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Abstract 
Repetitive transcranial magnetic stimulation (rTMS) can non-invasively modulate brain activity in 

humans for research purposes and for treatment of neurological and psychiatric disorders. The 

persisting excitability and behavioural effects demonstrate plasticity, although the mechanisms 

underlying this plasticity are still unclear. rTMS is assumed to facilitate plasticity via stimulation 

evoked spiking activity in the brain region receiving highest intensity stimulation (0.5-2.5 Tesla, T). 

However, rTMS coils also induce electrical currents in perifocal brain regions, but at lower intensities. 

Although below the level to evoke action potentials, low-intensity (mT range) fields alter cortical 

excitability, and show promise in treatment of depression. These low-intensity fields may contribute 

to rTMS effects, however, effects of low-intensity rTMS alone (LI-rTMS) have not been established. 

This thesis examined LI-rTMS effects on learning behaviour, structural and functional plasticity in 

mouse models of normal (wildtype) and abnormal neural circuit organisation (ephrin-A knockouts), 

and its interactions with network activity during stimulation. 

The first study in this thesis investigated whether LI-rTMS would repair learning deficits previously 

found in (single knockout) ephrin-A2-/- mice, and examined hippocampal dendritic spine densities 

after chronic LI-rTMS, as a structural correlate of synaptic plasticity associated with learning. 

LI-rTMS daily (10 minutes) for 35 days, applied after a reverse-learning visual discrimination task 

did not affect learning performance or dendritic spine densities in CA1 or dentate gyrus neurons in 

wildtype or ephrin-A2-/- mice. However, ephrin-A2-/- mice did not display previously reported 

learning deficits. Results support that chronic LI-rTMS does not adversely affect these outcomes in 

normal systems.

Previously, in double knockouts (ephrin-A2A5-/-), which have severe topographic abnormalities, 

14 days LI-rTMS selectively removed aberrant ectopically located axons in the retinotectal projection 

(retina to superior colliculus) (Rodger et al., 2012). This thesis extended this initial work to assess 

network-wide effects, using fluorescent tracer injected into visual cortex to visualise afferent 

(geniculocortical) and efferent (corticotectal) projections. This study showed, for the first time, that 

LI-rTMS improved abnormal topography: refining geniculocortical projections and shifting 

abnormally located corticotectal projections toward more topographically appropriate locations, 

without affecting appropriate projections in ephrin-A2A5-/- or wildtype mice. This thesis links 

structural reorganisation to a possible molecular mechanism, showing that LI-rTMS increased brain 

derived neurotrophic factor levels in visual cortex and superior colliculus after a single stimulation
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for both genotypes, but only ephrin-A2A5-/- mice maintained increases in the superior colliculus after 

14 daily stimulations.  

To relate LI-rTMS-induced structural plasticity to functional changes, I next examined LI-rTMS 

effects on visual cortical excitability. As a precursor, I first assessed reliability of visual evoked 

potential (VEP) recordings obtained using epidural skull-implanted electrodes in mice. 

Within-subjects, VEPs were highly consistent in the same recording session, but comparisons 

between 24 hours and 7 days post-implantation showed markedly decreased peak amplitudes and 

unacceptably low reliability. Cell death was not evident (TUNEL), however glial activation (GFAP) 

was present at both time points, suggesting inflammation may cause time dependent-excitability 

modifications.  

Therefore, the final study focused on acute visual system excitability changes, measured as VEP peak 

amplitudes from anesthetised mice, before, immediately and 10 minutes after LI-rTMS or sham under 

different conditions of visual system activation. VEP peak amplitudes indicated decreased 

intracortical inhibition, however, these after-effects required coordinated neural activity, as VEP 

changes were found only in wildtypes exposed to a visual stimulus during LI-rTMS. Wildtypes 

stimulated in the dark (random activity only) were not different from sham controls, nor were 

ephrin-A2A5-/- mice, in which ectopic projections contribute asynchronous spiking. To further 

investigate inhibitory system involvement, I measured cell densities of parvalbumin-expressing 

(PV+) inhibitory interneurons in visual cortex in the same mice. PV+ densities increased significantly 

after LI-rTMS during visual input in both genotypes, but dark-stimulated animals showed no change 

in PV+ densities. 

Together these results demonstrate, for the first time, that LI-rTMS induces network-level structural 

and functional plasticity and further reveal interactions between LI-rTMS and circuit organisation 

and neural activity during stimulation. These results highlight biological effects of LI-rTMS, and 

support its possible contribution to clinical effects of higher intensity rTMS.  
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Chapter 1 
1 Introduction and literature review 

Plasticity is the brain’s ability to modify structure and function, based on environmental experience

and associated neural activity. The term refers to any enduring functional or structural change at the 

molecular, cellular, synaptic, neural circuit and system levels (Berlucchi & Buchtel, 2009; Butz et al., 

2009). Plasticity is essential in memory formation and learning throughout the lifespan, and formation 

and refinement of appropriately organised sensory and motor system ‘maps’ within the brain (Caroni 

et al., 2012). In many systems, the capacity for plasticity is restricted to a ‘critical period’ during 

development, after which the brain becomes less labile (Nahmani & Turrigiano, 2014). Precise 

organisation and coordination of structural and functional connectivity in the brain is critical for 

sensory processing, learning and behavioural output. However, many neurological and psychiatric 

disorders feature abnormal neural connectivity and plasticity processes (Thickbroom & Mastaglia, 

2009). Accordingly, there is increasing clinical research attention on techniques to facilitate adaptive 

plasticity in the adult brain.

Non-invasive brain stimulation techniques, such as repetitive transcranial magnetic 

stimulation (rTMS), can modulate neural activity even when delivered at low magnetic field 

intensities (low-intensity, LI-rTMS). rTMS can induce behavioural and electrophysiological changes 

outlasting stimulation in both healthy and clinical populations (Rossini et al., 2015). These persisting 

changes indicate neural plasticity, however, little is known about the nature of these plastic changes,

the mechanisms underlying them or how these mechanisms interact with abnormal connectivity and 

plasticity present in many disorders. Thus, the purpose of this thesis was to investigate

LI-rTMS-induced neural plasticity and mechanisms of action. To address this broad aim, this thesis

uses mouse models to examine in vivo effects of LI-rTMS in normal and abnormal systems, on

learning behaviour, synaptic and network-level structural and functional plasticity. These effects are

then related to possible molecular mechanisms, and to interactions with neural activity during

stimulation.

In this chapter, relevant literature is reviewed. First, magnetic stimulation paradigms and their 

applications are described with reference to human and clinical studies. Next, current understandings 

of mechanisms for rTMS and LI-rTMS-induced plasticity are discussed. This section focuses on the 

role of subthreshold membrane depolarisation in synaptic and network structural plasticity and 

interactions with coordinated neural activity. Though this thesis specifically investigates LI-rTMS, I 

review literature for both LI-rTMS and rTMS, and argue that high and low-intensity rTMS may share 



some common mechanisms. The chapter concludes by outlining the structure and specific aims of 

this thesis.

1.1 Non-invasive brain stimulation

Non-invasive brain stimulation techniques use either electrical current or electromagnetic induction 

to stimulate the brain and modulate brain activity (Rossini et al., 2015). These techniques were first 

developed to research motor evoked responses in conscious humans. Transcranial electrical 

stimulation was the first of these techniques, successfully evoking contralateral muscle responses in 

intact humans using brief high-voltage electrical stimulation applied to the scalp overlying the motor 

cortex (Merton & Morton, 1980). However, it was painful, thus limiting its use in research. Methods 

to enable painless electrical stimulation of the brain were subsequently developed, either using 

lower-voltage electrical stimulation, such as transcranial direct/ alternating current stimulation (tDCS, 

tACS) (Johnson et al., 2013), or using electromagnetic induction, in transcranial magnetic stimulation 

(TMS) (Barker et al., 1985).

1.1.1 Transcranial magnetic stimulation (TMS) 

In TMS a brief, intense electrical pulse passes through an insulated coil held close to the scalp. The

electrical pulse creates a rapidly changing magnetic field, perpendicular to the electrical current

(Hallett, 2007). The magnetic field passes painlessly through the skull (Rossi et al., 2009), and 

because brain tissue is conductive, the magnetic field induces a corresponding electric field. Although 

the magnetic field itself may affect brain activity, there is limited evidence of mammalian cell 

sensitivity to the magnetic, rather than electric, component of the field (Rodger & Sherrard, 2015),

therefore this thesis focuses on the impact of the induced electric field. The electric field causes the 

strongest current flow in loops parallel to the plane of the coil (Fig. 1.1A), in a perfectly homogenous 

medium, or following the path of least resistance (Hallett, 2007). The electric current moving across 

the membrane changes the transmembrane potential (charge difference between intra- and 

extracellular space), subsequently affecting ionic conductance of membrane proteins involved in ion 

transfer, including voltage gated receptors, pumps and ports (Pell et al., 2011). If these ion changes 

depolarise a neuron above threshold (approximately -45mV), this induces an action potential.

Whether depolarisation in a neuron, or part of a neuron, exceeds the threshold to evoke an action 

potential depends on the stimulation parameters (e.g. intensity), intrinsic properties of the neuron (e.g. 

baseline excitability) and the spatial relationship to the electric gradient, determined by shape, axon/ 

dendrite tortuosity, and orientation relative to the induced electric field (Tranchina & Nicholson, 

1986; Silva et al., 2008; Pell et al., 2011; Volz et al., 2015).



Magnetic fields are unattenuated by air or biological tissue but field intensity decreases 

exponentially with distance from the coil (Zangen et al., 2005). Accordingly, coil geometry affects 

the shape of the induced electric field and focality of the stimulated region. Figure-of-8 (‘butterfly’) 

shape coils, the most commonly used in human TMS studies, create a focal region, with highest

intensity beneath the centre of coil, where weaker fields from the two halves of the coil overlap.

Circular coils have higher efficiency but decreased focality, with the strongest magnetic field on the 

edges of the coil and weakest in the centre (Deng et al., 2013). Given the exponential decrease in

intensity of the magnetic field with distance, TMS studies typically target brain regions close to the 

skull surface, nearest to the coil. However, brain regions farther from the coil (deeper or more 

peripheral) are concurrently stimulated, albeit at lower field intensity (Fig. 1.1B)(Wagner et al., 2007;

Salvador et al., 2015). Distant brain regions may also be affected trans-synaptically, via long-range

projections from stimulated surface regions (Siebner et al., 2009; Moisset et al., 2016).  

Different TMS protocols (single, paired-pulse or repetitive pulse trains) (Hallett, 2000) have 

been used in research to examine brain-behaviour relationships and cortical physiology (e.g. motor 

cortex excitability and plasticity), in diagnosis of neurological disorders (Chen et al., 2008;

McClintock et al., 2011), and with repetitive TMS pulse trains, as a clinical intervention (Wassermann 

& Zimmermann, 2011). 

Figure 1.1  Induced electric fields in the brain with transcranial magnetic stimulation.
(A) Illustration showing direction of current flow in magnetic stimulation coil, lines of magnetic flux
perpendicular to this current, and the induced current in the brain. Modified from Hallett (2000). (B)
Modelled current density (mA/cm2) at the brain surface by TMS. The induced current is highest beneath
the centre of the figure 8/butterfly shape coil (inset), but a broader region also receives lower intensity
stimulation. Modified from Wagner et al. (2007).
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1.1.1.1 Single and paired pulse TMS

In single and paired-pulse TMS paradigms, a brief (1ms) single or double pulse, separated by a 

specific time interval, is delivered at high magnetic field intensity (~0.5-2.5 Tesla, T) (Rossini et al., 

1994; Rossini et al., 2015). These pulses evoke action potentials in cortical neurons and produce the 

associated physiological response, such as motor evoked potential, and visible muscle twitch, when 

stimulating the primary motor cortex (Ziemann et al., 2008). Single pulse TMS is most often used in 

investigations of cortical-physiology, for mapping cortical representations, and in measuring cortical 

excitability. 

Paired-pulse protocols apply a conditioning stimulus pulse and test stimulus pulse from the 

same coil. By varying the intensity and timing between the conditioning (first) and the test (second) 

pulse, paired pulse protocols can be used to target specific intracortical circuits, enabling investigation 

of intracortical facilitatory and inhibitory processes (Chen et al., 2008). Single and paired-pulse TMS 

techniques are used in research and diagnosis, and produce no persisting effects, even after multiple 

single pulses (Siebner et al., 2009).

1.1.1.2 Repetitive TMS (rTMS) 

In repetitive TMS (rTMS), rapidly repeated trains of TMS pulses are delivered. rTMS protocols vary 

in magnetic field intensity, pulse frequency, waveform characteristics, duration and number of 

stimulation sessions, with combinations of these parameters producing different neuro-modulatory 

effects (Pell et al., 2011).

Pulse frequency is an important parameter in rTMS protocols. High-frequency rTMS refers 

to trains of pulses >5 Hz for a particular duration (typically 5-10 seconds), with an inter-train interval 

(typically 20-50 seconds), and is associated with net cortical excitation (Ziemann et al., 2008).

Stimulation at frequencies >25 Hz are uncommon in rTMS studies, as the risk of inducing seizures 

increases at higher frequencies (Rossi et al., 2009). Low-frequency rTMS refers to TMS pulses 

repeated at a continuous slow rate (e.g. 1 Hz), and is associated with net cortical inhibition (Ziemann 

et al., 2008). Although rTMS is more commonly applied using one pulse frequency, patterned rTMS 

protocols have also been developed, featuring trains of high-frequency pulses, or ‘bursts’, separated 

by shorter inter-train intervals (e.g. theta-burst stimulation, TBS: 3 pulses at 50 Hz, repeated at 200ms 

intervals (5 Hz) (Huang et al., 2005; Suppa et al., 2016)). Effects of patterned protocols appear to 

depend on complex interactions; for example, TBS induces changes that can be inhibitory or 

excitatory, depending whether stimulation is continuous or intermittent, respectively (Benali et al., 

2011; Murakami et al., 2012).

rTMS is applied at magnetic field intensities in a similar range to single and paired pulse TMS, 

often titrated to an individual’s resting motor threshold (conventionally defined as the lowest intensity



in single pulse TMS required to elicit a motor evoked potential, MEP, with peak-to-peak amplitude 

of at least 50μV in at least 5 out of 10 trials) (Chen et al., 2008). rTMS applied to the motor cortex, 

at intensities close to resting motor threshold (0.3-0.5T) (Stateman et al., 2014) results in MEPs during

stimulation, suggesting at least some neuronal populations are sufficiently depolarised to evoke action 

potentials (Di Lazzaro et al., 1998; Cash et al., 2013). As well as changes to the transmembrane 

potential due to spatial and temporal relationship of neurons to the electric gradient (Silva et al., 

2008), modelling studies suggest that an oscillating electric field, produced by repeated pulses in

rTMS, may also affect ion-transfer by forced vibration of free ions on either side of the membrane,

and within an ion channel itself. This forced vibration may be sufficient to send a ‘false signal’ to the 

voltage sensor, opening the channel allowing ion influx, affecting neuron depolarisation and specific 

ion signalling pathways (Panagopoulos et al., 2002).

1.1.1.3 Low-intensity rTMS (LI-rTMS) 

For the purpose of this thesis, low-intensity-rTMS refers to protocols using repeated trains of pulses 

in the same frequency ranges as rTMS, but magnetic field intensities in the 1-150 milli-Tesla (mT) 

range. At these intensities, stimulation is unlikely to directly evoke action potentials, but may alter 

membrane potential (Morgado-Valle et al., 1998). Interestingly, mathematical modelling suggests 

that electric-field densities as low as 1V/m can alter membrane polarisation (Panagopoulos et al., 

2002; Panagopoulos & Karabarbounis, 2011). Indeed, a 1V/m electric field was calculated to change 

dendrite polarity by up to 10mV (Tranchina & Nicholson, 1986). For comparison, in rat, rTMS just 

below resting motor threshold using a 70mm figure-8 coil corresponds to 37–50 V/m (27-30% of 

maximum stimulator output, using a Magstim brand stimulator) (Volz et al., 2013). Furthermore, 

externally applied electric fields as low as 0.5 V/m can entrain spiking patterns of brain slice 

preparations in vitro (Francis et al., 2003; Deans et al., 2007). The implication is that rTMS delivered 

at low magnetic field intensities may alter ion concentration, and therefore neuron activity and 

excitability. Supporting this, LI-rMS alters intracellular Ca2+ concentrations in many different cell 

types in vitro (Morgado-Valle et al., 1998; Aldinucci et al., 2000; Pessina et al., 2001; Huang et al., 

2010; Zhang et al., 2010), including cultured cortical neurons (Grehl et al., 2015) and hippocampal 

slices (Manikonda et al., 2007).

As well as frequency paradigms used in conventional rTMS, LI-rTMS can also be applied using

biomimetic frequencies. These patterned protocols are designed to mimic both frequency and 

intensity of endogenous electrical fields around peripheral nerves (Martiny et al., 2010; Rodger et al., 

2012), or within the brain (e.g. low-intensity forms of TBS). Additionally, in LI-rTMS because there 

is lower risk of seizure, and fewer issues with hardware constraints (e.g. coil overheating), high pulse 



frequencies can safely be applied continuously, rather than with an inter-train interval necessary in 

rTMS.

1.2 Evidence for plasticity: Persisting effects of rTMS 

1.2.1 Persisting excitability and behavioural effects in healthy humans

In contrast to single and paired pulse paradigms, rTMS effects persist beyond the stimulation period 

(Hoogendam et al., 2010). Persisting electrophysiological changes were first demonstrated in the 

human motor system of healthy participants: high frequency rTMS over the motor cortex increased

MEP amplitude for several minutes after ceasing stimulation, indicating increased corticospinal

excitability (Pascual-Leone et al., 1994b). Contrastingly, decreased amplitude of the motor evoked 

potential was sustained for more than 15 minutes following low-frequency (1Hz) rTMS (Chen et al., 

1997). Numerous studies have since replicated these effects (for review see Ziemann and Paulus 

(2008)), with some protocols producing excitability changes that persist for up to an hour (Huang et 

al., 2005; Cash et al., 2014). Electrophysiological changes also occur in other systems; for example, 

sufficiently high-intensity stimulation of the visual cortex results in phosphenes (perception of flashes 

of light) during stimulation (Tani et al., 2011). Following rTMS, threshold to induce self-reported 

phosphenes by single-pulse TMS can be increased or decreased depending on frequency of rTMS

pulses, with similar direction and persistence of changes seen in the motor system (Boroojerdi et al., 

2000b).

Excitability changes with rTMS are also associated with effects on learning (Luber & Lisanby, 

2014). In healthy participants, high-frequency rTMS enhanced perceptual learning in tactile 

discrimination tasks (Godde et al., 2000; Pleger et al., 2001; Ragert et al., 2003) and improved motor 

learning (Narayana et al., 2014). rTMS also improved performance on a range of cognitive tasks 

(Grafman & Wassermann, 1999; Luber & Lisanby, 2014), resulting in enhanced working memory 

task performance (Bagherzadeh et al., 2016) with decreased reaction times without a corresponding 

decrease in accuracy (Evers et al., 2001; Luber et al., 2007), enhanced mental rotation abilities

(Klimesch et al., 2003), accuracy in word recognition (Köhler et al., 2004; Balconi & Cobelli, 2014)

and speed of analogic reasoning (Boroojerdi et al., 2001). As plastic structural and synaptic changes 

appear necessary for learning (Schimanski & Nguyen, 2004; Fauth & Tetzlaff, 2016), these findings 

suggest rTMS facilitates plasticity. The presence of lasting neuro-modulatory effects prompted use 

of rTMS in research on plasticity processes and brain behaviour relationships (Hallett, 2007), as well 

as clinical use in treating neurological and psychiatric disorders (Pascual-Leone, 2006).



1.2.2 Clinical effects of rTMS

The persisting effects of rTMS suggest therapeutic potential in disorders with abnormal excitability.

The first clinical use of rTMS was in Parkinson’s disease patients: after 5 Hz rTMS, Parkinson’s 

disease patients showed improved motor task reaction times and motor coordination (Pascual-Leone 

et al., 1994a). Similarly, the apparent hypoactivation of the left prefrontal cortex (PFC) of depressed 

patients resulted in clinical studies using high-frequency rTMS to excite the left PFC and showed 

improved depression symptoms, thought to be at least partly due to correction of abnormal 

hypoactivation (George et al., 1995). Since this initial work, a plethora of clinical studies have 

followed, including further studies of rTMS in Parkinson’s disease and depression, and in a wide 

range of other neurological and psychiatric disorders (Wassermann & Lisanby, 2001 130) such as 

tinnitus, stroke, epilepsy, dystonia, autism, schizophrenia, migraine, and chronic pain (for reviews 

see (Ridding & Rothwell, 2007; Wassermann & Zimmermann, 2011; Lefaucheur et al., 2014). A

recent review concluded a sufficient body of evidence to support efficacy of specific rTMS protocols 

to treat depression, and analgesic effects, probable efficacy to treat negative symptoms of 

schizophrenia, and possible efficacy for auditory hallucinations and tinnitus (Lefaucheur et al., 2014).

Although clinical results are promising, and many studies report long-lasting symptom 

improvements, there are conflicting results between studies and wide variability in patient responses.

Although many meta-analyses support that rTMS significantly improves symptoms compared to 

sham, the magnitude of improvements is relatively small (George et al., 2013; Berlim et al., 2014).

Likewise, meta-analyses suggest rTMS can be efficacious in treating negative schizophrenia 

symptoms (Dlabac-de Lange et al., 2010; Hovington et al., 2013), but also note only small to medium 

effect sizes (Dlabac-de Lange et al., 2010).

Time course and persistence of the clinical effects of rTMS also varies widely. For example, 

in Parkinson’s disease patients, multiple stimulation sessions (7 consecutive days, repeated every 6 

months) of 1 Hz rTMS combined with pharmacological treatment slowed deterioration over 3 years 

compared to pharmacological treatment alone (Málly et al., 2004). In chronic stroke patients, 5Hz 

rTMS applied to the ipsilateral somatosensory cortex before training on a motor task (daily for 5 days) 

improved motor learning compared to sham (Brodie et al., 2014). However, this effect may be 

short-lived as stroke patients did not retain enhanced motor learning 1 day after stimulation

(Kobayashi et al., 2010). Similarly, 5 Hz rTMS induced short-term pain relief in chronic neuropathic 

pain, but there were no carry-over effects after 1 day, nor cumulative benefits with multiple sessions 

(Hosomi et al., 2013b). Contrastingly, in adults with autism spectrum disorder, two weeks of daily 

15 minute sessions of 5 Hz rTMS delivered bilaterally to dorsomedial PFC (deep HAUT coil) reduced 

social-relating impairment and socially-related anxiety compared to sham and baseline, and effects



persisted for at least a month after treatment (Enticott et al., 2014). Differences in stimulation 

protocols and aetiology of disorders likely contribute to variability in outcomes and effect sizes of 

rTMS reported in clinical studies. However, even studies with comparable stimulation protocols 

report conflicting findings: for example, after 10-15 sessions of 10 Hz rTMS, a study showed negative 

schizophrenia symptoms improved significantly (Prikryl et al., 2007), but other studies found either 

no significant improvements compared to sham (Hasan et al., 2015), or greater (non-significant) 

symptom improvements after sham (Holi et al., 2004). Similar contradictory results have also been 

reported for other disorders treated with rTMS (Lefaucheur et al., 2014). Indeed, studies applying 

rTMS to healthy participants also show wide variability between participants, and also between 

testing sessions for the same individual (López-Alonso et al., 2014; Ziemann & Siebner, 2015).

Interpreting results of rTMS studies in humans is complicated by limited knowledge of how rTMS 

interacts with pre-existing differences in brain function and/or structure between individuals,

highlighting the importance of fundamental research into mechanisms for rTMS-induced plasticity.

1.2.3 Low-intensity-rTMS induces persistent excitability and clinical effects

Although less well researched than higher intensity rTMS, persisting electrophysiological, 

behavioural and clinical effects have been reported following low-intensity-rTMS in humans. For 

example, a single session of high-frequency LI-rTMS at 1.8mT (45 minutes) enhanced motor cortex 

intracortical facilitation, measured using a paired-pulse TMS protocol (Capone et al., 2009). In

healthy volunteers low-intensity magnetic stimulation affected memory, decreasing accuracy in a 

visual-recognition task (Podd et al., 2002), altered acute pain threshold (Shupak et al., 2004),

accompanied by changes to haemodynamic activation of brain regions involved in cognitive 

processing of pain (Robertson et al., 2010). Likewise, even very low intensity stimulation, in the 

micro-Tesla (μT) range altered synchrony of EEG oscillations in healthy participants (Cook et al., 

2004; Cook et al., 2005; Cook et al., 2009).

Clinically, LI-rTMS improved symptoms compared to sham and pre-treatment in bipolar 

(Rohan et al., 2004) and unipolar depressed patients (Martiny et al., 2010; Rohan et al., 2014). In 

epileptic patients, 1-4mT magnetic fields increased hippocampal firing rates during stimulation 

(Fuller et al., 1995; Fuller et al., 2003) and altered epileptiform activity, in some cases resulting in 

cessation of abnormal firing after stimulation (Dobson et al., 2000a; Dobson et al., 2000b).

1.3 Mechanisms of rTMS-induced plasticity

Although electrophysiological and behavioural effects outlasting the stimulation period indicate that

rTMS must induce plastic changes in the brain (Post & Keck, 2001), the nature and cellular events 



triggering these plastic changes are not well understood. More recently, research in brain stimulation 

has utilised animal models allowing examination of biological mechanisms for rTMS effects, 

without being limited to non-invasive methods available in humans. rTMS is thought to 

initiate activity-dependent plasticity mechanisms by altering neural activity during 

stimulation. Because action potentials in themselves  trigger plastic changes in synaptic efficacy 

(Lüscher & Malenka ), and the presence of MEPs during stimulation indicate that rTMS 

must evoke action potentials in some cells (Hallett, 2000), previous research emphasises the 

role of evoked action potentials during rTMS in driving plasticity. However, there is 

increasing evidence that subthreshold depolarisation level influences activity-dependent 

plasticity, and higher-order regulation of plasticity.

The role of subtle depolarisation in plasticity has implications for understanding mechanisms 

in rTMS-induced effects because, as noted above, although some neurons may be sufficiently 

depolarised to evoke action potentials, a larger population of cells deeper in the brain and beneath 

the periphery of the coil, also receive stimulation at lower intensity. This intensity may depolarise 

cells, but not exceed the threshold to evoke action potentials. The implication is that milli-Tesla 

range pulsed magnetic fields, used in LI-rTMS, may contribute to the effects of higher intensity 

rTMS. Thus, LI-rTMS and rTMS may initiate plasticity via different mechanisms, though the 

similarity in final outcomes suggest some secondary mechanisms may be common between low and 

high-intensity rTMS paradigms. In this section, I review principles of activity-dependent 

plasticity, and current understandings of mechanisms for rTMS and LI-rTMS-induced plasticity, 

highlighting possible differences and similarities. In particular, how rTMS and LI-rTMS interact 

with concurrent neural activity is discussed, with reference to the role of subthreshold depolarisation 

signalling in plasticity processes.

1.3.1 Principles of synaptic plasticity

1.3.1.1 Synaptic efficacy

Activity-dependent plasticity involves changes in efficacy of synaptic connections, based on Hebbian 

rules (‘cells which fire together wire together’). Hebbian rules enable ‘coincidence detection’ by 

selectively strengthening synapses between neurons with temporally correlated firing, in the case of 

long-term potentiation (LTP), and weakening synapses between neurons with asynchronous firing 

patterns, in long-term depression (LTD) (Lien et al., 2006). LTP is a lasting increase in synaptic 

efficacy, where the same or weaker presynaptic stimulus evokes a greater response in 

the postsynaptic cell. LTD is the opposite: a persisting decrease in synaptic efficacy, where a stronger 

presynaptic stimulus is required to evoke the same postsynaptic response (Lien et al., 2006; Park et 

al., 2006). Precise temporal characteristics, such as pre- and postsynaptic spike rate and spike timing, 

enable detection of whether presynaptic input contributed to postsynaptic response. For example, 



LTP elicited in a spike-timing dependent manner occurs only when presynaptic input immediately 

precedes postsynaptic firing; input that is not appropriately timed to contribute to the postsynaptic

action potential results in LTD (Cash et al., 2013). The offline effects of rTMS on corticospinal motor 

excitability in humans are often labelled as LTP-like or LTD-like, depending on the direction of MEP 

amplitude changes (Thickbroom, 2007).

There are obvious analogies between the time-course and frequency-specific effects of rTMS

on cortical excitability and electrical stimulation protocols to elicit LTP/LTD. In these protocols,

more commonly applied to slice preparations in vitro, LTP and LTD can be elicited using electrical 

stimulation: high-frequency tetanic stimulation (between 5 and 100 Hz) of the presynaptic neuron 

can induce LTP, and low-frequency stimulation (typically 1 Hz) can induce long-term depression

LTD (Albensi et al., 2007). These tetanic stimulation protocols are thought to depolarise the 

postsynaptic cell to different levels, consequently triggering different postsynaptic Ca2+ signalling

mechanisms (Lisman, 1989; Evans & Blackwell, 2015). For example, in glutamatergic synapses in

hippocampal slices, high-frequency presynaptic tetanic stimulation can cause sufficient glutamate 

release to unblock NMDA (N-methyl-D-aspartate) receptors in the postsynaptic membrane. This can 

result in Ca2+-mediated alterations to scaffolding proteins and upregulation of postsynaptic AMPA 

(alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate acid) receptor density, specific changes to 

AMPA receptor subunits (e.g. GluR1 phosphorylation (Lee et al., 2003) and/or increased conductance 

of existing AMPA receptors. As such, the same presynaptic glutamate release generates a larger 

postsynaptic response, often measured as an increase in amplitudes of mini-excitatory post synaptic 

currents (Lisman, 2009). Postsynaptic activity can also trigger presynaptic alterations in glutamate 

release properties, such as vesicle pool size and release probability, linked to mEPSC frequency, thus 

also altering synaptic efficacy (Mitra et al., 2012).  

At both inhibitory and excitatory synapses, neurotransmitter release is Ca2+-dependent

(Lisman, 1989). When an action potential reaches the axon terminal, if local depolarisation reaches a 

sufficient level, this opens voltage gated Ca2+ channels resulting in Ca2+ influx into the presynaptic 

terminal (Lüscher & Malenka, 2012). Ca2+ via binding to calmodulin results in vesicle transport and 

exocytosis, releasing neurotransmitter into the synaptic cleft (Quetglas et al., 2002). At resting

membrane potential, an action potential alone does not result in effective neurotransmitter release: 

instead, background concentrations of intracellular Ca2+ ‘gates’ presynaptic voltage and transmitter 

release after an action potential (Katz, 2003). Ca2+ concentration is regulated, for example, by 

presynaptic ionotropic receptors which briefly depolarise the terminal and/or allow Ca2+ influx 

(Turner et al., 2004); by oscillatory activity which increases background Ca2+ via low-threshold Ca2+

channels (Yu et al., 2010); and by calcium-binding proteins which, by binding and releasing Ca2+, act 

as a transient Ca2+ source (Schwaller, 2010). 
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Modulation of frequency and efficacy of neurotransmitter release, therefore, may be involved 

in immediate changes in cortical excitability following rTMS. Indeed, studies in rats consistently 

show that rTMS alters expression of calcium-binding proteins in inhibitory neurons, in various 

cortical and subcortical regions (Trippe et al., 2009; Benali et al., 2011; Hoppenrath & Funke, 2013; 

Volz et al., 2013; Thimm & Funke, 2015). Given that LTP or LTD depends on rate and/or timing of 

spiking activity, frequency-specific effects of rTMS on cortical excitability are hypothesised to arise 

because pulses at different frequencies entrain spiking coincident with preferential firing rates of 

neuron subtypes (Funke & Benali, 2010; Funke & Benali, 2011; Pell et al., 2011). For example, iTBS, 

in rat visual and somatosensory cortices reduces activity in parvalbumin-expressing fast-spiking 

inhibitory interneurons, which preferentially oscillate at theta and gamma frequency (Funke & Benali, 

2011). The immediate, transient corticospinal excitability and LTP-dependent learning effects found 

after rTMS in humans, reviewed above, support possible initial involvement of LTP/LTD, that may 

arise from evoked spiking activity during higher intensity rTMS (Hamidi et al., 2010).

1.3.1.2 Subthreshold depolarisation: plasticity without spiking

Interestingly, despite electric field current density orders of magnitude below the 50 V/m to depolarise 

neurons to threshold (Volz et al., 2013), low-intensity-rTMS results in effects consistent with altered 

synaptic efficacy. As described above, in vitro low-intensity magnetic stimulation alters intracellular 

Ca2+ concentrations in cultured neurons (Piacentini et al., 2008; Pall, 2013; Grehl et al., 2015), which 

is critical in neuron intrinsic excitability, and determines neurotransmitter release and magnitude of 

presynaptic activity required to induce LTP or LTD (Yang et al., 1999; Evans & Blackwell, 2015). 

Furthermore, in hippocampal slices in vitro, LI-rMS at 9-15mT increased the amplitude of population 

spikes, with magnitude of increase depending on pulse frequency (Wieraszko, 2004). Moreover, 

within 6 minutes after ceasing stimulation (15mT) there was a three-fold increase in cyclic-AMP 

(Hogan & Wieraszko, 2004), a major second messenger in the nervous system, necessary in 

regulating excitability and translating synaptic activity to long-term changes in synaptic efficacy 

(Pedarzani & Storm, 1995). After 14 daily sessions at 0.5 mT rats stimulated in vivo had increased 

NMDA receptor expression in several brain regions, suggesting altered capability and/or expression 

of LTP/LTD (Li et al., 2014). Since LI-rTMS induces these plastic changes without directly evoking 

spiking activity, this suggests that subtle changes to membrane electrophysiological properties that 

occur with LI-rMS in vitro, may interact with spiking from sensory-motor evoked and spontaneous 

activity when applied in vivo. These changes may then affect higher-order regulation of synaptic and 

network excitability.

Subthreshold depolarisation is an important signal in higher-order homeostatic and 

metaplasticity processes which regulate synaptic plasticity (Bear, 1996). Homeostatic and metaplastic 



mechanisms complement Hebbian synaptic plasticity. The positive feedback mechanisms in Hebbian 

synaptic plasticity, if unregulated, result in excessive firing in uncontrolled LTP, or absence of neural 

activity, in uncontrolled LTD (Karabanov et al., 2015). Homeostatic plasticity mechanisms counter 

the positive-feedback, preventing ‘saturation’ and over-expression of LTP/LTD and maintaining 

neural activity within a useful dynamic range (Toyoizumi et al., 2014). Metaplasticity is ‘the plasticity 

of synaptic plasticity’ and refers to synaptic or cellular activity that primes the subsequent response 

– i.e. adjusting the capability for synaptic efficacy modification (Abraham, 2008). Modulation of

postsynaptic activity incorporates ‘summed’ sub- and suprathreshold inputs, both homosynaptically

and heterosynaptically, and across neural circuits (Ziemann & Siebner, 2008). For example, in rat

hippocampus, ‘analog’ signalling by presynaptic depolarisation contributes to characteristics of

postsynaptic firing and modifies the strength of synaptic transmission between neighbouring neurons

(Alle & Geiger, 2006; Shu et al., 2006). Likewise, in rat visual cortex, the same tetanic stimulation

has differential effects depending on postsynaptic subthreshold depolarisation level (manipulated by

local application of GABAa receptor antagonist, bicuculline): with sufficient postsynaptic

depolarisation, tetanic stimulation induced LTP, but induced LTD at lower depolarisation levels

(Artola et al., 1990). Subthreshold depolarisation alters Ca2+ signalling pre and postsynaptically

(Artola & Singer, 1993; Yu et al., 2010; Zemankovics et al., 2010), and can trigger modification of

the threshold to induce LTP or LTD via interactions with intracellular Ca2+ concentrations, and with

evoked (Rose & Konnerth, 2001; Guise et al., 2015), or spontaneous spiking activity (Jedlicka et al.,

2015).

The temporal characteristics of inputs combined with magnitude of postsynaptic responses is 

critically important in the regulation of synaptic and network excitability. The Bienstock Cooper and 

Munroe model predicts that presynaptic inputs induce LTP when subsequent postsynaptic 

depolarisation is above a specific, modifiable threshold, and LTD with depolarisation below this level 

(Fig 1.2) (Cooper & Bear, 2012). In excitatory synapses, inputs that elicit postsynaptic firing and

induce LTP at individual synapses also trigger homeostatic modification of synaptic ‘weights’ – that

is, the relative efficacy of synapses for a given neuron are balanced to maintain neuron firing rate 

within a set range. A period of increased activity triggers Ca2+-mediated decreases in the thresholds 

to evoke synaptic potentiation, homeostatically raising the overall firing rate (Turrigiano, 2008). The 

opposite occurs after a period of decreased firing, the threshold is modified such that a lower level of 

depolarisation induces synaptic potentiation (Bear, 1996). Homeostatic modifications of threshold to 

induce LTP or LTD can occur independently of action potentials, but is sensitive to subthreshold 

depolarisation level (Hulme et al., 2012). As a result, integrated activity remains within a 

physiologically useful range to detect meaningfully coincident changes in firing patterns, while also

preventing pathological hyperactivity (Turrigiano, 2008; Turrigiano, 2012).



A related concept is gating, which broadly refers to mechanisms that change neural circuit

activity by modulating (‘gating’) the immediate response to input either supressing, permitting or 

potentiating synaptic efficacy (Ziemann & Siebner, 2008). While Hebbian LTP/LTD and homeostatic

metaplasticity refer to adjustment of synaptic efficacy according to previous activity, gating refers to 

mechanisms governing synaptic efficacy on a moment-to-moment basis (Katz, 2003) – though gating 

may indirectly influence homeostatic or metaplastic interactions and vice versa (Karabanov et al., 

2015).

Activity-dependent Hebbian synaptic plasticity, and complementary homeostatic 

metaplasticity processes may interact with neural modulation in both rTMS and LI-rTMS. For 

example, rodent studies examining synaptic efficacy changes ex vivo showed rTMS decreased 

threshold to electrically induce LTP (Tokay et al., 2009). Furthermore, rTMS enhanced LTP in 

hippocampal slices prepared immediately after in vivo stimulation, but inhibited LTP in slices 

prepared 3 days after stimulation compared to the control group, suggesting modulation based on 

activity history (Ahmed & Wieraszko, 2006). The interplay between action potentials and 

subthreshold depolarisation level is important in converting transient synaptic activity to stable, 

enduring modifications (Toyoizumi et al., 2014). Accordingly, it is possible that the lower-intensity 

magnetic stimulation applied outside the target region in rTMS, for example below the periphery of 

the coil or deeper in the brain (Salvador et al., 2015), may interact with spiking induced by rTMS, 

and/or with ongoing sensory-motor evoked activity (Hamada et al., 2008). Likewise, plasticity 

Figure 1.2 (A) Schematic illustrating the LTP–LTD induction curve and bi-directional shift predicted by the 
BCM theory. The threshold level of depolarisation for the switch from LTD–LTP (B) ( M) slides rightward on 
the x-axis with high levels of previous neural activity ( ), and (C) leftward if previous activity is low ( ). 
Modified from Hamada and Ugawa (2010).
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induced by LI-rTMS may arise via interactions between membrane electrophysiological changes

during stimulation (Tang et al., 2016) and neural activity prior to, during, and after stimulation. 

However, the role of neural activity in LI-rTMS-induced plasticity has not been previously 

investigated.

1.3.2 Plasticity induced by brain stimulation depends on brain state and activity

Modulation of neural activity, whether by non-invasive brain stimulation techniques, learning or 

sensory-motor evoked activity, occurs in the context of baseline brain activity at the neural, region 

and network levels (Silvanto & Pascual-Leone, 2008). rTMS effects in both healthy humans and 

clinical populations appear to interact with neural activity, in a trait-dependent (e.g. pathological 

condition or genetic variant) and brain state-dependent manner (Karabanov et al., 2016). As such, the 

clinical effects of rTMS may critically depend on interactions between rTMS neuromodulation with 

baseline excitability, functional connectivity and plasticity abnormalities in many disorders

(Thickbroom & Mastaglia, 2009). Indeed, abnormal systems appear to respond differently to a variety 

of brain stimulation techniques, including rTMS and LI-rTMS, though mechanisms remain poorly 

defined (Tang et al., 2015). Given the impact of intrinsic neuron excitability and homeostatic 

metaplasticity in synaptic plasticity (reviewed above), it is likely that similar principles may underlie 

mechanisms for rTMS- and LI-rTMS-induced plasticity at network levels (Karabanov et al., 2015).

The after-effects of rTMS on cortical excitability found in healthy humans can be modified 

by neural activity-state at the time of stimulation. Since neuron excitability at any given time is 

influenced by history of activity, inducing a particular activity state before rTMS, for example, by 

using a ‘priming’ stimulation protocol, behavioural task or sensory deprivation, may then alter 

subsequent plasticity outcomes (Murakami et al., 2012; Ziemann & Siebner, 2015). Supporting this,

repeating rTMS on consecutive days had a greater impact on MEP amplitude change from baseline,

suggesting that activity modulation in the previous rTMS session continues to influence baseline 

capability to induce plasticity (Maeda et al., 2000; Cohen et al., 2010). Interestingly, the 

frequency-specific effects of rTMS on cortical excitability can be reversed by priming with tDCS. In 

tDCS, a low-intensity electric current applied to the brain induces subtle membrane potential changes, 

affecting probabilities of firing, subthreshold depolarisation (anodal-tDCS) or hyperpolarisation 

(cathodal-tDCS) (Karabanov & Siebner, 2012). After 1Hz rTMS to the motor cortex, MEP 

amplitudes typically decrease, reflecting net corticospinal inhibition; priming with ‘inhibitory’ 

cathodal-tDCS switched inhibitory after-effects to facilitation (Siebner et al., 2004). However, 

‘excitatory’ anodal-tDCS before 1 Hz rTMS had no additional effect: MEP amplitudes decreased by 

a similar magnitude as without preconditioning (Siebner et al., 2004). Similarly, 5 Hz rTMS applied 

at sub-resting motor threshold intensity, had no persisting effect on corticospinal excitability when 



applied alone, however, tDCS priming bi-directionally modulated excitability. Demonstrating a 

homeostatic interaction, MEP amplitudes reflected a reversal of direction of excitability during 

priming (i.e. anodal-tDCS increased MEP amplitude before rTMS but decreased MEP amplitudes 20 

minutes after rTMS compared to baseline; cathodal-tDCS showed similar magnitude of effects but in 

the opposite direction) (Lang et al., 2004). Similar bi-directional modulation has also been found in 

the visual-system, with tDCS priming resulting in reversal of frequency specific effects of rTMS on 

visual cortical excitability measured as phosphene threshold (Lang et al., 2007) and amplitudes of

visually evoked potentials (VEPs) (Bocci et al., 2014). Thus, because tDCS can prime the subsequent 

response to rTMS, this suggests that rTMS interacts with baseline excitability at the time of

stimulation.

Conditioning of activity using learning tasks and sensory deprivation paradigms add further

support to interactions between rTMS and on-going activity during stimulation. rTMS applied during 

practice of a skilled motor task enhanced rate of skill acquisition over a 4 week period (5 sessions per 

week, 5 Hz at RMT) (Narayana et al., 2014). In the visual system, 45 minutes light-deprivation 

enhanced visual cortical excitability (measured as decreased threshold to induce phosphenes with 

paired pulse TMS) (Boroojerdi et al., 2000a); rTMS applied in the final 15 minutes of a 60 minute

light-deprivation protocol reversed typical frequency-specific effects: 10 Hz rTMS, although 

normally excitatory, instead produced greater net inhibition (Fierro et al., 2005). Furthermore, the 

same light-deprivation-rTMS protocol also restored normal habituation (decreased amplitude of 

visual evoked potentials after repeated exposure to the same stimulus), consistent with decreased 

excitability (Palermo et al., 2011).

Animal studies also demonstrate that baseline activity state during stimulation interacts with 

rTMS. Hippocampal slices from rats with impaired LTP following a forced swim task, showed a 

restoration to normal LTP levels after seven days of 10 Hz rTMS, whereas control rats (no forced 

swim task) showed enhanced LTP (Kim et al., 2006). rTMS differentially affected plasticity markers 

depending whether stimulation was delivered in conscious or anaesthetised rats: in awake animals, 

10 daily sessions of high-frequency rTMS increased hippocampal BDNF and AMPA receptor

expression 3 days after ceasing stimulation, but decreased expression in rats anesthetised with 

isoflurane during rTMS (Gersner et al., 2011). Importantly, the changes in AMPA receptor subunits

GluR1 and phosphorylated-GluR1 were positively correlated with BDNF expression in both cases.

Because GluR1 phosphorylation is required for synaptic plasticity (Lee et al., 2003), this suggests

rTMS effects on BDNF were linked to activity-dependent synaptic plasticity. 

Low-intensity stimulation also interacts with activity during stimulation. For example,

increasing excitability of premotor cortex with anodal-tDCS resulted in enhanced motor learning if

applied during training of a skilled motor task (Reis et al., 2009), and during observational motor 



learning (Wade & Hammond, 2015). These non-homeostatic enhancements may reflect gating of the 

response by raising resting excitability and increasing sensitivity to stimuli to result in reinforcement

(Ziemann & Siebner, 2008). Interestingly, anodal-tDCS applied before training in a motor learning 

task impaired performance (Stagg et al., 2011), and was linked to increased GABA-A activation

(measured with paired pulse TMS protocols), suggesting involvement of intracortical inhibitory 

circuits that are important in regulating network excitability (Amadi et al., 2015). Given these 

findings, subthreshold depolarisation during LI-rTMS may continue to influence plasticity in 

conjunction with ongoing experience-driven activity, for example, interacting with neural activity

and intrinsic excitability changes after learning (Zhang & Linden, 2003; Clem et al., 2008), addressed 

in Chapter 2, or depending on concurrent sensory input, addressed in Chapter 5.

1.3.3 rTMS interactions with abnormal neural circuitry

Abnormal plasticity, excitability and altered brain organisation appear to be common features of 

disorders that are effectively treated with rTMS, and thus interactions with abnormal baseline 

network-dynamics may be important in clinical effects (Leuchter et al., 2013). Supporting this, rTMS 

protocols differentially affect clinical populations compared to healthy controls: 20 Hz rTMS had 

opposite effects on gamma oscillations in patients with schizophrenia to in healthy controls, bringing 

patients’ abnormal baseline activity closer to that of healthy controls (Barr et al., 2011). Similarly, 

chronic post-stroke pain patients who responded to rTMS treatment had lower baseline intracortical 

facilitation levels compared to both healthy controls and non-responding patients, which rTMS 

subsequently increased (Hosomi et al., 2013a). Furthermore, in migraine patients 1Hz rTMS to the 

occipital cortex increased excitability, but had the opposite effect in healthy controls (Brighina et al., 

2002).

rTMS has a different time course of effects between healthy and clinical populations. In 

healthy participants rTMS only transiently alters excitability and connectivity, producing changes 

which occur immediately after rTMS and decrease over time (Naro et al., 2014). Although immediate 

excitability effects are also observed in clinical populations, the immediate effects on excitability are 

unrelated to long-term clinical outcomes. For example, in Parkinson’s patients receiving 25 Hz 

stimulation to the motor cortex MEP amplitude immediately increased and improved bradykinesia, 

however, there was no correlation between MEP amplitude and Parkinson’s symptom improvements 

over the 4 week treatment period (2 sessions/week) (Lomarev et al., 2006). Moreover, although 

NMDA-dependent synaptic potentiation is important in the initiation of plasticity, subsequent 

modifications to synaptic strength and network functional-connectivity are cumulative over time, 

both in behaviourally relevant and brain-stimulation contexts. Indeed, clinical findings suggest that 

effective treatment requires repeated stimulation sessions (Hallett, 2007), with behavioural effects 



and symptom improvements requiring time to develop (Málly et al., 2004; Dlabac-de Lange et al., 

2010). Additionally, unlike transient effects in healthy participants, changes in clinical populations 

persist for several weeks, months (Lomarev et al.) or, in some patients, for over a year after receiving 

rTMS (Khedr et al., 2009).

Animal studies suggest that LI-rTMS may also result in transient effects in healthy systems, 

and cumulative changes in abnormal animals. In rats, 14 daily stimulation sessions (0.5mT, 50Hz, 4 

hours) decreased density of ‘stubby’ dendritic spines in entorhinal cortex pyramidal neurons, 

however, after 28 daily sessions, densities of stubby spines returned to control levels, but thin and 

mushroom spine densities decreased (Xiong et al., 2013). Likewise, using the same stimulation 

protocol, expression of glutamate receptors changed with chronic stimulation: AMPA-R subunit 

expression increased after 14 days, but returned to control levels after 28 daily stimulations (Li et al., 

2014). Furthermore, the ratio of entorhinal NMDA-R subunits between 14 and 28 days showed 

opposite effects (increased GluN2A to GluN2B ratio at 14 days, decreased ratio at 28 days) (Li et al., 

2014).

Demonstrating cumulative effects in abnormal systems, in a mouse model of disordered 

neural circuitry (ephrin-A2A5 knockout (-/-) mice), 14 daily stimulations with LI-rTMS increased 

BDNF levels and improved superior colliculus receptive field sizes for visual stimuli and improved 

visually evoked collicular response latencies, such that they resembled wildtype mice (Rodger et al., 

2012). The improvements after multiple LI-rTMS sessions contrast with acute effects, where 24 

hours after a single LI-rTMS session, ephrin-A2A5-/- mice had significantly worse visual tracking 

behavior than ephrin-A2A5-/- mice in sham, and did not differ to sham in superior collicular 

receptive field sizes or proportion of functional, but topographically inappropriate, points 

(Rodger et al., 2012). This suggests, firstly, that long-term functional neural changes with LI-

rTMS may require time to develop, and that LI-rTMS acute effects may differ from cumulative 

effects depending on interactions with baseline functional connectivity. Although a detailed 

analysis of time-course is outside the scope, this thesis aims to examine both acute and cumulative 

effects of LI-rTMS, comparing these effects between normal and abnormal brains, using ephrin-A 

knockout mice.

1.3.3.1 LI-rTMS effects on abnormal brains: Ephrin-A knockout mouse models 

Ephrin-As are a class of ligands important in axon pathfinding and guidance during development 

(O'Leary & Wilkinson, 1999). Ephrin-As under different conditions can act as either attractant or 

repellent  guidance cues to growing axons in development, though are more often associated with 

axon repulsion (Hansen et al., 2004). Ephrin-A cell-surface proteins are expressed in complementary 

concentration gradients with Eph-A receptors (McLaughlin & O'Leary, 2005). During development, 

ligand-receptor concentration gradients appear to function as a system of coordinates in axon 



guidance (Brown et al., 2000). This coordinate system is particularly important in forming mapped

projections, for example, in the visual system, maintaining spatial topography of retinal ganglion cell 

axons in point-to-point mapping to targets in the superior colliculus (Feldheim et al., 2000; Wilks et 

al., 2010). In this projection, axons initially overshoot and branch beyond the target (Brown et al., 

2000). Axons which express high concentrations of Eph-A receptors subsequently retract anteriorly 

due to repulsion from high concentrations of ephrin-As, whereas axons expressing low concentrations 

of Eph-receptors, remain posterior since they are not repelled (O'Leary & Wilkinson, 1999;

McLaughlin & O'Leary, 2005). Ephrin-As and Eph receptors also appear to have similar roles in 

organisation of projections between non-sensory brain regions, such as hippocampal projections to 

other limbic regions (Brownlee et al., 2000; Yue et al., 2002). The organisation of these hippocampal 

projections is important in normal memory and learning (Martinez & Soriano, 2005): Ephrin-A-/-

knockout mice, though generally normal, have subtle abnormalities in learning, social and 

sensorimotor behaviours (Arnall et al., 2010; Sheleg et al., 2015; Wurzman et al., 2015).

Topographic abnormalities become more severe as increasing number of multiple ephrin-A

ligands are knocked out; thus double (e.g. ephrin-A2, A5-/-) and triple knockouts (ephrin-A2, A3, 

A5-/-) (Pfeiffenberger et al., 2005; Pfeiffenberger et al., 2006). Topographic abnormalities in

ephrin-A-/- knockouts have been best characterised in the visual system. In addition to projections 

which terminate in retinotopically appropriate locations in primary visual system targets, ephrin-A-/-

mice also have ‘ectopic’ projections, that terminate in topographically inappropriate locations

(Haustead et al., 2008; Wilks et al., 2010; Rodger et al., 2012). Although not all ectopic projections 

are necessarily functional (Haustead et al., 2008), when functional, the responses of ectopic 

projections to sensory evoked activity are uncorrelated with neighbouring, topographically accurate 

projections if visual stimulus features vary across visual field representation boundaries.

The ephrin-A2A5-/- mouse visual system is therefore an ideal model to examine LI-rTMS in 

relation to activity-dependent plasticity mechanisms. In particular, whether LI-rTMS affects 

structural reorganisation in topographically abnormal cortical projections compared to normally 

located projections in ephrin-A2A5-/- mice, and compared to wildtypes (Chapter 3). Furthermore, 

they are also an ideal model to test whether LI-rTMS effects change depending on the degree of 

coordinated activity (i.e. asynchronous ‘noise’ from ectopic projections). Chapter 5 addresses this by 

examining LI-rTMS effects on visual evoked electrophysiological responses, comparing wildtypes 

and ephrin-A2A5-/- mice and manipulating degree of neural synchrony by presence or absence of 

visually evoked activity during LI-rTMS.
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1.4 Thesis scope

It is clear from the above review that subtle changes to the electrophysiological properties of neurons, 

likely to be induced by LI-rTMS, have the potential to induce functional and structural plasticity,

however, the nature of plastic changes and underlying mechanisms are not yet understood. The 

project utilised mouse models that enable comparison of LI-rTMS effects between normal and 

abnormal systems in vivo, using healthy wildtype mice, ephrin-A2-/- (Chapter 2) and 

ephrin-A2A5-/- knockout mice (Chapters 3 and 5).

This thesis addressed the main aims: 1) To examine LI-rTMS-induced structural and functional

plasticity in vivo, and relate these to possible molecular and activity-dependent mechanisms. 2) To 

compare LI-rTMS effects on abnormal and normal neural circuitry in mouse models. 3) Begin to 

explore acute and cumulative effects of LI-rTMS.

1.4.1 Outline of specific experimental aims of this thesis 

This thesis is presented as a series of published papers and a submitted manuscript. The foreword and 

introduction to each chapter elucidates links with previous chapters and contains a focused literature 

review to establish the rationale for specific experimental aims and justify experimental models.

Chapter 2 describes experiments investigating cumulative effects of LI-rTMS after a visual learning

task, in relation to structural plasticity at the synaptic level. In this study, I compared LI-rTMS effects 

on learning performance and CA1 hippocampal dendritic spine densities in ephrin-A2 mice, expected 

to show a reverse learning deficit (Arnall et al., 2010), and wildtype controls. In Chapter 3, LI-rTMS 

effects on neural network-level structural plasticity were investigated, by quantifying reorganisation

and topographical accuracy of neural projections to and from the mouse primary visual cortex. This 

thesis also aimed to examine possible molecular mechanisms underlying plastic structural

reorganisation, by relating structural network-level plasticity to biochemical signalling mechanisms 

of BDNF, both acutely and after multiple stimulation sessions (Chapter 3).

LI-rTMS is hypothesised to induce plasticity via neural function/activity changes; originally,

I planned to examine cumulative electrophysiological function changes over several weeks by

recording visually evoked potentials (VEPs) in mice, using chronically implanted electrodes over the 

visual cortex. To assess whether this was feasible, I first investigated reliability of VEP responses and 

resting brain activity recorded 7 days apart, using chronically implanted electrodes (Chapter 4).

Although highly reliable within the same anaesthetic session, the reliability of recordings obtained 

from the same mouse, a week apart had much lower reliability, limiting comparability of repeated 

measurements over different days. I then focused on the immediate effects of LI-rTMS on

electrophysiological responses, examining the contribution of coordinated visual system activity vs. 



spontaneous activity (Chapter 5). This thesis concludes with a general discussion of implications of

findings together and directions for future research (Chapter 6).







Chapter 2 
2 Long term delivery of pulsed magnetic fields does not 

alter visual discrimination learning or dendritic spine 

density in the mouse CA1 pyramidal or dentate gyrus 

neurons  

2.1 Foreword

From the literature review, it is clear that LI-rTMS has the potential to induce plasticity and that 

neuromodulation from non-invasive brain stimulation techniques is affected by brain state and history 

of activity (Silvanto & Pascual-Leone, 2008; Zrenner et al., 2016). Furthermore, neural circuit 

organisation may also mediate brain stimulation effects, with abnormal and normal systems 

responding differently to stimulation. The first published paper presented in this thesis used a mouse 

model of abnormal learning to assess the effects of 35 daily LI-rTMS sessions on reverse-learning 

performance and structural synaptic plasticity. Mice performed a two-choice visual discrimination 

reverse learning task to prime brain state before LI-rTMS. Golgi staining of brain tissue was used to 

measure dendritic spine densities in hippocampal neurons, as a structural correlate of synaptic 

plasticity (Butz et al., 2009).

We were particularly interested in LI-rTMS effects in combination with brain state primed by 

a visual-discrimination reverse learning paradigm. In a two-choice reverse learning task, mice first 

learn to discriminate between two stimuli, as rewarded and non-rewarded, the rewarded stimulus is 

switched to the previously incorrect stimulus (Boulougouris et al., 2007). By the end of the initial 

learning phase, mice perform the task at a high accuracy level (75%) for three consecutive days. This 

‘learned’ phase is associated with homeostatic adjustments based on previous learning experience:

after intensive training in a skilled motor task, rats expressed less LTP and more LTD in response to 

tetanic stimulation of M1 slices ex vivo (Rioult-Pedotti et al., 2000). Thus, the initial learning phase 

can also be considered a long-term priming stimulus (Rioult-Pedotti et al., 2007). Additionally,

reverse learning involves both LTD and LTP-associated components: ‘Forgetting’ the previously 

rewarded stimulus has been linked to LTD, while learning the new rule for the rewarded stimulus has 

been linked to LTP (Bissonette & Powell, 2011; Cantarero et al., 2013). As reviewed in Chapter 1, 

subthreshold changes to neural excitability thought to be produced by LI-rTMS may interact with the 



excitability changes that occur after learning (Zhang & Linden, 2003; Clem et al., 2008) and may 

enhance responsivity to Hebbian plasticity processes and the capability for synaptic functional and 

structural plasticity (Harms & Dunaevsky, 2007).

The original aim for the study was to assess whether mice with a reverse-learning deficit 

would respond differently to LI-rTMS. Previous work from our laboratory showed that despite 

normal learning acquisition, ephrin-A2-/- mice showed impaired reverse learning compared to 

genetically normal wildtypes in a two-choice visual discrimination task (Arnall et al., 2010). 

However, due to a change in institutional Animal Ethics Committee guidelines the level of food 

restriction differed from that used in Arnall et al. (2010) (90% vs. 80% of free-feeding body weight). 

Under the new less severe conditions, a reverse-learning deficit was not present in ephrin-A2-/- mice, 

presumably due to insufficient motivation (Steckler, 2001). Although the absence of a learning deficit 

meant we could not address whether LI-rTMS interacts with abnormal reverse-learning and changes 

in hippocampal dendritic spine densities, the negative results of this paper nonetheless show that 

chronic LI-rTMS had no lasting or detrimental effects on reverse learning performance, or 

hippocampal and dentate gyrus dendritic spine densities in normal systems.

This study was published in F1000Research in  2013. At the time of publication, 

no studies had assessed LI-rTMS effects on dendritic spines. However, recent studies show that LI-

rTMS has a range of effects on dendritic spines, depending on brain region and stimulation 

parameters (Xiong et al., 2013; Morellini et al., 2015), but there have been no further studies which 

assess effects on dendritic spines combining LI-rTMS with priming using a learning task. 

Therefore, this study remains relevant and makes a novel contribution towards redressing the 

publication bias against negative results.

Results published in:

*Sykes M., *Makowiecki K., Rodger J. (2013) Long term delivery of pulsed magnetic

fields does not alter visual discrimination learning or dendritic spine density in the mouse CA1

pyramidal or dentate gyrus neurons. F1000Research, 2(180). *Equal contributors.

K. Makowiecki contribution: 72%.

The full reviewer report and response to reviewer comments is also published as part of 

F1000Research open peer-review process, but are not included in this thesis. Note that the manuscript 

uses the term ‘rTMS’ to refer to both low and high-intensity rTMS. Throughout the other chapters of 

this thesis low-intensity rTMS is referred to specifically as ‘LI-rTMS’ to distinguish it from high 

intensity rTMS.
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