the ratio from baseline for each time point 

was calculated and the middle 3-minute blocks for each period were averaged (i.e. 2-4 pre 

stimulation and 12-14 end of stimulation) and used for statistical analysis. Example images 

of calcium levels for astrocytes treated with sham and 1Hz rMS is provided in 

Supplementary Figure 1. 

 

Minimum calcium measurements were obtained by incubating the cells with Triton X-100 

(0.1% volume/volume). A number of strategies were used to gain a maximal signal, being 

glutamate (20mM), caffeine (20mM), dATP (10µM) and ethanol (400-650mM). To determine 

whether calcium increases were due to influx of calcium ions from the media, a set of 

experiments were performed in calcium-free imaging media, where CaCl2 was excluded 

from the solution and replaced with 3mM MgCl2.6H2O. Thapsigargin (3µM, Sigma) was 

supplemented into calcium-containing imaging media 10 minutes prior to experimentation 

as per method described in Grehl et al. (2015) to deplete intracellular calcium stores. 

3.2.4 Scratch wound model 

Once confluent (around DIV11), each cover slip was scratched with a sterile P200 pipette 

tip (Etienne-Manneville 2006), vertically, from top to bottom, as centrally as possible. 

Following scratching, the media was changed and the 24-well plates placed back in the 

incubator. Each cover slip was imaged using a YJ-5.0M Digital Eyepiece attached to a 

stereo microscope, using Future Win Joe software. Each cover slip was imaged at 0hr (after 

scratch), 24hr, 48hr, 72hr and 96hr, prior to stimulation at each time point.  
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After imaging at each time point, each plate received its designated frequency of rMS 

stimulation (the same frequencies as described above). Stimulation was applied for 10 

minutes per day with an intensity of 18mT. The size of the denuded area at each time point 

was measured using ImageJ (freehand selection). These measurements were used to 

determine the percentage of the scratch closed over time.  

3.2.5 BrdU labelling 

The effect of rMS on astrocyte proliferation was assessed by 5-Bromo-2’-deoxyuridine 

(BrdU) incorporation in another set of experiments. After the confluent cell layer had been 

scratched, the media was removed and replaced with BrdU solution (0.3mg/mL, Sigma, 

Steinheim, Germany) and the experiment continued as described above.  

3.2.6 Immunohistochemistry 

Immunohistochemistry was performed to assess cell culture purity along with the extent of 

astrocyte hypertrophy and proliferation in response to scratch wounding. Cells were fixed 

with 4% paraformaldehyde (PFA, 4%, Asia Pacific Specialty Chemicals Ltd, VIC, AUS) for 

20 minutes at room temperature. The cover slips were then washed with PBS-0.2%Triton 

X-100 (BDH Chemicals Australia, Kilsyth, VIC), for 10min at room temperature. Cover slips 

were then incubated in blocking solution, 10% Normal Donkey Serum (Merck, CA, USA), 

0.1% bovine serum albumin (BSA, Sigma, Albumin, Bovine, MO, USA) in PBS-0.2 % Triton 

X-100 at room temperature for 1hr.  

 

The primary antibodies diluted in blocking solution were then applied to the cover slips 

overnight at 4°C. Polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) (1:500, Dako 

Cat# N1506, RRID:AB_10013482) was used to detect astrocytes, F/480 (1:250, rat anti-

mouse, AbD Serotec Cat# MCA497RT, RRID:AB_1102558) was used as a microglial marker 
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and monoclonal Class III β-Tubulin (TUJ1) (1:500, Jomar Life Research P/L, Victoria, 

Catalogue number: 119-15057) was used for neurons.  

 

The following day, coverslips were washed three times with PBS and then incubated with 

the appropriate secondary antibody in 0.1%BSA in PBS Triton for 2 hours at room 

temperature. The secondary antibodies used were Alexa Fluor®546 or Alexa Fluor® 488 

donkey anti-mouse IgG (1:600, Thermo Fisher Scientific Cat# A10036, RRID:AB_2534012 

and Cat# R37114, RRID:AB_2556542), raised in the appropriate host to match the primary 

antibody combinations. The coverslips were washed with PBS three times (10min each), 

with the first wash containing Hoechst 33342 dye (1:1000, Sigma Aldrich). Coverslips were 

then mounted onto SuperFrost (Lomb, Menzel-Glaser, Germany) slides using Fluoromount-

G (Southern Biotech, USA) and sealed with clear nail varnish. Slides were kept at 4˚C until 

ready to image. Immunostaining was visualised using a Leitz Wetzlar GMBH microscope 

(Germany) and an Olympus DP70 digital microscope camera. 

 

Proliferating astrocytes were defined as cells labelled with Hoechst, GFAP and BrdU. 

Following immunolabelling with GFAP, coverslips were washed 3 times with PBS (10 

minutes each wash) and treated with 2M HCl (pre-warmed to 37˚C) for 30 minutes at 37˚C. 

Coverslips were then washed twice (5 minutes each) in 0.1M sodium tetraborate (Ajax 

Finechem, NSW Australia), and then incubated with rat anti-BrdU (1:20, AbD Serotec Cat# 

MCA2060T, RRID:AB_10015293) in 1% BSA, 0.1% Gelatin (Ajax Chemicals, NSW, 

Australia) and 0.3% Triton X-100 in PBS for 2 hours at room temperature. The coverslips 

were washed with PBS 3 times (10 minutes each) and incubated with Alexa Fluor® 488 

donkey anti-rat IgG (1:600, Thermo Fisher Scientific Cat# A-21208, RRID:AB_2535794) in 

0.1% BSA, 0.1% Gelatin in PBS for 3 hours at room temperature. Following 3 washes with 
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PBS (10 minutes each), coverslips were mounted on SuperFrost slides (Lomb, Menzel-

Glaser, Braunschweig, Germany). 

  

Figure 3.1 Repetitive magnetic stimulation does not influence the proportion of astrocytes 
in cell culture. Representative images of GFAP and Hoechst staining from 24 hours in 
culture are shown, after exposure to (A) Sham (B)1Hz (C) cTBS (D) 10Hz and (E) BHFS 
stimulation. F) The percentage of GFAP positive cells, as a proportion of all hoechst-
stained cells, was calculated in cultures exposed to various rMS frequencies, at various 
time points for 3 separate cell culture triplicates. Data are presented as mean ± SEM, 
cTBS= continuous theta burst stimulation, BHFS= biomimetic high frequency stimulation.  
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3.2.7 Image and statistical analysis 

To determine cell culture purity, the numbers of nuclei, neurons and GFAP positive cells in 

three separate cultures were counted from immunohistochemical images, and the 

percentage of GFAP positive cells was calculated. BrdU and GFAP positive cells were 

counted from either the wound margin or the whole field of view. Astrocyte hypertrophy 

was determined by quantifying the GFAP-free area of the wound margin using Image J 

analysis software.  

 

Data were tested for normality and uniformity of variance before statistical analysis. For the 

calcium imaging and astrocyte hypertrophy experiments, data were analysed by one-way 

ANOVA with Tukey post-hoc testing using GraphPad Prism. For the scratch assay, data 

were analysed using repeated measures two-way ANOVA with Bonferroni post-hoc testing 

using StatView (StatView 5.0.1, SAS Institute). For analysis of astrocyte hypertrophy in 

response to the scratch assay, data were analysed by one-way ANOVA with Bonferroni 

post hoc testing using StatView. Significance was set at p £ 0.05. 

3.3 Results 

3.3.1 rMS does not affect cell culture composition 

It was first determined whether rMS exposure altered the composition of cells within the 

cell culture preparation. There was no effect at any of the rMS frequencies tested on the 

proportion of astrocytes present in culture, compared to other cell types (e.g. 

oligodendrocytes, microglia, neurons, Figure 3.1).  
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3.3.2 1Hz rMS increased intracellular calcium levels in astrocytes 

I assessed whether rMS delivered to astrocytes could influence intracellular calcium 

signalling. In all, 3 to 4 culture replicates and 17 to 34 cells were analysed for each 

frequency (sham, 1Hz, cTBS, 10Hz and BHFS). Of all frequencies tested, 1Hz stimulation 

resulted in a statistically significant rise in intracellular calcium in the cytoplasmic and 

nuclear compartments (Figure 3.2). 

 

A number of different treatments were also tested to achieve a reliable positive calcium 

control signal, including glutamate, caffeine, dATP and ethanol. In the experimental 

protocol, ethanol (n= 17 cells) and caffeine (n= 21) provided a consistent positive signal. 

Figure 3.2 1Hz rMS increases intracellular calcium in primary astrocytes. The data show 
the change in Fura-2AM signal in response to 10 minutes exposure to rMS frequencies. 
1Hz resulted in increased intracellular calcium within the cytoplasmic (A) and nuclear (B) 
component. The inserts show the average change in Fura-2AM signal across each time 
point, with arrows demonstrating when the stimulation was applied and then removed 
(a 10-minute period). Data are presented as mean ± SEM, * p £ 0.05, one-way ANOVA 
of 4 cell culture replicates (n = 17-34 cells in total).  
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However, the rise in response to 1Hz stimulation was greater than that achieved by ethanol 

or caffeine (Figure 3.3). Cells were stained with propidium iodide (PI) after live-cell imaging 

and there was no difference in PI staining between rMS and sham stimulated cells (data 

not shown), indicating that exposure to rMS was not associated with a loss of viable cells. 

 

In order to determine whether rMS increased calcium influx into astrocytes, the cell imaging 

experiments were repeated in calcium free media containing Thapsigargin. The calcium 

response to 1Hz rMS was maintained in the absence of extracellular calcium (Figure 3.4 

panels A and B). In contrast, the calcium response was abolished in the presence of 

Thapsigargin (Figure 3.4 panels C and D), suggesting that calcium was released from 

intracellular stores. 

Figure 3.3 Calcium responses to various stimuli. Various stimuli were used to elicit change 
in Fura-2AM signal including glutamate (20mM), caffeine (20mM), dATP (10µM) and 
ethanol (400-650mM). Ethanol and caffeine provided a consistent positive signal (n= 17 
and 21 cells respectively). However, the rise in response to 1Hz stimulation was greater 
than that achieved by either ethanol or caffeine (data presented as mean ± SEM, * p £ 0.05, 
one-way ANOVA of 4 cell culture replicates). 
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3.3.3 rMS does not affect astrocyte migration or proliferation 

I then assessed the effect of rMS on astrocyte migration and proliferation in a well-

characterised model, the scratch assay. The rate of scratch closure was determined over 

a period of 96 hours in 5 replicate cell cultures and 10 coverslips were used per culture for 

each time point and rMS frequency. rMS did not affect the rate of scratch closure and the 

initial scratch was closed over by 96 hours post-injury (Figure 3.5). Similarly, the number of 

BrdU positive cells both at the scratch margin and in the surrounding area was not altered 

by rMS treatment (Figure 3.6). Together, these data indicate that rMS did not alter migration 

or proliferation in the scratch assay model. 

Figure 3.4 Intracellular stores are the likely source of calcium in this model. The Fura-2AM 
ratiometric response to 1Hz stimulation was maintained in calcium-free media within the 
cytoplasmic (A) and nuclear (B) cellular components. Conversely, incubation of cells with 
Thapsigargin abolished the calcium response in the cytoplasmic (C) and nuclear (D) 
compartments, n= 6 cells for sham, n= 5 cells for 1Hz. Data are mean ± SEM, *** p £ 0.001, 
one-way ANOVA of 4 cell culture replicates. 
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Figure 3.5 Scratch wound closure is not affected by rMS frequency. (A) Representative 
images of GFAP positive cells and Hoechst labelled cells are shown for each time 
point and rMS frequency. (B) Mean percentage of scratch closure at 24, 48, 72 and 
96 hours in the presence of sham (no stimulation), 1 Hz, cTBS, 10Hz and BHFS 
stimulation for 10 minutes each day. rMS did not affect the rate of scratch closure. 
Data are presented as mean ± SEM of 5 cell culture replicates. 
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3.3.4 1Hz rMS increases GFAP-free area following injury in vitro 

The classical astrocytic response to injury also includes hypertrophy and elongation of 

cellular processes. In the scratch assay model, the averaged area of GFAP-positive staining 

at the border of the scratch was measured, and intensity removal was performed to 

determine the extent of the GFAP-free area as an indirect measure of hypertrophy. 

Astrocyte hypertrophy was determined by measuring the GFAP-free area at the margin of 

the scratch wound at 24 and 48 hours post injury (the margin was difficult to distinguish at 

later time points as the wound closed over).The data were then analysed using ImageJ. 

1Hz rMS increased the GFAP-free area at the scratch margin 24 hours post-injury 

(Bonferroni, p= .032, Figure 3.7). However, as the measure was not normalised to individual 

cell counts or cell size, it is difficult to conclude that hypertrophy was altered by 1Hz rMS. 

No significant differences were observed 48 hours post-injury (data not shown), indicating 

that this change is likely to be transient.  

  

Figure 3.7 rMS affects the intensity of GFAP-positive astrocytes at the scratch border. 
Astrocyte hypertrophy was examined by measuring the GFAP-free area at the margin of 
the scratch wound at 24 and 48 hours post injury, using Image J software. (A) 
Representative image for both sham and 1Hz stimulation, 24 hours post injury. (B) 1Hz 
rMS increased the GFAP-free area at the scratch margin, indicating that astrocyte 
hypertrophy was reduced in response to stimulation, 24 hours post-injury. (C) Data 
presented as mean ± SEM, * p £ 0.05, Kruskal Wallis/Bonferroni of 3 cell culture 
replicates. 



 88 

3.4 Discussion 

The multiple ways that astrocytes influence the health and maintenance of the CNS is now 

widely appreciated, making these cells a potentially attractive target for therapeutic 

intervention. Astrocytes provide a link between neurons and the circulatory system, are 

involved in synaptogenesis and synaptic plasticity, ion buffering, the maintenance of pH, 

neurotransmitter processing and generally maintain homoeostasis of the extracellular 

environment (Christopherson et al. 2005; Iadecola & Nedergaard 2007; Newman 2003; 

Sofroniew & Vinters 2010). Discovering methods to modulate the response of astrocytes to 

enhance neuroprotective functions whilst minimising growth inhibitory effects could 

potentially be very effective in facilitating repair and recovery following injury.  

 

rTMS is a good candidate to achieve this aim, particularly when delivered at low intensities 

(i.e. at minimal risk of inducing seizures). Our lab has previously shown that low intensity, 

subthreshold rTMS corrects abnormal neuronal circuitry resulting in improved functional 

outcomes (Makowiecki et al. 2014; Rodger et al. 2012), however there is a relative paucity 

of studies focused on the effects of rTMS on non-neuronal cells (Cullen & Young 2016). 

Low intensity stimulation may produce small changes in membrane potential resulting in 

transient flux of ions across the cell membrane that in turn have downstream effects on 

gene expression. Our lab has demonstrated that this is indeed the case for primary neuronal 

cells exposed to low intensity rMS in vitro (Grehl et al., 2015). Because astrocytes and 

neurons share many ion channels and neurotransmitter receptors, I hypothesised that 

primary astrocytes may also be sensitive to low intensity rTMS. 

 

The data presented here draw parallels with previous studies that have examined the 

effects of electromagnetic fields on astroglioma cells, which report alterations in calcium 
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signalling in response to electromagnetic stimulation (Aldinucci et al. 2000; Pessina et al. 

2001). In contrast to previous studies, astrocytes were subjected to a range of different 

magnetic pulse frequencies that have been used to investigate the effect of rTMS on 

synaptic remodelling (BHFS; Rodger et al. 2012), cortical excitability (cTBS, Barry et al. 

2014; Huang et al. 2005; Trippe et al. 2009) and stroke rehabilitation (1Hz and 10Hz as 

reviewed in Bates & Rodger 2015). 

 

A potential limitation of the study was the difficulty in eliciting a positive calcium response 

from agonists that had been previously reported in the literature. It is important to note 

here, that the astrocytes were maintained in culture for less time (7-10 days), compared to 

previous studies (Beck et al. 2004; Kettenmann, Backus & Schachner 1984; Lee et al. 2010), 

and therefore the cells may not have reached maturity. Consequently, it is inadvisable to 

extrapolate these results to more mature cells or to astrocytes in situ. For the present study, 

primary cells were chosen over a cell line because there are several instances where 

primary and immortalised cells respond differently to stimuli (Haghighat, McCandless & 

Geraminegad 2000; Shrode & Putnam 1994). Furthermore, use of primary cells 

complements previous neuron-specific studies in our lab (Grehl et al., 2015) and facilitates 

translation to transgenic mouse models in future studies.  

  

Intracellular calcium signalling is believed to be a major mechanism by which astrocytes 

respond to, integrate and convey information in the CNS (Bazargani & Attwell 2016; 

Verkhratsky 2006). These signals can be transmitted to adjacent and connected/networked 

cells via intercellular junctions and the propagation of calcium waves (Cornell-Bell et al. 

1990). Intracellular calcium changes within astrocytes typically involve release of calcium 

from internal stores located in the endoplasmic reticulum (ER) via ryanodine receptors and 
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inositol-1, 4, 5-triphosphate receptors (Bazargani & Attwell 2016). Novel genetic sensors 

have revealed the presence of calcium microdomains within astrocytes, thus allowing for 

compartmentalisation and complexity in responding to external stimuli (Shigetomi et al. 

2010; Shigetomi et al. 2013). The findings of the current study provide justification for future 

research that could utilise genetic sensors and pharmacological inhibition of ER-triggered 

calcium release will enable us to better determine the location of rMS-induced calcium 

signalling to provide further clues as to the possible functional significance of this effect.  

 

Similarly, I can only speculate as to why astrocytes may respond to only one of the rMS 

frequencies tested. A number of possible mechanisms that could underlie this effect 

include altering the binding and activation of receptor signal transduction pathways, such 

as that proposed for low intensity electromagnetic fields (Luben 1995), rotating and re-

orienting membrane lipid molecules (Fan et al. 2012) and modulating mechanosensitive ion 

channels and voltage-gated potassium channels (Fan et al. 2012). 

 

The interpretation is limited by the decision to study single cell types in the first instance, 

however I believe this is a crucial first step in determining the possible impact of rTMS 

frequencies on particular cell types, which could be studied in various transgenic mouse 

lines used in 2-photon imaging studies (Monai et al. 2016). 

 

Intracellular calcium is thought to trigger release of gliotransmitters from astrocytes, which 

can then influence the activity of neighbouring cells including glia, neuronal or vascular 

cells, although subsequent studies contradicted these initial reports (Bazargani & Attwell 

2016; Shigetomi, Patel & Khakh 2016). The exact mechanisms that govern the downstream 

effect of gliotransmitters are not known, however its thought that the specific receptors 
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involved in calcium release, the regulation of gliotransmitter production and the 

gliotransmitter targets in effector cells are involved (as reviewed in Bazargani & Attwell 

2016; Hamilton & Attwell 2010). Furthermore, the discovery of distinct calcium signalling 

mechanisms in astrocytic processes has been proposed as the site where gliotransmission 

is likely to occur (Bazargani & Attwell 2016). Interestingly, these peri-synaptic astrocyte 

processes are highly plastic and intracellular calcium signalling underlies morphological 

changes within these structures (Bernardinelli et al. 2014). 

 

Intracellular calcium signalling has also been shown to regulate astrocytic hypertrophy 

(Mola et al. 2016) and migration (Rutkowska et al. 2015; Shu et al. 2014), two aspects of 

astrocyte function that are crucial in the processes of brain injury and repair. This study 

provides preliminary evidence that rMS at 1Hz may influence astrocyte hypertrophy in 

response to injury in vitro. At this stage, the interpretation of these data is cautious as this 

effect was not present at later time points, and may therefore be transient. However, I 

recently found that two weeks of daily low intensity rTMS following a penetrating cortical 

stab had sex dependent effects on the density of GFAP positive astrocytes and IBA1 

positive microglia/macrophages adjacent to the injury site in adult and ageing mice (Clarke 

et al. 2017a). These observations suggest that further research, both in vitro and in vivo, 

are needed to better characterise the impact of rTMS on astrocytes in normal and injury 

states, and to elucidate the mechanisms involved.  

 

Recent studies have unveiled the complexity of cross-species differences in astrocyte 

morphology and function. Compared to rodent and lower-primate equivalents, human 

protoplasmic astrocytes are larger, have a more complex morphology and propagate Ca2+ 

waves more quickly (Oberheim et al. 2009). In particular, the human brain contains 
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interlaminar astrocytes that populate the superficial cortical layers and have long processes 

that penetrate deeper cortical layers. This is of particular importance to low intensity rTMS, 

which has the greatest field strength at superficial cortical layers. It is therefore conceivable 

that any rTMS induced calcium waves within intra-laminar astrocytes may in turn impact 

on cells within the deeper cortical layers and thus serve an inter-laminar coordinating role 

(Colombo, Quinn & Puissant 2002; Colombo et al. 2005). Given this complexity, it will be 

important to replicate these studies in human astrocytic cells and determine whether there 

are sub-class specific responses to low intensity magnetic fields and how this may impact 

on plasticity (Perea, Sur & Araque 2014; Zorec et al. 2015).  

 

In conclusion, this data present preliminary evidence that rMS can induce calcium signalling 

within cultured primary astrocyte cells. Given the central role of astrocytic calcium 

signalling in the CNS, the findings suggest novel ways by which rTMS may modulate brain 

excitability through modulating astrocyte function.   
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Chapter 4 Low intensity repetitive magnetic 

stimulation reduces expression of genes related to 

inflammation and calcium signalling in cultured 

mouse cortical astrocytes 

Previous rTMS research on astrocytes rarely extends beyond the examination of GFAP 

expression. Chapters 2 and 3 identified that LI-rTMS and LI-rMS influence features of 

astrocyte biology relating to calcium signalling and reactivity. These functions have various 

downstream intracellular and intercellular consequences. In this chapter, I examine the 

effect of LI-rMS on gene expression in cultured astrocytes to elucidate the possible 

consequences on protein levels in astrocytes.  
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4.1 Introduction 

Brain stimulation techniques such as repetitive transcranial magnetic stimulation (rTMS) 

have great potential to be applied therapeutically for a wide range of neurological and 

neuropsychiatric disorders. rTMS is now an established treatment for both major 

depressive disorder (Fitzgerald et al. 2016; Kozel & George 2002) and obsessive 

compulsive disorder (Dunlop et al. 2016), with clinical trials ongoing for many other 

conditions such as stroke and Alzheimer’s disease (Chou, Ton That & Sundman 2020; 

Cotelli et al. 2011; Mansur et al. 2005; O'Brien et al. 2018). In parallel with these clinical 

trials, pre-clinical research in humans and animal models is attempting to understand how 

rTMS affects the brain, the goal being to further improve and potentially broaden its clinical 

application. 

 

It is currently thought that the patterned electromagnetic pulses of rTMS generate action 

potentials that trigger synaptic plasticity in the form of long-term potentiation (LTP) and 

long-term depression (LTD). Interestingly, rTMS at stimulation intensities below action 

potential threshold (low intensity, LI) also alters neuroplasticity in humans (Martiny, Lunde 

& Bech 2010; Robertson et al. 2010) and animal models (Makowiecki et al. 2014; Rodger 

et al. 2012; Tang et al. 2018), suggesting that supra-threshold stimulation (i.e. action 

potential firing) is not a sole requirement for rTMS-induced plasticity. At high intensity (HI), 

rTMS effects are frequency-dependent (Lenz et al. 2015; Müller-Dahlhaus & Vlachos 2013; 

Tang, Thickbroom & Rodger 2015; Vlachos et al. 2012; Ziemann, Hallett & Cohen 1998); 

high frequency stimulation (>5Hz) has facilitatory effects on motor cortex excitability in 

humans and animal models, whereas low frequencies such as 1Hz lead to inhibition (Muller 

et al. 2014; Pascual-Leone et al. 1994; Tang et al. 2016b; Wassermann 1998). This is 

supported by in vitro patch clamp electrophysiology experiments on mouse organotypic 
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hippocampal slices, where 10Hz HI-repetitive magnetic stimulation (rMS, no cranium) led 

to increased strength of glutamatergic synapses in the form of potentiation LTP and 

morphological remodelling of dendritic spines (Vlachos et al. 2012).  

 

Additionally, HI-rTMS at high frequency in vivo has been shown to alter neurotransmitter 

and plasticity-related gene expression and protein levels (Aydin-Abidin et al. 2008; Poh et 

al. 2019; Trippe et al. 2009; Volz et al. 2013). LI-rTMS (<120mT) alters many functional 

activities from molecular to network-level effects that are similar to those observed at high 

intensity. LI-rMS at high frequency facilitates excitability of pyramidal neurons in mouse 

cortical slices (Tang et al. 2016a) and modulates calcium release (Grehl et al. 2015). LI-

rTMS increases neurotransmitter levels in vivo (Seewoo et al. 2019) and alters motor 

learning in rats (Tang et al. 2018) similar to effects of HI-rTMS in humans (Stöckel, Summers 

& Hinder 2015; Teo et al. 2010). Because LI-rTMS effects are elicited independently of 

action potential induction and involve universal cellular machinery such as calcium 

signalling, other cell types besides neurons may be mediators of LI-rTMS effects. 

 

Astrocytes are important modulators of synaptic activity and synaptic plasticity (Kang et al. 

1998; Papouin et al. 2017; Pascual et al. 2005; Perea & Araque 2007; Serrano et al. 2006). 

However, the contributions of astrocytes and other glial cells to the effects of non-invasive 

brain stimulation have only recently been considered (Cullen & Young 2016; Gellner, Reis 

& Fritsch 2016). In vitro, 1Hz LI-rMS (18mT) increases intracellular calcium release in the 

cytoplasm of purified cultures of mouse cortical astrocytes (Clarke et al. 2017b). Similarly, 

various frequencies of HI-rTMS and LI-rTMS alter the levels of GFAP (a commonly used 

cytoskeletal marker of astrocytic reactivity) and the density of GFAP-positive astrocytes in 

numerous neurotrauma models (Clarke et al. 2017a; Rauš et al. 2013; Sasso et al. 2016) in 
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vivo and in vitro (Chan et al. 1999). However, the downstream consequences of altered 

calcium signalling and reactivity in astrocytes are potentially wide-ranging due to the 

diverse range of intracellular and intercellular effects of astrocyte calcium signalling and 

reactivity. It is important to understand the downstream ramifications of these processes 

to comprehend the functional consequences of stimulating astrocytes for therapeutic 

applications of rTMS. Here, the effect of rMS on gene expression is examined in purified 

cortical astrocyte cultures generated from neonatal mouse pups. Astrocyte cultures were 

stimulated with low (1Hz) and high (10Hz) frequencies at a low intensity (18mT) and 

extracted RNA 5 hours following stimulation, examining 125 genes of interest relating 

broadly to four main astrocytic biological functions: calcium signalling, inflammation and 

injury, plasticity, and morphological/cytoskeletal composition. Both 1 and 10Hz LI-rMS led 

to significantly reduced expression of select genes in all four functional domains after a 

single stimulation session. The protein levels were further examined for 4 of these 

downregulated genes at 5 and 24 hours following LI-rMS, finding that reduced mRNA levels 

led to reduced protein levels. These findings highlight the capacity of LI-rMS to modulate 

astrocyte plasticity in a frequency-dependent manner, suggesting that glial cells may 

contribute to therapeutic effects. 
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4.2 Methods 

4.2.1 Tissue culture 

Experimental procedures were conducted with ethics approval from The University of 

Western Australia Animal Ethics Committee (RA/3/100/1462) under the Australian Code of 

Practice for the Use of Animals in Research. Primary cortical cultures were prepared from 

1 day postnatal male and female C57Bl6J mice (n=31 over 6 culture runs), obtained from 

the Animal Resources Centre, Western Australia. Briefly, pups were euthanased by lethal 

intraperitoneal injection of sodium pentobarbitone (>160mg/kg), decapitated, and both 

cortices carefully isolated, with meninges removed (Brewer & Torricelli 2007; Puschmann 

& Turnley 2010; Schildge et al. 2013). Cortical tissue was dissociated with papain (12mg/ml, 

Worthington Biochemical) in Ca2+-free Hibernate-A (Brain Bits) supplemented with 0.5mM 

Glutamax (ThermoFisher/Life Technologies). Tissue was then triturated within a Hibernate-

A solution (Gibco) containing 2% B27 (Gibco) and 0.5mM Glutamax. Cells were seeded at 

a density of 2.5x106 onto T75 flasks coated with poly-D-lysine (10µg/ml) and laminin 

(10µg/ml) and maintained in Dulbecco’s Modified Eagle Medium (high glucose, Life 

Technologies) containing 10% heat-inactivated fetal calf serum (Fisher Biotec), 1:50 G5 

supplement (Life Technologies), 0.5mM Glutamax and 1% Penicillin Streptomycin (Life 

Technologies). The following day in culture (day in vitro 2, DIV2), flasks were shaken for 5 

hours at 120rpm at 37C to remove unattached cells. Media was removed from the flasks, 

which were then washed twice with warm Phosphate buffered saline (PBS, Gibco) and 

fresh media was applied. Maintenance media was replaced every second day. When the 

cells in the flasks approached confluency (DIV11), cells were detached (0.25% trypsin, 

Gibco) and replated at a density of 0.04x106 onto 13mm diameter glass coverslips in 24-

well plates. To ensure an enriched astrocyte culture, coverslips were assessed for 
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proportions of various cell types. Cells at DIV14 were consistently >97% positive for GFAP 

across runs, with the remainder of cells identified as neurons, microglia, or fibroblasts (data 

not shown). 

4.2.2 Repetitive magnetic stimulation 

On DIV14, cells were subjected to LI-rMS within the cell culture incubator (Grehl et al. 2015). 

Custom-built round coils were used to deliver LI-rMS (inside diameter 8mm, outside 

diameter 17mm, thickness 9.5mm), and were attached to the bottom of the 24-well plates. 

The coils were powered by a 12V magnetic pulse generator (Global Energy Medicine). The 

applied frequencies were 1Hz (600 pulses, 10 minutes), 10Hz (600 pulses, 1 minute; or 

6000 pulses 10 minutes), or sham (10 minutes, generator switched off, no pulses delivered). 

The field intensity at the surface of the coverslip above the centre of the coil was measured 

with a Hall probe to be 18mT, and each frequency delivered a monophasic pulse with a rise 

time of 320μs, with a dB/dt of approximately 56T/s. 

4.2.3 Analysis of gene expression 

Changes in gene expression were examined via RT-qPCR for each frequency to investigate 

downstream changes relating to calcium signalling, inflammation and injury, plasticity, and 

morphological/cytoskeletal composition. RNA was collected from 3 biological replicates, 

each pooled from 45 coverslips (total 135), for each stimulation group, 5 hours after the 

end of stimulation. RNA was extracted and purified from the astrocytes on coverslips using 

a miRNeasy kit (Qiagen), with DNase digestion (RNase-free DNase Set, Qiagen). RNA purity 

and quantity were measured (Nanodrop) prior to cDNA synthesis (RT2 First Strand Kit, 

Qiagen) from 1µg of RNA for each biological replicate within each stimulation group. cDNA 

for each sample was added to custom RT2 Profiler PCR Arrays and amplified on a Bio-Rad 

CFX384. The custom array consistent of 125 genes known to be influential in astrocyte 
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biology and function and focused on 4 main biological processes: calcium signalling, 

inflammation and injury, plasticity, and morphological/cytoskeletal composition. The 

amplification protocol was 10 minutes at 95°C followed by 60 cycles of 95°C for 15s and 

60°C for 1 minute. Following this, a melt curve was obtained by increasing the temperature 

from 65°C to 95°C in 1°C increments. An identical fluorescence threshold value was used 

for the exponential phase of amplification for each run, and genes were excluded if they 

passed the threshold after cycle 40 or had abnormal melt curves. The genes Brca1, Cga, 

Crh, FoxA2, Grm1, and Hnf1a were excluded from analysis as they reached threshold after 

cycle 40.  

4.2.4 Protein levels 

Changes in protein levels were examined via immunofluorescent staining. Coverslips were 

stained for protein products of genes that were significantly downregulated compared to 

sham stimulation: antibodies to STIM1 (cat PA5-82455, ThermoFisher), ORAI3 (cat. MA5-

15778, ThermoFisher), KCNMB4 (cat. PA5-77611) and CD56 (additional protein name of 

NCAM1, cat. MA5-11563, ThermoFisher). 5 coverslips per stimulation group replicate were 

washed with PBS and fixed for 10 minutes with 4% paraformaldehyde at 5h and at 24h 

following LI-rMS. Coverslips were permeabilised with 0.1% Triton in PBS (PBS-T) for 10 

minutes, followed by incubation in a blocking solution of 10% normal donkey serum, 0.1% 

BSA in PBS-T. Slides were then incubated overnight at 4°C in fresh blocking solution with 

primary antibody combinations (1:500 rabbit polyclonal STIM1 and 1:250 mouse 

monoclonal ORAI3; 1:400 rabbit polyclonal KCNMB4 and 1:200 mouse monoclonal CD56). 

The following day, coverslips were washed 5 times in PBS at room temperature prior to 

secondary antibody incubation – 1:600 donkey anti-rabbit AF-488 (ThermoFisher), 1:600 

donkey anti-mouse AF-555 (ThermoFisher), 1:1000 Hoechst (Invitrogen) in PBS. Secondary 
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antibodies were applied for two hours, then washed five times in PBS before mounting with 

Fluoromount-G on SuperFrost Plus slides. For consistency, the coverslips for all groups 

were stained in one session for each labelling combination. To co 

4.2.5 Image analysis 

Coverslip images were taken on a Nikon C2 upright confocal microscope. Images were 

acquired using a 40x objective, with 2x frame averaging and z-stacked across a 6.5µm 

range in 0.5µm increments. The coverslip was imaged at two non-overlapping regions in 

the centre, and once at 2mm and 4mm in both the x and y axis, taking a total of 6 images 

per coverslip. These locations corresponded to different magnetic field intensities 

(Supplementary Figure 2). Laser power, gain, and acquisition parameters for each 

fluorophore were identical for all coverslips for each protein. The max intensity projection 

of the channels was used for analysis and a manual region of interest tracer applied for up 

to 15 cells per image, with 2 ROIs for background subtraction. The mean pixel intensity of 

the max intensity projection was calculated for each traced cell for statistical analysis of 

protein label. 

4.2.6 Statistical analysis 

mRNA and protein data were examined for outliers and normality with SPSS (v21, IBM). 

RT-qPCR results were normalised on Microsoft Excel and analysed with SPSS. The 

geometric mean of housekeeping genes Gapdh, Sdha, and Sod2 were used to normalise 

genes for analysis and the normalised mean expression levels (log2(2-∆∆Ct)) for each 

stimulation group were used to determine expression differences between stimulation 

groups (Pfaffl 2001; Pfaffl et al. 2004). For each gene, a fold change value was used to 

compare expression levels between groups with a student’s t-test. Fold changes (log2) 

greater than ±1 with a p value < 0.05 were considered statistically significant. All 
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significantly regulated genes above the fold change cut-off were further examined using 

gene set enrichment analysis via Webgestalt (Liao et al. 2019). Genes were ranked by ±fold 

change * –log10(p value), and a false discovery rate (FDR) threshold of 0.05 was applied. 

Protein expression was analysed with a generalised linear mixed model (log inverse 

gaussian distribution) with the number of replicates, coverslips and cell density applied as 

covariates. P values were considered significant < 0.05, with Sidak corrections for post-

hoc analysis and multiple comparisons. Correlation (two-tailed) was assessed using 

Spearman’s rho, with p value significance determined as < 0.05. 

4.3 Results 

4.3.1 rMS stimulation decreased expression of select genes 

Among the 125 selected genes based on their role in astrocyte biology, a total of 21 genes 

were identified with significantly regulated expression levels compared to sham 5 hours 

following a single stimulation session (summarised in Table 4.1 and presented in Figure 

4.1). All statistically significant genes above the fold change cut-off were downregulated 

compared to sham stimulation, there were no significantly upregulated transcripts following 

LI-rMS. All frequencies induced changes in gene expression, with the most consistently 

affected pathway across frequencies were those related to inflammation and injury; all 

stimulation protocols resulted in reduced expression of at least 3 inflammatory-related 

genes. There was considerable overlap of genes that were modulated by both 10Hz groups 

(i.e. 1m10Hz and 10m10Hz), but there were also genes that were modulated by only one 

of the 10Hz groups (Table 4.1 and Figure 4.1). The two 10 minute protocols (1Hz and 10Hz) 

shared one downregulated gene in common, the intermediate filament keratin (Krt19), and 

there was no genes that were significantly regulated following 600 pulses at either 1Hz or 
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10Hz. These findings indicate the effects of LI-rMS on astrocyte mRNA expression are both 

frequency- and pulse number-dependent. 

 1M 10HZ 10M 10HZ 10M 1HZ 
RefSeq 
mRNA 

Gene symbol and name Functio
n 

FC p FC p FC p 

NM_007498 Atf3, Activating transcription 
factor 3 

I -0.17 0.91 -1.14 0.07 -1.12 0.02 

NM_007529 Bcan, Brevican I, P 0.57 0.63 -2.06 0.01 0.73 0.21 
NM_019952 Clcf1, Cardiotrophin-like 

cytokine  
factor 1 

I 0.60 0.26 -1.47 0.01 -0.10 0.91 

NM_009140 Cxcl2, C-X-C motif chemokine 
ligand 2 

I -2.21 0.01 0.78 0.57 -0.89 0.09 

NM_010516 Ccn1, Cellular communication 
network factor 1 

I, P -2.47 0.04 -0.89 0.38 -0.45 0.68 

NM_013642 Dusp1, Dual specificity 
phosphatase 1 

I -1.70 0.04 -0.42 0.27 -0.23 0.75 

NM_010332 Ednra, Endothelin receptor type 
A 

I, S 0.25 0.69 -1.12 0.27 -1.74 0.04 

NM_007913 Egr1, Early growth response 1 I -1.43 0.01 -0.87 0.11 -0.89 0.30 
NM_010442 Hmox1, Heme oxygenase 1 I -0.78 0.55 -1.22 0.04 -0.65 0.18 
NM_010493 Icam1, Intercellular adhesion 

molecule 1 
I -0.47 0.40 -0.92 0.11 -1.43 0.01 

NM_010517 Igfbp4, Insulin like growth 
factor-binding protein 4 

S, C -1.40 0.03 -0.90 0.12 -0.99 0.14 

NM_021452 Kcnmb4, Potassium calcium-
activated channel subfamily M 
regulatory beta subunit 4 

S -1.56 0.04 -2.41 0.04 -0.22 0.64 

NM_008471 Krt19, Keratin 19 C -0.49 0.29 -1.06 0.03 -1.18 0.04 
NM_010875 Ncam1, Neural cell adhesion 

molecule 1 
I, P -1.56 0.02 -1.51 0.03 -0.25 0.51 

NM_198424 Orai3, ORAI calcium release-
activated calcium modulator 3 

S -1.64 0.03 -1.74 0.03 0.74 0.23 

NM_133200 P2ry14, Purinergic receptor 
P2Y14 

S -0.71 0.21 -0.76 0.24 -1.43 0.04 

NM_0010815
49 

Rcan1, Regulator of calcineurin 
1 

I, S -1.69 0.03 0.36 0.60 0.33 0.78 

NM_010101 S1pr3, Sphingosine-1-
phosphate receptor 3 

S -1.51 0.01 -1.59 0.01 -0.92 0.10 

NM_016769 Smad3, SMAD family member 3 I -1.32 0.01 -1.25 0.02 -0.23 0.47 
NM_011486 Stat3, Signal transducer and 

activator of transcription 3 
I -1.60 0.04 -1.06 0.06 -0.85 0.17 

NM_009287 Stim1, Stromal interaction 
molecule 1 

S -1.64 0.01 -1.43 0.01 -0.40 0.41 

Table 4.1 Significantly regulated genes in astrocyte cultures 5 hours following a single 
session of LI-rMS. Each row is the expression of a gene significantly regulated by at least 
one LI-rMS protocol. mRNA details and gene function are provided. The function denotes 
prominent functional classification of gene product in astrocytes: C cytoskeletal, I 
inflammation and injury, P plasticity, S signalling. The frequency of pulses and duration of 
stimulation are displayed, and the log2 fold change and associated p value in comparison 
to sham-stimulated coverslips are presented for each gene. Significant log2 fold change in 
noted in bold. 
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4.3.2  Enrichment analysis of gene expression 

I next examined whether significantly regulated genes shared functionally related biological 

processes, molecular functions, and pathways. Functional enrichment analysis of 

significantly regulated genes relative to sham stimulation was conducted by GSEA via 

Webgestalt (Liao et al. 2019). Analysis of gene ontology terms for biological processes and 

molecular functions revealed that ‘cytokine mediated signalling pathways’ and ‘cytokine 

receptor binding’ were the largest negatively enriched categories respectively, although 

there was no significant enrichment following FDR correction (p>0.05). Examining pathway 

Figure 4.1 Downregulation of gene expression in astrocytes 5 hours following different 
LI-rMS protocols. A Heatmap of the 21 significantly downregulated genes compared to 
sham stimulation. Colour values represent log2 fold change, asterisk indicates p value < 
0.05. B Venn diagram illustrating the frequency-specific changes in gene expression, 
with each gene coloured to a major biofunction of its protein product in astrocytes. C 
Representation of the protein compartmentalisation of the significantly regulated genes 
following LI-rMS. Product is colour coded by the frequency protocol(s) that influenced it, 
and protein shape denotes functional role.  
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representation of the significantly regulated genes through the KEGG database, the 

greatest enriched process was the calcium signalling pathway (Stim1, Orai3), however 

following FDR correction, this pathway was not significantly enriched (Normalised 

enrichment score -1.3, p>0.05). There were insufficient significantly regulated genes for 

each frequency to generate groups of functionally linked enrichment gene groups. The main 

protein activity and cellular compartmentalisation of the significantly regulated genes is 

indicated in Figure 4.1. 

4.3.3 Protein level changes in astrocytes after LI-rMS 

To determine whether changes in gene expression were reflected in changes in protein 

levels, 4 of the 21 downregulated genes were selected for validation by 

immunohistochemistry on cultured astrocytes (Figures 4.2 and 4.3). These 4 genes were 

chosen based on the relevance of their functions to known changes in astrocyte biology 

following LI-rMS in vitro (Clarke et al. 2017b) and in vivo (Clarke et al. 2017a; Monai et al. 

2016). The genes Stim1, Orai3, Kcnmb4, and Ncam1 had significantly downregulated gene 

transcripts in both 10Hz protocols but no significant regulation in the 1Hz group compared 

to sham. In the astrocytic store-operated calcium entry system relating to endoplasmic 

reticulum calcium stores, STIM1 protein functions as a detector of depleted calcium stores, 

and ORAI3 is a calcium re-entry channel (Kwon et al. 2017; Moreno et al. 2012). KCNMB4 

is a beta subunit that modulates calcium sensitivity in voltage- and calcium-activated 

potassium (BK) channels (Gebremedhin et al. 2003), and NCAM1 protein is involved in cell 

adhesion, proliferation, and plasticity activities in astrocytes (Jucker et al. 1995; Krushel et 

al. 1998). Preliminary studies confirmed that these proteins were expressed in astrocyte 

cultures, as shown in Supplementary Figure 3 for expression of KCNMB4 and NCAM in a 

GFAP-positive astrocyte. The level of the transcription factor EGR1 and the cell adhesion 
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protein ICAM1 were explored in preliminary intensity analyses but were not continued as 

they exhibited a weak signal to noise ratio of immunofluorescent staining. 

 

For KCNMB4 protein immunolabel intensity (Figure 4.2 panel A), statistical analysis 

indicated significant differences dependent on astrocyte density (F(1,268)=44.65, p<0.01), 

location on the coverslip (F(1,268)=18.30, p<0.01), LI-rMS frequency (F(3,268)=6.04, 

Figure 4.2 Changes in protein intensity of KCNMB4 and NCAM1 at 5 hours and 24 hours 
after LI-rMS. A Representative images of STIM1 (green) and ORAI3 (red) co-labelled with 
Hoechst (blue) at 5 and 24 hours after stimulation for each protocol. B,C Violin plots 
displaying the effect of stimulation on mean pixel intensity of KCNMB4 (B) and NCAM1 
(C). Dotted lines indicate median and interquartile ranges and black bars between 
groups represent statistically significant differences between groups (p<0.05).  
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p<0.01), and time post-stimulation (F(1,268)=6.12, p=0.014), but interactions between 

frequency and other independent variables were not significant (p>0.05). Post hoc analysis 

revealed no significant difference between stimulated cells and sham at 5h post-

stimulation, but a reduced intensity of 10m10Hz at 24h post-stimulation compared to sham 

(p<0.001, Figure 4.2 panel B).  

 

For NCAM1 protein immunolabel intensity (Figure 4.2 panel A), there were significant 

differences dependent on astrocyte density (F(1,274)=58.19, p<0.01), LI-rMS frequency 

(F(3,260)=12.30, p<0.01), time post-stimulation (F(1,274)=49.07, p<0.01), and LI-rMS 

frequency*time post-stimulation (F(3,274)=7.05, p<0.01), but not location on the coverslip 

(F(1, 274)=0.53, p=0.47). Specifically, mean NCAM1 immunolabel intensity was significantly 

lower following 10m1Hz (p<0.001) compared to sham at 5h following stimulation. By 24h,  

for all three LI-rMS protocols there were significantly reduced mean intensities for NCAM1 

protein compared to sham (p<0.001 for all, Figure 4.2 panel C).  

 

STIM1 immunolabel intensity (Figure 4.3 panel A) showed significant differences dependent 

on astrocyte density (F(1,253)=20.11, p<0.01), location of cells on the coverslip 

(F(1,253)=4.88, p=0.028), LI-rMS frequency (F(3,240)=38.56, p<0.01), time post-stimulation 

(F(1,257)=29.05, p<0.01), and frequency*time (F(3,256)=21.11, p<0.01). Within the 5h 

timepoint, both 10m10Hz and 10m1Hz protocols led to significantly increased protein label 

compared to sham (p<0.001 for both groups). However by 24h, immunolabel intensity was 

significantly reduced in both 10Hz protocols (p<0.001 for both groups) but significantly 

increased in the 1Hz group (p<0.001, Figure 4.3 panel B).  
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Similar effects were found for ORAI3 immunolabel intensity (Figure 4.3 panel A), where 

significant differences were dependent on location of cells on the coverslip (F(1,287)=4.20, 

p=0.041), LI-rMS frequency (F(3,231)=30.25, p<0.01), time post-stimulation (F(1,293)=4.55, 

p=0.034), and frequency*time (F(3,290)=7.27, p<0.01), but not on astrocyte density 

(F(1,287)=0.29, p=0.86). Specifically, immunolabel intensity following 10m1Hz was 

significantly higher compared to sham at both time points (p<0.05 for both timepoints), and 

Figure 4.3 Changes in protein intensity of STIM1 and ORAI3 at 5 hours and 24 hours 
after LI-rMS. A Representative images of STIM1 (green) and ORAI3 (red) co-labelled with 
Hoechst (blue) at 5 and 24 hours after stimulation for each protocol. B,C Violin plots 
displaying the effect of stimulation on mean pixel intensity of STIM1 (B) and ORAI3 (C). 
Dotted lines indicate median and interquartile ranges and black bars between groups 
represent statistically significant differences between groups (p<0.05).  
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the two 10Hz protocols showed reduced intensity compared to sham at 24h (p<0.001 for 

both protocols, Figure 4.3 panel C). 

 

Overall, the density of astrocytes or their location on the coverslip were significant factors 

in the statistical analysis for each of the four proteins. Correlation analysis was used to 

examine the relationship between protein intensity and astrocyte density, and protein 

intensity and location on the coverslip (relating to magnetic field strength, see 

Supplementary Figure 2). The correlations for each LI-rMS group are presented in 

Supplementary Table 2 (astrocyte density) and Supplementary Table 3 (location on the 

coverslip). There were significant positive correlations between the density of astrocytes 

and protein intensity for KCNMB4, NCAM1, and STIM1, although these did not significantly 

differ between each LI-rMS group. There were also weak yet statistically significant 

correlations between protein intensity and the distance of astrocytes from the centre of 

coverslip – KCNMB4 reduced intensity with increasing distance from the centre of the 

coverslip, and ORAI3 increased intensity with increased distance. However, the correlation 

coefficients of sham and LI-rMS frequencies were not significantly different. These results 

suggest the effect of frequency on protein intensity occurred irrespective of density and 

variation in electric field strength. 

4.4 Discussion 

Many clinical and experimental rTMS studies have found changes to neuroplasticity 

(Vlachos et al. 2012; Ziemann, Hallett & Cohen 1998), even at intensities below action 

potential threshold (Robertson et al. 2010; Rodger et al. 2012) suggesting non-neuronal 

cells such as astrocytes may also play a role in mediating LI-rTMS effects. This study 

demonstrates that LI-rMS at 1 and 10 Hz results in significant reduction in the expression 
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of a subset of genes in purified astrocyte cultures. The affected genes are involved in 

various functional processes of astrocyte biology, primarily calcium signalling and 

inflammation. Importantly, the reduction in gene expression was associated with reduced 

levels of protein related to calcium signalling and cell adhesion, suggesting that LI-rMS has 

multiple and significant frequency- and pulse number-specific effects on astrocyte biology.  

4.4.1 Calcium signalling a key target of rMS in astrocytes 

Calcium signalling is emerging as a key mediator of rTMS effects and the results confirm 

downstream changes in the expression of genes related to regulation of intracellular 

calcium levels in astrocytes. In particular, 1Hz increased levels of STIM1 and ORAI3, 

proteins that are involved in sensing and restoring astrocytic endoplasmic reticulum 

calcium stores following depletion (Kwon et al. 2017; Moreno et al. 2012). The finding is 

consistent with my previous work showing that 1Hz LI-rMS increased astrocytic 

cytoplasmic calcium levels during stimulation in vitro (Clarke et al. 2017b). This suggests 

that the changes to the expression of calcium-related genes and proteins may be a 

consequence of acutely increased calcium levels during and/or after stimulation. However, 

it cannot be excluded that LI-rMS might have affected the gene transcriptional and/or 

translational machinery directly, perhaps by upregulating immediate early genes such as 

the transcription factor c-Fos (Grehl et al. 2016), and/or as has been shown for rTMS in 

rodents, regulating the expression of microRNA (Consales et al. 2018), or chromatin 

organisation (Etiévant et al. 2015). 

 

Interestingly, the reported changes in gene expression do not suggest transcriptional 

changes in the genes involved in calcium release: my previous work showed that the 

increase in calcium during rMS is from intracellular stores because the increase persisted 

in calcium free media, but not when calcium stores in the endoplasmic reticulum were 
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depleted by thapsigargin (Clarke et al. 2017b). The key mediator of calcium release from 

astrocyte intracellular stores is the inositol triphosphate receptor type 2 (IP3R2) (Hua et al. 

2004), which is also necessary for increased astrocytic calcium release during transcranial 

direct current stimulation in vivo (Monai et al. 2016). However, in the present study, 

significant transcriptional changes were not observed for ITPR2, the gene coding for IP3R2, 

suggesting that a single session of rMS may not cause long-term changes in calcium 

release properties, but rather impacts primarily on signalling downstream of calcium 

release.  

 

In contrast with my previous study showing no effect of 10Hz LI-rMS on intracellular 

calcium levels (Clarke et al. 2017b), 10Hz protocols resulted in significantly reduced mRNA 

and protein expression of Stim1, Orai3 and Kcnmb4. However, at the protein level, 

reductions were not observed for KCNMB4 following 1m10Hz. This disconnect between 

mRNA and protein levels was also observed for 10m1Hz, which resulted in significantly 

different protein levels of STIM1 and ORAI3 despite no significant changes in mRNA levels. 

This inconsistency between gene expression and protein levels after rMS may be due to 

altered transcriptional and translational regulation at very specific timepoints, perhaps also 

differences in protein stability and turn-over (Trippe et al. 2009), that fall outside the scope 

of the present study. 

4.4.2 Inflammation and rMS 

Amongst the four functional domains, injury and inflammatory genes were the most 

abundantly downregulated (10 genes). rTMS has previously been shown to reduce 

inflammation in injury models (Caglayan et al. 2019; Sasso et al. 2016), however modulation 

of inflammation in intact or normal models has not been observed. Although I did not aim 
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to induce inflammation, the preparation of astrocyte cultures is a significant insult to the 

cells, and is reported to activate inflammatory pathways (Lange et al. 2012), and media 

containing serum induces a gene expression profile that overlap with aspects of astrocyte 

reactivity (Cahoy et al. 2008; Foo et al. 2011). Pro-inflammatory molecules induce the 

secretion of additional pro-inflammatory molecules in astrocytes in vivo and in vitro 

(Aschner 1998; John et al. 2005), creating a positive feedback loop of inflammation. The 

results of this experiment show LI-rMS downregulates inflammatory-related genes, but it 

cannot be excluded that this is a response from non-reactive cells. 

 

The changes to inflammatory pathways are likely to be associated with calcium signalling. 

Exposure to pro-inflammatory molecules decreases calcium signalling and the production 

of G protein-coupled receptors that regulate calcium signalling in astrocytes (Hamby et al. 

2012; Morita et al. 2003). Additionally, increased calcium signalling has been reported in 

injury models that induce astrocyte reactivity (Shigetomi et al. 2019). The present finding of 

concomitantly altered inflammatory and calcium related genes following LI-rMS 

strengthens the relationship between these functions, but causality remains unclear. The 

results contribute to the growing body of evidence of rTMS reducing inflammation 

(Caglayan et al. 2019; Sasso et al. 2016), and may indicate new clinical targets. 

4.4.3 Significance of changes for astrocyte function  

In the rTMS literature, protocols are generally designated a binary category such as 

“facilitatory” and “inhibitory”, which refer to their expected effects on neuronal excitability. 

However, astrocytes do not communicate through action potential propagation, but instead 

use calcium signalling to transmit and process information that modulates neuronal 

activity/synaptic plasticity (Scemes & Giaume 2006; Singh & Abraham 2017). Furthermore, 

astrocytes are involved in other modulatory activities that do not directly alter neuron 
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excitability but rather influence their inflammatory and injury response. Accordingly, even 

though pathway analysis did not yield any significant results, most likely due to the very 

wide range of disparate targets included in the array, the downregulated genes suggest 

reductions in pro-inflammatory activity, calcium signalling, cytoskeletal structure, plasticity, 

and cell adhesion properties. While there is clear delineation between the regulation of 

genes by each protocol, the main biological functions of the regulated genes are similarly 

spread across the protocols, complicating the distinction of potentially altered functional 

processes. Our lab has previously demonstrated that rMS altered the expression of genes 

relating to apoptosis and cell survival in neuronal cultures (Grehl et al. 2015). Therefore, the 

frequency-specific effects of rMS on neurons and astrocytes are likely to be broader than 

just facilitatory or inhibitory to brain activity and may include anti-inflammatory and pro-

survival effects.  

4.4.4 The influence of astrocyte density and magnetic field on protein 

changes 

There was a non-uniform spatial distribution of astrocytes on coverslips, which resulted in 

astrocytes in regions of greater density having generally higher protein levels for KCNMB4, 

NCAM1, and STIM1. However, the density of astrocytes did not influence the LI-rMS 

frequency-dependent effect on protein levels. Astrocytes in regions of greater density may 

have increased gap junction coupling and intercellular communication via ion flow, 

including movement of calcium within and between cells (Theis & Giaume 2012), potentially 

resulting in a requirement for increased KCNMB4 and STIM1 to regulate dynamic calcium 

levels. There may also be an increase in cell-cell adhesion requiring greater expression of 

adhesion molecules such as NCAM1. Increased astrocytic density may also affect energy 

metabolism (Hertz et al. 2015; Lange et al. 2012) and have paracrine effects on phenotype 
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due to local release of various growth and neurotrophic factors (Li et al. 2019; Pöyhönen et 

al. 2019).  

 

Additionally, the distribution of magnetic and electric fields is not uniform across the 

coverslip. The magnetic field is strongest under the centre of the coil, but the electric field 

is greatest underneath the coil windings (Deng, Lisanby & Peterchev 2013; Epstein 2008). 

In this study, the greatest magnetic field was near the centre of coverslip, whereas the 

greatest induced electric field was approximately between the centre and edges of the 

coverslip (Supplementary Figure 2). There was a weak correlation between the location of 

astrocytes on the coverslip and the intensity of KCNMB4 and ORAI3. However, LI-rMS did 

not affect this relationship. This is unexpected, as the properties of the induced electric 

field would be minimal towards the centre of the coverslip. LI-rMS may have indirectly 

reduced gene expression and protein levels of astrocytes at the centre of the coverslip as 

a result of intercellular signalling propagating through the astrocyte network (Venance et al. 

1995) from regions with a stronger electric field. It would be interesting to compare the 

effects of LI-rMS and HI-rMS (roughly 30 times greater intensity) on astrocyte activity.  

4.4.5 Frequency and pulse number 

Both frequency- and pulse number-dependent changes have been observed in neuronal 

gene expression and protein levels following rTMS in vivo and in vitro (Aydin-Abidin et al. 

2008; Grehl et al. 2015; Ljubisavljevic et al. 2015; Trippe et al. 2009; Volz et al. 2013). In 

this experiment, there was an overlap of 6 genes that were regulated by stimulation 

delivered at 10Hz for 600 and 6000 pulses. However, there was no overlap between pulse 

matched stimulation at 1Hz and 10Hz, suggesting the frequency is the main determinant 

of LI-rMS effects on astrocytes. rMS frequency may be more important in encoding select 

effects because the majority (4/6) of significantly regulated calcium-related genes were 
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following 10Hz LI-rMS, irrespective of stimulation duration. Supporting these findings, it 

has been previously reported that astrocytic calcium signalling is frequency-selective, with 

whisker stimulation at 5Hz, rather than 1Hz, 3Hz, 7Hz and 10Hz, evoking the largest 

increases in glutamate-mediated astrocyte cytoplasmic calcium waves (Wang et al. 2006). 

However, it is not yet understood how different calcium wave amplitude, duration, and 

frequencies encode the various pathways that astrocyte calcium signalling influences. 

Moreover, observed differences in gene expression between 1m10Hz and 10m10Hz 

suggests an influence of duration (dose), which mainly affected inflammatory-related 

genes, with less pulses counterintuitively resulting in more genes being downregulated. The 

frequency- and duration-dependent effects highlight the complex characteristics of 

stimulation parameters that must be understood to deliver specific cellular and molecular 

effects. 

4.4.6 Conclusion 

rTMS and other non-invasive brain stimulation techniques have the ability to induce 

neuroplasticity, with a wide range of reported effects. However, the effect of rTMS on 

astrocytes is not well understood. The findings of this study shows that a single stimulation 

session can reduce the expression of genes and proteins in purified astrocyte cell cultures, 

in a frequency- and pulse number-dependent manner. The functions of the affected genes 

and proteins primarily relate to calcium signalling and inflammation, and suggest that rTMS 

may have therapeutic effects that extend beyond modulation of synaptic plasticity. 

Bidirectional neuron-glia interactions are firmly established (Fields & Burnstock 2006; 

Theodosis, Poulain & Oliet 2008), and future in vitro studies using mixed cultures, potentially 

including other cell types such as endothelial cells and immune cells, will contribute to 

understanding and optimising therapeutic effects of rTMS in conditions that involve 

inflammation such as stroke, depression and neurodegenerative conditions.  
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Chapter 5 Discussion 

5.1 What’s new? 

The research described in this thesis was designed to investigate the cellular and molecular 

effects of LI-rTMS and LI-rMS on astrocytes. I chose to study the effects of LI-rTMS on 

astrocytes because of their known involvement in signalling, synaptic plasticity, 

neurological disorders and neurotrauma (Maragakis & Rothstein 2006; Pascual et al. 2005; 

Perea, Navarrete & Araque 2009; Sofroniew & Vinters 2010). My findings are significant 

because the effects of rTMS on astrocytes are not well known, and analysis of glial cell 

responses has led to a better overall understanding of the physiological impact of rTMS. I 

initially examined an in vivo injury model to explore the effect of rTMS on the astrocytic 

response to neurotrauma. Following a cortical stab injury, two weeks of 1Hz and BHFS LI-

rTMS reduced the number of GFAP-positive astrocytes at the glial scar in female mice and 

increased the number in male mice. However, there was no change in glial scar volume or 

deposition of growth-inhibitory matrix. I then followed up with in vitro experiments in order 

to isolate astrocytes from other cell types and investigate direct LI-rMS effects. 1Hz LI-rMS 

altered GFAP levels in cultured astrocytes 24 hours after scratch injury but did not lead to 

any changes in proliferation or migration at the scratch site. In addition, in a non-injury 

context, cultured astrocytes increased intracellular calcium levels during 1Hz LI-rMS, and 

both 1Hz and 10Hz LI-rMS resulted in significant downregulation of genes and proteins 

primarily associated with inflammation and calcium signalling. A conceptual diagram 

summarising the findings of this thesis is provided in Figure 5.1. Taken together, the results 

of this thesis begin to characterise the cellular and molecular effects of LI-rTMS and LI-rMS 

on astrocytes, and further demonstrate that LI-rTMS and LI-rMS affect non-neuronal cells.  
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5.2 Cellular targets and mechanisms of rTMS 

My research challenges assumptions about the cell types in the brain that respond to rTMS, 

and therefore the therapeutic mechanisms of rTMS. The main mechanism traditionally 

proposed to underpin HI-rTMS effects is induction of an electric current that elicits 

Figure 5.1 The effects of LI-rMS and LI-rTMS on astrocyte cells in vitro and in vivo. LI-rMS 
alters intracellular calcium levels in cultured astrocytes during stimulation and modulates 
gene expression and protein levels acutely following stimulation (top). Additionally, LI-rMS 
alters the GFAP-free area of astrocytes 24 hours following a scratch injury in vitro, and LI-
rTMS affects the density of GFAP+ astrocytes and IBA1+ microglia/macrophages following 
two weeks of stimulation in a cortical stab injury model. The red arrows indicate potential 
contributing factors to the observed changes, including inflammatory activity, non-
astrocytic cells, and hormonal influences. 
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patterned action potentials in neuronal populations, leading to synaptic plasticity (Müller-

Dahlhaus & Vlachos 2013; Ziemann, Rothwell & Ridding 1996). In support of this proposed 

mechanism, the neuroplastic effects of rTMS are frequency dependent, and experimental 

research has confirmed they involve synaptic and membrane properties (Lenz et al. 2015; 

Lenz et al. 2016; Tang, Thickbroom & Rodger 2015; Thickbroom 2007; Vlachos et al. 2012). 

However, neuroplastic effects are also observed with LI-rTMS (Makowiecki et al. 2014; 

Rodger et al. 2012), in which the electric field is too weak to evoke action potentials. The 

impact of LI-rTMS on neurons includes increased BDNF and intracellular calcium levels, as 

well as ion channel function changes (Grehl et al. 2015; Makowiecki et al. 2014; Tang et al. 

2016a). In particular, the finding that rTMS may exert some effects through regulation of a 

universal signalling molecule such as calcium opens up the possibility that non-neuronal 

cells may also be targets of rTMS.  

5.3 rTMS regulates calcium levels in astrocytes 

A key finding of my research is that 1Hz LI-rMS, but not other frequencies, increased 

astrocyte intracellular calcium concentration during stimulation (Figure 3.2). I will first 

discuss the possible mechanisms of calcium increases in astrocytes and then consider 

how astrocytes might be sensitive to frequency of stimulation.  

5.3.1 Does LI-rMS affect IP3 pathways? 

Although astrocytes show distinct calcium responses to various stimulus factors (e.g. 

neuronal firing and neurotransmitter release), all large calcium increases utilise the second 

messenger IP3 signalling pathway (Perea & Araque 2005; Scemes & Giaume 2006; Wang 

et al. 2006). IP3 receptor activation occurs in neurons as a consequence repeated neuronal 

firing, through the activity of neurotransmitter-receptor binding and backpropagating action 
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potentials (Nakamura et al. 1999). Importantly, there is evidence that brain stimulation 

affects neuronal IP3 signalling. Notably, in cortical neuronal cultures, where IP3R1 is the 

dominant IP3 receptor isoform (Fedorenko et al. 2014), LI-rMS significantly increased 

calcium release from intracellular ER stores into the cytoplasm in a frequency-specific 

manner (Grehl et al. 2015). Additionally, high frequency magnetic field exposure (50Hz, 

8mT, 4h per day for 28 days) in mice increases IP3 concentration in the hippocampus 

(Zhang et al. 2017), although whether this is a universal or cell-type specific effect is 

unknown. A contribution of IP3R2, the dominant astrocytic receptor isoform, in the 

astrocyte response to electric fields has previously been demonstrated with transcranial 

direct current stimulation (tDCS) (Mishima et al. 2019; Monai et al. 2016). tDCS (0.1mA, 10 

minutes) applied to mouse cortex in vivo induces elevated astrocyte (but not neuronal) 

intracellular calcium across the entire cortex, associated with enhanced sensory responses 

to visual and whisker stimuli (Monai et al. 2016). The calcium surges and sensory 

enhancements were absent in mice lacking IP3R2, suggesting involvement of the astrocyte 

IP3 pathway. My results support a role for IP3 receptor involvement because the intracellular 

calcium increase following 1Hz LI-rMS was maintained in calcium free media and abolished 

following thapsigargin application (Figure 3.4). However, I cannot rule out the possibility of 

other effects, such as conformational changes to calcium-associated GPCRs, or IP3 and 

its ligand-gated receptor IP3R2 to regulate intracellular calcium.  

 

While IP3R2 is the major conduit for substantial intracellular astrocyte calcium increases in 

vitro and in vivo, further experiments should also examine the role of ER-bound ryanodine 

receptors in rMS-induced increases in astrocytic intracellular calcium. Previous studies 

have confirmed the involvement and activation of neuronal ryanodine receptors in synaptic 

plasticity (Adasme et al. 2011; Balschun et al. 1999). In cultured astrocytes, ryanodine 
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receptors are expressed on the ER membrane, and respond to agonists such as caffeine 

by releasing calcium from the ER stores, albeit at a smaller amplitude than agonist-induced 

IP3 receptor activation (Matyash et al. 2002; Simpson et al. 1998). If the activation of ER-

bound ryanodine receptors is involved in the astrocyte response to 1Hz rMS, it is not the 

sole source of calcium increase, as 1Hz elicited a greater rise of calcium levels than caffeine 

(Figure 3.3). Therefore, ryanodine receptors may be the trigger of IP3 mediated increases 

and/or ryanodine receptors may be activated concurrently with IP3 receptors during 

stimulation. However, the involvement of ryanodine receptors in rTMS or other brain 

stimulation techniques has not yet been established. 

5.3.2 Voltage-gated channels and receptors 

Alternatively, or in addition to effects on the IP3 and ryanodine pathway, LI-rMS may act on 

astrocytes via voltage-sensitive channels, as has been shown in neurons. For example, 

blocking voltage-gated sodium channels via intravenous lidocaine injection diminished the 

facilitation of MEPs by 5Hz HI-rTMS in humans (Inghilleri et al. 2005). Furthermore, 10Hz 

HI-rMS (50% maximum stimulator output) in organotypic hippocampal slices induced 

strengthening of excitatory synapses and reduced the strength of inhibitory synapses, 

dependent on the activation of voltage-gated sodium channels, voltage-gated calcium 

channels, and NMDA receptors (Lenz et al. 2015; Lenz et al. 2016). There is also recent 

evidence that other receptors (i.e. non voltage-sensitive) may be involved in the astrocytic 

response to brain stimulation. Monai et al. (2016) reported increased intracellular calcium 

in astrocytes a few seconds following the start of tDCS, which could reflect an indirect 

voltage-gated channel or receptor pathway to evoke IP3R2-mediated calcium release. 

Supporting this, blocking astrocytic α1-adrenergic GPCRs attenuated the calcium increase 

(Monai et al. 2016). In Chapter 4, it is shown that the expression of P2ry14, a gene for a 

purinergic GPCR that can increase intracellular calcium in glia (Abbracchio & Ceruti 2006; 
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Bianco et al. 2005), was reduced following 1Hz LI-rMS. I found gene and protein level 

changes related to potassium channels, GPCRs and the replenishment of ER calcium 

stores. This could indicate these receptors and channels are involved in LI-rMS-induced 

calcium modulation, and the regulation of these proteins following stimulation may 

compensate for altered calcium levels. Further investigation of the mechanisms of LI-rMS-

induced astrocytic calcium increase should use calcium channel and receptor blockers to 

determine the trigger of calcium increase. 

5.3.3 Future directions for understanding calcium change 

characteristics 

I observed increased calcium at cytoplasmic and nuclear regions simultaneously, although 

the increase was more prominent in the nuclear region (Figures 3.2 and 3.4). However, the 

distinction between nucleus and cytoplasm in the z-axis was not made in the nuclear 

region. Somatic calcium increases most likely reflect global effects on various intercellular 

and intracellular activities through calcium stores in the endoplasmic reticulum (Agulhon et 

al. 2008; Parpura et al. 1994; Verkhratsky & Nedergaard 2017) and nuclear calcium in 

cultured astrocytes has been reported to increase in conjunction with cytoplasmic 

increases (Zhao & Brinton 2002; Zhao & Brinton 2003). In addition, nuclear calcium 

fluctuations may influence gene expression (Gilchrist, Czubryt & Pierce 1994; Hardingham 

et al. 1997). A more precise localisation of the origin and transmission of calcium changes 

within astrocytes during LI-rMS would provide further understanding of the mechanisms 

underlying calcium increases and downstream consequences of modulating calcium 

signalling in astrocytes. 
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Changes in calcium often happen as waves that occur at the millihertz frequency range, 

orders of magnitude slower than neuronal firing (Cornell-Bell et al. 1990; Kuga et al. 2011; 

Parri & Crunelli 2001; Parri, Gould & Crunelli 2001; Thrane et al. 2012). The very low 

frequency of calcium waves in astrocytes is imposed by both agonist presence and the 

biochemistry of IP3 signalling, with individual astrocytes exhibiting distinct oscillatory 

patterns to the same stimulus (Cornell-Bell et al. 1990). A closer examination of wave 

characteristics such as frequency and amplitude may provide a greater understanding of 

the effect of frequency-specific LI-rMS on calcium levels, especially regarding the role of 

astrocytic calcium signalling in rTMS-induced synaptic plasticity. 

 

The examination of calcium levels in astrocyte processes was not conducted in this thesis 

as purified astrocyte cultures on laminin substrates (Hatten 1985; Katiyar et al. 2017) and 

using the McCarthy and de Vellis technique (1980) have minimal processes compared to 

astrocyte morphology in vivo. Previous research highlights the importance of calcium in 

astrocyte processes for modulating neuronal synaptic plasticity and neuronal excitability 

(as discussed in Section 1.4.3) (Araque et al. 2012; Beattie et al. 2002; Di Castro et al. 2011). 

Also, calcium increases in astrocyte processes can occur both independent and dependent 

on IP3R2-mediated calcium release from endoplasmic reticulum stores (Di Castro et al. 

2011; Srinivasan et al. 2015). To elucidate the effect of rTMS on astrocyte-neuron 

communication and modulation in vivo, future studies should also consider changes to 

calcium signalling in astrocyte processes. As previously discussed in Section 1.5.4, the 

localisation of calcium increases dictates the scale of intracellular and intercellular effects. 

1Hz increased cytoplasmic calcium levels, which are associated with more global changes 

as the calcium can spread to multiple processes and through hemichannels, affecting the 

synaptic activity of a large network of neurons and glial cells. However, as astrocytes 
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display considerably different morphology in culture, this needs to be confirmed in other 

experimental systems. 

5.3.4 Signalling consequences 

Overall, and as discussed at length earlier, there are many consequences of increased 

calcium levels in astrocytes, including release of transmitters and signalling molecules onto 

neurons (Papouin et al. 2017), and other astrocytes (Cornell-Bell et al. 1990), as well as 

intracellular effects on calcium release, membrane proteins, cytoskeletal elements, gene 

expression, and triggering of various biochemical cascades (Scemes & Giaume 2006). 

While these are all important consequences of calcium changes, my experiments focussed 

on the regulation of gene expression and protein levels in astrocytes following LI-rMS in 

order to gain specific insight into the long-term consequences of stimulation. A key finding 

was that although only one LI-rMS frequency regulated calcium levels in astrocytes, all 

frequencies regulated gene expression in a unique way. The implication is that LI-rMS may 

alter gene expression indirectly, and one possibility suggested by my results is through 

changes in inflammatory mediators. 

5.4 Inflammation and injury 

5.4.1 Inflammation and calcium signalling 

The relationship between inflammatory molecules and astrocytic calcium signalling has 

been previously established, with altered calcium signalling detected in in vitro and in vivo 

injury and inflammation models (Abramov, Canevari & Duchen 2003; Delbro et al. 2009; 

Thrane et al. 2011). For example, in a slice model of ischemia, hippocampal astrocytes 

exhibit sustained, increased intracellular calcium levels via influx and store release within 

minutes following the onset of hypoxia-hypoglycaemia (Duffy & MacVicar 1996). The 
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intracellular calcium increase may further contribute to astrocyte swelling in ischemic 

conditions from potassium influx (Kimelberg 2005; Walz, Klimaszewski & Paterson 1993). 

Additionally, when purified cultured cortical astrocytes are grown in media supplemented 

with pro-inflammatory cytokines, glutamate evokes calcium waves with reduced amplitude 

and duration (Morita et al. 2003). This may be linked to inflammatory regulation of calcium-

related gene expression: GPCR expression in purified cortical astrocyte cultures is affected 

by exposure to inflammatory mediators, resulting in changes to calcium wave dynamics 

(Hamby et al. 2012). My findings open up new research directions that could contribute to 

the understanding of the relationship between astrocytic calcium signalling and 

inflammation. 

5.4.2 rTMS and inflammation/injury 

In Chapter 2, I observed 1Hz and BHFS LI-rTMS altered the densities of GFAP-positive 

astrocytes and IBA1-positive microglia/macrophages at the glial scar in a sex-dependent 

manner (increase in male mice, decrease in female mice; Figures 2.3 and 2.5). GFAP is 

classically used to visualise reactive astrocytes and IBA1 is traditionally used to visualise 

reactive microglia and infiltrating macrophages (Eng & Ghirnikar 1994; Ito et al. 1998), and 

their expression has previously been shown to be modulated by rTMS (Chan et al. 1999; 

Fang et al. 2010; Rauš et al. 2013; Sasso et al. 2016). However, it is unclear whether rTMS 

regulated other aspects of glial reactivity beyond the expression of GFAP and IBA1. 

 

Chapter 3 addressed whether LI-rMS modulated other features of astrocyte reactivity. 1Hz 

LI-rMS reduced hypertrophy in enriched astrocyte cultures 24 hours following injury, but 

not at later timepoints (Figure 3.7). Astrocyte migration to the injury site and proliferation 

were not affected by LI-rMS (Figure 3.5 and 3.6). Previous studies highlight the importance 

of astrocytic calcium signalling in hypertrophy and GFAP expression (Gao et al. 2013; Lee 
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et al. 2000; Mola et al. 2016). Further investigation of rTMS on aspects of astrocyte 

physiology in vitro and in vivo related to their neuroprotective roles and heterogeneity may 

provide a more conclusive understanding of the therapeutic and gliomodulatory potential 

of rTMS. 

 

In Chapter 4, I observed reduced expression of inflammation-related genes accompanying 

the downregulation of calcium signalling-related genes in astrocyte cultures five hours 

following LI-rMS (Table 4.1, Figure 4.1). As previously mentioned, there is an established 

relationship between inflammation and calcium signalling in astrocytes (Hamby et al. 2012; 

Morita et al. 2003), however causality remains unclear in my study. The regulation of 

inflammatory gene expression following LI-rMS may indicate a mechanism for my findings 

in Chapter 2 and 3. Interestingly and in support of my overall findings, there is evidence 

that rTMS alters inflammatory and apoptotic responses following stroke and in other 

models of neurotrauma in a frequency- and intensity-specific manner (Guo et al. 2017; 

Ljubisavljevic et al. 2015; Sasso et al. 2016; Yoon, Lee & Han 2011). These outcomes 

suggest that LI-rTMS and HI-rTMS may facilitate plasticity, regrowth and repair not only via 

induction of cortical activity and reorganisation of remaining neural pathways (Fregni & 

Pascual-Leone 2007; Ridding & Rothwell 2007), but also via modulating gliosis and 

reducing inflammation. It remains to be determined whether the therapeutic effects of rTMS 

observed following neurotrauma are downstream effects of induced synaptic plasticity. It 

is likely that multiple avenues of cell biology are modulated by the rapidly generated electric 

fields, as observed in neuron-free systems such as the astrocyte-enriched cultures of 

Chapter 3 and 4. Therefore, cellular and molecular investigation of neuromodulatory and 

therapeutic capabilities and mechanisms of rTMS should extend beyond solely examining 

synaptic plasticity. 
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5.5 Tailoring rTMS to the individual 

There is considerable inter- and intra-individual variability in the response to rTMS in 

humans (Fitzgerald et al. 2016; Hinder et al. 2014; Maeda et al. 2000). It is established that 

a factor in rTMS variability is an individual’s neuroplastic capacity, which is influenced by 

cortical development, structure (Tomassini et al. 2011), and polymorphisms on certain 

genes such as the single nucleotide polymorphism on the BDNF gene (Bocchio-Chiavetto 

et al. 2008; Chang et al. 2014; Cheeran et al. 2008). In the following two sections, I discuss 

the impact of ageing and sex on rTMS effects. 

5.5.1 rTMS and ageing 

Age-related synaptic changes include reduced quantities of synapses and 

neurotransmitters (Adams 1987; Zahr et al. 2008), and alterations in excitatory-inhibitory 

balance (Liguz-Lecznar et al. 2015; Rozycka & Liguz‐Lecznar 2017; Schmidt et al. 2010). 

This may lead to a reduced capacity for rTMS to evoke plasticity, as reported in the motor 

cortex of aged individuals (Todd et al. 2010). However, rTMS-induced benefits to cognitive 

performance have been reported in aged humans (Kim et al. 2012) and aged mice (Ma et 

al. 2014), suggesting that ageing does not diminish all aspects of neuroplasticity potential. 

Similarly, the cellular response to neurotrauma is not homogenous across age groups, and 

therefore investigation into appropriate therapeutic parameters is required. Reactive 

astrocytes show increasingly severe responses to injury with age progression, impacting 

the outcome of neurotrauma (Kumar et al. 2013; Kyrkanides et al. 2001). Interestingly, I 

found that LI-rTMS-induced regulation of astrocyte and microglial/macrophage densities 

were more pronounced in aged mice compared to adult mice (Table 2.1, Figure 2.3 and 

2.5). Although it is unknown whether this is due to neurotrauma severity or LI-rTMS efficacy, 
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it suggests that rTMS applied in neurotrauma contexts may be more effective in ageing 

populations because of an additional impact on glial reactivity.  

5.5.2 rTMS in males and females 

It has been previously reported that hormones modulate the efficacy of rTMS, with 

menstrual cycle stage influencing rTMS-induced excitability (Inghilleri et al. 2004; Rogers & 

Dhaher 2017) and efficacy of depression therapy (Huang et al. 2008). For rTMS to deliver 

optimal benefits, sex-specific differences and hormonal contributions should be 

considered. This is especially pertinent for neurotrauma, where male and female sex 

hormones regulate aspects of astrocyte reactivity and consequently, neurotrauma outcome 

(Acaz-Fonseca et al. 2016; Arevalo et al. 2013; Morrison & Filosa 2016). Previous clinical 

studies of rTMS as a therapeutic tool following neurotrauma treat gender as a characteristic 

of the individual, but rarely directly compare rTMS efficacy between males and females. In 

animal models of rTMS following neurotrauma, male rodents are typically used (Guo et al. 

2017; Ljubisavljevic et al. 2015; Rauš et al. 2013; Sasso et al. 2016), consistent with the 

generalised bias towards using male rodents in neuroscience research (Beery & Zucker 

2011). These experimental and clinical limitations potentially mask sex-specific effects in 

response to stimulation. In Chapter 2, I found that sex determined the direction of LI-rTMS 

effects following injury: increasing reactive glia at the glial scar in males, and decreasing 

reactive glia in females (Figure 2.3 and 2.5), suggesting that LI-rTMS may be exacerbating 

the influence of gonadal hormones on glial scarring (Acaz‐Fonseca et al. 2015; Garcia-

Estrada et al. 1993). However, the in vitro experiments in this thesis (Chapter 3 and Chapter 

4) did not control for sex, or hormonal influences on the effect of LI-rMS on astrocyte 

biology. As there is a complex relationship between the degree of reactive astrogliosis and 

functional outcome (Ridet et al. 1997), further investigation of sex-specific effects following 
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rTMS in injury contexts is required to ensure optimal and tailored outcomes from rTMS 

application in stroke and other conditions with gliosis. 

5.6 rTMS effects on astrocytes: a role for neurons? 

This thesis primarily explored the effect of LI-rTMS and LI-rMS in systems with major 

contributions of astrocyte activity; Chapter 2 described effects in an injury model of glial 

scarring, Chapter 3 and 4 described effects on purified astrocyte cultures with non-

astrocytic cells making up on average 2% of the total population. This allowed for 

interpretation of direct effects of LI-rTMS and LI-rMS on astrocytes. However, it is likely 

that rTMS/rMS at low and high intensity can also indirectly influence astrocyte phenotype 

and function via their effects on neurons. HI-rTMS modulates cortical excitability and 

induces synaptic plasticity (Muller et al. 2014; Vlachos et al. 2012), and although LI-rTMS 

does not induce action potentials, it can alter neuronal intrinsic excitability (Tang et al. 

2016a), intracellular calcium levels and gene expression (Grehl et al. 2015), increase BDNF 

levels (Makowiecki et al. 2014; Rodger et al. 2012), and alter motor learning (Tang et al. 

2018). These effects on neurons could have indirect consequences on astrocyte functions, 

such as altered calcium levels, gliotransmission and synaptic control (Guerra-Gomes et al. 

2018; Halassa & Haydon 2010; Pascual, Climent & Guerri 2001). Furthermore, previous 

findings demonstrate that intracellular calcium signalling in astrocytes is altered by neuron 

firing frequencies and as a result exhibits circuit and brain region preferences. For example, 

calcium levels increased in astrocytes located within layer II of the barrel cortex of adult 

mice following 5Hz whisker stimulation, but to a lesser degree 1, 3, 7 and 10Hz (Wang et 

al. 2006). In another study, 1Hz stimulation of neurons induced a greater increase in 

intracellular astrocyte calcium levels than 0.2Hz (Pasti et al. 1997). Additionally, stimulating 

neurons at 1Hz generated a greater magnitude of calcium increase in astrocytes compared 
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to 10Hz, and high frequencies (30 and 50Hz) reduced astrocyte calcium levels (Perea & 

Araque 2005). Furthermore, less than 5% of astrocytes in the hindlimb area of the 

somatosensory cortex displayed an increase in calcium to multiple frequencies of sensory 

input in vivo (Winship, Plaa & Murphy 2007). These varied findings suggest that astrocyte 

calcium increases occur in response to specific input frequencies and are not a simple 

dose-response to increasing or decreasing frequencies.  

 

A further consideration is that the indirect consequences of LI-rTMS induced changes to 

astrocytes on neuronal activity are unknown. The astrocyte contribution to synaptic 

plasticity is well-established, but not fully understood (Barker & Ullian 2010; Singh & 

Abraham 2017), yet there is no investigation of astrocyte involvement in rTMS-induced 

effects on plasticity, such as maintaining or scaling synaptic plasticity. Additionally, 

astrocyte pathology is involved in the disorders and conditions where rTMS is used 

therapeutically, such as stroke (Zhao & Rempe 2010) and depression (Rajkowska & 

Stockmeier 2013). Direct and indirect effects of rTMS on non-neuronal cells must be 

acknowledged and explored for further understanding and optimising of rTMS as a tool for 

plasticity and therapy. Stimulating brain tissue and mixed glial cultures could be contrasted 

against the effects of this thesis to appreciate the underlying direct and indirect effects of 

LI-rTMS and LI-rMS on the many different brain cells and their complex interactions. 

5.7 Conclusion 

In summary, this thesis provides novel evidence of LI-rTMS and LI-rMS effects on 

astrocytes from the genetic through to the molecular biology and cell population levels. The 

experiments of this thesis increase the mechanistic understanding of LI-rTMS and LI-rMS 

in healthy and reactive astrocytes and characterise the response to stimulation of various 
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astrocyte functions. The findings of this thesis suggest the influence of rTMS on the brain 

extends beyond neuronal plasticity, with therapeutic potential for targeting astrocyte 

reactivity and inflammation in neurological conditions (e.g. depression) and neurotrauma.  
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Appendix 

  

Supplementary Figure 1 Representative images of Fura-2AM fluorescence properties in 
cultured astrocytes indicating intracellular calcium levels. The merged signal of 340nm 
(blue) and 380nm (pink) is displayed for sham and 1Hz LI-rMS at baseline, 1 minute from 
treatment start, the end of treatment, and post-treatment. The increase in intracellular 
calcium signal observed in 1Hz was synchronised across the cytoplasm rather than 
propagated as waves.  
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A B 

Supplementary Figure 2 Coil setup and estimated magnetic field strength. A Illustration 
of coil placement below coverslip. An individual LI-rMS coil (yellow, 8mm inside 
diameter) was centred below a well containing a coverslip (grey, 13mm diameter) in a 24 
well plate (media coloured pink). Coverslips were spatially arranged to avoid electric field 
interaction from other coils. The distance between coil base and coverslip was 
approximately 3mm. B Distribution of coverslip with locations used for imaging (squares) 
displayed with magnetic field strength heatmap in milliTesla (mT). Images were captured 
in the x- and y-axes every 2mm from the centre. 
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Supplementary Figure 3. Validation of gene expression in cultured astrocytes. Left panel 
shows a representative image of a cell expressing KCNMB4 (green) and NCAM1 (red) 
co-labelled with Hoechst (blue) in left panel. Middle panel shows the same cell expresses 
GFAP (yellow). Right panel is a composite of the left and middle panel images indicating 
the GFAP-positive astrocyte is also KCNMB4-positive and NCAM1-positive. 
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Supplementary Table 1. Gene regulation in astrocytes cultures 5 hours following a single 
session of LI-rMS. Each row is the expression of a separate gene following LI-rMS. mRNA 
details and gene function are provided. The function denotes prominent functional 
classification of gene product in astrocytes: C cytoskeletal, I inflammation and injury, P 
plasticity, S signalling. The frequency of pulses and duration of stimulation are displayed, 
and the log2 fold change and associated p value in comparison to sham-stimulated 
coverslips are presented for each gene. Significant log2 fold change in noted in bold. 
 

 1m 10Hz 10m 10Hz 10M 1Hz 
RefSeq 
mRNA 

Gene symbol and name Functio
n 

FC P FC P FC P 

NM_007417 Adra2a, Adrenoreceptor alpha 
2A 

S -0.69 0.41 -0.22 0.33 0.07 0.84 

NM_013464 Ahr, Aryl hydrocarbon receptor I 0.29 0.80 -1.09 0.14 -0.64 0.29 
NM_010730 Anxa1, Annexin A1 I 0.01 0.96 0.03 0.99 -0.06 0.97 
NM_013470 Anxa3, Annexin A3 I -1.22 0.16 0.19 0.89 0.45 0.80 
NM_009700 Aqp4, Aquaporin 4 I, P 0.88 0.50 -0.18 0.93 0.36 0.40 
NM_007498 Atf3, Activating transcription 

factor 3 
I -0.17 0.91 -1.14 0.07 -1.12 0.02 

NM_178405 Atp1a2, ATPase NA+K+ 
transporting alpha 2 

S -0.03 0.94 -1.25 0.17 -0.27 0.91 

NM_007529 Bcan, Brevican I, P 0.57 0.63 -2.06 0.01 0.73 0.21 
NM_007540 Bdnf, Brain-derived 

neurotrophic factor 
I, P, S 0.03 0.88 0.10 0.96 0.34 0.52 

NM_0012772
20 

Bmpr1b, Bone morphogenetic 
protein receptor type 1B 

I -0.04 0.93 0.44 0.20 1.79 0.17 

NM_009790 Calm1, Calmodulin 1 S 0.48 0.63 0.39 0.69 0.41 0.77 
NM_011333 Ccl2, C-C motif chemokine 

ligand 2 
I -0.40 0.38 -0.47 0.32 -0.66 0.12 

NM_013653 Ccl5, C-C motif chemokine 
ligand 5 

I -1.04 0.07 0.29 0.56 -0.84 0.11 

NM_013654 Ccl7, C-C motif chemokine 
ligand 7 

I -0.43 0.68 -0.77 0.82 -0.89 0.16 

NM_007628 Ccna1, Cyclin A1 I 0.93 0.12 -0.69 0.24 0.65 0.28 
NM_007631 Ccnd1, Cyclin D1 I -0.97 0.20 0.07 0.93 0.77 0.57 
NM_153098 Cd109, Cluster of differentiation 

109 
I 0.42 0.56 -0.15 0.93 1.06 0.35 

NM_009861 Cdc42, Cell division control 
protein 42 

I, C -0.84 0.26 -0.81 0.03 0.21 0.85 

NM_0010332
85  

Cdc42bpa, Cdc42 binding 
protein  
kinase alpha 

I, C -0.25 0.26 -0.78 0.10 0.63 0.83 

NM_007668 Cdk5, Cyclin-dependent kinase 
5 

C, P 0.62 0.88 -0.03 0.92 0.20 0.92 

NM_029633 Clasp2, Cytoplasmic linker 
associated 
protein 2 

C 0.19 0.74 -0.06 0.96 -0.73 0.26 

NM_019952 Clcf1, Cardiotrophin-like 
cytokine  
factor 1 

I 0.60 0.26 -1.47 0.01 -0.10 0.91 

NM_007752 Cp, Ceruloplasmin S -0.76 0.44 -0.49 0.60 0.00 1.00 
NM_133828 Creb1, cAMP responsive-

element binding protein 1 
S -0.79 0.52 -0.61 0.71 0.91 0.07 

NM_008176 Cxcl1, C-X-C motif chemokine 
ligand 1 

I -1.11 0.17 -0.01 1.00 -0.80 0.13 

NM_021274 Cxcl10, C-X-C motif chemokine 
ligand 10 

I 0.82 0.08 -0.53 0.84 -0.85 0.11 
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 1m 10Hz 10m 10Hz 10M 1Hz 
RefSeq 
mRNA 

Gene symbol and name Functio
n 

FC P FC P FC P 

NM_009140 Cxcl2, C-X-C motif chemokine 
ligand 2 

I -2.21 0.01 0.78 0.57 -0.89 0.09 

NM_008599 Cxcl9, C-X-C motif chemokine 
ligand 9 

I 0.53 0.63 0.57 0.19 -0.93 0.08 

NM_009911 Cxcr4, C-X-C motif chemokine 
ligand 4 

I 0.54 0.58 -0.36 0.42 0.70 0.50 

NM_010516 Ccn1, Cellular communication 
network 
factor 1 

I, P -2.47 0.04 -0.89 0.38 -0.45 0.68 

NM_019771 Dstn, Destrin C -0.70 0.14 0.07 0.83 0.87 0.34 
NM_013642 Dusp1, Dual specificity 

phosphatase 1 
I -1.70 0.04 -0.42 0.27 -0.23 0.75 

NM_007891 E2f1, E2F transcription factor 1 I 0.32 0.41 -0.46 0.21 -0.20 0.96 
NM_010332 Ednra, Endothelin receptor type 

A 
I, S 0.25 0.69 -1.12 0.27 -1.74 0.04 

NM_007913 Egr1, Early growth response 1 I -1.43 0.01 -0.87 0.11 -0.89 0.30 
NM_013509 Eno2, Enolase 2 I -0.28 0.83 -1.03 0.30 -0.45 0.40 
NM_009510 Ezr, Ezrin C, P 0.07 0.94 -0.74 0.31 0.43 0.72 
NM_010197 Fgf1, Fibroblast growth factor 1 P, S 0.08 0.77 0.09 0.96 0.60 0.34 
NM_013518 Fgf9, Fibroblast growth factor 9 I, P, S 0.18 0.93 0.17 0.84 -0.62 0.17 
NM_010234 Fos, FBJ osteosarcoma 

oncogene 
S -0.87 0.05 -0.69 0.14 -0.47 0.41 

NM_010275 Gdnf, Glial cell derived 
neurotrophic factor 

I, P, S 0.50 0.24 -0.36 0.84 -0.32 0.77 

NM_010276 Gem, GTP binding protein 
overexpressed in skeletal 
muscle 

I 0.13 0.30 1.13 0.18 -0.48 0.80 

NM_0011310
20 

Gfap, Glial fibrillary acidic 
protein 

I, C 0.90 0.41 -1.29 0.18 -0.25 0.38 

NM_010288 Gja1, Gap junction protein alpha 
1 

P, S 0.57 0.29 -0.34 0.85 0.25 0.60 

NM_013531 Gnb4, G protein subunit beta 4 S -0.74 0.14 -0.61 0.26 -0.04 0.98 
NM_0011133
25 

Gria1, Glutamate ionotropic 
receptor AMPA type subunit 1 

P, S -1.00 0.08 -1.08 0.10 -0.60 0.51 

NM_0011438
34 

Grm5, Glutamate metabotropic 
receptor 5 

P, S 0.54 0.62 0.79 0.10 0.78 0.11 

NM_146120 Gsn, Gelsolin C -0.84 0.15 -0.74 0.28 -0.84 0.19 
NM_013820 Hk2, Hexokinase 2 S 0.56 0.50 -0.29 0.68 -0.76 0.62 
NM_010442 Hmox1, Heme oxygenase 1 I -0.78 0.55 -1.22 0.04 -0.65 0.18 
NM_024219 Hsbp1, Heat shock factor-

binding protein 1 
I -0.23 0.62 -0.39 0.74 0.82 0.41 

NM_008300 Hspa4, Heat shock protein 
family A member 4 

I 0.51 0.05 -0.22 0.61 0.56 0.55 

NM_010493 Icam1, Intercellular adhesion 
molecule 1 

I -0.47 0.40 -0.92 0.11 -1.43 0.01 

NM_010517 Igfbp4, Insulin like growth 
factor-binding protein 4 

S, C -1.40 0.03 -0.90 0.12 -0.99 0.14 

NM_008361 Il1b, Interleukin 1 beta I -0.32 0.83 -0.03 0.97 -0.89 0.12 
NM_0013140
54 

Il6, Interleukin 6 I -0.09 0.90 0.32 0.42 -0.79 0.66 

NM_019923 Itpr2, Inositol 1,4,5-triphosphate 
receptor type 2 

S 0.57 0.57 0.90 0.10 -0.23 0.31 

NM_008413 Jak2, Janus kinase 2 I 0.50 0.55 -0.20 0.96 -0.32 0.33 
NM_008416 Junb, Jun B proto-oncogene I, S -0.82 0.18 -0.93 0.15 -0.43 0.68 
NM_010592 Jund, Jun D proto-oncogene I, S -0.71 0.17 -0.69 0.24 -0.14 0.91 
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 1m 10Hz 10m 10Hz 10M 1Hz 
RefSeq 
mRNA 

Gene symbol and name Functio
n 

FC P FC P FC P 

NM_010604 Kcnj16, Potassium inwardly 
rectifying channel subfamily J 
member 16 

S -0.46 0.36 0.31 0.60 -0.55 0.53 

NM_021452 Kcnmb4, Potassium calcium-
activated channel subfamily M 
regulatory beta subunit 4 

S -1.56 0.04 -2.41 0.04 -0.22 0.64 

NM_008471 Krt19, Keratin 19 C -0.49 0.29 -1.06 0.03 -1.18 0.04 
NM_008491 Lcn2, Lipocalin 2 I -0.96 0.09 0.29 0.42 -1.09 0.06 
NM_008501 Lif, Leukemia inhibitory factor I -0.69 0.36 -0.84 0.21 0.63 0.20 
NM_007896 Mapre1, Microtubule-

associated protein RP/EB family 
member 1 

C 0.56 0.71 0.24 0.77 -0.44 0.83 

NM_008562 Mcl1, Myeloid cell leukemia 
sequence 1 

I -0.47 0.38 -0.52 0.37 0.45 0.77 

NM_010809 Mmp3, Matrix metallopeptidase I 0.17 0.83 -0.17 0.95 0.66 0.32 
NM_010875 Ncam1, Neural cell adhesion 

molecule 1 
I, P -1.56 0.02 -1.51 0.03 -0.25 0.51 

NM_016701 Nes, Nestin C, I -0.76 0.19 -0.89 0.08 0.53 0.63 
NM_008689 Nfkb1, Nuclear factor kappa B 

subunit 1 
I -1.02 0.05 -0.73 0.16 -0.84 0.15 

NM_010927 Nos2, Nitric oxide synthase 2 I -0.89 0.12 -0.18 0.81 -0.54 0.29 
NM_008745 Ntrk2, Neurotrophic receptor 

tyrosine kinase 2 
P, S -0.30 0.83 0.61 0.17 -0.10 0.96 

NM_198424 Orai3, ORAI calcium release-
activated 
calcium modulator 3 

S -1.64 0.03 -1.74 0.03 0.74 0.23 

NM_011027 P2rx7, Purinergic receptor P2X 
7 

S 0.51 0.25 -0.27 0.46 -0.32 0.77 

NM_008772 P2ry1, Purinergic receptor P2Y1 S -0.36 0.71 -0.54 0.75 0.87 0.58 
NM_133200 P2ry14, Purinergic receptor 

P2Y14 
S -0.71 0.21 -0.76 0.24 -1.43 0.04 

NM_183168 P2ry6, Purinergic receptor P2Y6 S -0.17 0.86 -0.71 0.37 -0.53 0.25 
NM_001604 Pax6, Paired box 6 I, S 0.19 0.92 -0.64 0.10 0.32 0.66 
NM_011045 Pcna, Proliferating cell nuclear 

antigen 
I 0.29 0.45 -0.97 0.29 -0.30 0.46 

NM_019410 Pfn2, Profilin 2 C 0.39 0.67 -0.64 0.35 -0.37 0.73 
NM_008872 Plat, Plasminogen activator 

tissue type 
I, S 0.44 0.29 -0.18 0.87 -0.89 0.27 

NM_021451 Pmaip1, Phorbol-12-myristate-
13-acetate-induced protein 1 

I 0.72 0.16 -0.09 0.95 -0.29 0.89 

NM_008849 Pou1f1, POU class 1 homeobox 
1 

I, S 0.82 0.18 -0.30 0.83 -0.52 0.19 

NM_015869 Pparg, Peroxisome proliferator 
activated 
receptor gamma 

S -0.33 0.21 -0.29 0.62 0.42 0.70 

NM_016854 Ppp1r3c, Protein phosphatase 1 
regulatory subunit 3C 

S 0.48 0.29 0.82 0.17 0.16 0.89 

NM_019411 Ppp2ca, Protein phosphatase 2 
catalytic subunit alpha 

S -0.77 0.21 -0.87 0.14 -0.49 0.41 

NM_011172 Prodh, proline dehydrogenase 1 S -0.04 0.99 0.78 0.10 0.46 0.32 
NM_009007 Rac1, Rac family small GTPase 

1 
I, S -0.70 0.50 -0.47 0.58 -0.14 0.89 

NM_0010815
49 

Rcan1, Regulator of calcineurin 
1 

I, S -1.69 0.03 0.36 0.60 0.33 0.78 

NM_009041 Rdx, Radixin I 0.57 0.52 -0.07 0.95 0.50 0.27 
NM_016802 Rhoa, Ras homolog family 

member A 
C, I, S -0.81 0.06 -0.27 0.90 0.73 0.34 
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 1m 10Hz 10m 10Hz 10M 1Hz 
RefSeq 
mRNA 

Gene symbol and name Functio
n 

FC P FC P FC P 

NM_011309 S100a1, S100 calcium-binding  
protein A1 

C, I 0.24 0.72 -0.56 0.44 0.01 1.00 

NM_010101 S1pr3, Sphingosine-1-
phosphate receptor 3 

S -1.51 0.01 -1.59 0.01 -0.92 0.10 

NM_009252 Serpina3n, Serpin family A 
member 3 

I 0.50 0.44 -0.51 0.14 -0.82 0.10 

NM_153054 Slc18a1, Solute carrier family 18 
member A1 

S 0.36 0.91 -0.58 0.60 0.94 0.74 

NM_0010775
14 

Slc1a2, Solute carrier family 1 
member 2 

S -1.10 0.07 -0.54 0.74 -0.06 0.97 

NM_011406 Slc8a1, Solute carrier family 8 
member A1 

S 0.13 0.93 0.62 0.23 -0.58 0.75 

NM_016769 Smad3, SMAD family member 3 I -1.32 0.01 -1.25 0.02 -0.23 0.47 
NM_029688 Srxn1, Sulfiredoxin 1 I -0.95 0.03 -0.52 0.22 -0.30 0.58 
NM_019963 Stat2, Signal transducer and 

activator of transcription 2 
I -0.43 0.54 -0.89 0.26 -0.95 0.42 

NM_011486 Stat3, Signal transducer and 
activator of transcription 3 

I -1.60 0.04 -1.06 0.06 -0.85 0.17 

NM_054098 Steap4, Six-transmembrane 
epithelial antigen of prostate 4 

S -0.53 0.26 0.65 0.58 -0.67 0.17 

NM_009287 Stim1, Stromal interaction 
molecule 1 

S -1.64 0.01 -1.43 0.01 -0.40 0.41 

NM_011577 Tgfb1, Transforming growth 
factor beta 1 

I -0.26 0.47 -0.58 0.24 -0.85 0.13 

NM_021274 Tgfb3, Transforming growth 
factor beta 3 

I -0.82 0.09 -0.51 0.28 0.14 0.99 

NM_011578 Tgfbr3, Transforming growth 
factor beta receptor 3 

I 0.26 0.80 0.36 0.58 -0.64 0.45 

NM_011580 Thbs1, Thrombospondin 1 P, S -0.66 0.18 -0.79 0.42 0.67 0.61 
NM_009384 Tiam1, T-lymphoma invasion 

and metastasis- 
inducing protein 1 

C, S -0.75 0.18 -0.88 0.03 0.15 0.77 

NM_011593 Timp1, Tissue inhibitor of 
metalloproteinases 1 

I -0.71 0.13 -0.74 0.29 -0.60 0.18 

NM_011905 Tlr2, Toll-like receptor I -0.72 0.16 0.20 0.59 -0.66 0.11 
NM_013693 Tnf, tumor necrosis factor I, S 0.35 0.89 0.29 0.98 -0.83 0.06 
NM_177781 Trpa1, Transient receptor 

potential cation channel 
subfamily A member 1 

P, S -0.56 0.26 -0.20 0.88 -0.55 0.22
3 

NM_011643 Trpc1, Transient receptor 
potential cation channel 
subfamily C member 1 

P, S 0.30 0.95 0.58 0.77 -0.47 0.52 

NM_0012536
82 

Trpc4, Transient receptor 
potential cation channel 
subfamily C member 4 

P, S 0.56 0.47 0.51 0.50 -0.48 0.53 

NM_011701 Vim, Vimentin C, I -0.81 0.01 -0.35 0.37 0.64 0.51 
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Supplementary Table 2. Spearman correlation of cell density to protein immunofluorescent 
intensity for each stimulation protocol. Coefficient values indicate correlation strength and 
direction. Two-tailed significance of the correlation is provided, correlations were 
considered significant where p<0.05. 

 
 
Supplementary Table 3. Spearman correlation of magnetic field strength/distance of cells 
from the centre of the coverslip to protein immunofluorescent intensity for each stimulation 
protocol. Coefficient values indicate correlation strength and direction. Two-tailed 
significance of the correlation is provided, correlations were considered significant where 
p<0.05. 
 

 
 
 

 KCNMB4 NCAM1 STIM1 ORAI3 
Sham 0.428 (p<0.001) 0.452 (p<0.001) 0.402 (p<0.001) 0.125 (p=0.014) 

1m10Hz 0.546 (p<0.001) 0.254 (p<0.001) 0.379 (p<0.001) -0.142 (p=0.013) 
10m10Hz 0.512 (p<0.001) 0.527 (p<0.001) 0.435 (p<0.001) -0.005 (p=0.932) 
10m1Hz 0.465 (p<0.001) 0.065 (p=0.196) 0.286 (p<0.001) -0.131 (p=0.007) 

 KCNMB4 NCAM1 STIM1 ORAI3 
Sham -0.298 (p<0.001) -0.039 (p=0.375) -0.900 (p=0.077) 0.149 (p=0.004) 

1m10Hz -0.288 (p<0.001) 0.030 (p=0.486) -0.129 (p=0.023) 0.150 (p=0.008) 
10m10Hz -0.171 (p<0.001) -0.183 (p<0.001) -0.040 (p=0.469) 0.123 (p=0.026) 
10m1Hz -0.176 (p<0.001) 0.026 (p=0.607) -0.083 (p=0.088) 0.074 (p=0.128) 




