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ABSTRACT 

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation tool 

that has the potential to treat a range of neurologic and psychiatric conditions. However, 

unlike many treatments which derive from an understanding of biological mechanisms of 

action, rTMS protocols have been developed in the general and clinical human population 

without establishing its therapeutic mechanisms at the cellular and molecular level. Animal 

models of rTMS are therefore needed to elucidate these mechanisms, and our lab has 

developed miniaturised coils to improve the translation of our findings in animal models to 

the clinic. The present thesis uses mouse models to address two major aims: 1) to 

understand the influence of intrinsic brain activity on the outcomes of chronic (14 days) low 

intensity rTMS (LI-rTMS), and 2) to characterise the effects of acute (1 day) and chronic LI-

rTMS on cortical and subcortical neurotransmitter systems.  

 

Aim 1) Chronic LI-rTMS has been previously shown to ameliorate visuotopic mapping in 

adult mice lacking the ephrin-A2 and -A5 ligands (i.e., ephrin-A2A5-/-). However, incorrect 

projections were still present, suggesting that the stimulation paradigm could be improved. 

We investigated whether modulating visual input at the time of stimulation altered LI-rTMS 

repair of abnormal visual mapping. LI-rTMS or sham stimulation was delivered to adult 

ephrin-A2A5-/- mice completing a visually engaging learning task, or remaining passive in a 

dark environment. To deliver concurrent LI-rTMS in awake and freely behaving animals, I 

first developed a novel coil support attachment that allows consistent placement of a 

miniaturised coil in the freely moving mouse. Visual pathway topography was assessed by 

retrograde and anterograde fluorescent tracing from primary visual cortex, and functional 

changes were assessed using the optokinetic reflex test. Consistent with previous results, 

LI-rTMS alone improved geniculocortical and corticotectal topography, but combining LI-

rTMS with the visual learning task prevented beneficial corticotectal reorganisation and had 
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no additional effect on geniculocortical topography or visuomotor tracking performance. LI-

rTMS delivered to ephrin-A2A5-/- mice in a dark environment improved geniculocortical 

topography, but not corticotectal topography or visuomotor tracking performance. Our 

results demonstrate that intrinsic brain activity influences the impact of LI-rTMS on abnormal 

visual circuits, potentially contributing to the variable response to rTMS observed in humans.  

 

Aim 2) Catecholaminergic systems are a common target for pharmacologic treatments of 

various neurologic and psychiatric disorders. A single session of rTMS modulates dopamine 

and serotonin neurotransmission, an outcome which has been proposed to underlie its 

therapeutic effects. However, stimulation protocols in the clinic span many weeks (e.g., ≥10 

sessions over three weeks), and the effects of chronic stimulation on catecholamine levels 

are unknown. In this aim, I developed a novel liquid chromatography tandem mass 

spectrometry (LC-MS/MS) method to simultaneously assess 27 free amino acids, and 

dopamine, serotonin and their metabolites in the murine cerebral cortex, hippocampus and 

striatum. I also investigated whether expression of the rate-limiting enzymes for the 

synthesis of dopamine and serotonin, tyrosine hydroxylase (TH) and tryptophan hydroxylase 

2 (TPH2), respectively, were modulated by chronic LI-rTMS. Findings revealed that a single 

session of LI-rTMS did not alter neurotransmitter levels within any of the brain regions 

sampled. However, chronic stimulation altered relative serotonin concentrations in the 

hippocampus, and relative dopamine concentrations in the striatum. Interestingly, TPH2 

expression was increased only in the hippocampus following LI-rTMS, but no change in TH 

expression was observed in the cortex, hippocampus or striatum. To map the cortical cells 

activated by LI-rTMS, I performed c-Fos immunofluorescent staining in combination with 

inhibitory (GAD67+) and principally excitatory, non-inhibitory neuronal markers (CaMKII+). 

Preliminary results suggested that LI-rTMS decreases both c-Fos+/CaMKII+ and c-

Fos+/GAD67+ cell density in cortical regions in close proximity to the maximally induced 

electric fields following. In particular, there was a decrease of c-Fos+/CaMKII+ cell densities 
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in the deeper layers of the cortex following acute LI-rTMS, whereas there was a decrease 

in c-Fos+/GAD67+ cell density in layer 1 of nearly all regions assessed following chronic LI-

rTMS. Furthermore, there was an increase in the density of c-Fos+ cells that co-localised 

with neither excitatory nor inhibitory marker, suggesting potential regulation of non-neuronal 

cells including glia following a single stimulation session. There was no observed change in 

the prelimbic cortex, a distal region to the induced electric fields of the LI-rTMS.  

 

The results show the first evidence of chronic, but not acute, LI-rTMS modulating subcortical 

dopaminergic and serotonergic neurotransmitter systems, which may be a result of altered 

glutamatergic and GABAergic signalling in the cortex. This thesis also demonstrates that LI-

rTMS-induced neuroplasticity is affected by ongoing brain activity at the time of stimulation 

and the number of stimulation sessions delivered. To reduce the variability observed within 

the clinical human population, we suggest that brain state and cumulative effects of rTMS 

should be taken into consideration when interpreting outcomes of rTMS-based therapies. 

The ability for rTMS to recruit various cellular and molecular mechanisms in multiple brain 

regions suggests its therapeutic potential for a variety of complex neuropsychiatric disorders 

that currently have no approved interventions. 
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1 Introduction 

1.1 Transcranial Magnetic Stimulation 

Non-invasive brain stimulation (NBS) techniques are increasingly investigated for their 

therapeutic potential to treat a range of neurologic and psychiatric conditions (Fregni and 

Pascual-Leone, 2007; George et al., 2007; Lefaucheur et al., 2014, 2020). In particular, 

transcranial magnetic stimulation (TMS) is appealing due to its ability to modulate activity in 

underlying neural tissue. TMS utilises Faraday principles to induce electrical currents within 

the brain. Pulses are delivered by placing a current-carrying coil that is connected to a 

stimulator above the head. A large but brief electrical current flows into the coil, inducing a 

short-lived orthogonal magnetic field that is unimpeded by skull and skin, which then induces 

electrical currents within the brain (Barker et al., 1985; Figure 1-1). These electrical currents 

can interact with underlying neurons and in some cases cause them to initiate action 

potentials. To understand how this tool can be used to treat a wide variety of neurologic and 

psychiatric disorders, experiments in my thesis aim to explore the cellular and molecular 

mechanisms of TMS in animal models. 

 

1.1.1 TMS application in humans 

In the clinic, TMS is generally delivered at 1 Tesla, and the induced electrical field is 

approximately 100 V/m in the stimulation “hotspot “(Lu and Ueno, 2017). The hotspot is 

defined as the area of the brain that is stimulated with the highest electric field intensity. 

When TMS is delivered at sufficient intensities, TMS can elicit action potential firing via 

membrane depolarisation (Pell et al., 2011; Figure 1-1). To measure the integrity of the 

corticospinal tract and/or cortical excitability, clinicians commonly deliver TMS to the motor 

or visual systems. For example, a single TMS pulse delivered to the primary motor cortex 

induces a motor evoked potential in the corresponding contralateral muscle that is measured 
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using a surface electromyogram or the experimenter visually confirming a muscle twitch 

(Barker et al., 1985). The minimum magnetic field intensity required to elicit the observable 

motor response is defined as the motor threshold (MT). It is important to note that the 

physiological response observed within the subject is due to electrical stimulation induced 

by eddy currents within the brain.  

 

 

 

Figure 1-1 Schematic of a coil and the induced magnetic and electric fields. A current 

carrying magnetic coil (dark grey) produces orthogonal magnetic fields that can bypass the 

skull and skin with little to no adverse effects. This induces an electric current that stimulates 

the underlying conductive brain tissue (light grey ring, ‘Current flow’), modulating neuronal 

and non-neuronal cells. Figure from Hallett, 2007. 

 

Examinable characteristics of the electromyogram recording include the motor evoked 

potential (MEP) latency, MEP amplitude and cortical silent period (Rothwell et al., 1999). 

Another approach that confirms the ability of this NBS technique to induce action potential 

firing in underlying cortical neurons is to stimulate the visual cortex, which induces perceived 

visual responses known as phosphenes. Phosphenes are perceived by subjects as bright 

flashes within the visual field and these can be used as a subjective measure of cortical 

excitability (Taylor et al., 2010). 
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1.2 Repetitive Transcranial Magnetic Stimulation 

Building on the effects of TMS, delivery of repeated pulses, known as repetitive TMS (rTMS), 

can induce changes in cortical excitability that outlast the period of stimulation, which 

suggests that rTMS can non-invasively induce neuroplasticity in brain circuits (Hoogendam 

et al., 2010; Platz and Rothwell, 2010; Pell et al., 2011; Lefaucheur et al., 2014, 2020). 

rTMS-based therapies have been FDA approved for the treatment of depression 

(O’Reardon et al., 2007a; Horvath et al., 2010), obsessive-compulsive disorder (Carmi et 

al., 2018, 2019) and more recently nicotine addiction (Li et al., 2013, 2020). Reports of 

adverse effects following rTMS application are rare. However, despite the promise of using 

rTMS to treat various neurologic and psychiatric disorders, there is high intra- and inter-

individual variation (Hoogendam et al., 2010; Ridding and Ziemann, 2010; Hinder et al., 

2014; Hamada and Rothwell, 2016). Furthermore, the inconsistent use of rTMS parameters 

(e.g., coil shape, frequency and intensity of pulses delivered) contributes to the variability 

that is observed in clinical studies. Therefore, to improve the efficacy of rTMS-based 

therapies, there is a need to systematically characterise rTMS parameters and link them to 

cellular and molecular changes. Understanding the effect of each parameter may allow 

rTMS to be used as a personalised patient-specific treatment for the treatment of neurologic 

and psychiatric disorders. These parameters are briefly discussed in the following sections.  

 

1.2.1 Coil shape 

The shape of the rTMS coil is an important variable to consider because this determines the 

distribution of the induced electric fields. Targeted stimulation of the cortical regions (i.e., 

focality of the rTMS-induced electric fields) is important as it allows accurate interpretation 

of experimental results (Pascual-Leone et al., 1999). Two commonly used coil shapes for 

rTMS-based therapies are the circular and figure-of-eight coils (Fo8; Figure 1-2). Maximum 

current intensity induced by a circular coil is directly below the coil windings, whereas the 
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focal point of an Fo8 coil is between the windings of the two circular coils (i.e., geometric 

centre), with less intense peaks on the opposing outer wings (Cohen et al. 1990). More 

recent, computationally advanced techniques have been used to model induced electrical 

fields, providing an avenue to better estimate and understand the distribution of rTMS 

depending on the coil shape and size relative to the brain (Opitz et al., 2011, 2016; 

Thielscher et al., 2011; Deng et al., 2013; Aberra et al., 2020). Multiple coil models have 

been proposed and >50 designs have been modelled in a study carried out by Deng and 

colleagues (2013). Another coil shape that has been developed and garnered interest is the 

H-coil; these specialised coils have two windings like the traditional Fo8 shape, but they are 

angled to conform to the head with the aim of improving stimulation of deeper cortical 

regions (i.e., deep TMS) and/or cerebellar stimulation (Zangen et al. 2005; Roth et al. 2007, 

2013; deep TMS). A caveat of deep TMS is the induction of a relatively diffuse electrical field 

compared to circular and Fo8 coils. 

 

Figure 1-2 Shape of the rTMS coil affects the distribution of the induced electric fields 

in the brain. Commonly used coils include the A) circular coils or B) figure-of-eight (Fo8) 

coils (Cohen et al. 1990). C) Circular coils induce the greatest current intensity directly below 

the coil windings with a reduced intensity in the centre, whereas D) Fo8 coils have a 

focalised hotspot beneath the geometric centre of the two circular windings, with less intense 

peaks on the opposing outer rings. Figure from Cohen et al. 1990. 

 



 5 

1.2.2 Frequency and pulse patterns 

A feature of rTMS is the repeated delivery of pulses separated by inter-stimulus and inter-

train intervals. It has been suggested that the rate and pattern of pulse delivery (i.e., 

frequency), rather than the number of pulses applied or the amplitude of each pulse, is the 

strongest predictor of changes in cortical excitability in humans (Wilson and St George, 

2016).  Frequency can be defined as simple or complex (Figure 1-3). Simple patterns are 

characterised by pulses with fixed inter-stimulus intervals and are generally divided into two 

categories: low (1 Hz) and high (≥ 5 Hz) frequency, which result in the net inhibition or 

excitation of cortical excitability, respectively (Pell et al., 2011). In contrast, complex pulse 

patterns with varying inter-stimulus intervals have been developed to mimic intrinsic 

electrical activity within the brain and have been suggested to be more effective at 

modulating cortical excitability. For example, biomimetic high-frequency stimulation (BHFS) 

aims to mimic muscle contraction activity during physical exercise (Martiny et al., 2010; 

Rodger et al., 2012a). The most commonly used complex frequency is theta-burst 

stimulation (TBS), which utilises a train consisting of three pulses at 50 Hz, repeated at 5 

Hz, for a total of 600 pulses, mimicking endogenous hippocampal activity in animals 

exploring a new environment (Huang et al., 2005; Ridding and Ziemann, 2010). TBS is 

generally categorised into two types: intermittent (iTBS): a 2 s TBS train is repeated every 

10 s; and continuous (cTBS): 20 trains of uninterrupted pulses. iTBS is thought to generally 

have an excitatory effect on cortical excitability, whereas cTBS has inhibitory effects (Huang 

et al., 2005). TBS protocols have been suggested to elicit more consistent changes to 

cortical excitability as compared to simple frequencies. However, this may be attributed to 

the high consistency between studies in the number of pulses applied and stimulation 

intensity delivered during each session (Hoogendam et al., 2010). For example, 600 pulses 

are commonly delivered when utilising a TBS protocol, regardless of frequency, whereas 1 
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Hz and 10 Hz protocols range between 180-1500 and 150-1800 pulses per session, 

respectively (Hoogendam et al., 2010).  

 

 

Figure 1-3 rTMS pulses may be delivered using simple or patterned pulses. A) Simple 

rTMS protocols are generally characterised as low frequency (≤ 1 Hz) or high frequency (≥ 

5 Hz). B) Patterned protocols contain varying inter-train intervals, as shown by cTBS and 

iTBS (Huang et al., 2005). cTBS delivers 600 pulses in 40 s without interruption. iTBS is 

delivered for 2 s every 10 s (600 pulses in 190 s). C) Our lab has also created a complex 

biomimetic high frequency stimulation protocol (i.e., BHFS) which delivers patterned pulses 

with 200 pulses in 1 s (Rodger et al., 2012a). 

 

1.2.3 Intensity and focality 

The strength of rTMS-induced magnetic and electric fields is an important parameter. To 

account for inter-individual changes in excitatory thresholds, the intensity of rTMS is often 
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applied as a percentage of the resting motor threshold (rMT). Techniques to find a 

participant’s rMT vary, but it is generally defined as the lowest stimulation intensity needed 

to produce at least 5 MEPs (≥ 50µV) out of 10 consecutive stimuli (Rossini et al., 1994). 

Depending on the study, intensity is generally set at a percentage between 80-120% rMT. 

In TBS studies, 80-90% of rMT is usually used and has been associated with improved 

tolerability (Oberman et al., 2011). This is due to higher intensities often being associated 

with more adverse effects (Rossi et al., 2009), although they are more likely to elicit action 

potentials (i.e., ≥100% rMT) and may therefore elicit stronger cortical effects. In most 

studies, outcomes of rTMS have been attributed to the stimulation of a specific cortical 

region (see Figure 1-4). However, stimulation below motor threshold (80-95% rMT) has been 

shown to elicit cortical and subcortical changes in distinct networks across the brain 

(Bestmann et al., 2004). 

 

A limitation within the TMS field is the inconsistency of reporting the induced magnetic and 

electric field intensities (e.g., see Table 1, which reports the intensities listed in the original 

research articles). For example, some papers mention the induced magnetic field, the 

induced electric field, or a % output of the TMS machine required to evoke an observable 

muscle twitch (i.e., MEP), or simply the presence or absence of a subjective response (e.g., 

visualisation of phosphenes following stimulation of the visual cortex). This type of reporting 

aims to account and control for individual characteristics, such as brain (gyral) anatomy and 

differences in cortical excitability, which may contribute to the variability of stimulator 

intensity needed to elicit a physiological response between subjects. These methods also 

attempt to account for differences between trials (i.e., within subjects). However, varying the 

reported measures makes replication of such experiments within another setting or lab 

difficult. Adding to this confusion, different units of measurement have also been reported 

(e.g., Tesla, Gauss, V/m, dB/dT). Throughout this thesis, I will report rTMS intensity as the 
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amplitude of the induced magnetic field in Tesla (T) and where possible, of the induced 

electric field within the brain (V/m). 

 

 

1.2.3.1 Perifocal stimulation 

In addition to the effects at the hotspot, it is increasingly understood that the weak residual 

electric fields that extend beyond the hotspot are also capable of modulating neuronal 

circuits without inducing action potential firing (Wagner et al., 2009; Opitz et al., 2011, 2015; 

Deng et al., 2013). In clinical studies, a commonly used method to deliver ‘sham’ stimulation 

in subjects is by adding a magnetic shield between the coil and head, which can reduce the 

induced electric field by up to 90% (Duecker and Sack, 2013) and is often assumed to have 

no significant effects on the brain. However, as demonstrated by Opitz and colleagues in 

2015, real (100 V/m at the hotspot) and sham-rTMS (5 V/m at its peak) delivered to the 

dorsolateral prefrontal cortex (DLPFC) similarly showed reduced fronto-parietal phase 

Figure 1-4  Distribution of TMS-induced electric fields. A Fo8 coil was positioned with the 

centre of the two circular windings to target the dorsolateral prefrontal cortex (international 

10-20 electrode site F3, coil handle 45º outward from the midline). A “hotspot” of the induced 

electric field shows the highest induced electric field over the DLPFC (red), however weak, 

electric fields (approximately 30 V/m) extend beyond the targeted brain region (aqua). Figure 

modified from Opitz et al., 2015. 
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coupling in both the alpha and beta frequency (10-20 Hz). Results of sham-rTMS differed 

from the delivery of “stimulation” using a biologically inert coil made out of wood and metal 

(Opitz et al., 2015). Further supporting the notion that low-intensity magnetic fields may also 

modulate brain activity, these subthreshold fields have been shown to induce behavioural 

changes in human subjects (Capone et al., 2009), as well as inducing long-term structural 

and functional changes in abnormal neural networks in rodents (Rodger et al., 2012a; 

Makowiecki et al., 2014).  

 

1.2.3.2 Spatial selectivity of commercially available coils 

Due to differences between the human and rodent head (size, shape etc.), using coils 

designed for humans in rodents will inevitably result in stimulation outside the targeted brain 

region (Rodger and Sherrard, 2015; Tang et al., 2015a). A recent study has modelled the 

induced electrical fields of commercially available human (70 mm) and rat (25 mm) TMS 

coils in the mouse, capuchin monkey and human brains (Alekseichuk et al., 2019). Results 

of the modelling study showed that with increasing head size, the intensity of the induced 

electric fields first increased (i.e., mouse to non-human primate), but then decreased (i.e., 

non-human primate to human) (Alekseichuk et al., 2019). In addition, it can be observed that 

the absolute area of the induced electric fields is similar, even though the relative area 

between brains is different. For example, a much larger relative area of the brain is 

stimulated by the commercially available coils in animal models as compared to humans 

(Figure 1-5).  
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Figure 1-5 Comparison of the simulated induced electric fields induced by two Fo8 

coils (70 and 25 mm) in the brains of three species with different head sizes. Data were 

normalised to the induced electric field intensity. Emax values indicated below the brains are 

in mV/mm. Simulations were performed with an input intensity of 100 A/µs (dI/dt). Left panel 

= to scale; right panel = modelled E-field. Figure modified from Alekseichuk et al., 2019. 
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1.2.3.3 Rodent-specific miniaturised coils: LI-rTMS 

The Rodger lab has developed miniaturised round coils to improve the spatial selectivity of 

the induced magnetic fields when used on rodent models (Rodger et al., 2012a). Due to the 

smaller size of these custom-made coils, rTMS-induced magnetic and electric fields 

intensities are lower. In small coils, high-intensity fields require large currents, which 

generate large amounts of heat and can damage the coil and/or injure the subject receiving 

magnetic stimulation (Rodger and Sherrard, 2015). Thus, these miniaturised coils are limited 

to generating low-intensity rTMS (LI-rTMS) (Rodger and Sherrard, 2015; Tang et al., 2015a).  

 

Two types of LI-rTMS coils have been developed: Coil 1) has the capacity to induce a 

magnetic field of 115-150 mT directly below the windings of the coil, and finite element 

modelling estimates that it delivers approximately 12.7 V/m at the surface of a mouse brain 

(Tang et al., 2016b); and Coil 2) a smaller and lighter coil (2 g) that induces a magnetic field 

of approximately 12-20 mT at the base of the coil, and was estimated to induce an electric 

field of up to 1.06 V/m at the surface of the mouse cortex (Moretti et al., 2020). LI-rTMS does 

not induce direct action potential firing as the induced electric fields do not induce membrane 

depolarisation (i.e., LI-rTMS induces subthreshold stimulation). However, a single session 

of LI-rTMS delivered using Coil 1 has been shown to modulate cortical neuron excitability 

for up to 20 min post stimulation in mouse brain slices (Tang et al., 2016a). Early studies 

have shown that electric fields of 1 V/m can affect action potential firing rates (Terzuolo and 

Bullock, 1956), and that stimulation of rat cortical pyramidal neurons with an electric field of 

1 V/m can polarise the soma by approximately 0.2 mV (Anastassiou et al., 2011; see for a 

review Liu et al., 2018) which raises the possibility for Coil 2 to also modulate the intrinsic 

properties of underlying neurons. In the present thesis, I will be investigating the effects of 

Coil 2 on the mouse brain, and its impact on structural and functional neuroplasticity.  



 12 

1.2.4 Number of sessions 

The effects of a single pulse significantly differ from the effects of repeated pulses, as 

repeated pulses have the ability to induce changes within the brain that outlast the period of 

stimulation. Thus, the effects of acute and chronic stimulation will be an area of focus of my 

thesis. The design of rTMS-based therapies generally involved multiple stimulation 

sessions, spread over days and weeks (i.e., chronic rTMS). For example, rTMS for treatment 

resistant depression is generally administered once daily over 4 to 6 consecutive weeks 

(Lefaucheur et al., 2014, 2020). Similarly in Parkinson’s Disease patients, patients have 

demonstrated a cumulative beneficial effect of rTMS (25 Hz over 4 weeks) wherein 

improvements in motor performance persisted for at least 1 month (Khedr et al., 2006; 

Lomarev et al., 2006). It appears as though the repeated sessions are required for a 

sustained and therefore clinically significant effect over time, as a single session generally 

does not induce effects that persist more than a few hours (Pell et al., 2011). This has led 

to the use of other protocols, such as accelerated rTMS, wherein multiple sessions are 

delivered within each treatment day, which can shorten the overall duration of the treatment 

(Holtzheimer et al., 2010; Baeken, 2018; Schulze et al., 2018).  

 

However, the precise mechanisms underlying how or why multiple rTMS sessions are 

needed for a clinically significant effect are unclear. It is possible that repeated sessions are 

needed to ameliorate ‘dysregulated synaptic plasticity’ in aberrant neural networks (see 

Muller-Dahlhaus and Vlachos, 2013; Maggio and Vlachos, 2014). Some recent studies have 

aimed to investigate the molecular mechanisms of chronic human stimulation protocols in 

animal models (e.g., El Arfani et al., 2017; Heath et al., 2018; Cullen et al., 2019). In the 

following sessions, the effects of single and cumulative sessions of rTMS will be discussed. 

It is important to note that much of the literature has assessed the effects of high-intensity 

(HI-) rTMS protocols, however where possible, I will also discuss the effects of LI-rTMS.  
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1.3 Evidence of rTMS-induced plasticity from animal models 

To elucidate the mechanisms that underlie rTMS-based therapies, animal models are a 

valuable resource due to the ability to directly investigate changes that cannot be carried 

out in humans (Muller-Dahlhaus and Vlachos, 2013; Rodger and Sherrard, 2015; Tang et 

al., 2015a; Lenz et al., 2016b; Cirillo et al., 2017). For example, real-time changes to single-

cell physiology (Allen et al., 2007; Pasley et al., 2009; Li et al., 2017; Romero et al., 2019) 

or changes to local network activity using live-imaging techniques (Kozyrev et al., 2014; 

Murphy et al., 2016) can be used to probe the effects following a single TMS pulse. 

Furthermore, information gathered from animal models will elucidate the cellular and 

molecular mechanisms that underlie rTMS-induced changes, including altered synaptic 

plasticity, role of neuromodulatory systems (e.g., dopamine and serotonin), alterations in 

mRNA and protein expression, structural and functional connectivity within micro- and 

macro-circuits, and role of non-neuronal cells (e.g., glial, endothelial, immune cells) (Muller-

Dahlhaus and Vlachos, 2013; Cirillo et al., 2017). What is known of the mechanisms 

underlying rTMS is summarised in the following sections.  

 

1.3.1 Effects on excitatory and inhibitory circuits 

It is thought that mechanisms underlying rTMS-induced neuroplasticity is similar to the 

induction of Hebbian-type (“LTP-like” or “LTD-like”) plasticity, which are dependent on the 

activation of N-methyl-D-aspartic acid receptors (NMDA-Rs) and Ca+2-mechanistic changes 

(Pell et al., 2011). This theory was supported by recent studies carried out in the Vlachos 

laboratory, showing rMS-induced plasticity (stimulation without the cranium) in both 

excitatory (Vlachos et al., 2012; Lenz et al., 2015) and inhibitory synapses (Lenz et al., 

2016a). A single session of 10 Hz rMS (approximately 30 V/m) induced changes in excitatory 

and inhibitory neurotransmission in CA1 principal neurons of organotypic hippocampal slice 

cultures, and these changes required activation of calcium-dependent NMDA-Rs, L-type 
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voltage-gated calcium channels, and voltage-gated sodium channels (Vlachos et al., 2012; 

Lenz et al., 2015, 2016a). rMS also induced a significant increase in AMPA receptor 

mediated miniature excitatory post synaptic potentials (mEPSCs) 2-4 hours post magnetic 

stimulation (Vlachos et al., 2012), which were similar to classical studies showing the 

induction of LTP following a brief electrical stimulation (Malenka and Bear, 2004; see for a 

discussion Muller-Dahlhaus and Vlachos, 2013).  This strengthening of excitatory synapses 

was accompanied by an accumulation of GluR1 AMPA receptors, as well as increased 

dendritic spine size and density, within the CA1 region (Vlachos et al., 2012), which 

preferentially affected the proximal dendrites of CA1 pyramidal neurons (Lenz et al., 2015). 

The effects on inhibitory synapses include the reduction of GABAAR-mediated synaptic 

transmission 2 – 4 h post-stimulation, predominantly affecting dendritic but not somatic 

inhibition (Lenz et al., 2016a). In addition, rMS changes to inhibitory neurotransmission was 

accompanied by structural remodelling of gephyrin (Lenz et al., 2016a), a postsynaptic 

scaffolding protein that anchors, clusters and stabilises GABAARs (Kneussel and Betz, 

2000; Choii and Ko, 2015). 

 

The effects of magnetic stimulation in vivo have also been studied in the Funke laboratory, 

with a particular emphasis on rTMS effects on cortical GABAergic neurons, using stimulation 

frequencies of 1 Hz, iTBS and/or cTBS. Changes to inhibitory cells following rTMS were 

assessed by changes to the expression of glutamic acid decarboxylase (GAD) 67 and 65, 

enzymes that are responsible for the synthesis of GABA, and primarily expressed within the 

cytosol and terminals of GABAergic neurons, respectively (Kaufman et al., 1991; Dupuy and 

Houser, 1996; Asada et al., 1997). Eighty minutes following the onset of a single 1 Hz 

stimulation session, rTMS reduced the number of GAD67+ cells in the frontal, 

somatosensory and visual cortices (Trippe et al., 2009). However, this decrease was not 

observed 1, 3 and 7 days after rTMS, but rather, there was an increase in the number of 
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GAD67+ cells (Trippe et al., 2009). A similar trend – an initial decrease of GAD67+ cells 

followed by an increase in the days after – was observed following cTBS and iTBS protocols, 

however only within the frontal cortical regions. Interestingly, it was shown that cTBS and 

iTBS initially increased but then decreased GAD65 expression 1-7 days after stimulation, 

suggesting that complex frequencies are likely to induce plasticity within inhibitory synapses 

(Tian et al., 1999; Hensch, 2005; Trippe et al., 2009). Follow-up studies showed that iTBS 

reduces the density of parvalbumin (PV+) fast-spiking interneurons and GAD67+ cells within 

the cortex, whereas cTBS and 1 Hz stimulation reduces the number of calbindin (CB+)-

expressing interneurons (Mix et al., 2010; Benali et al., 2011). These calcium binding 

proteins are found in distinct classes of inhibitory interneurons (Hof et al., 1999), and are 

differentially involved in activity-dependent plasticity (Marty et al., 1997; Defelipe et al., 

1999). Furthermore, it was shown that modulation to PV+, CB+ and GAD67+ cells was 

dependent on the activation of NMDA receptors (Labedi et al., 2014). The overall reduction 

of GABAergic neuronal markers were suggested to induce a disinhibitory effect on pyramidal 

neurons within the cortex, which may then promote associative synaptic plasticity (Funke 

and Benali, 2011; Vlachos et al., 2017).  

 

1.3.1.1 Low-intensity rTMS 

In addition to investigating the effects of HI-rTMS, it is important to understand whether low 

intensity (e.g., perifocal) stimulation may also modulate neuronal physiology (see Section 

1.2.3 Intensity). Contrary to previous studies showing upregulation of GluR1 receptor 

expression following high-intensity rMS (Vlachos et al., 2012; Lenz et al., 2015), low-

intensity rMS (LI-rMS) does not alter the expression of this AMPA receptor subtype, nor did 

it alter GluR2 and gephyrin expression (Tang et al., 2018). However, a limitation that was 

discussed by the authors was that brain samples were collected 24 hours after stimulation 

(Tang et al., 2018), whereas alterations were previously observed ≤ 6 hours post magnetic 
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stimulation (Vlachos et al., 2012). Despite this difference, LI-rMS has demonstrated the 

ability to transiently increase the excitability of layer 5 pyramidal neurons ex vivo (Tang et 

al., 2016a). Acute hyperpolarisation of action potential thresholds, as well as increased spike 

firing frequency in motor cortical neurons was observed immediately and up to 20 minutes 

after LI-rMS (85 mT, iTBS) (Tang et al., 2016a). These immediate changes were attributed 

to the direct effects of the induced magnetic field, whereas 20 minutes post-stimulation 

changes may be due Ca+2-dependent mechanisms (Tang et al. 2016), as LI-rMS has been 

shown to release Ca+2 from intracellular stores following LI-rMS (Grehl et al., 2015). 

Furthermore, chronic LI-rTMS (12-20 mT) using the complex BHFS protocol has been 

shown to prune abnormal connections within the mouse visual system (Rodger et al., 2012a; 

Makowiecki et al., 2014), and induced axonal outgrown and synaptogenesis of lesioned 

olivocerebellar axon terminals (Dufor et al., 2019). Interestingly, reinnervation of 

olivocerebellar terminals was shown to require the presence of a presumed 

magnetoreceptor that is responsive to magnetic fields (Marley et al., 2014) known as 

cryptochrome (Dufor et al., 2019). It was shown that LI-rMS delivered to cryptochrome 

double knock out mouse explants (i.e., in vitro stimulation) did not induce reinnervation, 

suggesting that the magnetic field may have effects on the brain that are separate from 

those of the induced electric field (Dufor et al., 2019).  

 

1.3.2 Neuromodulatory inputs 

rTMS-based therapies have been FDA approved for the treatment of depression 

(O’Reardon et al., 2007a; Horvath et al., 2010), obsessive-compulsive disorder (Carmi et 

al., 2018, 2019) and more recently nicotine addiction (Li et al., 2013, 2020). rTMS has also 

shown the capacity to treat a range of other conditions, including Parkinson’s disease, 

schizophrenia, and chronic pain (Lefaucheur et al., 2014, 2020). In addition to reported 

changes in glutamatergic and GABAergic signalling, it is thought that aberrant dopaminergic 
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and serotonergic signalling also contributes to the pathophysiology of many of these 

disorders, given that many currently approved pharmacotherapies target the transporters 

and receptors of these systems. Furthermore, dopamine and serotonin neurotransmission 

has been shown to modulate the induction and maintenance of neuroplasticity (Azmitia, 

1999; Reynolds and Wickens, 2002; Jay, 2003; Branchi, 2011). Therefore, therapeutic 

effects of rTMS may be in part explained by the rescue of aberrant dopaminergic and 

serotonergic signalling, and/or recruitment of these neuromodulatory systems for the 

induction of neuroplasticity. Chapters 4 and 5 of this thesis aim to investigate possible rTMS 

changes on dopaminergic and serotonergic systems.  

 

Dopaminergic and serotonergic systems are critical neurotransmitters for the normal 

functioning of the central nervous system, modulating processes such as cognition (Lesch 

and Waider, 2012; Matias et al., 2017), motivation (Cagniard et al., 2006; Berke, 2018; 

Yoshida et al., 2019), action selection (Wickens et al., 2007; Dalley et al., 2011), reward 

(Niv, 2007; Berridge, 2009; Li et al., 2016) and learning (Jay, 2003; Cai et al., 2013; 

Seyedabadi et al., 2014). The neurotransmitters dopamine and serotonin are also described 

as ‘neuromodulators’ as they have the capacity to alter the induction and maintenance of 

plasticity (Azmitia, 1999; Reynolds and Wickens, 2002; Jay, 2003; Wise, 2004; Kalivas and 

O’Brien, 2008; Branchi, 2011), which will be described in more detail in the following 

sections. To date however, most studies showing rTMS-induced changes to these 

monoaminergic systems are restricted to high-intensity stimulation protocols, with many 

more studies carried out on dopamine systems as compared to serotonin systems. In the 

following sections, I will review the current knowledge of rTMS effects on dopaminergic and 

serotoninergic circuits.  
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1.3.2.1 Dopamine 

Dopamine is an important neurotransmitter and neuromodulator for the induction and 

maintenance of neuroplasticity (Jay, 2003; Wise, 2004; Kalivas and O’Brien, 2008). The 

convergence of excitatory and dopaminergic inputs appear necessary for the induction of 

LTP within specific brain regions such as the striatum, hippocampus and prefrontal cortex 

(PFC) (Jay, 2003). For example, dopamine has been shown to modulate spatial (Kentros et 

al., 2004; Lisman and Grace, 2005; McNamara et al., 2014), and long-term memory 

consolidation (Karunakaran et al., 2016). Co-activation of D1-like receptors (i.e., D1 and D5 

receptors) has been shown to be crucial for reward-related instrumental learning (Beninger 

and Miller, 1998; Smith-Roe and Kelley, 2000; Reynolds and Wickens, 2002; Wickens et al., 

2007; Wickens and Arbuthnott, 2010), and can mediate trans-synaptic enhancement of 

synaptic transmission that persists for several hours following the initial stimulus (Redondo 

& Morris 2011; Karunakaran et al. 2016; Bayazitov et al. 2007). Supporting the role of 

dopamine in mediating plasticity, it has been shown that the modulatory effects of rTMS on 

MEPs require the presence of functional dopaminergic neurons (Hsieh et al., 2015). 

 

Several studies have shown that HI-rTMS has the capacity to modulate dopaminergic 

systems, as shown by alterations in extracellular dopamine concentrations (microdialysis), 

or changes in protein concentration in the neuropil (brain homogenates). Although rTMS 

protocols vary widely between studies (see Table 1-1), a consistent finding is an increase in 

dopamine within subcortical brain regions such as the striatum following high frequency 

rTMS. rTMS targeted to the frontal cortex has been shown to induce dopamine release in 

the subcortical rodent striatum (e.g., Keck et al., 2002; Kanno et al., 2004), and similarly, 

single-photon emission computed tomography imaging has shown a decrease in dopamine 

receptor binding after rTMS over the left DLPFC, suggesting an increase in extracellular 

dopamine in the caudate nucleus (Strafella et al., 2001) or general striatum (Pogarell et al., 



 19 

2006, 2007). It was suggested that rTMS may have direct effects on striatal dopamine nerve 

terminals via corticostriatal projections, which is one pathway that can mediate subcortical 

dopamine release (Strafella et al., 2001). Other studies have also shown an increase in 

dopamine release in the ventral striatum following stimulation of the motor cortex in humans 

(Strafella et al., 2003) and primates (Ohnishi et al., 2004). Although there has been no direct 

evidence of dopamine changes within the midbrain, only a limited number of studies have 

investigated this brain region (Ben-Shachar et al., 1997; Hausmann et al., 2002). Future 

studies that can more specifically probe changes within the mesocorticolimbic pathway 

would be valuable for understanding the effects of rTMS. 

 

Importantly, dopamine functionality is determined not only by the levels of dopamine but 

also by the rates of synthesis and breakdown of the neurotransmitter, and expression of its 

receptors and transporters. The synthesis of dopamine is generally regulated by tyrosine 

hydroxylase (TH), a rate-limiting enzyme that catalyses tyrosine into L-DOPA, the precursor 

amino acid for dopamine synthesis. TH is expressed throughout the whole cell, which 

suggests that dopamine can be synthesised in any compartment of the neuron (Lebowitz 

and Khoshbouei, 2020). Although TH expression is highest in the ventral tegmental area as 

compared to the striatum and substantia nigra pars compacta (Salvatore and Pruett, 2012), 

dopamine content in the substantia nigra pars compacta and ventral tegmental area is 

approximately 20-fold less as compared to the striatum (Ford et al. 2010; for a review of the 

relative TH to dopamine content distribution, see Lebowitz and Khoshbouei, 2020). This 

suggests that dopamine synthesis primarily occurs within the dense dopaminergic terminals 

that project into the striatum and that the level of TH expression does not necessarily 

correspond to the amount of dopamine that is synthesised. Rather, it could be interpreted 

that an increase in TH expression would indicate that there is a higher capacity for dopamine 



 20 

synthesis as there are more terminals, but this would then also be dependent on the activity 

of TH.  

 

There is emerging evidence that rTMS may alter dopamine systems through the regulation 

of pathways relating to its synthesis and metabolism. For example, dopamine and its 

metabolite DOPAC have been shown to be increased in rat brain homogenates following 25 

Hz stimulation (Ben-Shachar et al., 1997). Chronic stimulation has shown an increase in 

dopamine transporter mRNA that can last up to 10 days following the last stimulation session 

within the mouse cerebrum, as well as an increase in dopamine uptake, as measured in 

mouse synaptosomes (Ikeda et al., 2005). To date, there has been one study showing a 

change in dopamine receptor expression following rTMS: five days of 15 Hz rTMS delivered 

to the frontal cortex in awake mice resulted in an upregulation of D2 receptor expression in 

the PFC (Etiévant et al., 2015). However, it is not known whether this alteration also occurs 

within the striatum. Taken together, these studies show that high-intensity rTMS has the 

capacity to alter dopamine release, expression of its receptors and transporters, and the 

activity of enzymes related to dopamine metabolism.  
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Table 1-1 rTMS effects on dopaminergic systems sorted by sampling method used.1 

Study Subject Session 

number 

rTMS parameters rTMS coila 

and target 

Sampling 

method 

Sampling time Significant effect  

(Zangen and 

Hyodo, 

2002) 

Rat Single 2 Hz, 100 s, 500 V/s 5.4 cm circular 

coil. Over the 

head, rostral 

or caudal side.  

 

Microdialysis: 

DA, DOPAC, 

HVA 

During, 0 – 45 min 

pms, 15 min 

intervals. 

NAc:  DA after rostral or caudal stimulation, 

returned to baseline within 15 min pms. 

(Keck et al., 

2000) 

Rat Single 20 Hz, 2.5 s, 2 min 

ITI, 20 trains, ∑1000 

pulses, 130% MT. 

 

5.7 cm circular 

coil, left FC. 

Microdialysis: 

DA, DOPAC, 

HVA 

Baseline, 0 – 60 

(rTMS), 90 - 120 

min pms, 30 min 

intervals.  

 

Urethane anaesthetised - right hippocampus:  

DA 60 and 90 min pms. 

(Keck et al., 

2002) 

Rat Single 20 Hz, 2.5s, 2 min ITI, 

20 (i) or 6 (ii) trains, 

∑1000 or ∑600 

pulses, 130% MT.  

5.7 cm circular 

coil, left FC. 

Microdialysis: 

DA, DOPAC, 

HVA 

(i) Baseline, 0 – 60 

(rTMS), 90 – 180 

min pms, 30 min 

intervals. (ii) 

Baseline, 0 – 30 

(rTMS), 60 – 180 

min pms, 30 min 

intervals.  

 

(i) Urethane anaesthetised - right hippocampus: 

same as Keck et al. 2000; right NAc shell:  DA 

120 – 180 min pms; right dorsal striatum:  DA 

90 – 180 min pms. 

 

(ii) Awake - right hippocampus:  DA 90 – 180 

min pms; right NAc shell:  DA 30 – 180 min 

pms. 

(Erhardt et 

al., 2004) 

Rat Single 20 Hz, 2.5 s, 2.5 min 

ITI, 6 trains, ∑300 

pulses, 130% MT. 

5.7 cm circular 

coil, left FC. 

Microdialysis: 

DA 

Baseline, 0-30 

(rTMS), 60-120 min, 

30 min intervals.    

Right NAc shell:  DA at 0-30 min for morphine 

sensitised rats + rTMS vs basal, saline + rTMS, 

morphine + sham;  DA at 60, 90 morphine + 

rTMS vs basal, morphine + sham;  DA at 120 

min vs sham + morphine. 

 

(Kanno et 

al., 2004) 

Rat Single 25 Hz, 1 s, 1 min ITI, 

20 trains, ∑500 

pulses, 0.2 T, 0.6 T 

and 0.8 T. 

 

7 cm F-o8 coil, 

FC. 

Microdialysis: 

DA 

Baseline, 0-20 

(rTMS), 40-180 min, 

20 min intervals.  

 

0.6 T:  DA in dorsolateral striatum for 0-130 

min,  DA 0-50 min in PFC; 0.2 and 0.8T: no 

change.  

(Ben-

Shachar et 

al., 1997) 

Rat Single 25 Hz, 2 s, 1 train, 

∑50 pulses, 2.3 T. 

5 cm coil, over 

the head.  

Homogenates: 

DA, DOPAC, 

HVA 

5 s after last 

session 

FC:  DA,  HVA,  turnover; Hippocampus:  

DA,  turnover; Striatum:  DA,  DOPAC;  

turnover; Midbrain:  HVA. 
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(Strafella et 

al., 2001) 

Human  Single Three blocks 

separated by 10 min: 

10 Hz, 1 s, 10 s ITI, 

15 trains, ∑450 

pulses, 100% rMT*. 

 

9 cm circular 

coil, left 

DLPFC. 

PET study: 

[11C] 

raclopride BP 

Within 65 min pms Ipsilateral caudate:   DA binding potential, 

suggesting  DA release. 

(Ko et al., 

2008) 

Human Single cTBS, 20 s, 3 trains, 

∑900 pulses, 80% 

AMT. 

Fo8 coil, left 

and right 

DLPFC. 

PET study: 

[11C] 

raclopride BP 

Within 60 min pms Left DLPFC – ipsilateral caudate-putamen and 

contralateral caudate nucleus:   DA binding 

potential, suggesting increase DA release. 

Right DLPFC: no change in regions examined. 

 

(Cho and 

Strafella, 

2009) 

Human Single Three blocks 

separated by 10 min: 

10 Hz, 1 s, 10 s ITI, 

15 trains, ∑450 

pulses, 100% rMT*. 

 

7 cm Fo8 coil, 

left and right 

DLPFC. 

PET study: 

[11C] 

raclopride BP 

Within 95 min pms Left DLPFC – ipsilateral subgenual ACC, 

pregenual ACC, OFC:    DA binding potential, 

suggesting increase DA release. 

Right DLPFC: no change in regions examined.  

(Strafella et 

al., 2003) 

Human Single Three blocks 

separated by 10 min: 

10 Hz, 1 s, 10 s ITI, 

15 trains, ∑450 

pulses, 90% rMT*. 

 

9 cm circular 

coil, left M1 or 

occipital cortex 

PET study: 

[11C] 

raclopride BP 

Within 65 min pms M1 – ipsilateral putamen:  DA binding potential, 

suggesting increase DA release, when 

compared to ipsilateral OCC stimulation. 

(Ohnishi et 

al., 2004) 

Macaque Single 5 Hz, 20 s, 40 s ITI, 

20 trains, ∑2000 

pulses, 35% max 

stimulator output.  

6.2 cm double 

cone coil, right 

M1 cortex.  

PET study; 

[11C] 

raclopride BP 

Within 60 min pms Anaesthetised - bilateral ventral striatum (incl. 

NAc):   DA binding potential, suggesting  DA 

release; ipsilateral putamen:  DA binding, 

suggesting decrease DA release. Dorsal 

striatum: no change. 

 

(Pogarell et 

al., 2006) 

Human - 

depressed 

subjects 

15 

sessions 

First session: 10 Hz, 

10 s, 30 s ITI, 30 

trains, ∑3000 pulses, 

100% rMT; followed 

by ∑ 1500 pulses. 

 

7 cm Fo8 coil, 

left DLPFC. 

SPECT study: 

[123I] IBZM BP 

Before and 30 min 

after first session, 

before and after 15th 

session.  

Bilateral striatum:  DA binding potential 

compared to pre-rTMS within each session, 

suggesting immediate  DA release. 

(Pogarell et 

al., 2007) 

Human –

depressed 

subjects 

15 

sessions 

10 Hz, 10 s, 30 s ITI, 

30 trains, ∑3000 

pulses, 100% rMT. 

7 cm Fo8 coil, 

left DLPFC. 

SPECT study: 

[123I] IBZM BP 

Before and 30 min 

after first session, 

before and after 15th 

session. 

Bilateral striatum:  DA binding potential 

compared to pre-rTMS within each session, 

suggesting immediate  DA release. Similar 

results observed following exposure to d-

amphetamine. 
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(Hausmann 

et al., 2002) 

Rat Single or 

14 

sessions 

20 Hz, 10 s, 2 trains, 

400 pulses, 1 T. 

2.3 cm Fo8 

coil, over the 

head.  

In situ 

hybridization, 

immunohisto-

chemistry 

 

12 h pms Ventral midbrain: no difference in TH-mRNA or 

TH protein in all groups. 

(Ikeda et al., 

2005) 

Mouse Single or 

20 

sessions 

20 Hz, 2s, 1 min ITI, 

20 trains, 800 pulses, 

0.75 T. 

7.5 cm round 

coil, over the 

head. 

RT-PCR: DAT 

mRNA, 

monoamine 

uptake and 

ligand binding 

assay 

 

1, 4, 12, 24 h pms 

(single and chronic) 

or 10 d pms 

(chronic) 

Single – cerebrum:  DAT mRNA 4 and 24 h 

pms,  DAT mRNA 12 h pms. 

Chronic - cerebrum:  DAT mRNA following 24 h 

and 10 d pms; synaptosomes:  DA uptake, 

transport rate 24 h pms, no changes to affinity.  

(Etiévant et 

al., 2015) 

Mouse Single or 

5 

sessions 

15 Hz, 10 s, 0.5 s ITI, 

3 trains, 450 pulses, 

53% MSO. 

5 cm Fo8 Western Blot Immediately after 

single session, 2 h, 

5, 10, 20, 60 d pms 

(chronic) 

 

Single – PFC: No change in D2R expression. 

Chronic – PFC:  D2R expression 5 d pms. 

aOuter diameter of each loop. Abbreviations: ACC = anterior cingulate cortex, AMT = active motor threshold, BP = binding potential, cTBS = continuous theta 

burst stimulation, DA = dopamine, DAT = dopamine transporters, DLPFC = dorsolateral prefrontal cortex, 3,4-dihydroxyphenylacetic acid, FC = frontal cortex, 

Fo8 = figure-of-eight, HVA = homovanillic acid, IBZM = iodobenzamide, ITI = intertrain interval, M1 = primary motor cortex, MSO = maximum stimulator output, 

MT = motor threshold, NAc = nucleus accumbens, OFC = orbitofrontal cortex, PET = positron electron tomography, PFC = prefrontal cortex, pms = post 

magnetic stimulation, rMT = resting motor threshold, SPECT = single-photon emission computed tomography, TH = tyrosine hydroxylase. 
1Table was published in Frontiers in Neuroscience: Neural Technology. J Moretti*, E Poh*, J Rodger. rTMS-Induced Changes in Glutamatergic and 

Dopaminergic Systems: Relevance to Cocaine and Methamphetamine Use Disorders. DOI: https://doi.org/10.3389/fnins.2020.00137 *contributed equally.
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1.3.2.2 Serotonin 

A previous study has suggested that the effects of chronic rTMS on hippocampal physiology 

are similar to the effects of chronic antidepressant drugs that target the serotonergic system 

(Levkovitz et al., 2001). However, a limited number of studies have directly investigated the 

effects of rTMS on serotonergic systems, and of those, each study has used a unique 

stimulation protocol (e.g., varied pulse intensity, frequency, number of stimulation sessions). 

Despite the inability to directly compare findings across studies, I will briefly present the 

evidence to date of rTMS-induced changes on serotonin content, its receptors and reuptake 

transporters. 

 

Serotonin (5-hydroxytryptamine; 5-HT) is involved in various functions of the central nervous 

system including development, pain, circadian rhythm, and cognitive function (Blundell, 

1977; Messing and Lytle, 1977; Jacobs and Azmitia, 1992; Azmitia, 1999; Morin, 1999; 

Lesch and Waider, 2012). 5-HT synthesis is regulated by tryptophan hydroxylase (TPH), a 

rate-limiting enzyme that catalyses the conversion of tryptophan to 5-HTP, the precursor 

amino acid for the synthesis of 5-HT. TPH is expressed only in serotonergic neurons and 

exists in two isoforms: TPH1, which is expressed in lower levels in the pineal gland and the 

peripheral nervous system; and TPH2 the isoform exclusively expressed in the brain 

(Walther et al. 2003). Therefore, it is thought that TPH2 is the main determinant of 5-HT 

synthesis within the brain (Zhang et al. 2004). Although the cell bodies of serotonergic 

neurons are primarily restricted to nuclei in the brain stem, their projections are widespread 

throughout the brain (Dahlstrom and Fuxe, 1965; Jacobs and Azmitia, 1992). To date 

however, no study has investigated whether rTMS alters TPH2 levels. 

 

Similar to dopamine, albeit relatively less studied, 5-HT has demonstrated the ability to 

modulate the induction and maintenance of synaptic plasticity (Jacobs and Azmitia, 1992; 
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Azmitia, 1999; Lesch and Waider, 2012). Administration of drugs that target 5-HT receptors 

have been shown to modulate glutamatergic and GABAergic-mediated transmission in the 

cortex, hippocampus and striatum (Lesch and Waider, 2012). 5-HT signalling has also been 

shown to mediate cross-modal plasticity, which can be defined as the process in which the 

disruption of one sensory type results in the improved function of other sensory systems. 

For example, visual deprivation for 26 hours has been shown to sharpen the function of the 

whisker-barrel map (i.e., somatosensory cortex) in juvenile rats (Jitsuki et al., 2011). 

Interestingly, there was an increase in extracellular serotonin concentrations in the 

somatosensory cortex, but not in the visual cortex, and was shown to mediate the 

strengthening of layer 4 to 2/3 synapses in the barrel cortex (Jitsuki et al., 2011). Whisker 

stimulation (i.e., activity-dependent) following visual deprivation activates ERK, a 

downstream signalling molecule, and induces GluR1 trafficking into the layer 4-2/3 synapse, 

a process mediated by 5-HT2A-receptor activation (Jitsuki et al., 2011). Therefore, it would 

be interesting to investigate the potential neuromodulatory role of serotonergic inputs on 

rTMS-induced plasticity.  

 

To the best of my knowledge, there has only been one published study directly investigating 

the effects of acute rTMS on 5-HT content within the intact brain: a single session increased 

the 5-HT concentrations, and that of its major metabolite, 5-hydroxyindoleacetic acid (5-

HIAA) (Ben-Shachar et al., 1997). However, many other studies have shown that once-daily 

sessions of rTMS for 3-14 consecutive days do not alter 5-HT and 5-HIAA content (Ben-

Shachar et al., 1999; Gur et al., 2000; Keck et al., 2000; Kanno et al., 2004; Heath et al., 

2018). Furthermore, only one study has investigated the impact of rTMS on 5-HT content 

within the brain of healthy human volunteers (Sibon et al., 2007; see for a recent systematic 

review of rTMS effects in the human brain, Tremblay et al., 2020). Using an [11C]-alpha-

methyl-tryptophan (11C-Mtrp)/positron electron tomography method, Sibon and colleagues 
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observed alterations to normalised brain uptake and trapping of 11C-Mtrp following a single 

session of 10 Hz rTMS, which suggests altered 5-HT synthesis (Sibon et al., 2007). 

However, a limitation of this study was the comparison of 11C-Mtrp uptake and trapping 

following stimulation of two different brain areas (left occipital cortex vs left DLPFC), with the 

left occipital cortex used as the control condition. Thus, the effect of rTMS on 5-HT content 

requires further investigation.  

 

The mechanism of action of many first-line antidepressant treatments is the targeting of 

serotonin transporters (SERT) and receptors (Fakhoury, 2016). Similar to dopamine, 5-HT 

activates adjacent cells via volume transmission. Thus, the concentration of 5-HT in the 

extracellular space is an important variable for modulating local neuronal circuitry. SERT 

activity is modulated by commonly administered anti-depressant drugs, for example, 

serotonin re-uptake inhibitors (SSRIs), which aim to increase extracellular serotonin levels 

and has been associated with improving mood in depressed individuals (Vaswani et al., 

2003; Carr and Lucki, 2010). Chronic (20 days) rTMS has been shown to decrease serotonin 

uptake with an associated reduction in SERT mRNA, however, the change in SERT mRNA 

was not observed 10 days post-stimulation (Ikeda et al. 2005) which suggests a transient 

effect of rTMS on SERT mRNA. This transient alteration in 5-HT transporters may underlie 

the lack of change in 5-HT concentrations following chronic stimulation (Ben-Shachar et al., 

1999; Gur et al., 2000; Keck et al., 2000; Kanno et al., 2004; Heath et al., 2018). 

 

Activation of 5-HT1 and 5-HT2 receptor families have shown to induce inhibitory and 

excitatory effects on the target neuron, respectively (Santana et al., 2004; Dale et al., 2016), 

and can mediate synaptic plasticity in glutamatergic and GABAergic neurons (Santana et 

al., 2004; Dale et al., 2016). 5-HT1A receptors that are expressed on serotonergic neurons 

can also modulate the probability of serotonin release via its role as an autoreceptor (Ögren 
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et al., 2008; Glikmann-Johnston et al., 2015). Twenty-four hours after a single session of 

rTMS, the density of 5-HT1A receptors was shown to be increased in the frontal cortex, 

cingulate cortex and anterior olfactory nucleus (Kole et al. 1999). On the other hand, 10 

days of rTMS has been shown to induce reduced sensitivity of 5-HT1A receptors in the raphe 

nuclei and 5-HT1B receptors in the PFC (Gur et al., 2000). Similarly, Ben-Shachar and 

colleagues reported a decrease in the binding potential of 5-HT2 receptors, suggesting a 

downregulation within the frontal cortex (Ben-Shachar et al., 1999).  

 

Taken together, these findings show that rTMS has the capacity to alter many aspects of 

the serotonergic system, including 5-HT content, receptor expression and kinetics, as well 

as transporter expression. However, additional studies are needed to develop an improved 

understanding of rTMS effects on this neurotransmitter system circuit, and its influence on 

rTMS-induced plasticity. 

 

1.3.3 Evidence of rTMS effects beyond the cortex 

Based on evidence from the preceding sections showing that rTMS can alter dopaminergic 

and serotonergic neurotransmitter in multiple brain regions, a prevailing question is, “how 

does rTMS induce neuroplasticity in subcortical circuits?” Many studies have demonstrated 

the capacity for magnetic stimulation to modulate and/or directly induce dopamine and 

serotonin release within structures beyond the cortex. Thus, explanations of rTMS-induced 

changes may include: 1) direct stimulation of terminals that project into the target region, or 

2) indirect stimulation of cortical neuronal compartments that modulate dopaminergic and 

serotonergic cell compartments, influencing the release of their neurotransmitters in the 

target region.  
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A recent, sophisticated multi-scale computational model showed that the axon terminals in 

the superficial layers of the cortex were preferentially activated by TMS-induced electric 

fields (Aberra et al., 2020), a finding which is consistent with recent experimental evidence 

in the rodent somatosensory cortex in vivo (Murphy et al., 2016). Studies have shown that 

electrical or optogenetic stimulation of PFC neurons can induce dopamine release (Levy et 

al., 2007). Similarly, electrical stimulation of medial PFC neurons has been shown to induce 

the release of serotonin in the hippocampus, but stimulation of other cortical regions (e.g., 

parietal cortex, motor cortex, lateral orbitofrontal cortex) did not induce serotonin release 

(Juckel et al., 1999). It is therefore possible that PFC neurons projecting directly to the 

ventral midbrain and raphe nuclei can modulate neurotransmitter release in these target 

regions. Understanding which brain areas are affected by the induced electric fields of rTMS 

is urgently needed. I will elucidate which cortical regions may be responsible for mediating 

these subcortical changes in Chapter 5. 

 

Early evidence of the rTMS effects that extend beyond the cortex was demonstrated by 

histological preparations in the rodent brain. It was shown that a single session of high-

intensity rTMS could increase the expression of c-Fos positive cells in the cortex and 

paraventricular nucleus of the thalamus (Ji et al., 1998). c-Fos is the protein product of the 

c-fos immediate early gene (IEG), and its expression has been used as an indirect marker 

of cellular activity (Herrera and Robertson, 1996; Durchdewald et al., 2009). More recent 

studies have demonstrated the capacity for rTMS to induce the expression of other IEGs, 

including zinc finger protein 268 (zif268) (Aydin-Abidin et al., 2008; Trippe et al., 2009; 

Hoppenrath et al., 2016). Similar to early studies, it was shown that iTBS can induce c-Fos 

and zif268 expression within the cortex and paraventricular nucleus of the thalamus (Aydin-

Abidin et al., 2008). It has also been shown that LI-rMS increases c-Fos expression ex vivo 

(Dufor et al., 2019). As LI-rMS does not induce action potential firing, mechanisms 
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underlying the upregulation of this IEG may be due to the LI-rMS-induced release of 

intracellular Ca+2 stores (Grehl et al., 2015) or upregulation of BDNF (Rodger et al., 2012a; 

see Ginty, 1997; Joo et al., 2015). Thus, using indirect markers of neuronal activity will 

provide us with insight into the cortical regions that are modulated by rTMS and this is 

explored in Chapter 5.  

 

1.4 Brain state during rTMS – major contributor to variability observed 

within the clinical population? 

NBS tools have demonstrated the potential to harness plasticity in a healthy brain (e.g., to 

enhance learning), or to facilitate functional repair of abnormal neural networks (e.g., 

adjuvant to rehabilitation therapies) (Mori et al., 2011; Zoe Tsagaris et al., 2016). However, 

because NBS modulates neuronal activity, outcomes of NBS within the therapeutic setting 

may depend on the individual’s “brain state” or intrinsic brain activity at the time of NBS 

application (e.g., Bestmann et al., 2007; Silvanto and Pascual-Leone, 2008; Pasley et al., 

2009; Zoe Tsagaris et al., 2016).  

 

To assess the role of a subject’s brain state during stimulation, paradigms can be generally 

defined as ‘online’, which refers to the delivery of NBS, such as rTMS, during a cognitive or 

behavioural task, and ‘offline’, which is carried out by stimulating before or after a specific 

task. It has been hypothesised that online NBS may either act as an enhancer or disrupter 

to the task at hand (Luber and Lisanby, 2014). In contrast, offline NBS is delivered before 

or after a given task and may be able to “prime” relevant neural circuits, or to consolidate 

task acquisition, respectively (Moliadze et al., 2003; Cabral et al., 2015). However, meta-

analyses that aim to investigate the effect of online versus offline effects on cognitive task 

performance are generally underpowered, with small sample sizes and effect sizes, 

highlighting the need for additional studies (e.g. Beynel et al., 2019; Patel et al., 2020). 
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Evidence from human studies shows that engaging in a task simultaneously with NBS alters 

the effects of NBS on cortical excitability (Hummel and Cohen, 2006; Reis et al., 2008; Reis 

and Fritsch, 2011). For example, in hemiparetic stroke patients, repeated sessions of finger 

motor training in the paretic hand coupled with rTMS over the associated primary motor 

cortex modulated activity within the cortico-basal ganglia-thalamocortical circuits and 

improved performance in a sequential finger motor task (Chang et al., 2012). Interestingly, 

simply paying attention to the site of rTMS stimulation, but not to the opposite limb or an 

unrelated target also altered rTMS-induced plasticity in the motor cortex of healthy 

individuals (Stefan et al., 2004; Conte et al., 2007; Kamke et al., 2012). Based on these 

studies, it suggests that the concurrent use of rTMS with rehabilitative training may further 

ameliorate motor system dysfunctions, but these benefits may be limited to certain motor 

movements produced by the patient. The delivery of rTMS is generally facilitated by an 

experimenter, who positions the coil over a target brain region. Thus, the considerable size 

and weight of conventional rTMS setups make it difficult to accurately stimulate the target 

brain region during exercises that result in large bodily movements in the patient (e.g., 

walking, cycling). However, there have been developments within the field of wearable rTMS 

devices that may facilitate online rTMS – researchers have described novel TMS “helmets” 

that can be used to stimulate subjects outside of a clinical setting (Badran et al., 2020b), 

and even in zero gravity environments (Badran et al., 2020a). Therefore, such devices, with 

some modification, have the potential to be used concurrently with motor function 

rehabilitation training.  

 

Online rTMS specifically designed to engage networks that “time-lock” particular phases of 

cognitive processing may be useful when used as a form of adjuvant to other therapies such 

as cognitive behavioural therapy for the treatment of neuropsychiatric conditions (Beynel et 

al., 2019). These would involve selectively choosing the pulse rhythm, frequency and 
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intertrain interval to investigate the potential disrupting or enhancing effects of online rTMS 

within specific brain networks used in the task. Similarly, other studies have utilised 

techniques such as simultaneous online TMS and recordings from electroencephalography 

(EEG) recordings (Taylor et al., 2008; Thut and Pascual-Leone, 2010). For example, 

custom-designed EEG-triggered rTMS provides researchers with the opportunity to 

investigate rTMS effects on corticospinal excitability at specific points in the phases of 

ongoing brain oscillatory activity (Zrenner et al., 2018). Interestingly, a recent meta-analysis 

of excitatory (10 Hz and 20 Hz; 52% of studies targeted occipital cortex, 36% frontal cortex) 

online versus offline rTMS showed that online rTMS was more likely to disrupt performance 

in accuracy-based cognitive task performance, whereas offline effects can increase reaction 

time and/or accuracy (Beynel et al., 2019). Similarly, another meta-analysis showed that 

offline excitatory rTMS can also induce small improvements to executive functioning (Patel 

et al., 2020). However, the authors caution that the studies examined had small sample 

sizes (i.e., number of subjects per study) (Beynel et al., 2019) and could only assess a small 

number of studies in their meta-analyses (Patel et al., 2020), weakening the reliability and 

validity of the results. In addition, only 50% of studies that fit the inclusion criteria showed a 

significant effect of rTMS on cognitive task performance (Beynel et al., 2019). Therefore, 

additional studies are needed to understand the effects of online versus offline rTMS on 

cognition.  

 

1.5 The visual system as a model of brain state and neuroplasticity  

1.5.1 Evidence for an interaction between rTMS and brain state 

One of the earliest studies to show direct evidence of a subject’s brain state on TMS effects 

was carried out in the visual system by Moliadze and colleagues (2003). Changes to visually 

evoked activity were assessed by single-unit recordings within the primary visual cortex (V1) 

of anaesthetised cats. TMS delivered at the same time as the presentation of a visual 
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stimulus increased visually evoked activity compared to the visual stimulation and TMS 

alone condition (Moliadze et al., 2003). The authors suggested that TMS was able to evoke 

firing of subthreshold visual activity to reach threshold for action potential firing (Moliadze et 

al., 2003). A facilitation of single unit spiking activity (≤ 500 ms) was observed, followed by 

prolonged suppression for a few seconds. However, extremely strong induced electric fields 

(≥ 187.5 V/m) evoked suppressed activity within the first 100-200 ms, which was then 

followed by an even stronger facilitation of V1 cortical activity (Moliadze et al., 2003). A likely 

explanation is that the population of excitatory and inhibitory neurons have different 

thresholds for stimulation (see Pashut et al., 2014; Aberra et al., 2020). More recently, 

researchers have made custom-made shields that are capable of resolving recordings from 

0.8-1 ms of TMS onset on single-unit spiking activity (Li et al., 2017). Generally, TMS-evoked 

activity was biphasic: an intermediate increase in firing rates (peaks at 20 ms after stimulus 

onset), inhibition (40-200 ms), followed by a more prolonged excitation period (200-300 ms) 

(Li et al., 2017). Similarly, a number of studies in anaesthetised cats have shown that activity 

was briefly suppressed following rTMS, both in V1 (Moliadze et al., 2003; Allen et al., 2007; 

Pasley et al., 2009; Kozyrev et al., 2014) and the dorsal lateral geniculate nucleus (dLGN) 

of the thalamus, which provides the major input into V1 (De Labra et al., 2007). This brief 

suppression in activity has been associated with a reported phenomenon known as virtual 

lesions (Pascual-Leone et al., 1999).  

 

In 2009, Pasley and colleagues showed a relationship between pre-rTMS brain activity with 

post-rTMS activity, which could explain how brain state prior to the delivery of rTMS could 

account for some of the variability observed in rTMS studies. Using short rTMS trains (4 - 8 

Hz), the authors distinguished between two types of rTMS-induced spiking activity: evoked 

and spontaneous, which refer to activity during and between the presentation of a visual 

stimulus, respectively (Pasley et al., 2009). Spontaneous single-unit spiking activity was 
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shown to be much more variable than evoked activity (Figure 1-6), however high pre-rTMS 

evoked activity could predict greater post-rTMS spontaneous activity. Interestingly, partial 

correlations between pre- and post-rTMS spontaneous local field potentials, an 

electrophysiological technique that records the summation of neuronal activity in the vicinity 

of the electrode, were positive within the high-frequency range (i.e., gamma bands), 

whereas they were negatively correlated within the low-frequency range (i.e., theta and 

alpha bands). The findings indicate that high power within the high-frequency bands 

predicted higher post-rTMS spontaneous local field potentials, whereas high power within 

the lower bands predicted lower post-rTMS spontaneous local field potentials (Pasley et al., 

2009). In addition, correlations were stronger within the high frequency range, as compared 

to lower frequencies. Thus, the findings suggest that increased V1 responsiveness (i.e., high 

activity state) to visual stimuli pre-rTMS increased the chances of rTMS-induced 

spontaneous firing within V1 compared to rTMS delivered to a low activity state (Pasley et 

al., 2009).  
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Figure 1-6 Relationship between pre-rTMS evoked spikes and post-rTMS 

spontaneous spikes in the cat visual cortex. A) Drifting sinusoidal gratings were 

presented to anaesthetised cats and an example of a peri-stimulus time histogram of spiking 

activity is presented below. Arrow denotes delivery of 4 Hz TMS train for 2 s. B) Recordings 

were carried out during (evoked) and between trials (spontaneous), before and after rTMS. 

C) A positive correlation between pre-TMS evoked activity (Re) and post-TMS spontaneous 

activity (Rs) was observed. D) Correlation coefficients between spontaneous power of pre- 

and post-rTMS local field potential recordings in different frequency band combinations. 

Data and figures from Pasley et al., (2009). 

Overall, there is considerable evidence of rTMS interacting with the ongoing activity of the 

visual system. To add to the current understanding of how ongoing visual network activity 

can alter the effects of rTMS, I carry out studies to further investigate how intrinsic neural 

activity influences rTMS outcomes in Chapters 2 and 3.  
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1.5.2 Visual system 

The visual system has been extensively studied due to its highly organised structure, 

capacity to express activity-dependent plasticity throughout life, and the ease of accessing 

and manipulating this circuit. Visual information captured by retinal ganglion cells (RGCs) in 

the eye project in a point-to-point fashion to various visual nuclei. In rodents, a majority of 

RGCs project to the contralateral dLGN (approximately 95%), with the remainder projecting 

to the contralateral superior colliculus (SC) of the midbrain, or other nuclei, including smaller 

projections to nuclei in the ipsilateral hemisphere (Sefton et al., 2015). The dLGN has 

reciprocal connections with V1 (Sefton et al., 2015; Figure 1-7). Within all central nuclei 

visuotopic maps are conserved, facilitating the serial processing of sensory information and 

subsequent integration between different modalities (Kohonen, 1982).  

 

The high level of spatial organisation within the visual system is a valuable resource to 

investigate mechanisms that are related to the formation of these maps, to study changes 

that occur as a result of disease or injury, and to determine whether novel interventions can 

be utilised to induce neuroplasticity within the intact brain. Furthermore, the ease with which 

visual input can be manipulated, either through surgical, environmental or genetic 

mechanisms, makes the visual system a particularly appealing model for understanding 

experience-dependent network plasticity. Thus, I will use a mouse model with abnormal 

visual maps to investigate the effects of rTMS on plasticity in adult neural circuits (Chapters 

2 and 3).  
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Figure 1-7 Schematic of major visual field circuitry in the mouse. Information from the 

retina is primarily projected to the contralateral dorsolateral geniculate nucleus (dLGN) and 

superior colliculus (SC). Information from the dLGN is then projected into primary visual 

cortex (V1). Figure from Wilks et al., 2013. 

 

1.5.3 Ephrin-A transgenic mice as a model of abnormal circuitry 

Within the brain, the ephrin ligands act as guidance molecules for the appropriate 

terminations of developing axons: genetic knockout of these important genes result in 

ectopic terminal zones (TZs), both in location and number, which have anatomical, 

physiological and behavioural consequences. During development, repulsive interactions 

between ephrin ligands and Eph receptors are a key mechanism in the appropriate 

topographic mapping of the visual pathway (Feldheim et al. 2000; Rodger, Salvatore & 

Migani 2012; for an extensive and updated review, see Kania & Klein 2016) and other 

sensory systems (Sheleg et al., 2013; Yates et al., 2014; Wurzman et al., 2015). In 

particular, ephrin-As play an important role for topographical map formation, and through 

their bidirectional signalling with the EphA family of receptor tyrosine kinases, guide 

developing axons to appropriate termination zones within the brain (Feldheim et al., 2000; 

Cang et al., 2005; Rodger et al., 2012b). Loss of these ligands results in abnormal sensory 

maps, which have been well characterised within the visual system, and are accompanied 
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by visually-evoked functional deficits that persist into adulthood (Cang et al., 2008; Haustead 

et al., 2008; Wilks et al., 2010).  

 

1.5.3.1 Ephrin-A2A5-/- mice 

Mice with homozygous null mutations of the ephrin-A2 and -A5 genes (i.e., ephrin-A2A5-/-) 

exhibit both normal and aberrant (ectopic) projections within retinotectal, geniculocortical 

and corticotectal projections (Feldheim et al., 2000; Cang et al., 2005, 2008; Triplett et al., 

2009; Wilks et al., 2010). Ephrin ligands are expressed on target brain regions such as the 

dLGN and SC and with complementary Eph receptors expressed on retinal and cortical 

axonal growth cones (Wilkinson 2001). The deletion of these ligands results in aberrant 

guidance of these axons, resulting in ectopic projections within the target region (Feldheim 

et al., 2000; Cang et al., 2005, 2008; Wilks et al., 2010). Furthermore, it has been shown 

that the receptive field sizes in the ephrin-A2A5-/- mouse are enlarged as compared to 

wildtypes (Haustead et al., 2008). Therefore, this suggests that both ephrin-A/Eph receptor 

signalling and retinal input are required for the formation of accurate, and refined, 

topographic maps (Pfeiffenberger et al., 2006; Cang and Feldheim, 2013).  

 

Injection of fluorescent tracers into V1 of ephrin-A2A5-/- mice results in anterograde labelling 

of multiple TZ within the SC, as well as some scattered retrograde labelling of neurons in 

the dLGN (Haustead et al., 2008; Wilks et al., 2010; Rodger et al., 2012a; Makowiecki et al., 

2014). In contrast, WT counterparts only exhibit one TZ in the SC and focal labelling of 

neurons in the dLGN (Wilks et al., 2010; Makowiecki et al., 2014). Interestingly, studies have 

consistently observed increased disorder within the retinotectal pathway as compared to the 

retinogeniculate pathway in ephrin-A mice (Cang et al., 2005, 2008; Pfeiffenberger et al., 

2006). These ectopic projections exhibit weak responses, or remain silent, in response to 

visual stimulation (Cang et al., 2008; Haustead et al., 2008). In addition, abnormalities also 
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extend to abnormal behaviour, as shown through deficits in the optokinetic nystagmus test 

(Haustead et al., 2008; Rodger et al., 2012a), and abnormal learning and perseverative 

behaviours (Arnall et al., 2010). Therefore, as the abnormal visual circuits of ephrin-A2A5-/- 

mice have been widely studied, the strain is a useful model for investigating the effects of 

rTMS-induced plasticity, and the potential modulatory role of brain state during stimulation. 

 

1.5.3.2 rTMS-induced plasticity in ephrin-A2A5-/- mice 

rTMS has been suggested to recruit mechanisms reminiscent of those involved in the 

reinstatement of juvenile-like plasticity in adult visual cortex (for reviews on adult plasticity, 

see Bavelier et al. 2010; Hübener & Bonhoeffer 2014; Stryker & Löwel 2018). The key 

mechanisms include alterations to the excitation-inhibition balance and/or removal of 

structural brakes (e.g., Pizzorusso et al. 2002; He, Hodos & Quinlan 2006; for reviews, see 

Bavelier et al. 2010; Stryker & Löwel 2018). For example, HI-rTMS has been shown to 

transiently ‘destabilise’ feline visual cortical maps, which was characterised by an increase 

in excitability and response variability in V1 (Kozyrev et al., 2014). Following rTMS, the 

presentation of visual gratings moving in one direction biased cortical maps to this 

orientation, which suggests that rTMS induces a period of enhanced plasticity within the 

targeted cortical region (Kozyrev et al., 2014). 

 

In adult ephrin-A2A5-/- mice, 14 consecutive days of LI-rTMS has been shown to improve 

topography of retinotectal, corticotectal and geniculocortical projections, and ameliorate 

performance deficits in an optokinetic nystagmus test (Rodger et al., 2012a; Makowiecki et 

al., 2014). Molecular mechanisms that have been associated with the induction of plasticity 

include alterations in brain-derived neurotrophic factor (BDNF), neuronal nitric oxide 

synthase and GABA content (Rodger et al., 2012a; Makowiecki et al., 2014). Despite an 
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overall refinement of these visual maps following chronic LI-rTMS, abnormal connections 

persisted within specific visual pathways (Makowiecki et al., 2014). 

 

Fourteen days of daily LI-rTMS has been shown to selectively remove ectopic axon 

terminals in the retinotectal projection (Rodger et al., 2012a), and refine corticotectal and 

geniculocortical projections (Makowiecki et al., 2014) in adult ephrin-A2A5-/- mice. 

Functional plasticity was also observed following two weeks of LI-rTMS: ephrin-A2A5-/- mice 

that received stimulation performed better in the optokinetic nystagmus test as compared to 

sham treated animals. This reflex test is thought to be related to the integration of visual 

input to motor output (Cahill and Nathans, 2008), and the ephrin-A2A5-/- mouse has shown 

significant performance deficits as compared to their wildtype counterparts (Haustead et al., 

2008; Rodger et al., 2012a). These findings highlight the ability to use the well-defined visual 

system of ephrin-A2A5-/- mice to investigate the structural and functional changes that occur 

following LI-rTMS. 

 

1.5.3.3 Visual experience-dependent plasticity 

During development, spontaneous retinal activity largely drives the formation of 

retinogeniculate and retinotectal maps (Wong, 1999; Cang and Feldheim, 2013; 

Kerschensteiner, 2016). However subsequent activity reinforces specific projections, 

whereas others are functionally eliminated, thus refining the topographic map (Hooks and 

Chen, 2007; Triplett et al., 2009; Cang and Feldheim, 2013). Within the SC, visual 

experience has been shown to be necessary for the maintenance but not refinement of 

receptive field sizes in the SC (Carrasco et al., 2005; Wang et al., 2010; Balmer and Pallas, 

2015), suggesting that the formation of topographically refined maps differentially requires 

activity-dependent mechanisms. Visual experience in juvenile mammals is especially 

important for the development and maturation of the visual system (Morales et al., 2002; 
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Gianfranceschi et al., 2003). Since rTMS-induced changes to cortical physiology have been 

suggested to resemble those occurring during the critical period of development, and may 

increase the capacity for plasticity in the mature brain (Huang et al., 1999; Fagiolini and 

Hensch, 2000; Hensch, 2005), visual input during delivery of rTMS may affect its ability to 

induce plasticity in abnormal visual circuits.  

 

1.6 Aims 

Unlike many treatments which derive from an understanding of biological mechanisms of 

action, rTMS protocols have been developed in the general and clinical human population 

without establishing its therapeutic mechanisms at the cellular and molecular level. Despite 

the potential of rTMS to be used for the treatment of a range of neurologic and psychiatric 

conditions, the modulatory role of brain state on rTMS-induced plasticity is still not well 

understood. Furthermore, the impact of chronic rTMS on neurochemistry, particularly within 

the dopaminergic and serotonergic systems, and how cortical stimulation mediates potential 

subcortical changes, are limited. Animal models of rTMS are therefore needed to elucidate 

these mechanisms, and we have developed miniaturised coils to improve the translation of 

our findings in animal models to the clinic. The present thesis uses mouse models to address 

two major aims:  

1) to determine whether visual input affects outcomes of LI-rTMS-induced plasticity;  

2) to characterise the effects of acute and chronic LI-rTMS on cortical and subcortical 

neuromodulatory systems.  

 

1.6.1 Aim 1: Characterising the interaction between visual input on LI-

rTMS-induced plasticity in adult abnormal visual circuits 

Although LI-rTMS reduced the overall number of ectopic retinotectal projections in adult 

ephrin-A2A5-/- mice, ectopic TZs were still present in 45% of injections following LI-rTMS 
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(Rodger et al. 2012). Furthermore, ectopic corticotectal projections were still evident 

following chronic stimulation, even though they were less abnormal in their location 

(Makowiecki et al. 2014). The implication is that the current LI-rTMS paradigm can be further 

improved through additional interventions. Because rTMS outcomes are influenced by the 

subject’s brain state at the time of stimulation (Pasley et al., 2009; Ridding and Ziemann, 

2010; Makowiecki et al., 2018), a possible approach to improve the efficacy of rTMS and 

understand how rTMS interacts with intrinsic brain activity is to manipulate a subject’s brain 

state at the time of stimulation. Thus, the first part of this dissertation aims to investigate 

whether modulating visual input at the time of stimulation altered LI-rTMS repair of abnormal 

visual mapping.  

 

Chapter 2 investigates the effects of concurrent chronic LI-rTMS delivered to adult ephrin-

A2A5-/- mice and age-matched wildtype mice completing a visually engaging learning task.  

 

Chapter 3 investigates the effects of delivering LI-rTMS to freely moving adult ephrin-A2A5-

/- mice that remain passive in a dark environment.  

  

1.6.2 Aim 2: Characterising the effects of acute and chronic LI-rTMS on 

cortical and subcortical neuromodulatory inputs 

Catecholaminergic systems are a common target for pharmacologic treatments of various 

neurologic and psychiatric disorders. A single session of rTMS modulates dopamine and 

serotonin neurotransmission, an outcome which has been proposed to underlie its 

therapeutic effects. However, stimulation protocols in the clinic span many weeks (e.g., >10 

sessions over three weeks), and the effects of chronic stimulation on catecholamine levels 

are not well understood.  
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Chapter 4 characterises the effects of acute low-intensity and HI-rTMS on neurochemistry. 

I describe a novel liquid chromatography tandem mass spectrometry (LC-MS/MS) method, 

that simultaneously assesses 27 free amino acids and dopamine (DA), serotonin (5-HT) and 

their metabolites (DOPAC, HVA; 5HIAA) in the cerebral cortex, hippocampus and striatum.  

 

Chapter 5 extends the results of Chapter 4 by investigating the effects of chronic LI-rTMS 

on dopaminergic and serotonergic circuits using LC-MS/MS, immunohistochemistry and 

Western Blots. I investigate whether expression of the rate-limiting enzymes for the 

synthesis of DA and 5-HT, tyrosine hydroxylase (TH) and tryptophan hydroxylase 2 (TPH2) 

respectively, are modulated by chronic LI-rTMS. I also investigate whether glutamatergic, 

GABAergic or other cell types are differentially activated within the cortex by colocalising 

immunohistochemical markers with c-Fos, an indirect marker for cell activation.  
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2 Online LI-rTMS during a visual learning task: differential 

impacts on visual circuit and behavioural plasticity in adult 

ephrin-A2A5-/- mice 

Eugenia Z Poh, Alan R Harvey, Kalina Makowiecki*, & Jennifer Rodger*.  

 

Published as:  

Poh, EZ, Harvey, AR, Makowiecki*, K, & Rodger*, J. (2018) ‘Online LI-rTMS during a visual 

learning task: differential impacts on visual circuit and behavioral plasticity in adult ephrin-

A2A5-/- mice’. eNeuro, vol 5, Issue 1. DOI: https://doi.org/10.1523/ENEURO.0163-17.2018. 

*contributed equally. 

 

In this chapter, we studied the potential synergistic effects between LI-rTMS and concurrent 

neural activity in promoting circuit reorganisation and enhancing visual behaviour. We used 

adult ephrin-A2A5-/- mice, known to possess visuotopic mapping errors that are ameliorated 

by LI-rTMS, and assessed the impact of stimulation when mice were engaged in a visual 

learning task. A detachable coil was affixed to each ephrin-A2A5-/- mouse, and animals 

underwent 2 weeks of 10 minutes daily training in a two-choice visual discrimination task 

with concurrent LI-rTMS or sham stimulation. No-task controls (+LI-rTMS/sham) were 

placed in the task arena without visual task training. A day after the last stimulation session, 

visuomotor tracking behaviour was assessed, and corticotectal and geniculocortical 

pathway organisation mapped by injections of fluorescent tracers into the V1. Since the 

effects of online LI-rTMS has never been assessed in vivo, performance in the visual 

discrimination task was assessed for both ephrin-A2A5-/- and wildtype mice.  
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2.1 Introduction 

Accurate cytoarchitectonic development of grey matter and establishment of appropriately 

organised synaptic circuitries within and between brain regions are elements required for 

normal, healthy brain function. While the capacity for beneficial, large-scale reorganisation 

is limited in adulthood (Hensch, 2005; Takesian and Hensch, 2013), some degree of 

plasticity is retained throughout life, allowing subtle changes in structure, connectivity and 

function that underpin learning and memory. Tools that enhance plasticity capabilities show 

promise in facilitating plasticity for functional repair, particularly as an adjuvant treatment, 

and have been explored not only in healthy and normally ageing subjects, but also in 

patients with neurologic and psychiatric disorders associated with abnormal neural circuit 

organisation and dysfunctional plasticity processes (Krucoff et al., 2016).   

 

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation 

technique used to target and modulate the excitability of specific brain regions, and has 

been extensively studied for the treatment of various neurologic and psychiatric conditions 

(Lefaucheur et al., 2014). Importantly, the effects of rTMS can outlast the period of 

stimulation (Pell et al., 2011). However, because non-invasive brain stimulation modulates 

neuronal activity, outcomes may depend on the individual’s brain activity during rTMS  

application (Ridding and Ziemann, 2010).  

 

Studies have shown that rTMS has stronger effects in humans engaged in a behavioural 

task or receiving sensory input, compared to those at rest. For example, in healthy 

volunteers, 5 Hz rTMS combined with tactile coactivation enhanced tactile discrimination 

(Ragert et al., 2003), and combination with a motor learning task increased rate of skill 

acquisition (Narayana et al., 2014). Likewise, rTMS during maximal voluntary hand 

contraction enhanced and prolonged increases in motor cortical excitability compared to 
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rTMS alone (Yin et al., 2015). Similarly, in stroke patients, engaging in motor practice during 

rTMS increased intracortical facilitation and improved performance in a range of motor tests 

(box and block test, force steadiness), but practice or rTMS alone improved only force 

steadiness, with no change in cortical excitability (Massie et al., 2017). The implication is 

that neural activity evoked by either rTMS or training alone may be insufficient to induce 

lasting plastic changes, but these interventions may be additive, and increase capability for 

task-specific activity-dependent plasticity (Wessel et al., 2015). 

 

It has been previously shown that two weeks daily low-intensity rTMS (LI-rTMS, strength 

approximately two orders of magnitude lower than the high-intensity magnetic fields used 

clinically) improves abnormal visual circuit topography and repairs abnormal optomotor 

reflexes (head tracking performance) in adult ephrin-A2 and –A5 knockout (ephrin-A2A5-/-) 

mice without disrupting normal connectivity (Rodger et al., 2012a; Makowiecki et al., 2014). 

Despite these improvements, about half of the abnormal retinotectal projections persist 

following LI-rTMS (Rodger et al., 2012a), and V1 afferent and efferent projections, although 

more accurate, remain more disorganised compared to control wildtype mice (Makowiecki 

et al., 2014).  

 

Given mounting evidence that rTMS interacts with activity evoked by sensory 

input/behavioural tasks, we used the adult ephrin-A2A5-/- mouse model to investigate 

whether LI-rTMS during a targeted visual learning task would further improve topographic 

reorganisation of V1 afferent and efferent projections compared to LI-rTMS alone. We used 

a two-choice visual discrimination task because acquisition and discrimination between 

visual stimuli reliably alters V1 activity, changing V1 neuron response coding, spine density 

and inhibition-excitation balance (Wang et al., 2013). Additionally, learning to discriminate 

between visual stimuli alters V1 network interactions (Kamiyama et al., 2016), with 
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feedforward perceptual changes (e.g. acuity detection of patterned visual stimuli) subserved 

by the geniculocortical pathway (Hembrook-Short et al., 2017) and top-down connectivity 

changes between V1 and subcortical regions, including the superior colliculus, linked to 

gaze and attentional shifts, target-selection and reward-directed action (Schall et al., 2011; 

Gottlieb, 2012). We assessed the effects of LI-rTMS alone or combined with the task on 

visual system topography, both anatomically (corticotectal and geniculocortical projections) 

and functionally (head tracking in the visuomotor task). In addition, because there is 

evidence from human studies that rTMS may enhance cognition and modulate motivation 

and reward-seeking behaviour (Grall-Bronnec and Sauvaget, 2014; Protasio et al., 2015; 

Martin et al., 2017), we examined learning and task performance.  

 

2.2 Materials and Methods 

2.2.1 Animals 

All animal procedures were performed in accordance with the [Author University] animal 

care committee’s regulations. The ephrin-A2A5-/- mouse line was backcrossed onto 

C57BL/6J mice for over 20 generations, bred from heterozygous parents and genotyped at 

weaning (n = 32) (Feldheim et al., 2000).  Wildtype C57Bl/6 mice (n = 12) were used to 

clarify results obtained with ephrin-A2A5-/- mice in the visual discrimination learning task. 

Wildtypes were not analysed for anatomical mapping or visuomotor head-tracking changes 

because it has been previously shown that LI-rTMS does not alter visual system topography 

or visuomotor head-tracking outcomes in normal wildtype mice (Rodger et al., 2012a; 

Makowiecki et al., 2014). All mice were adult (12 – 52 weeks old, similar average age across 

groups and of either sex) at the time of testing, and thus, post-critical period for visual system 

plasticity (Hooks and Chen, 2007). Animals were housed in 12 h day/night cycle, and food 

and water provided ad libitum except during periods of food restriction (refer to ‘Food 

restriction’). Following surgery to implant coil supports, animals were housed individually 
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with grids removed from cages to prevent damage to supports. Consequently, water gel 

(Necta H2O, Able Scientific, Australia) was provided for hydration. All analyses were 

performed blinded to treatment and task group. 

 

2.2.1.1 Coil supports 

For all mice, a coil support was attached to the skull to allow secure positioning of the coil 

for LI-rTMS or sham (coil switched off as no stimulation control) (Figure 2-1A). The coil 

support was constructed from a P20 pipette tip (Beckman-Coulter, USA), trimmed 15 mm 

from the apex and fixed to a dental cement base (Paladur, Heraeus Kulzer, Germany). 

 

To implant the coil supports, animals were deeply anaesthetised (ketamine; 75 mg/kg; and 

medetomidine; 1 mg/kg i.p; Troy Laboratories, Australia) and an incision made to expose 

the skull. Connective tissue on the skull surface was gently blunt-dissected. Cyanoacrylate 

(UHU, Bühl, Germany) was applied to the underside of the dental cement base to adhere it 

to the skull. The coil support fixation to the skull was then reinforced by applying further 

dental cement to the join between the (already set) dental cement base and the mouse’s 

skull. Excess glue and dental cement were removed and the skin sutured around the base 

of the pipette, leaving the tip accessible (Silkam, Aesculap, USA). Pipette tips were trimmed 

to extend 10 mm from the surface of the skin. Anaesthetic reversal (atipamezole; 10 mg/kg; 

Troy Laboratories, Australia) was injected subcutaneously.  

 

2.2.1.2 Food restriction  

Food and hydrogel were provided ad libitum for 3 days after coil support implantation. Mice 

then commenced food restriction to 80% of free-feeding body weight (%BW) to motivate 

learning in the visual discrimination task. Mice in the no-task group also underwent the same 

food restriction protocol. Food restriction began 3 days prior to starting LI-rTMS or sham 
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treatment. Mice were weighed twice daily and food intake modified to maintain 80–85%BW 

without compromising welfare. 

 

2.2.2 LI-rTMS device and coil 

The custom-made coil was as described previously: 300 windings of copper wire (0.125 mm 

in diameter) with an inner and outer diameter of 6 and 8 mm, respectively. The coil was 

connected to an electromagnetic pulse generator (e-cellTM), programmed to deliver LI-rTMS 

at a biomimetic high frequency pattern for 10 min, with trains of pulses delivered between 

6–10Hz (patent PCT/AU2007/000454, Global Energy Medicine, Australia). It has been 

shown that the device used at this frequency and intensity does not produce vibrations 

(Grehl et al., 2015) or noise audible to ephrin-A2A5-/- mice (Rodger et al., 2012a; Makowiecki 

et al., 2014; Yates et al., 2014). Maximum field intensity at the base of the coil was 12 mT 

(dB/dT ~ 4.17 T/s, z = 0 mm, magnetic field not shown) and the estimated field strength from 

the cortical surface (z = 2 mm) to layer 5 – 6 (z = 4 mm) neurons in the primary visual cortex 

(V1) ranged from 3.5 to 1.5 mT, respectively (Figure 2-1B-C). 

 

2.2.2.1 Online stimulation of freely moving mice 

Mice were gently restrained by the experimenter and coils were placed onto the plastic 

support and secured using an alligator clip. Mice were placed in the Y-maze (refer to ‘Visual 

learning task’) and the stimulator switched on (LI-rTMS) or not (sham control). At the end of 

stimulation, the alligator clip was detached and the coil removed. Coil function was 

confirmed before and after each stimulation session using a Gaussmeter (GM 07, Hirst 

Magnetics, UK). Mice were habituated to the coils and the Y-maze environment for 5 

min/day for 3 days prior to starting LI-rTMS. 
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Figure 2-1 Coil attachment and 

magnetic field. A) Photograph of an 

ephrin-A2A5-/- mouse with a 

detachable coil attached to the support 

implant. Coil supports provided stable 

coil positioning for concomitant LI-

rTMS or sham during the visual task. 

Mice did not display behaviour 

suggestive of stress (freezing, biting, 

escape) after three days habituation to 

the coil and wire attachment, which did 

not obstruct movement. B-C) 3D 

representations of the magnetic field 

induced by the LI-rTMS coil. 

Measurements were taken on a hall 

device at 1 mm increments in the x – y 

plane, and positioned 2 mm (B; z = 2) 

or 4 mm (C; z = 4) from the base of the 

coil to reflect field intensity at the 

equivalent distance as surface of the 

cortex and layer 5 – 6 V1 neurons, 

respectively. 
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2.2.3 Visual learning task  

The two-choice visual learning task comprised a custom-made Y-maze with a different 

stimulus displayed on a computer screen at the end of each maze arm (25 cm long). To 

maximally engage the visual pathway, we used moving gratings as the rewarded stimulus, 

because attention to moving targets increases neuronal responses in the superficial layers 

of the SC (Sefton et al., 2015). Stimuli were moving gratings (0.34 cpd, 0.008 m/s; correct 

target) or a grey square (incorrect target) created using Microsoft Powerpoint. The correct 

target was randomly presented on either end of the maze arm. At the start of each trial (i.e., 

initiation), mice were placed at the base of the Y-maze with the nose aligned to the midline 

of the box. A response was scored (manually: correct or incorrect) when mice reached mid-

length of an arm and this was the time of trial completion. Correct responses were rewarded 

with a skewer lightly coated with peanut butter and/or Nutella presented to the mouse for 2 

s. No reward or punishment was given for incorrect responses. During days 1 – 5 

(habituation phase), mice were trained to associate the correct target with food rewards by 

gently guiding them to the target stimulus in each trial. Between days 6 – 14 mice completed 

the task independently. Because we kept the duration of stimulation consistent at 10 

min/day, the number of trials completed by each mouse each day was not constrained. If a 

trial was incomplete after 10 minutes, it was not recorded. The number of trials completed, 

and response accuracy (% correct) were recorded for each training day. We analysed 

median differences and distribution of groups for accuracy and cumulative number of trials 

from training days 6-14 (post-habituation phase). We also examined the relationship 

between cumulative number of correct responses as a function of number of trials. 

 

As a control for the effects of the visual learning task, no-task mice were allowed to explore 

the Y-maze freely, and LI-rTMS or sham delivered as above. At random intervals during the 
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10 minute period, mice were given food rewards and briefly removed from the Y-maze by 

the experimenter as a handling control. 

 

2.2.3.1 Locomotor activity 

Locomotor activity was also assessed in ephrin-A2A5-/- (LI-rTMS/sham) and wildtype (LI-

rTMS/sham) mice. Mice were placed in an open field on day 14 or 15 after the start of 

stimulation, at least 24 hours after the most recent stimulation session. The coil was 

switched on (or not switched on for sham treatment) and activity was video recorded. The 

base of the open field was marked with an 8 cm x 8 cm grid, and the number of grid boxes 

crossed per minute was recorded during a 10 min period. 

 

2.2.4 Cortical injections 

After 2 weeks of daily LI-rTMS/sham and visual task/no-task interventions, cortical injections 

were performed to map the topography of corticotectal and geniculocortical projections. 

Mice were anaesthetised as described in ‘Coil supports’, placed in a stereotaxic frame and 

the coil supports were carefully removed. A small piece of skull and dura were removed to 

expose the left V1. Injection sites were determined visually using a landmark branch of the 

middle cerebral artery and confirmed using stereotaxic coordinates (Paxinos and Franklin, 

2008). A nanoliter2010 (World Precision Instruments, USA) with a micropipette was used to 

pressure inject two 300nl (6 x 50nl) injections of biotinylated dextran amine (BDA; 10 000 

MW; Life Technologies) with Alexa Fluor 488 (green) and Alexa Fluor 555 (red) into lateral 

and medial V1, respectively, 400 µm from the surface of V1 targeting layer 5 pyramidal 

neurons projecting to the superficial grey layer of the SC. Injection sites were primarily within 

the monocular zone of V1, however some injections were more lateral and hence likely to 

be within the binocular field (Sefton et al., 2015). Differences in corticotectal terminal zone 

(TZ) labelling based on monocular or binocular zone injections have not been reported 
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previously; and in the present study did not show any differences between red or green 

labelled TZs within the superficial grey layer of the SC, consistent with a previous rodent 

study (Harvey and Worthington, 1990).  

 

2.2.4.1 Anatomical tracing analyses 

Four days after cortical injections, animals were terminally anaesthetised using sodium 

pentobarbitone (0.1 mL, i.p.; Lethabarb, Virbac, Australia). Mice were transcardially 

perfused with saline (0.9% NaCl w/v) and paraformaldehyde (4% in phosphate buffer, w/v). 

Whole brains were collected and postfixed in parafresh for 24 h, cryoprotected in sucrose 

solution (30% in PBS w/v) and cryosectioned coronally (40 µm) in three series. One series 

was imaged (Nikon DS-Qi2 camera, software: NIS-Elements Basic Research) and analysed 

using a Nikon e-800 fluorescent microscope to visualise anterogradely labelled TZs in the 

superficial grey layer of the SC, retrogradely labelled dLGN neurons and fluorescent 

injection sites in V1 layer 5. Brain regions were confirmed using adjacent Nissl-stained 

sections in the second series. In cases where fluorescent labelling of TZ was ambiguous 

(e.g., due to section damage), adjacent sections from the third series were examined with 

fluorescent microscopy.  

 

2.2.4.2 Topography of corticotectal projections 

Topography of the visual field is maintained throughout the visual system (Sefton et al., 

2015). For example, medial injection sites in V1 label caudal SC, whereas lateral injection 

sites label rostral SC (Triplett et al., 2009; Wilks et al., 2010). We specifically assessed the 

topographic accuracy within the horizontal axis, which is mapped from the medio-lateral axis 

of V1, across the rostro-caudal axis in the superficial grey layer of the SC (Harvey and 

Worthington, 1990; Triplett et al., 2009; Wilks et al., 2010). Medio-lateral injection site 

location in V1 was determined by measuring the distance from the approximate centre-point 
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to the medial cortical edge and expressed as a percentage of total cortical hemisphere width 

to normalise measures to brain size. Rostro-caudal TZ location was measured as the 

distance (µm) from centre section of the TZ rostro-caudal span to the caudal end of the SC, 

expressed as a percentage of total SC span (number of sections multiplied by section 

thickness). Multiple TZs were scored if separated by at least one section within a single 

series (i.e., 120 µm) or visually distinct from an adjacent TZ.  

 

2.2.4.3 Topography of geniculocortical projections 

Labelled dLGN neurons were analysed to determine whether performing a visual learning 

task with concomitant LI-rTMS would further reduce the broad geniculocortical axonal 

arbours, reflected in reduced labelled dLGN cell dispersion. Cell dispersion was quantified 

by measuring the total area of the boundary containing the outermost labelled cells (‘convex-

hull') in each section of one series, and multiplying by inter-section distance (120 µm) to 

obtain convex-hull volume (µm3). Convex-hull volumes were normalised to total dLGN 

volume to account for variation in dLGN size between animals. Total dLGN volume (µm3) 

was measured from images of Nissl-stained sections. 

 

To assess whether LI-rTMS affected geniculocortical topography we also measured the 

area of the main cluster of labelled dLGN cells and compared LI-rTMS effects between task 

and no-task groups (Makowiecki et al., 2014). Focal injections in V1 retrogradely labels a 

cluster of neighbouring cells in the dLGN. Cells that are labelled, but outside the main 

cluster, indicates that the labelled cell has an axon branch extending beyond its appropriate 

location, and into the injection site. Labelled cluster size (µm2) in the dLGN was averaged 

over three sections per animal, selected from the middle span of dLGN sections with labelled 

cells to avoid sparse and uneven labelling toward rostral and caudal limits (Makowiecki et 
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al., 2014). The number of labelled dLGN cells was also counted for each section in one 

series and multiplied by the number of series, in accordance with stereological principles. 

 

2.2.5 Visuomotor head-tracking 

Visuomotor head-tracking was assessed by examining head-tracking behaviour in response 

to moving gratings (Prusky et al., 2004; Abdeljalil et al., 2005). Mice were placed on a 

stationary central pedestal within a motorised optokinetic drum consisting of rotating black 

and white vertical gratings (1 Hz; 0.13 cpd). Light intensity was maintained at 900–1100 lux 

throughout testing. Mice were tested 1 day after the final LI-rTMS or sham stimulation. Mice 

completed 4 trials of 120 s each, alternating the grating rotation between clockwise and 

anticlockwise, with 30 s rest between trials. Tests were video recorded, and the number of 

head-tracks per min (≥ 1 sec) was averaged across each session (Haustead et al., 2008; 

Rodger et al., 2012a).  

 

2.2.6 Statistical analysis 

Raw data were processed using Microsoft Excel and statistical analyses completed using 

SPSS (version 24.00, IBM, USA) and GraphPad Prism (Prism 7, GraphPad Software, 

USA).  

 

For anatomical tracing analyses, group differences in the number of corticotectal TZs per 

injection were assessed by Fisher’s exact test. Linear regression was used to assess 

corticotectal topographical accuracy, with each injection site location (% in the medio-lateral 

axis) considered independent and plotted against TZ location(s) (% in the rostro-caudal 

axis). Two-way ANOVAs were used to examine the effect of treatment condition (LI-rTMS 

and sham) and task completion (task and no-task) on measures of retrogradely labelled 

dLGN neurons and visuomotor head-tracking in ephrin-A2A5-/- mice.  
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Two choice visual discrimination performance were assessed as accuracy and cumulative 

number of trials completed after the habituation phase (days 6-14). Because data did not 

meet assumptions of parametric statistical tests, we used two-sample Kolmogorov-Smirnov 

(K-S) tests to compare distributions and compared medians using Mann-Whitney U tests 

between LI-rTMS and sham for each genotype, and between ephrin-A2A5-/- and wildtype 

mice for each treatment condition. P-values were Bonferroni corrected for multiple 

comparisons. 

 

We used Spearman’s non-parametric bivariate correlations to assess the relationship 

between trials completed per day in the visual learning task and mouse weights (%BW) on 

each day, separately for each group, with daily %BW considered statistically independent. 

A two-way ANOVA was used to examine the effect of genotype (ephrin-A2A5-/- and WT) 

and treatment condition (LI-rTMS and sham) on body weights prior to food restriction. A 

factorial between-subjects ANOVA was used to compare locomotor activity between 

treatment conditions (LI-rTMS and sham) and genotype (ephrin-A2A5-/- and wildtype). 

Statistical significance was set at p < 0.05 for all tests. Power = observed power value of the 

statistical test.  

 

2.3 Results 

2.3.1 Anatomical reorganisation 

To determine whether engaging in a visual learning task interacts with the effects of LI-rTMS 

to enhance structural reorganisation in adult ephrin-A2A5-/- mice visual system, we analysed 

topographical disorder of corticotectal and geniculocortical projections. 
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2.3.1.1 Corticotectal projection 

Consistent with previous reports in ephrin-A2A5-/- mice, tracer injections labelled one or 

more TZs in the superficial grey layer of the SC (Figure 2-2; Makowiecki et al., 2014; Wilks 

et al., 2010). Overall, 20 out of 26 ephrin-A2A5-/- mice (77%) showed multiple corticotectal 

TZs, similar to values reported previously (Makowiecki et al., 2014; Rodger et al., 2012; 

78%). Two animals possessed triple TZs (both task+sham). There was no significant 

difference between groups in the proportion of mice with at least 1 ectopic TZ (Fisher's exact 

test, p = 0.99a). The present work confirms previous findings that LI-rTMS does not reduce 

the incidence of ectopic TZs in the corticotectal projection of ephrin-A2A5-/- mice 

(Makowiecki et al., 2014) and adds that engaging in a visual task alone, or in combination 

with LI-rTMS has no effect on the incidence of ectopic TZs in this pathway. 

 

Although ectopic TZs were not eliminated, LI-rTMS has been previously shown to improve 

the topography within the corticotectal projection, with ectopic TZs located closer to 

topographically appropriate positions (Makowiecki et al., 2014). We used linear regression 

to quantify how well the V1 injection site location predicted TZ locations (Figure 2-2A-D), a 

method previously used to assess topographical accuracy within the corticotectal pathway 

(Triplett et al., 2009; Makowiecki et al., 2014). There was no significant linear relationship 

for no-task+sham mice (F(1,9) = 0.799, R2 = 0.082, p = 0.395b, Figure 2-2A), consistent with 

the abnormal corticotectal topography previously described in ephrin-A2A5-/- mice using this 

and other approaches (Cang et al., 2008; Triplett et al., 2009; Makowiecki et al., 2014). In 

addition, mice that received LI-rTMS with no task, showed a moderately-large positive linear 

relationship (no-task+LI-rTMS: F(1,18) = 8.811, R2 = 0.329, p = 0.008b, Figure 2-2C), 

suggesting topographic order improved, consistent with a previous study showing 

improvement in the most disordered TZ location following LI-rTMS (Makowiecki et al., 2014). 

However, in ephrin-A2A5-/- mice engaging in a visual task in combination with LI-rTMS or 
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sham, topography was disordered, as revealed by injection site not significantly predicting 

TZ locations (task+sham: F(1,16) = 1.139, R2 = 0.076, p = 0.268b, Figure 2-2B; task+LI-rTMS: 

F(1,17) = 0.517, R2 = 0.030, p = 0.482b, Figure 2-2D). 

 

2.3.1.2 Geniculocortical projection 

The average number of labelled dLGN neurons was not significantly different between 

groups (Figure 2-3A). However, there was a significant difference in total dispersion volumes 

(Figure 2-3B), but not average cluster areas (Figure 2-3C), indicating that abnormally 

located dLGN axon terminals within V1 were selectively impacted by LI-rTMS (Figure 2-3D). 

In contrast to the corticotectal projection, LI-rTMS induced improvements to geniculocortical 

projections were not affected by combining LI-rTMS with the visual learning task. 

 

Consistent with previous results, LI-rTMS significantly reduced dispersion of labelled dLGN 

neurons (convex-hull volume as % total dLGN volume, F(1,21) = 4.893, p = 0.038, power = 

0.560c). However, there was no significant main effect of task on cell dispersion (F(1,21) = 

0.004, p = 0.953, power = 0.050c) and no significant interaction (treatment*task: F(1,21) = 

0.032, p = 0.860, power = 0.053c). The majority of geniculocortical projections in ephrin-

A2A5-/- are topographically appropriate (Wilks et al., 2010; Makowiecki et al., 2014), the 

main cluster area represents axons appropriately projecting to the V1 injection site, and was 

not significantly affected by LI-rTMS (F(1,21) = 0.555, p = 0.465, power = 0.110d), or task  
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Figure 2-2 Corticotectal topography. Schematic diagrams of anterogradely labelled TZs 

and cortical injection locations following fluorescent medial (red) and lateral (green) V1 

injections. Photomicrographs show representative TZs located in the superficial grey layer 

of the SC. Graphs show associated linear regression plots for each group. Twenty out of 26 

ephrin-A2A5-/- mice showed multiple corticotectal TZs regardless of treatment and task 

group (Fisher's exact test, p = 0.99). Injection site locations did not significantly predict TZ 

locations in the SC for A-B) sham treated and D) task+LI-rTMS animals. C) although two 

green TZs were separated by 120 m, green TZs were located at the rostral and red TZs at 

the caudal of the SC, with a significant relationship between injection site and TZ location. 

Scale bar in photomicrographs = 100 m. ** p < 0.01; linear-regression analysis. 

 

(cont.) (F(1,21) = 0.214, p = 0.649, power = 0.073d), and there was no significant interaction 

(F(1,21) = 0.514, p = 0.481, power = 0.109d). These results indicate that topographically 

appropriate axons (main cluster areas) were not adversely affected by treatment and/or task 

intervention. However, reduction of the abnormally broad span of projecting axons (convex-

hull measurements) suggests that LI-rTMS refined geniculocortical topography. 

 

 Although there were fewer labelled dLGN neurons in LI-rTMS groups compared to sham, 

the comparison did not reach significance (main effect of treatment: F(1,21) = 0.740, p = 0.400, 

power = 0.130e), contrasting with previous findings (Makowiecki et al., 2014). The overall 

number of cells labelled here was similar to numbers reported in another study (Wilks et al., 

2010), but lower than in (Makowiecki et al., 2014), and may have reduced sensitivity for 

detecting small changes. The number of labelled dLGN cells was also not affected by task 

completion (F(1,21) = 0.987, p = 0.332, power = 0.158e) and there was no interaction between 

treatment and task completion (F(1,21) = 1.081, p = 0.310, power = 0.168e).  
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Figure 2-3 Geniculocortical projections in ephrin-A2A5-/- mice. Fluorescent injections 

into V1 showed that the (A) average number of retrogradely labelled dLGN neurons was not 

significantly different between groups (treatment, visual task completion). However, the (B) 

total dispersion volume of dLGN neurons was significantly reduced following 14 d of LI-rTMS 

compared to sham treated animals; but did not affect main cluster areas (C) suggesting that 

abnormally located geniculocortical terminals were selectively impacted by LI-rTMS, 

regardless of visual task completion. D) Photomicrographs showing labelled dLGN neurons 

in (i) LI-rTMS treated and (ii) sham treated ephrin-A2A5-/- mice. Note the abnormally large 

dispersion of labelled red and green dLGN cells in sham treated animals compared to LI-

rTMS. Scale bar in photomicrographs = 100 m. Error bars represent SEM. * p < 0.05; two-

way ANOVA. 
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2.3.1.3 LI-rTMS improved visual head-tracking performance  

To determine whether the neuroanatomical changes detected in the corticotectal projection 

following task±LI-rTMS were associated with any change in visual function, we assessed 

visuomotor responses in a head-tracking test (Haustead et al., 2008; Rodger et al., 2012a) 

(Figure 2-4). As previously described (Rodger et al., 2012a), mice treated with LI-rTMS 

showed a significant improvement in the number of head-tracks, (F(1,27) = 76.334, p = 0.003, 

power = 0.891f). In contrast, engaging in the visual task did not improve head-tracking when 

applied alone (F(1,27) = 1.128, p = 0.298, power =  0.176f) and did not alter the effects of LI-

rTMS when applied in combination (interaction: F(1,27) = 0.336, p = 0.550, power = 0.090f). 

 

 

Figure 2-4 Visual head tracking responses. Changes to visual head tracking responses 

in ephrin-A2A5-/- mice were assessed by averaging the number of head tracks per min in 

both directions in an optokinetic drum. There was no significant difference between task 

groups. However, the number of head tracks was significantly higher in animals treated with 

LI-rTMS for 14 d compared to sham. Error bars represent SEM. ** p < 0.01; two-way 

ANOVA. 
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2.3.1.4 Concomitant LI-rTMS increased number of visual learning task 

trials completed by ephrin-A2A5-/- mice, but not wildtypes  

To confirm that mice were engaging in the visual learning task, we analysed the accuracy 

and cumulative number of trials for LI-rTMS and sham in ephrin-A2A5-/- mice.  

 

As expected, accuracy increased over time, indicating that animals in both LI-rTMS and 

sham were likely attending to the stimulus as they learned to discriminate between the target 

and non-target stimulus (Figure 2-5A), accuracy distribution across all days were not 

significantly different between LI-rTMS and sham (U = 2190, p = 0.58g, Figure 2-5A; K-S 

statistic = 1.38, p = 0.18g, Figure 2-5B). However, cumulative number of trials was 

significantly greater in ephrin-A2A5-/- mice receiving LI-rTMS compared to sham (U = 

1740.5, p < 0.001h, Figure 2-5C) and distributions were significantly different, with LI-rTMS 

resulting in a rightward shift in cumulative number of trials (K-S statistic = 1.81, p = 0.01h, 

Figure 2-5D).  

 

To clarify whether the behaviour of ephrin-A2A5-/- mice in the visual discrimination task 

reflected a previously undetected phenotype, we also tested wildtype mice. In wildtypes, LI-

rTMS had no significant effect on learning task outcomes (wildtype LI-rTMS vs. sham, all p-

values > 0.05). However, compared to wildtypes, ephrin-A2A5-/- mice receiving sham 

stimulation had significantly lower accuracy (U = 1429, p < 0.001i, Figure 2-5A), and 

performed significantly fewer trials across all days (U = 821, p < 0.001 j, Figure 2-5C). 

Distribution functions of accuracy and cumulative number of trials completed over days were 

significantly different between wildtypes and ephrin-A2A5-/- mice receiving sham, with 

ephrin-A2A5-/- mice showing significant leftward shifted distributions (accuracy: K-S statistic 

= 2.25, p < 0.001i; number of trials: K-S statistic = 3.01, p < 0.001j; Figure 2-5B,D), 

suggesting a task deficit in ephin-A2A5-/- mice. Interestingly, ephrin-A2A5-/- mice with LI-
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rTMS still performed significantly fewer trials over all days compared to wildtypes (U = 1145, 

p = 0.01l), but accuracy was no longer significantly different (U = 1434, p = 0.58k) and 

cumulative distributions were not significantly different (accuracy: K-S statistic = 1.23, p = 

0.39k; number of trials: K-S statistic = 1.53, p = 0.08l).  

 

All groups showed a strong linear relationship between the cumulative number of correct 

trials over total number of trials (all r-values > 0.98, p-values < 0.001), indicating that the 

relationship between number of trials and task acquisition was not qualitatively different in 

ephrin-A2A5-/- mice with sham compared to those with LI-rTMS or to wildtypes. These data 

suggest that the deficit in ephrin-A2A5-/- is due to the completion of fewer trials delaying 

learning, and not a cognitive deficit per se.  

 

Because the amount of food restriction has been linked to performance in a visual learning 

task (Makowiecki et al., 2012), we investigated whether there was a relationship between 

weight loss (i.e. hunger) and number of trials completed. Correlations between weight (as 

percentage of free-feeding weight) and number of trials completed each day were small for 

all groups (ephrin-A2A5-/- mice, sham: Spearman’s rho = -0.24, p = 0.03m; LI-rTMS: rho= 

0.09, p = 0.48 n; wildtype, sham: rho= -0.03, p = 0.85m; LI-rTMS: rho= 0.18, p = 0.18n). 

Additionally, body weights before starting food restriction was not significantly different 

between LI-rTMS and sham groups (F(1,24) = 0.052, p = 0.821, power = 0.06o). Although 

body weights were slightly higher in WT mice (23.90 g ± 2.74 g) compared to ephrin-A2A5-

/- mice (21.39 g ± 3.27 g; F(1,24) = 4.612, p = 0.042, power = 0.540o), similar to previous 

findings in ephrin-A knock-out mice (Sheleg et al., 2013, 2017), there was no significant 

interaction between treatment condition and genotype (F(1,24) = 0.571, p = 0.457, power = 

0.112o). Therefore, the increase in number of trials completed is unlikely to be due to 

differences in the level or effectiveness of food restriction in the LI-rTMS group.  
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Figure 2-5 LI-rTMS during a visual discrimination task improved deficits in ephrin-

A2A5-/- response rates. A) Group means for accuracy (percent correct) and (C) cumulative 

number of trials completed each day (mean values shown separately for each group) for 

each training day of the two-choice visual discrimination task (days 6 – 14, following 5 days 

habituation). Relative frequency distributions for accuracy (B) and cumulative number of 

trials completed during the training period (D). E-F) Cumulative number of correct responses 

as a function of total number of trials, showing all groups close to the line of identity, 

indicating similar relationship between trials completed and accuracy increases over time 

regardless of stimulation condition in both wildtypes (E) and ephrin-A2A5-/- mice (F).  Error 

bars represent SEM. P-values Bonferroni corrected for multiple comparisons. ** p < 0.01, 

*** p < 0.001 ephrin-A2A5-/- LI-rTMS vs. sham; +++ p < 0.001 sham ephrin-A2A5-/- vs. 

wildtype. 

 

To check that the increased number of trials was not just due to an overall increase in motor 

activity we next examined activity in the open field test. The number of grid boxes crossed 

per minute was not significantly different between LI-rTMS (39.06 ± 18.54, mean ± SEM) 

and sham (34.79 ± 17.01; F(1, 14) = 0.175, p = 0.682, power = 0.068p) or between genotypes 

(F(1, 14) = 0.055, p = 0.817, power = 0.056p). There was no significant interaction between 

treatment condition and genotype (F(1, 14) = 0.073, p = 0.791, power = 0.057p). Therefore, 

the data suggest that online LI-rTMS does not have a general effect on locomotor activity, 

and that differences in visual learning performance were not merely due to motor 

hyperactivity.  

 

2.4 Discussion 

Based on clinical reports using rTMS and exercise combinations to promote rehabilitation 

following brain injury (Hummel and Cohen, 2006; Wessel et al., 2015), we hypothesised that 

combining LI-rTMS to visual brain centres with a visual learning task that engages visual 

cortex would enhance LI-rTMS effects on beneficial reorganisation previously observed in 

the abnormal mouse visual system (Makowiecki et al., 2014). However, our results suggest 
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that combining LI-rTMS with a visual task instead prevented reorganisation in the 

corticotectal, but not geniculocortical pathway. In addition, LI-rTMS unexpectedly altered 

behaviour in the visual learning task, correcting the low number of trials completed by ephrin-

A2A5-/- mice to near wildtype performance, raising the possibility that changes in motivation 

with LI-rTMS may indirectly modulate its effects on anatomical reorganisation, preventing 

repair. Our novel online LI-rTMS approach has identified complex interactions between 

behaviour and LI-rTMS with implications for understanding how NBS techniques can be 

optimally applied in a clinical rehabilitation context. 

 

2.4.1 Corticotectal reorganisation 

Human studies suggest that engaging in a task simultaneously with NBS potentiates the 

effects of NBS on cortical excitability in the short term (Hummel and Cohen, 2006; Reis et 

al., 2008; Reis and Fritsch, 2011). Furthermore, rTMS as an adjunct to rehabilitative training 

has shown improvements to functional plasticity and specific motor performance in patients 

recovering from stroke (Takeuchi and Izumi, 2013; Massie et al., 2017). Such observations 

may be due to rTMS acting synergistically with neural activity to modulate connectivity in 

targeted and/or interconnected brain regions (Kastner and Ungerleider, 2000). However, our 

linear regression analyses (prediction of injection site location in the mediolateral axis to 

actual location of TZ in the rostrocaudal axis) suggest that the addition of a visual task 

prevented the anatomical reorganisation of corticotectal connections observed in LI-rTMS 

treated mice.  

 

A possible explanation for the surprising lack of corticotectal reorganisation when LI-rTMS 

was delivered concurrently with a visual task is that both normal and abnormal corticotectal 

projections were equally reinforced. Although we did not measure electrophysiological 

changes in our study, there is evidence that excitation of visual cortical neurons by 
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subthreshold rTMS can sum with the neuronal activity evoked by a visual stimulus to 

increase response probability and visual sensitivity (Abrahamyan et al., 2011). In addition, 

studies in healthy human volunteers have shown that attention modulates plasticity induced 

by rTMS in the motor (Wolters et al., 2003; Stefan et al., 2004) and visual cortex (Kamke et 

al., 2012, 2014), and can enhance the strengthening and suppress the weakening of neural 

connections representing events within the focus of attention (Kamke et al., 2012, 2014). In 

ephrin-A2A5-/- mice, the abnormal corticotectal projections are functional (Cang et al., 2008) 

and the visual information they carry, even inappropriate, could have been reinforced 

through increased attention to the visual stimuli of the discrimination task.  

A further contributor to the differences seen between task and no-task animals with LI-rTMS 

may be increased stress levels in task mice. Although we controlled for food-restriction and 

handling-induced stress in no-task+LI-rTMS animals, it is possible that completing the task 

itself resulted in increased stress compared to no-task animals (Meijer et al., 2007). 

Behavioural stress has been implicated in attenuation of synaptic plasticity (Garcia et al., 

1997; Maroun and Richter-Levin, 2003), and increased stress levels in task mice may have 

mitigated the plastic effects of LI-rTMS. However, chronic LI-rTMS results in brain-derived 

neurotrophic factor upregulation (Rodger et al., 2012a; Makowiecki et al., 2014) which can 

ameliorate stress-induced impairments to spatial learning, memory and LTP (Radecki et al., 

2005). The impact of stress on LI-rTMS effects therefore remain unclear. 

 

We note that our results in mice which received LI-rTMS alone differ from previous findings 

(Makowiecki et al., 2014). In the earlier study, LI-rTMS selectively improved location of the 

most abnormally located TZs within mice, but when examining both appropriate and ectopic 

TZs together there was no significant relationship between V1 injection location and the TZ 

locations in the SC. In contrast, this relationship was significant in our current study (Figure 

2-2), suggesting that repair by LI-rTMS may have been more effective. Differing 
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experimental factors between the two studies might explain the discrepancy: in the present 

study, all mice were food restricted, which in itself, enhances synaptic plasticity in the 

hippocampus (Fontan-Lozano et al., 2007), and in adult rats, reinstated visual cortical 

plasticity capabilities normally limited to juveniles (Spolidoro et al., 2011). Thus, food 

restriction may have contributed to the improved outcomes observed here. Furthermore, in 

the current experiments, the LI-rTMS coil was secured to the mouse’s head during 

stimulation, ensuring a consistent location and distance from the cortex while the mouse 

was allowed to move freely. This approach contrasts with the previous study, in which mice 

received stimulation under light restraint. Because restraint stress is detrimental to plasticity 

(Kim and Diamond, 2002) this may have reduced efficacy of LI-rTMS; additionally, 

locomotion modulates V1 inhibition (Pakan et al., 2016) and combining LI-rTMS with 

locomotion, but not the learning task, may also have improved the efficacy of LI-rTMS-

induced reorganisation by enhancing baseline plasticity capability. 

 

2.4.2 Head tracking behaviour  

In contrast to the corticotectal outcomes, the LI-rTMS-induced improvement in visuomotor 

tracking was not compromised by the visual task. Visuomotor tracking relies on the SC to 

integrate retinal and cortical input with motor output to control the head and neck muscles 

(Schneider, 1969; Sefton et al., 2015). Previous studies have shown reorganisation in both 

the corticotectal (Makowiecki et al., 2014) and retinotectal pathways (Rodger et al., 2012a) 

following LI-rTMS, suggesting that either or both pathways could have contributed to the 

improvement in visuomotor tracking. However, the dissociation between visuomotor tracking 

improvement and structural reorganisation in the corticotectal pathway we observe here 

suggests that it will be important in future studies to study the retinotectal projection, as well 

as pretectal structures, to determine whether improved topography in one or more of these 

pathways may be sufficient to rescue visuomotor function. 
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2.4.3 Online LI-rTMS alters behaviour in a visual learning task 

The behavioural change induced by LI-rTMS in ephrin-A2A5-/- mice raised the possibility that 

this strain might have a baseline deficit in the learning task, that was rescued by the 

stimulation protocol. Our findings confirmed an abnormally low response rate in sham 

treated ephrin-A2A5-/- mice, and additionally revealed reduced accuracy compared to 

wildtype mice.  Although both accuracy and number of trials increased in LI-rTMS treated 

ephrin-A2A5-/- mice, the association between cumulative trials completed and accuracy was 

similar in all groups. The implication is that the lower accuracy in sham ephrin-A2A5-/- mice 

was not due to a cognitive deficit, but rather due to less “practice” or learning opportunity 

because of their lower response rate. Our findings are consistent with previous behavioural 

studies of ephrin-A2A5-/- mice which did not find a difference in accuracy in the visual 

discrimination learning task, although there were subtle differences in learning strategy in 

ephrin-A2-/- mice (Arnall et al., 2010). 

 

The phenotype of reduced response in ephrin-A2A5-/- mice in the absence of LI-rTMS is 

presumably due to altered neural circuitry in these mice. Ephrin-A2 and -A5 guidance cues 

are crucial for normal brain development and mice with altered expression of these genes 

are known for their sensorimotor mapping phenotypes (Cang et al., 2005), raising the 

possibility that the lower response rate in ephrin-A2A5-/- mice, corrected by LI-rTMS, might 

be due to subtle deficits in motor activity. However, our current open field results rule out an 

effect of LI-rTMS on locomotion, contrasting with evidence in rats that accelerated high-

intensity and high frequency rTMS induces hyperactivity in the open field, a difference that 

may be due to the intensity of stimulation (El Arfani et al., 2017). A more likely explanation 

is that LI-rTMS may improve response rate deficits in ephrin-A2A5-/- mice via modulation of 

the dopaminergic system, which is abnormal in ephrin knockout mice (Cooper et al., 2009; 

Yates et al., 2014) and is implicated in the motivation to obtain a food reward (Berridge, 
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2007). Ephrin-A5-/- mice have reduced dopamine concentrations in brain regions including 

the striatum (Sheleg et al., 2013), suggesting that low levels of dopamine may also be 

present in ephrin-A2A5-/- mice and may explain reduced response rate in ephrin-A2A5-/- 

mice receiving sham in our study.  

 

The possible low baseline dopamine in ephrin-A2A5-/- mice suggests a mechanism for 

behaviour rescue by LI-rTMS, because dopamine levels increased after various brain 

stimulation protocols in human and animal models (extremely low frequency magnetic field: 

(Lee et al., 2001; Sieroń et al., 2004; Shin et al., 2007, 2011); rTMS: (Strafella et al., 2003; 

Ohnishi et al., 2004)). Acute delivery of rTMS has been shown to increase dopamine levels 

(Keck et al., 2002; Kanno et al., 2004), with an associated increase in expression of c-Fos+ 

immunostained cells in the dorsolateral striatum (Cacace et al., 2017). These rTMS-induced 

changes to dopamine are likely to be mediated by the corticostriatal network rather than 

direct stimulation of midbrain dopaminergic neurons that project to the striatum, because 

neurons in the thalamus and substantia nigra remain c-Fos negative following rTMS 

(Cacace et al., 2017). It is therefore possible that LI-rTMS increased dopamine levels in the 

brains of ephrin-A2A5-/- mice, improving the abnormally low response rates. Consistent with 

the hypothesis, dopamine transporter knockdown mice, in which extracellular striatal 

dopamine levels are chronically elevated (Zhuang et al., 2001), had significantly higher 

response rates compared to wildtype mice in an instrumental learning task (Salamone and 

Correa, 2002; Cagniard et al., 2006; Yin et al., 2006). Further studies are required to 

investigate the role of dopamine in our model, including measurements of dopamine levels 

and using chronic delivery of D1- and D2-receptor antagonists concomitant with LI-rTMS and 

tasks to study motivation specifically (Shin et al., 2007).  
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Other brain regions may also have been affected by LI-rTMS and have contributed to the 

performance changes seen in LI-rTMS treated mice in the present study. The cerebellum 

has been implicated with motivational behaviours, with disynaptic projections to the striatum 

(Hoshi et al., 2005) and vice versa (Bostan et al., 2010). Lesions to the dentate nuclei of the 

cerebellum have been shown to impair performance in an operant conditioning task that 

assesses hedonic motivation for a food-reward (progressive ratio breakpoint task), as well 

as decreasing exploratory behaviour in an open field (Bauer et al., 2011). These behavioural 

changes were observed in the absence of any gross motor impairments or changes to 

anxiety levels. In addition, recent computational modelling has demonstrated 

complementary effects between the basal ganglia and cerebellum on goal directed 

behaviours, influencing reward modulated heterosynaptic plasticity in the thalamus via 

dopaminergic projections (Dasgupta et al., 2014).  Therefore, future exploration of online LI-

rTMS effects on motivation may also investigate the contribution of on cerebello-

thalamocortical loops, together with the basal ganglia on goal directed behaviours.  

 

Network effects of behavioural task may prevent V1 circuit reorganisation by LI-rTMS 

Because we delivered LI-rTMS simultaneously with the learning task, it is possible that LI-

rTMS-induced reorganisation was prevented via LI-rTMS effects on behaviour, rather than 

a direct interaction between LI-rTMS and neural activity evoked by the task. For example, if 

the behavioural changes we observed with LI-rTMS were indeed accompanied by increased 

dopamine levels in task+LI-rTMS mice, this may have contributed to the lack of structural 

reorganisation in the corticotectal projection: administration of D1-like agonists inhibits 

depotentiation, i.e. the ability to reverse LTP, at CA1 synapses (Otmakhova and Lisman, 

1998), and may thus have prevented the shift in ectopic corticotectal projections towards 

more normal locations by non-selectively maintaining both appropriate and ectopic 

terminals, or by countering of LTD that may be required to shift ectopic corticotectal 
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projections (Makowiecki et al., 2014). Interestingly, the dLGN receives small dopaminergic 

projections (Papadopoulos and Parnavelas, 1990) from the locus coeruleus (Kromer and 

Moore, 1980; García-Cabezas et al., 2009), potentially explaining why the visual task had 

no significant impact on LI-rTMS effects in this structure. The finding provides further 

evidence that multiple mechanisms of action are involved in LI-rTMS-induced reorganisation 

in different relays of the visual pathway (Rodger et al., 2012a; Makowiecki et al., 2014). 

 

Finally, increased activity in the motor cortex, whether induced directly by LI-rTMS or 

indirectly by increased trial completion has the potential to modulate circuitry in V1 via layer 

1 neuron- and L2/L3 vasoactive intestinal polypeptide-cell-mediated inhibitory and 

disinhibitory circuits (Ibrahim et al., 2016). These inhibitory circuits have been shown to be 

affected by high intensity (Mix et al., 2015) and potentially LI-rTMS (Tang et al., 2015a), 

suggesting a possible mechanism for disruption of corticotectal repair observed in our study. 

It will therefore be important in future studies to test whether LI-rTMS delivered before 

(priming) or after (reinforcement/interference) the learning task might have a different 

outcome on reorganisation. 

 

2.4.4 Conclusions 

In human studies, engaging in a task simultaneously with NBS potentiates the effects of 

NBS on cortical excitability (Hummel and Cohen, 2006; Reis et al., 2008; Reis and Fritsch, 

2011). On the contrary, our results indicate that engaging in a visual task may prevent long-

term beneficial reorganisation induced by LI-rTMS in specific pathways within an abnormal 

visual network. Therefore, in order to deliver safe and therapeutic rehabilitation, further 

studies are necessary to relate the underlying cellular and molecular changes to functional 

outcomes following chronic administration of LI-rTMS when combined with a behavioural 

task.  
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Our results also suggest that LI-rTMS may modulate pathways involved with motivation in 

an abnormal system (ephrin-A2A5-/- mice), perhaps via facilitation of dopaminergic 

neurotransmission. Chronic administration of LI-rTMS may therefore be useful not only to 

improve compliance in rehabilitative training, but also for patients suffering from 

neuropsychiatric disorders such as attention deficit disorder or major depression (Paus and 

Barrett, 2004). Our study highlights potentially dissociable or opposing actions of LI-rTMS: 

(1) increase motivation or (2) drive reorganisation of abnormal circuits. In addition, we have 

successfully established a method to investigate the effects of ‘online’ LI-rTMS on behaviour 

in awake and freely moving mice, enabling a better understanding of the cellular, anatomical 

and behavioural effects of rTMS for effective translation into the clinic. 
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3 Effects of reduced visual input during online LI-rTMS: impact 

on visual network plasticity in ephrin-A2A5-/- mice 

Eugenia Z Poh, Ann-Kathrin Karl, Alan R Harvey, Jennifer Rodger.  

 

It has been proposed that a subject’s brain state at the time of stimulation influences 

individual outcomes of rTMS therapy, thus it is important to understand how intrinsic brain 

activity affects rTMS outcomes. Under ambient lighting conditions, it was previously shown 

that chronic LI-rTMS induces beneficial reorganisation within the abnormal visual circuits of 

ephrin-A2A5-/- mice. We hypothesised that rTMS interacts with normal, image-forming visual 

input to reinforce coincident firing of neighbouring retinal ganglion cells, thereby enhancing 

the connectivity of accurately located terminals within the visual pathway. To test this 

hypothesis, we investigated how a reduction in visual input during LI-rTMS treatment 

affected the modification of abnormal visual circuits in adult ephrin-A2A5-/- mice. Since mice 

do not have long wavelength (red)-sensitive photoreceptors, we delivered 14 consecutive 

days of 10 min LI-rTMS treatment in a red-light (i.e., dark) environment. Using the same 

methods as described in Chapter 2, we assessed visuomotor head tracking behaviour, 

corticotectal topography and dispersion of geniculocortical maps in adult ephrin-A2A5-/- mice 

a day after the last stimulation session.  
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3.1 Introduction 

Non-invasive brain stimulation tools are appealing due to their ability to improve cognition 

and performance in behavioural tasks in both healthy and patient populations. In particular, 

repetitive transcranial magnetic stimulation (rTMS) has demonstrated therapeutic potential 

to treat a variety of neurologic and psychiatric conditions (Lefaucheur et al., 2014, 2020). 

Because rTMS has the capacity to modulate neuronal activity, spontaneous and/or task-

specific brain activities at the time of stimulation (i.e., brain state) interact with the outcomes 

of rTMS. Such interactions are likely to be complex and may contribute to the variability 

observed between, and within, subjects (Bestmann et al., 2007; Silvanto and Pascual-

Leone, 2008; Ridding and Ziemann, 2010). Importantly however, any interplay between 

rTMS and brain state could potentially be harnessed for therapeutic purposes: although 

rTMS is routinely applied to a patient at rest as an isolated treatment, there is increasing 

interest for magnetic stimulation to be used an adjuvant to conventional rehabilitative 

training (Rossi and Rossini, 2004; Wang et al., 2012; Bates and Rodger, 2015; Koganemaru 

et al., 2015; Krucoff et al., 2016; Zoe Tsagaris et al., 2016). To maximise the therapeutic 

usefulness of rTMS, it is necessary to improve the current understanding of how concurrent 

brain activity interacts with rTMS-induced plasticity (Ridding and Ziemann, 2010). 

 

Since rTMS outcomes are influenced by a subject’s brain activity at the time of stimulation 

(Pasley et al., 2009; Ridding and Ziemann, 2010; Makowiecki et al., 2018), a useful 

approach for understanding variables that influence outcomes of rTMS-based therapies is 

to manipulate sensory input at the time of stimulation. Studies in experimental models have 

demonstrated the capacity of magnetic stimulation to interact with cortical sensory-evoked 

responses (Murphy et al., 2016), particularly within the visual system (Moliadze et al., 2003; 

Allen et al., 2007; Pasley et al., 2009; Kozyrev et al., 2014; Makowiecki et al., 2018). 

Interestingly, rTMS-induced changes to cortical physiology have been suggested to 
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resemble those occurring during the critical or sensitive period of development (Hooks and 

Chen, 2020) and may increase the capacity for plasticity in the mature brain (Huang et al., 

1999; Fagiolini and Hensch, 2000; Hensch, 2005). For example, rTMS has been shown to 

increase the expression of BDNF (e.g., Gersner et al. 2011; Rodger et al. 2012; Makowiecki 

et al. 2014; Castillo-Padilla & Funke 2016, see for a review Cirillo et al. 2017), and to 

disinhibit cortical circuits (Mix, Hoppenrath & Funke 2015; Lenz et al. 2016, see for reviews 

Funke & Benali 2011; Lenz & Vlachos 2016). Thus, outcomes of rTMS-based therapies may 

facilitate the removal of barriers to adult plasticity to create a more adaptive environment, in 

which intrinsic brain activity can drive relevant and beneficial plasticity.  

 

To investigate experimentally how sensory input interacts with rTMS-induced plasticity, we 

use well-defined rodent visual system models. In rodents, visual information captured by the 

retina is transferred to numerous centres in the brain, especially the contralateral superior 

colliculus (SC) of the midbrain and dorsolateral geniculate nucleus of the thalamus (dLGN) 

(Sefton et al., 2015). We have previously shown that the visual pathway of transgenic mice 

lacking ephrin-A2 and -A5 ligands (ephrin-A2A5-/-) is susceptible to the effects of LI-rTMS 

(Rodger et al., 2012a; Makowiecki et al., 2014). Mice with homozygous null mutations of the 

ephrin-A2 and -A5 genes exhibit both normal and aberrant (ectopic) projections within 

retinotectal, geniculocortical and corticotectal projections (Feldheim et al., 2000; Cang et al., 

2005, 2008; Triplett et al., 2009; Wilks et al., 2010). Because ephrin ligands are expressed 

on target brain regions such as the dLGN and SC, and their corresponding Eph receptors 

are expressed on retinal and cortical axonal growth cones (Feldheim et al., 2000; Wilkinson, 

2001), the deletion of these ligands results in aberrant guidance and thus ectopic projections 

within multiple brain regions (Cang et al., 2008; Cang and Feldheim, 2013).  
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In adult ephrin-A2A5-/- mice, 14 consecutive days of LI-rTMS improved but did not 

completely repair topography of retinotectal, corticotectal and geniculocortical projections, 

and ameliorated visuomotor deficits (Rodger et al., 2012a; Makowiecki et al., 2014). Thus, 

the ephrin-A2A5-/- model is useful for investigating how intrinsic brain state interacts with LI-

rTMS because the visual environment during rTMS can be manipulated, and the incomplete 

repair of visual topography by LI-rTMS alone allows investigation of both amelioration and 

degradation of rTMS effects. The model was first used in Chapter 2, when we attempted to 

increase the salience of visual information during LI-rTMS by training mice to complete a 

visually engaging task during each LI-rTMS session. In this experiment, the reorganisation 

of corticotectal map topography did not occur (Poh et al., 2018; Chapter 2). A possible 

explanation is that the combination of visually evoked activity, subthreshold stimulation 

induced by LI-rTMS (Grehl et al., 2015) and modulation of cortical activity by other factors 

including attention, motivation and locomotion during the task (Niell and Stryker, 2010; 

Pakan et al., 2016), may have non-selectively strengthened both ‘normal’ and ‘ectopic’ 

projections within the corticotectal pathway (Poh et al., 2018). As a follow up experiment to 

investigate the interaction between image-forming visual input and LI-rTMS, here we 

investigate whether the delivery of chronic LI-rTMS in a dark environment also modulates 

LI-rTMS-induced plasticity in the corticotectal and geniculocortical pathways, and influences 

visuomotor head tracking behaviour in adult ephrin-A2A5-/- mice. 

 

3.2 Materials and Methods 

3.2.1 Animals 

All experiments were performed in accordance with the National Health and Medical 

Research guidelines and approved by The University of Western Australia Animal Ethics 

Committee (AEC 100/1639). The ephrin-A2A5-/- mouse line was backcrossed onto 

C57BL/6J mice for >20 generations. Mice were bred from heterozygous parents, and 
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genotyped at weaning (n = 24; Feldheim et al. 2000). All animals were of adult age during 

experimental testing (average = 28 weeks old), of either sex (counterbalanced between 

treatment groups) and housed in 12 h light/dark cycle with food and water provided ad 

libitum. Following the coil attachment surgeries, grids were removed from cages to prevent 

the attachments from being trapped (Poh et al., 2018). Hydrogel (Necta H2O, Able Scientific, 

Australia) was given as a water substitute for the remainder of the experiment. 

 

3.2.2 Delivery of online LI-rTMS in a red-light (dark) environment 

Matched numbers of male and female ephrin-A2A5-/- mice were allocated into each 

treatment group. As described previously (Poh et al., 2018), mice were deeply anaesthetised 

(ketamine; 75 mg/kg; and medetomidine; 1 mg/kg i.p.; Troy Laboratories, Australia) and a 

coil support was attached above the lambdoid suture of the skull using cyanoacrylate (UHU, 

Bühl, Germany) and dental cement (Paladur, Heraeus Kulzer, Germany). Following the 

attachment, the wound was sutured shut and lignocaine applied liberally on the surface of 

the surgical site. Anaesthetic reversal (atipamezole; 10 mg/kg s.c.; Troy Laboratories, 

Australia) and buprenorphine (0.05 mg/kg s.c.) were injected and mice monitored regularly 

for the first 6 hours post-surgery. The coil support allows the experimenter to deliver rTMS 

at acute and chronic (> 1 week) timepoints in awake and freely moving mice, reducing 

potentially confounding factors related to restraining or anaesthetising mice during 

stimulation. On the fifth to seventh day post-surgery, a sham coil was attached to the mice 

to habituate them to the coils. The stimulation procedure commenced on the eight-day post-

surgery: mice were moved to a different room under red-light illumination and habituated for 

at least 10 min before 10 min of sham or real LI-rTMS treatment in their home cages. Mouse 

retinae lack long wavelength sensitive opsins (Peirson et al., 2018). Thus, a red-light 

environment is essentially perceived as a dark environment, and any responses are non-

image forming (Peirson et al., 2018). Mice remained in the red-light room for another 10 min 
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after each treatment session before being returned to the room with normal day-night light 

conditions. LI-rTMS or sham were delivered for 14 consecutive days.  

 

The custom-made coil comprised of 300 windings of copper wire (0.125 mm in diameter) 

with an inner and outer diameter of 6 and 8 mm, respectively (Rodger et al., 2012a). The 

coil was connected to an electromagnetic pulse generator (e-cellTM) programmed to deliver 

LI-rTMS pulses using a biomimetic high frequency stimulation protocol (BHFS) for 10 min 

(pulse width = 275 µs; Rodger et al. 2012). Three coils were used for these experiments, 

with an average maximum field intensity of 18.92 mT at the base of the coil. Sham treated 

animals had a coil attached but the pulse generator was switched off.  

 

3.2.3 Cortical injections 

After two weeks of daily LI-rTMS or sham, cortical injections of fluorescent tracers were 

performed to map the topography of corticotectal and geniculocortical projections. Mice 

were deeply anaesthetised (ketamine; 75 mg/kg; and medetomidine; 1 mg/kg i.p.; Troy 

Laboratories, Australia), placed in a stereotaxic frame and the coil supports removed. A 

small piece of skull and dura were removed to expose the left V1. Injection sites were 

determined visually using a landmark branch of the middle cerebral artery and confirmed 

using stereotaxic coordinates (Paxinos and Franklin, 2008). A nanoliter2010 (World 

Precision Instruments, USA) with a micropipette was used to pressure inject two 300nl (6 x 

50nl) injections of biotinylated dextran amine (BDA; 10 000 MW; Life Technologies) with 

Alexa Fluor 488 (green) and Alexa Fluor 555 (red) into lateral and medial V1, respectively, 

400 µm from the surface of V1 targeting layer 5 pyramidal neurons projecting to the 

superficial grey layer of the SC. Injection sites were primarily within the monocular zone of 

V1, however some injections were more lateral and hence likely to be within the binocular 

field (Sefton et al., 2015). Differences in corticotectal terminal zone (TZ) labelling based on 
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monocular or binocular zone injections have not been reported previously; and in the present 

study did not show any differences between red or green labelled TZs within the superficial 

grey layer of the SC, consistent with a previous rodent study (Harvey and Worthington, 

1990). Preliminary analyses showed that total injection volumes were not significantly 

different between colours (488 nm vs. 555 nm) or stimulation group (data not shown, all p > 

0.05). 

 

3.2.4 Anatomical tracing analyses 

Four days after cortical injections, animals were terminally anaesthetised using sodium 

pentobarbitone (0.1 mL, i.p.; Lethabarb, Virbac, Australia). Mice were transcardially 

perfused with saline (0.9% NaCl w/v) and paraformaldehyde (4% in phosphate buffer, w/v). 

Whole brains were collected and postfixed in paraformaldehyde for 24 h, cryoprotected in 

sucrose solution (30% in PBS w/v) and cryosectioned coronally (40 µm) in three series. One 

series was imaged (Nikon DS-Qi2 camera, software: NIS-Elements Basic Research) and 

analysed using a Nikon e-800 fluorescent microscope to visualise anterogradely labelled 

TZs in the superficial grey layer of the SC, retrogradely labelled dLGN neurons and 

fluorescent injection sites in V1 layer 5. Brain regions were confirmed using adjacent Nissl-

stained sections in the second series. In cases where fluorescent labelling of TZ was 

ambiguous (e.g., due to section damage), adjacent sections from the third series were 

examined with fluorescent microscopy. 

 

3.2.5 Topography of corticotectal projections 

Topography of the visual field is maintained throughout the visual system (Sefton et al., 

2015). We assessed topographic accuracy across the horizontal axis, which is mapped from 

the lateromedial axis of V1 across the rostrocaudal axis in the superficial grey layer of the 

SC (Harvey and Worthington, 1990; Triplett et al., 2009; Wilks et al., 2010). During 
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development, ephrin-A-EphA interactions map the horizontal (naso-temporal) visual axis, 

and the removal of the ephrin-A2 and -A5 ligands has been shown to disrupt this axis the 

most (Rashid et al., 2005). Laterality of the injection site in V1 was determined by measuring 

the distance from the centre-point of the injection to the medial cortical edge and expressed 

as a percentage of total cortical hemisphere width, in order to normalise measures to brain 

size. Rostrocaudal TZ location was measured as the distance (µm) from the central section 

of the TZ rostrocaudal span to the caudal end of the SC, expressed as a percentage of total 

SC span (number of sections multiplied by section thickness). Multiple TZs were scored if 

separated by at least one section within a single series (i.e., 120 µm) or visually distinct from 

an adjacent TZ. Because not all injections resulted in ectopic TZs, each injection was 

analysed separately.  

 

3.2.6 Dispersion of geniculocortical neurons 

The ipsilateral dLGN was analysed to determine whether delivering LI-rTMS in the dark 

reduced the scatter of retrogradely labelled neurons in this nucleus. In wildtype mice, 

injection into V1 retrogradely labels a focal, topographically appropriate cluster of cells in 

the dLGN (Wilks et al., 2010; Makowiecki et al., 2014). However, in ephrin-A2A5-/- mice, the 

clusters are present but with a smaller number of cells situated outside the focal region 

(Wilks et al., 2010; Makowiecki et al., 2014). Therefore, we assessed the dispersion of 

labelled dLGN cells in two different ways: convex-hull and main cluster area. Similar to 

previous reports (Makowiecki et al., 2014; Poh et al., 2018), we confirm that there was no 

statistical difference between medial and lateral injections in the number of labelled dLGN 

neurons (data not shown, p > 0.05). Therefore, all dLGN measures were averaged within 

mice. 
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Convex-hull: The total area of the boundary containing the outermost labelled cells in each 

section of one series and multiplying by inter-section distance (120 µm) to obtain convex-

hull volume (µm3). Convex-hull volumes were normalised to total dLGN volume to account 

for variation in dLGN size between animals. Total dLGN volume (µm3) was measured from 

images of Nissl-stained sections. 

 

Main cluster: Labelled cluster size (µm2) in the dLGN was averaged over three sections 

per animal, selected from the middle span of dLGN sections with labelled cells to avoid 

sparse and uneven labelling toward rostral and caudal limits (Makowiecki et al., 2014). The 

number of labelled dLGN cells was also counted for each section in one series and multiplied 

by the number of series, in accordance with stereological principles.  

 

3.2.7 Visuomotor head tracking 

Visuomotor head-tracking was assessed by examining head-tracking behaviour in response 

to moving gratings on the day after the final LI-rTMS or sham stimulation (Prusky et al., 

2004; Abdeljalil et al., 2005). Mice were placed on a stationary central pedestal within a 

motorised optokinetic drum consisting of rotating black and white vertical gratings (1 Hz; 

0.13 cpd). Light intensity was maintained at 900–1100 lux throughout testing. Mice 

completed 4 trials of 120 s each, alternating the grating rotation between clockwise and 

anticlockwise, with 30 s rest between trials. Tests were video recorded, and the number of 

head-tracks per min (> 1 sec) was averaged across each session (Haustead et al., 2008; 

Rodger et al., 2012a). 

 

3.2.8 Statistical analysis 

Raw data were processes using Microsoft Excel and statistical analyses completed using 

SPSS (version 24.00, IBM) and Prism 9 (GraphPad Software). 
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For anatomical tracing analyses, group differences in the proportion of ectopic TZs per 

injection were assessed by a two-tailed Fisher’s exact test. Linear regression was used to 

assess corticotectal topographical accuracy, with each injection site location (% in the 

lateromedial axis) considered independent and plotted against TZ locations (% in the 

rostrocaudal axis). A one-way ANOVA was used to examine the effect of treatment (sham 

and LI-rTMS) on measures of retrogradely labelled dLGN neurons, and a student’s t-test 

was used to compare performance in the optokinetic reflex test between treatment groups. 

Statistical significance was set at the alpha value of 0.5.  

 

3.3 Results 

3.3.1 Corticotectal projections 

Fifteen out of 24 animals had at least one successful injection in V1 (Figure 3-1A). Three 

animals were excluded due to fluorescent dyes impinging upon the underlying white matter 

tracts, and other injections were rejected because they were located in adjacent visual 

cortical areas such as V2 (see Harvey & Worthington 1990). 

 

The number of successful V1 injections was similar between stimulation groups (Table 3-1). 

Anterogradely labelled TZs were present in the ipsilateral SC, with heaviest labelling in the 

stratum griseum superficiale (SGS; Harvey & Worthington 1990; Figure 3-1B). In some 

cases, we also observed multiple TZs in the SGS of SC following a single injection in V1 of 

ephrin-A2A5-/- mice, which has been observed in previous studies (Feldheim et al., 2000; 

Triplett et al., 2009; Wilks et al., 2010). Although there was a reduction following chronic LI-

rTMS, there was no statistically significant difference in the proportion of mice showing > 1 

TZ between treatment groups (Fisher’s exact test, p = 0.179). 
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Table 3-1. V1 injections and labelled corticotectal TZs in ephrin-A2A5-/- mice. Two colours 

refer to successful labelling of TZs following medial Alexa Fluor 555 and lateral Alexa Fluor 

488 injections.  

  Sham LI-rTMS 

# successful injections per subject 
One colour 5 7 

Two colours 2 1 

Total # injections  10 9 

TZ per injection 
= 1 3 6 

> 1 7 (70%) 3 (37.5%) 

 

To examine the location of the TZs, we first compared the relationship between injection 

location in the lateromedial axis and TZ location in the rostrocaudal axis. Linear regression 

analysis showed no significant association in sham-treated ephrin-A2A5-/- mice, consistent 

with previous results showing a lack of corticotectal topography in this strain (Wilks, Rodger 

& Harvey 2010; Makowiecki et al. 2014; Poh et al. 2018; Figure 3-1C). There was also no 

relationship found between V1 injection location and SC TZ location in mice treated with LI-

rTMS in the dark (Figure 3-1D). This is in contrast to our previous results showing a 

significant spatial relationship between injection site and TZ location in ephrin-A2A5-/- mice 

treated with online LI-rTMS under normal light conditions (Poh et al., 2018). Our findings 

suggest that LI-rTMS delivered to ephrin-A2A5-/- mice in a dark environment does not 

improve the topography of the corticotectal map.  
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Figure 3-1 Linear regression analyses of injection and terminal zone location in 

ephrin-A2A5-/- mice following chronic LI-rTMS in a dark environment. Sham (n = 7) of 

LI-rTMS (n = 8) was delivered to adult ephrin-A2A5-/- mice for 14 consecutive days in a red-

light room. The location of fluorescent injections in V1 was expressed as a percentage of 

the lateromedial axis (L-M) of the hemisphere width, and terminal zone (TZ) location was 

expressed as a percentage of the rostrocaudal axis (R-C) of the whole length of the SC. 

Example image of A) injection site in V1 (scale bar = 250µm) and B) anterograde TZ 

labelling in the stratum griseum superficiale (SGS) in the SC (scale bar = 100 µm). No 

significant relationship between injection site and TZ location was observed following 14 

days of C) sham (10 successful injections) and D) LI-rTMS treatment (9 successful 

injections) in a dark environment. 
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3.3.2 Geniculocortical topography  

Successful V1 injections also resulted in retrogradely labelled cells in the dLGN. There was 

some variability in the number of labelled dLGN neurons in dark-LI-rTMS treated ephrin-

A2A5-/- mice, however statistical testing showed no differences between dark-LI-rTMS and 

sham groups (Figure 3-2A; F(1,14) = 1.000, p = 0.203). The volume occupied by labelled 

dLGN cells, measured using the convex-hull technique and expressed as a percentage of 

dLGN volume, was significantly reduced in ephrin-A2A5-/- mice treated with LI-rTMS in the 

dark compared to sham (Figure 3-2B; F(1,14) = 13.924, p = 0.002). However, there was no 

significant difference in the main cluster area between LI-rTMS and sham treated ephrin-

A2A5-/- mice in the dark (Figure 3-2C; F(1,14) = 0.252, p = 0.624). These findings suggest that 

chronic LI-rTMS reduces the large dispersion of labelled dLGN cells in ephrin-A2A5-/- mice 

by selectively targeting the abnormally located dLGN neurons, and that visual input during 

LI-rTMS is not required for refining the geniculocortical map.  
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Figure 3-2 Geniculocortical neuron labelling of ephrin-A2A5-/- mice following chronic 

LI-rTMS in a dark environment. A) Example image of dLGN identified in a cresyl-stained 

section (scale bar = 250 µm). Injections of fluorescent dye into V1 retrogradely labelled 

dLGN neurons in ephrin-A mice and were Bi) disperse in dark-sham treated ephrin-A2A5-/- 

mice, whereas Bii) dark-LI-rTMS treated mice exhibited less dispersion (scale bar = 100 

µm). C) The number of labelled dLGN neurons was not significantly different between 

treatment groups (p > 0.05). D) Dark-LI-rTMS reduced the volume occupied by labelled 

dLGN neurons as a proportion of total dLGN volume as measured by convex-hull analysis 

(p = 0.002). E) The main cluster area was not different between stimulation groups (p > 

0.05), suggesting that only abnormally located dLGN neurons were affected by dark-LI-

rTMS. Error bars = SEM. 

 

3.3.3 Visuomotor head tracking 

The optokinetic response is a measure of visuomotor function, integrating visual input from 

the retina to motor output in the SC (Cahill and Nathans, 2008). SC neurons are modulated 

by other afferent pathways, including corticotectal projections (i.e., V1 to SC) (Cang and 
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Feldheim, 2013). Here, chronic LI-rTMS delivered to ephrin-A2A5-/- mice with reduced visual 

input did not improve visuomotor responses when compared to sham treated animals 

(Figure 3-3; t(22) = 1.023, p = 0.318). These results are in contrast to previous findings, 

where we have shown that LI-rTMS alone or in combination with a visually engaging task – 

both in normal light conditions – improves head tracking behaviour (Rodger et al., 2012a; 

Poh et al., 2018). Together, the present results suggest that improvements to visuomotor 

head tracking behaviour by LI-rTMS requires concurrent visual input.  

 

Figure 3-3 Optokinetic responses of ephrin-A2A5-/- mice following chronic LI-rTMS in 

a dark environment. The number of tracks were averaged between 2 x 2 min rotations in 

clockwise and anti-clockwise directions. In contrast to previous results, ephrin-A2A5-/- mice 

treated with 14 days of LI-rTMS treatment (n = 12) in a red-light room did not improve the 

optokinetic response when compared to sham treated animals (n = 12; p > 0.05). Error bars 

= SEM. 

 

3.4 Discussion 

Evidence from human (Bestmann et al., 2007; Silvanto and Pascual-Leone, 2008; Ridding 

and Ziemann, 2010) and preclinical studies (Moliadze et al., 2003; Allen et al., 2007; Pasley 

et al., 2009; Makowiecki et al., 2018) suggests that ongoing brain activity at the time of 

treatment has the capacity to modulate outcomes of rTMS. To improve the current 

understanding of the interaction between sensory input and rTMS outcomes, we studied the 
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effects of removing (image forming) visual input during LI-rTMS on plasticity in abnormal 

visual circuits. Here, it was found that chronic LI-rTMS delivered to adult ephrin-A2A5-/- mice 

in a dark (red-light) environment did not improve the organisation of corticotectal topographic 

maps, nor were there significant improvements in headtracking behaviour; however, there 

was a refinement in the abnormal geniculocortical map. Taken together with findings from 

previous studies (Makowiecki et al., 2014; Poh et al., 2018), these data suggest that the 

pathway specific effects depend on regional molecular changes induced by LI-rTMS and/or 

brain state at the time of stimulation. 

 

3.4.1 Comparison of LI-rTMS effects with previous studies 

3.4.1.1 Corticotectal pathway 

Previously, it was shown that LI-rTMS delivered to ephrin-A2A5-/- mice in normal light 

conditions ameliorated visuotopic mapping errors in the corticotectal pathway (Makowiecki 

et al., 2014). In the present study, visual input was removed during LI-rTMS by stimulating 

mice in the dark. Under these conditions, LI-rTMS did not induce any improvement in 

corticotectal topography, suggesting that image-forming vision during LI-rTMS is necessary 

to drive beneficial map re-organisation. A possible explanation for the requirement of both 

LI-rTMS and visual input is that LI-rTMS establishes a plastic environment which allows 

projections to be refined, while image-forming visual input identifies correctly located 

terminals by eliciting coincident firing of neighbouring retinal ganglion cells. In this way, the 

accurately located terminals are more likely to be reinforced through coincident activity with 

their neighbours, while aberrantly located terminals, which are active asynchronously with 

their neighbours, will be weakened or removed (Cang and Feldheim, 2013). Therefore, 

removing the instructive role of visual information by stimulating mice in the dark would not 

alter the ability of LI-rTMS to induce plasticity, but would prevent selective strengthening or 
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weakening of terminals resulting in no improvement in corticotectal topography as was 

observed here. 

 

This experiment is reminiscent of those carried out in developing ephrin-A2A5-/- mice at a 

time when spontaneous visual activity, in the form of coordinated retinal waves, contribute 

to the refinement of retinogeniculate and retinotectal terminal zones (Galli and Maffei, 1988; 

Shatz, 1996; Wong, 1999; Pfeiffenberger et al., 2006). When the ß2 subunit for the nicotinic 

acetylcholine receptor is knocked out in these mice, they have spontaneous retinal activity 

but do not display coordinated retinal waves (Grubb et al., 2003; McLaughlin et al., 2003; 

Chandrasekaran et al., 2005). Ephrin-A2A5ß2 triple knockout mice almost completely lack 

topographic order within the SC, indicating that both ephrin-A guidance and patterned retinal 

activity in juveniles are additive in establishing topography (Pfeiffenberger et al., 2006). 

During development, V1 neurons project to the SC through the guidance of ephrin-As 

(Feldheim et al., 2000; Cang et al., 2005; Pfeiffenberger et al., 2006), but then align to 

retinotectal TZs by activity generated by retinal waves (Triplett et al., 2009). Although retinal 

waves are not present in adults, these new results suggest that coordinated visual activity 

in the form of image-forming visual input (Makowiecki et al., 2014; Poh et al., 2018) is crucial 

for refinement of the corticotectal map by LI-rTMS. 

 

Possible mechanisms for LI-rTMS to establish a plastic environment 

Interactions between brain derived neurotrophic factor (BDNF) and its cell-surface 

receptors, p75NTR and TrkB, are involved in the maturation and consolidation of 

glutamatergic and GABAergic synapses, and play a key role in both visual system 

development and plasticity induced following rTMS (Huang et al., 1999; Itami et al., 2000; 

Sale et al., 2007). Within the developing visual system, release of BDNF has been shown 

to be experience-dependent, thus visually-driven activity is required to instruct which 

synapses to reinforce (Luo and O’Leary, 2005; Park and Poo, 2013). In the present study, 
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it is possible that the absence of visually evoked activity prevented the refinement of the 

corticotectal map in adult mice because of a lack of BDNF associated with image-forming 

visual activity.  

 

In addition, LI-rTMS has been shown to alter cortical excitation-inhibition balance in the 

visual cortex, and this is further influenced by concurrent visual activity (Makowiecki et al., 

2018). A single session of LI-rTMS increases PV+ interneuron density in V1 layer IV of 

wildtype and ephrin-A2A5-/- mice; however, modulation of PV+ neuronal density was only 

observed in mice stimulated with concurrent visual input but not in mice stimulated in 

darkness (Makowiecki et al., 2018). Due to differences in our experimental designs (e.g., 

acute vs chronic stimulation), it is difficult to make comparisons and/or to speculate whether 

PV+ densities would also be modulated by chronic LI-rTMS, and if so, whether it would also 

be dependent on visual input. Thus, future studies could investigate changes in PV+ 

densities following chronic LI-rTMS with and without visual input.  

 

Brain state and LI-rTMS-induced plasticity 

The experiments described in Chapters 2 and 3 highlights that the interaction between LI-

rTMS and visual activity in the corticotectal projection is complex. In a previous study we 

attempted to enhance vision-related activity by training mice to engage in a visual learning 

task with LI-rTMS, but surprisingly, this combined intervention prevented reorganisation of 

corticotectal projections (Poh et al., 2018). A possible explanation is that the task likely 

involved other neural processes such as expectation of a reward, motivation, and active 

locomotion (Niell and Stryker, 2010; Pakan et al., 2016). Together, these processes would 

have activated multiple cortical pathways, potentially confounding the instructive role of 

visual input in a highly active cortex. In support, studies have shown that excitation of V1 

neurons by low intensity TMS can sum with visually evoked activity to increase the sensitivity 

for detecting a weak visual stimulus, likely by increasing the response probability of sensory 
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neurons (Abrahamyan et al., 2011). Furthermore, BDNF secretion is linked to neuronal 

activity (Luo and O’Leary, 2005; Park and Poo, 2013), and abnormally high levels expressed 

during development can induce precocious onset and closure of the critical period (Huang 

et al., 1999). Therefore, it is also possible that high BDNF levels in the SC induced by chronic 

LI-rTMS (Makowiecki et al., 2014), combined with increases of BDNF due to high cortical 

activity from non-visual stimuli, may have not only overwhelmed/masked visuotopic 

information, but also limited the time window available for reorganisation of ectopic 

terminations. Taken together, the experiments combining LI-rTMS with different visual 

environments suggest that too much or too little intrinsic activity within visual cortex may 

interfere rather than assist LI-rTMS-induced beneficial reorganisation of corticotectal 

visuotopic maps in ephrin-A2A5-/- mice.  

 

3.4.1.2 Geniculocortical pathway 

Potential role of BDNF 

In contrast with the corticotectal projection, the geniculocortical map in ephrin-A2A5-/- mice 

is consistently refined by LI-rTMS regardless of concurrent visual input. A possible 

explanation is that differences in the time-course of BDNF expression following acute and 

chronic stimulation may underlie the pathway specific effects of LI-rTMS. It was shown that 

BDNF levels within V1, the main cortical target of dLGN neurons, were transiently 

upregulated 2-24 hrs after the first stimulation session in ephrin-A2A5-/- mice, but returned 

to baseline after 14 days of stimulation (Makowiecki et al., 2014). In contrast, BDNF within 

the SC, which contains the terminals of corticotectal projections, was upregulated both 

transiently and at a chronic timepoint (Makowiecki et al., 2014).  

 

Guo and colleagues (2018) recently proposed that BDNF interactions with TrkB receptors 

induce different biological outcomes depending on two major mechanisms: 1) the time-
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course of BDNF application (Ji et al., 2010), and 2) ongoing neuronal activity (Guo et al., 

2014), which has been discussed in the context of image-forming visual input (Section 

3.4.1.1). Acute application of BDNF in vitro has been shown to induce a robust but transient 

increase in TrkB phosphorylation, which returned to baseline 2 hours later; however, 

cumulative application of BDNF to increase its concentration to the same level as the acute 

group over the span of 2 h induced a gradual increase in TrkB phosphorylation that persisted 

for up to 8 hours without any indication of decline at the end of the experiment (Ji et al., 

2010). Acute and gradual application of BDNF was also shown to differentially activate TrkB 

downstream signalling cascades, including MAPK, GSK-3β and PLC-γ1 signalling, and 

could alter basal synaptic transmission and the induction of long term potentiation (Ji et al., 

2010). Furthermore, BDNF-TrkB signalling outcomes may overlap with BDNF-p75NTR 

signalling, the latter involved in the refinement of developing axons through cytoskeletal 

changes, axon pruning, and even in some cases neuronal degeneration (Singh et al., 2008). 

It is important to note that the effects of BDNF on the activation of TrkB and p75NTR are 

complex due to their differential activation (Matsuda et al., 2009), and distribution in neuronal 

compartments (Formaggio et al., 2008), as well as in specific neuronal types (e.g., 

glutamatergic versus GABAergic interneurons) (Baho et al., 2019), but also because of the 

distinct influences of pre-pro-BDNF, pro-BDNF and BDNF (Park and Poo, 2013), which 

differentially activate downstream signalling cascades.  

 

Overall, it is clear that the temporal aspects of BDNF signalling can affect downstream 

signalling cascades, perhaps contributing to the pathway specific effects of LI-rTMS. 

Although the time-course of BDNF expression and its interaction with p75NTR has not been 

directly investigated (but see Ji et al. 2010), it is plausible that region-specific upregulation 

of BDNF at specific times during LI-rTMS treatment, and its interactions with TrkB and/or 
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p75NTR, may underlie at least some of the pathway specific effects of LI-rTMS observed in 

the present and previous studies.  

 

Other hypothesised mechanisms 

The extent of reorganisation may also depend on the relative distance of the coil to the 

different neuronal compartments, which determines the intensity of the induced electric field. 

Because the effects of rTMS are highest at the surface of the cortex and the SC (Figure 

5-7), the strongest induced electric field is received by the dendrites, cell bodies and 

terminals of corticotectal projections but only the axon terminals of the geniculocortical 

projections. Recent computational models of high-intensity TMS pulses have suggested that 

the axon terminals are more likely to be modulated than the neuronal cell bodies or dendritic 

compartments (Aberra et al., 2020). In contrast, earlier computational studies have 

suggested that cell bodies are more likely to be modulated by rTMS (Pashut et al., 2011, 

2014). It is also unclear what influence stimulating the whole-cell vs only one compartment 

might have on neural circuit plasticity. Thus, the biological relevance of these compartment-

specific effects on the silencing and/or pruning of abnormally located compartments within 

V1, but not SC, requires further investigation.  

 

A limitation of the current methods used to assess corticotectal and geniculocortical 

topography is the inability to distinguish between retraction and silencing of axonal terminals 

following chronic LI-rTMS. It has been suggested that ephrin-A mice contain abnormal 

terminals in multiple regions of the visual circuit (i.e., anatomically), however many of these 

may be physiologically “silent” (Haustead et al., 2008). BDA fluorescent tracers used in the 

present study require active transport mechanisms (Fritzsch and Wilm, 1990), however, it is 

not known whether active transport requires only intracellular transport mechanisms, or also 

requires electrically active terminals (e.g., responsive to sensory stimuli). Therefore, it is 

possible that only electrically active terminals will result in SC and dLGN labelling, whereas 
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silent terminals might not be labelled. A future study could characterise and quantify the 

extent of geniculocortical branching using a passive tracer, such as DiI, or viral-mediated 

tracing techniques following LI-rTMS in ephrin-A2A5-/- mice. In addition, studies could 

investigate the impact of disrupted V1-BDNF signalling on LI-rTMS-induced refinement of 

geniculocortical and corticotectal projections.  

 

3.4.1.3 Head tracking behaviour 

A clear difference between our study and previous experiments was that chronic LI-rTMS 

delivered to freely moving ephrin-A2A5-/- mice in the dark did not improve visuomotor head-

tracking behaviour. The implication is that concurrent visual input is necessary for the 

beneficial effects of chronic LI-rTMS on visuomotor head tracking behaviour. However, 

based on results of the current and previous studies (Rodger et al., 2012a; Poh et al., 2018), 

restoration of head-tracking behaviour may not require accurate topographic organisation 

throughout the visual pathway. In previous experiments, improvements in head tracking 

were associated with improved retinogeniculate and retinotectal topography (Rodger et al., 

2012a), and improved geniculocortical topography alone (Poh et al., 2018), suggesting 

some redundancy in the control of head tracking behaviour. In rodents, the optokinetic reflex 

serves to stabilise the retinal image that is mediated by the SC (Cahill and Nathans, 2008), 

which involves the integration of retinal and cortical inputs with motor output to control head 

movement (Schneider, 1969; Sefton et al., 2015). Therefore, it is possible that topography 

of other retinofugal projections, which include those projecting to pretectal structures (Sefton 

et al., 2015), may mediate changes in headtracking behaviour.  

 

3.4.2 Interactions between online LI-rTMS and sensory processing 

Based on evidence from present and previous findings, it is possible that during each rTMS 

session, juvenile-like plasticity is transiently reinstated to allow structural and functional 
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remodelling of abnormal visual circuits. It is possible that the reopening of a sensitive period 

of plasticity (Hooks and Chen, 2020) may occur only during the periods of stimulation, and/or 

it may be cumulative over multiple stimulation periods. In the first case, acute modulation of 

excitation-inhibition balance during the period of stimulation may allow rapid changes to 

connectivity. In the second case, cumulative sessions of rTMS may be required for the 

gradual break-down over days or weeks of structural barriers such as perineuronal nets 

and/or upregulation of trophic factors for the induction of juvenile-like plasticity during 

adulthood. It is also plausible that both processes occur simultaneously. 

 

Although rTMS effects depend on intrinsic brain activity at the time of stimulation, we cannot 

rule out a potential modulatory role of rTMS on cortical networks that can then influence 

their responsiveness to external stimuli (e.g., sensory processing). For example, Ca+2 

imaging studies have shown that rTMS has the capacity to modulate sensory-evoked 

responses, such that a single high-intensity pulse can inhibit layer 5 cortical dendrites 

(Murphy et al. 2016, for other simultaneous studies of TMS effects on the cortex, see Pashut 

et al. 2014; Li et al. 2017; Romero et al. 2019). To date, the in vivo effects of LI-rTMS have 

not been investigated in real-time (but see Tang et al. 2016; Makowiecki et al. 2018). 

 

To address these hypotheses, additional studies that utilise live-imaging techniques of 

cortical activity (e.g., Ca+2 imaging) during online LI-rTMS with and without visual input are 

required. Furthermore, more studies are needed to investigate potential molecular 

mechanisms underlying LI-rTMS at the chronic time point. Since many cellular and 

molecular mechanisms that underlie plasticity during sensitive periods and in adulthood 

have been identified, it is possible that some, if not many, may be similar to those recruited 

by chronic LI-rTMS. For example, it has been shown that rTMS-induced changes in dark-

reared rats were similar to those induced by environmental enrichment, both in terms of 
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molecular markers of plasticity (e.g., PV+ density, BDNF levels), as well as improvements in 

visual task performance (Castillo-Padilla and Funke, 2016). Furthermore, as anatomical 

structure does not necessarily correlate with function, additional studies could investigate 

function of the current visual circuits by assessing receptive fields within dLGN, SC and V1. 

 

3.5 Conclusion 

There is increasing interest for magnetic stimulation to be used an adjuvant to conventional 

rehabilitative training (Rossi and Rossini, 2004; Wang et al., 2012; Bates and Rodger, 2015; 

Koganemaru et al., 2015; Krucoff et al., 2016; Zoe Tsagaris et al., 2016). Findings of the 

present study, in addition to previous results (Rodger et al., 2012a; Makowiecki et al., 2014; 

Poh et al., 2018), suggest that intrinsic brain activity at the time of stimulation can modulate 

chronic LI-rTMS-induced structural and functional neuroplasticity in abnormal adult visual 

networks. However, additional interventions during rTMS treatment are not necessarily 

additive and may even prevent beneficial neuroplasticity. Future studies are needed to 

elucidate the mechanisms underlying rTMS-induced neuroplasticity, for example, through 

changes in cortical excitation-inhibition and/or recruitment of neurotrophic signals in specific 

visual pathways. 
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Studies have shown that rTMS can alter neurotransmitter concentrations in cortical and 

subcortical brain regions (e.g., glutamate, GABA, dopamine and serotonin). In this chapter, 

I describe a newly developed liquid chromatography coupled tandem mass spectrometry 

(LC-MS/MS) method to quantify changes in 27 free amino acids and the monoamines: 

dopamine (DA), serotonin (5HT) and their metabolites (DOPAC, HVA; 5HIAA) in the mouse 

brain. Awake C57BL/6J mice (either sex, 8-12 weeks old) received 10 Hz rTMS using two 

devices that can deliver low (LI-; 12 mT; custom built) or high (Fo8-; 1.2 T; MagVenture) 

intensity rTMS. Sham (unstimulated) mice were used as controls. Samples were collected 

immediately following a single session of rTMS or sham and processed for LC-MS/MS.  
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List of abbreviations (compounds) 

5-HIAA 5-hydroxyindole-3-acetic acid ORN Ornithine 

5-HT 5-hydroxytryptamine or serotonin PHP Proline-hydroxyproline 

(dipeptide) 

AAA α-aminoadipic acid PRO Proline 

ABA α-aminobutyric acid SAR Sarcosine 

ALA Alanine SER Serine 

ARG Arginine ß-AIB ß-aminoisobutyric acid 

ASN Asparagine THR Threonine 

ASP Aspartic acid/aspartate TRP Tryptophan 

C-C Cystine TYR Tyrosine 

CIT Citrulline VAL Valine 

CTH Cystathionine   

d3MET d3-methionine   

DA Dopamine   

DOPAC 3,4-dihydroxyphenylacetic acid   

GABA γ-amino-n-butyric acid   

GLN Glutamine   

GLU Glutamic acid/glutamate   

GLY Glycine   

HARG Homoarginine   

HIS Histidine   

HLY Hydroxylysine (2 isomers)   

HPHE Homophenylalanine   

HVA Homovanillic acid   

ILE Isoleucine   

LEU Leucine   

LYS Lysine   

MET Methionine   
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4.1 Introduction 

Repetitive Transcranial Magnetic Stimulation (rTMS), a form of non-invasive brain 

stimulation, has shown therapeutic effects for a range of neurologic and psychiatric 

disorders (Cirillo et al., 2017), and is approved for use in treatment-resistant depression 

(Lefaucheur et al., 2014) and more recently, obsessive compulsive disorder (Carmi et al., 

2018). Although the mode of action of rTMS remains poorly understood, the procedure has 

been shown to modulate levels of neurotransmitters, not only within the cortex (Lefaucheur 

et al., 2014), but also within subcortical regions. Neurotransmitter systems are critical for 

maintaining homeostatic function of the brain and body. For example, the fine balance 

between excitatory and inhibitory neurotransmitters, such as glutamate (GLU) and GABA, 

influence the probability of the brain to undergo synaptic plasticity (Myhrer, 2003). In 

addition, monoamine neurotransmitters such as dopamine (DA) and serotonin (5-

hydroxytryptamine; 5-HT) are implicated in the pathophysiology of various neuropsychiatric 

disorders including schizophrenia, depression and drug addiction (Grace, 2004; Winograd-

Gurvich et al., 2006; Thomas et al., 2008). Therefore, alterations to neurotransmitter 

imbalances within the brain by therapeutic interventions such as rTMS are a likely 

mechanism contributing to the beneficial effect of rTMS therapy and there is a need to better 

understand these alterations in order to optimise therapeutic interventions. 

 

Characterisation of neurotransmitters in the human brain following rTMS has been carried 

out using non-invasive imaging techniques such as magnetic resonance imaging and 

positron emission tomography scans. rTMS targeted to the human motor cortex has been 

shown to induce striatal DA release, likely due to activation of corticofugal projections 

(Strafella et al., 2001, 2003). In addition, a single session of rTMS has been shown to 

increase levels of combined GLU and glutamine, a GLU metabolite, in the dorsolateral 

prefrontal cortex (Michael et al., 2003). However these non-invasive imaging methods are 
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currently unable to simultaneously detect a wide range of compounds within the brain 

(Badgaiyan, 2014) or to quantify those at extremely low concentrations (Verma et al., 2016). 

By contrast, invasive sampling techniques provide researchers with the opportunity to use 

sophisticated chemical analytical methods such as liquid chromatography coupled tandem 

mass spectrometry (LC-MS/MS) to detect a broad range of target compounds with high 

sensitivity and specificity. LC-MS/MS systems are able to simultaneously identify and 

quantify various neurotransmitters, their metabolites and free-form amino acids (AAs) in 

complex mixtures at picomolar concentrations (Ewles and Goodwin, 2011).  

 

Murine models used to investigate the neurochemical changes induced by a single session 

of rTMS have shown altered concentrations of DA, 5-HT and their metabolites DOPAC, HVA 

and 5-HIAA in the cortical regions such as the prefrontal cortex, hippocampus and 

dorsal/ventral striatum (Ben-Shachar et al., 1997; Keck et al., 2002; Zangen and Hyodo, 

2002; Kanno et al., 2004), as well as increased of GLU concentrations in the ventral striatum 

(Zangen and Hyodo, 2002). However, most studies of rTMS effects on rodent brain 

chemistry have used commercially available rodent coils, or small human coils, which are 

relatively large compared to the subject’s head, raising concerns about the focality of 

stimulation and relevance to human studies (Vahabzadeh-Hagh et al., 2012; Rodger and 

Sherrard, 2015). Use of these commercially available coils result in widespread stimulation 

of the rodent’s head and/or body (Rodger and Sherrard, 2015). Our lab has therefore 

developed miniature coils that target small areas of the brain in murine models, more closely 

replicating focal stimulation in humans,  albeit at a lower magnetic field intensity (Rodger 

and Sherrard, 2015; Tang et al., 2015) than those routinely used in human studies (i.e., 

high-intensity rTMS). We have previously shown that a single session of low intensity rTMS 

alters neuronal excitability ex vivo (Tang et al., 2016a) and cellular metabolites related to 

the Kreb’s cycle (Hong et al., 2018), and improves abnormal visual circuits following 14 days 
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of treatment in vivo (Rodger et al., 2012a; Makowiecki et al., 2014; Poh et al., 2018).  

However, changes to neurotransmitters and cellular metabolites following a single session 

of low intensity rTMS have not been assessed in vivo. Because this is the first study to 

simultaneously quantify a large number of neurotransmitters and amino acids in vivo in the 

context of rTMS, it was also of interest to compare the effects of our rodent-specific coil to 

those of a commercially available figure-of-eight rTMS coil (MagVenture, Denmark) that has 

been used to deliver high-intensity rTMS in human trials (Zimmermann et al., 2016; Hilbert 

et al., 2019). 

 

The aims of the present study were to i) develop a method using LC-MS/MS to accurately 

and simultaneously quantify the concentrations of DA, 5-HT and their metabolites (DOPAC, 

HVA; 5-HIAA) in samples from mouse brain, ii) combine this method with a commercially 

available sample preparation kit designed to detect and quantify up to 33 amino acids 

simultaneously, and iii) use this method to investigate the effects of our custom made 

circular low intensity rTMS coil (LI-rTMS) and a commercially available high-intensity figure-

of-eight coil (Fo8-rTMS) against control animals on neurotransmitter and metabolite 

concentrations in the mouse cortex, hippocampus and striatum.  

 

4.2 Materials and Methods 

4.2.1 LC-MS/MS conditions 

The method described below was developed by us to optimise simultaneous detection of 

DA, 5HT and their metabolites using the previous study by Kim and colleagues (2016) as a 

starting point for LC-MS/MS conditions.  
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4.2.1.1 DA, 5-HT and their metabolites 

Analysis was conducted using an Agilent 6460 LC-MS instrument operated in 2D mode. 

With the addition of a second-dimension, the resolution and sensitivity of LC-MS/MS 

produced chromatograms can be further enhanced in targeted analysis of complex mixtures 

through the use of two separation columns (i.e., in 2D-LC mode) (Leonhardt et al., 2015). 

The first-dimension column was an Agilent Poroshell EC120 2.1 x 50 mm x 2.7 m C18 

column; and the second-dimension a Phenomenex 3 x 150mm x 2.6 µm Biphenyl column 

(Torrance, USA). LC-MS grade solvents were 0.1% formic acid in water (A) and 0.1% formic 

acid in methanol (B). Initial conditions were 98% A, 2% B. Compounds were eluted by 

increasing to 98% B over 5 min, and the columns re-equilibrated for 3 min prior to the next 

injection. Compounds assayed were heart cut from column 1 to column 2 between 0.3 and 

3.9 min.  

 

4.2.1.2 Derivatised free amino acids 

A single EZ:faast AAA-MS column 250 x 2.0 mm was used on the Agilent 6460 LC-MS 

instrument. The mobile phase and elution gradient were done as described in the EZ:faast 

kit manual. LC-MS grade solvents were 10 mM Ammonium formate in water (A) and 10 mM 

Ammonium formate in methanol (B). Initial conditions were 68% B, 32% A, increasing to 

83% B over 13 min, then returning to 68% B over the next 4 min. 

 

4.2.1.3 Data collection 

Target compound multiple reaction monitoring (MRM) transition, shown as precursor and 

product ion mass to charge ratio (m/z), retention time, collision energy used and ionization 

polarity for DA/5-HT and derivatised amino acids are shown in Table 4-1 and Table 4-2, 

respectively. Chromatogram peaks were integrated and quantified using the MassHunter 

Quantitative Analysis software (Agilent Technologies, Santa Clara, United States). Data was 
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collected from compounds with a signal to noise (S/N) > 10. However, compounds with a 

S/N > 7 and an obvious chromatogram peak were also included following manual inspection. 

 

4.2.1.4 Materials 

LC-MS grade dopamine hydrochloride (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), 

homovanillic acid (HVA), serotonin (5-HT) and 5-hydroxyindole-3-acetic acid (5-HIAA) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). DA-d4, DOPAC-13C3, HVA-d3, 5-HT-

d4 and 5-HIAA-13C3 were purchased from Toronto Research Chemicals (Toronto, ON, 

Canada). The working standard (DA, 0.61 ng/mL; DOPAC, 7.05 ng/mL; HVA, 7.29 ng/mL; 

5-HT, 35.2 ng/mL and 5-HIAA, 0.76 ng/mL) and working internal standard solutions (DA-d4, 

50 ng/mL; DOPAC-13C3, 50 ng/mL; HVA-d3, 500 ng/mL; 5-HT-d4, 50 ng/mL; and 5-HIAA-

13C3 500 ng/mL each) were diluted in dH2O (LC-MS grade). Reagents used for the 

simultaneous quantification of the 33 free amino acids were completed using the 

commercially available EZ:Faast kit (Phenomenex, Torrance, USA). Calibration curves were 

prepared by serial dilution of the working standards. ARG was standardised against the 

d3MET IS as the regression coefficients of the calibration curve was larger when compared 

to standardisation against the recommended HARG IS. 
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Table 4-1 Optimal conditions of LC-MS/MS used for the quantification of DA, 5-HT and their 

metabolites (and labelled versions) in mouse brain homogenates. 

Compound 
name 

Precursor 
ion (m/z) 

Product ion 
(m/z) 

Retention 
time (min) 

Collision 
Energy (V) 

Ionization 
polarity 

DA 154.1 137.1 2.95 15 Positive 

DA-d4 158.1 141.1* 

95 

2.99 15 Positive 

DOPAC 167.1 123.1 4.90 2 Negative 

DOPAC-d5 172.1 123.1 4.90 5 Negative 

HVA 181.2 137.2 5.30 15 Negative 

HVA-d3 184.2 140.1* 

122.1 

5.80 2 Negative 

5-HT 177.2 160.2 4.44 16 Positive 

5-HT-d4 181.2 164.1* 

136.1 

4.43 15 Positive 

5-HIAA 192.2 146.2 5.15 16 Positive 

5-HIAA-13C3 197.2 150* 

123 

5.15 15 Positive 

*Transitions used for quantification
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Table 4-2 Optimal transitions used for the quantification of derivatised amino acids (as shown by the precursor ion charge) using the 

EZ:faast kit. 

 Compound 

name 

Precursor ion 

(m/z) 

Product ion 

(m/z) 

Retention time 

(min) 

Collision 

Energy (V) 

IS used for 

quant. 

Lowest conc. 

quantified (pM) 

E
s

s
e

n
ti

a
l 
A

A
s
 

HIS 370.2 196.3 6.123 33 d3MET 8.734 

ILE 260.3 172.1 7.834 17 d3MET 349.3 

LYS 361.2 301.3 5.932 20 d3MET 912.2 

LEU 260.3 172.1 7.460 17 HPHE 107.4 

PHE 294.3 206.1 7.563 17 HPHE 1.494 

MET 278.3 190.1 5.603 17 d3MET 175.6 

TRP 333.3 245.1 6.630 21 d3MET 1.938 

THR 248.3 160.2 3.800 10 d3MET 0.594 

VAL 246.3 158.1 6.417 17 d3MET 341.6 

N
o

n
-e

s
s

e
n

ti
a

l 
A

A
s
 

ALA 218.3 130.1 4.421 13 HPHE 289.1 

ASN 243.0 157.2 3.803 5 d3MET 38.80 

ASP 304.3 216.2 6.032 19 d3MET 517.1 

ARG 303.4 69.9 2.560 51 d3MET 962.74 

C-C 497.2 248.2 8.616 25 HPHE 7.949 

GABA 232.0 172.0 4.718 13 d3MET 5.253 

GLN 275.3 172.1 3.143 21 d3MET 3784 

GLU 318.3 172.1 6.365 21 d3MET 6820 

GLY 204.4 144.0 3.807 5 d3MET 459.8 

SER 234.3 146.0 3.398 15 d3MET 1036 

PRO 244.3 156.2 5.879 20 d3MET 30.12 

TYR 396.2 136.2 9.313 43 HPHE 56.50 
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O
th

e
r 

A
A

 

AAA 332.3 244.2 7.092 19 HPHE 0.912 

ABA 232.0 172.0 6.343 13 d3MET 1456 

ß-AIBA 232.0 172.0 5.045 13 d3MET 3057 

CIT 304.3 156.3 3.212 25 HARG 937.8 

CTH 479.3 230.1 8.500 23 HPHE 231.0 

SAR 218.0 88.0 4.960 20 d3MET 740.1 

IS
 

HARG 371.3 84.1 3.056 53 -  

d3MET 281.3 193.1 5.564 17 -  

HPHE 308.3 220.2 8.750 15 -  

AA = amino acid, IS = internal standards.
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4.2.2 Animals 

All experiments were performed in accordance with the National Health and Medical 

Research guidelines and approved by The University of Western Australia Animal Ethics 

Committee (AEC 100/1453). Wildtype (C57BL/6J) mice (sham: F = 2, M = 3; LI-rTMS: F = 

2, M = 3, Fo8-rTMS: F = 3, M = 3) were sourced from the Animal Resources Centre (Canning 

Vale, Australia). Fisher’s exact test showed no significant differences between stimulation 

groups in the frequency of gender (p > 0.99). All animals were of adult age during 

experimental testing (8 – 12 weeks) and housed in 12 h light/dark cycle with food and water 

provided ad libitum. Grids were removed from cages of animals that underwent coil support 

surgeries (as described in Poh et al. 2018) and were given hydrogel (Necta H2O, Able 

Scientific, Australia) as a water substitute. 

 

4.2.3 Magnetic stimulation 

Mice were gender matched and allocated to one of three groups: sham, LI-rTMS or Fo8-

rTMS. Each mouse received a single stimulation session at 10 Hz and stimulation 

parameters are described below. 

 

For sham (handling controls) and LI-rTMS animals, a coil support was attached to the 

surface of the skull (Poh et al. 2018) and mice were allowed to recover for one week. Briefly, 

animals were anaesthetised and the skin was cut to expose the skull. A plastic support was 

attached to the surface of the skull above lambda using cyanoacrylate and dental cement. 

The skull was not penetrated and the brain not exposed during surgery. Post hoc 

immunofluorescent staining for microglia and activated astrocytes did not reveal any 

differences in the motor, somatosensory and visual cortex between animals that underwent 

surgery and control animals (Supplementary Figure 1), suggesting that attachment of the 
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coil support did not affect the brain itself. Thus, sham animals with no active stimulation were 

used as handling controls for both stimulation groups (LI- and Fo8-rTMS).  

 

The coil support allowed consistent positioning of the small coils in awake and freely moving 

mice, maximising reproducibility and minimising stress to the mice (Poh et al., 2018). The 

custom-made coil comprised of 300 windings of copper wire (0.125 mm in diameter) with an 

inner and outer diameter of 6 and 8 mm, respectively, connected to an electromagnetic 

pulse generator (e-cellTM) programmed to deliver LI-rTMS at 10 Hz for 10 minutes. It has 

been shown previously that the temperature of the custom-made coil does not go above 

37˚C and it’s vibration is within the amplitude range of background, when stimulated using 

the 10 Hz protocol, thus ruling out potential heating effect on the brain (Grehl et al., 2015). 

Maximum field intensity at the base of the coil was 12 mT.  Sham animals had the coil 

attached to the support for 10 minutes, but with the device switched off. 

 

In the third group, rTMS was delivered using the commercially available high-intensity figure-

of-eight coil (Fo8-rTMS, MC-B65-HO, MagVenture, Denmark). Because of its large size and 

weight, it was not possible to attach the coil to a support on the mouse head. Instead, mice 

were habituated to handling and presence of the coil above the head for one week prior to 

stimulation, allowing Fo8-rTMS to be delivered to lightly restrained, awake mice. We applied 

Fo8-rTMS at 20% maximum stimulator output (MSO; approximating mouse motor 

threshold), which corresponds to approximately 1.2 T, at a frequency of 10 Hz. Due to 

heating of the coil (> 40˚C), only six minutes of stimulation could be applied (3600 pulses) 

to the Fo8-rTMS group.  
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4.2.4 Sample preparation 

Immediately after stimulation, mice were terminally anaesthetised using sodium 

pentobarbitone (0.1 mL, i.p.; Lethabarb, Virbac, Australia) and decapitated. The cortex, 

hippocampus and striatum from both hemispheres were immediately dissected on ice, 

rapidly frozen with liquid nitrogen and homogenised using a tissue pulveriser cooled with 

dry ice. Homogenates were stored at -80°C until analysis. Prior to the first injection into the 

LC-MS/MS instrument, 300 µL of ice-cold 0.2 M perchloric acid was added to each tube, 

vortexed for 5 s and centrifuged for 15 min at 15 000 rpm at 4°C. For the DA/5-HT analysis, 

100 µL of the supernatant and 50 µL of the working internal standard solution (see 3.4 

Materials) were transferred into autosampler vials for direct sampling in the LC-MS/MS 

instrument. Preliminary analyses determined that the concentration of some amino acids, 

e.g., GLU, in 100 µL of supernatant exceeded the maximal recommended calibration point 

concentration (200 µM). Therefore, samples were diluted by a factor of 10, i.e., 10 µL of 

supernatant added to 90 µL of 0.2M perchloric acid. Samples and calibration solutions were 

cleaned up and derivatised as instructed in the EZ:faast user guide (Phenomenex, Torrance, 

USA). Remaining supernatants were stored at -80°C.   

 

4.2.5 Assay validation 

Calibration standards were prepared by serially diluting from a stock solution. Quality 

controls (QCs) for the DA/5-HT were from a separate whole mouse brain homogenate, 

prepared as described in Section 4.2.4, but suspended in 1450 µL of ice-cold 0.2 M 

perchloric acid. As the EZ:Faast kit is commercially available, we only assessed the intra- 

(within-run precision) assay variability. The QC samples were derived from the supernatant 

of one brain sample assayed three times. After addition of 300 µL of ice-cold 0.2 M perchloric 

acid, the supernatant was diluted by a factor of 20, derivatised and assayed as per 

manufacturer’s instructions (Phenomenex, Torrance, USA).  
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4.2.6 Statistical analyses 

Raw data were processed using Microsoft Excel and values reported for the two methods 

normalised to original dissected tissue mass (mg). SPSS (version 24.00, IBM) was used for 

statistical analyses and significance set at the level of p < 0.05. Figures were created using 

Prism 7 (GraphPad Software). Because two different LC-MS/MS assays were used, 

statistical analyses were separated into i) DA, 5-HT and their metabolites and ii) free amino 

acids. Changes in compound concentrations (pmol/mg) and turnover rates for each brain 

region (cortex, hippocampus and striatum) were performed using Welch’s ANOVAs and post 

hoc Games-Howell test. Quantitative data for each method were calculated as mean ± SEM 

for each group (stimulation x brain region).  

 

DA and 5-HT turnover rates were then calculated by summing the final concentration of 

each metabolite and dividing by the parent compound:   

[𝐷𝑂𝑃𝐴𝐶]+[𝐻𝑉𝐴]

[𝐷𝐴]
; 
[5−𝐻𝐼𝐴𝐴]

[5−𝐻𝑇]
. 

This index estimates the accumulation of a particular neurotransmitter relative to its 

metabolite(s). An increase in the index suggests more of the neurotransmitter being broken 

down, resulting in a decreased probability for the compound to bind to a postsynaptic site 

and exert its effect. Because the index is a measure of proportional data, the non-parametric 

Kruskal-Wallis tests were used to compare rank differences in DA and 5-HT turnover rates 

between stimulation groups. Where appropriate, post hoc Mann-Whitney U tests with 

Bonferroni corrections were applied. 
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4.3 Results 

4.3.1 DA, 5-HT and their metabolites 

4.3.1.1 Method optimisation 

Preliminary assessment of tissue samples extracted in 0.1% formic acid showed a 10 – 50% 

recovery rate of the target compounds compared to 0.2M perchloric acid (data not shown).  

Therefore, all subsequent supernatants were prepared by homogenising samples in 0.2 M 

perchloric acid and spiked with the WIS.  

 

Figure 4-1 Example chromatogram of DA, 5-HT, their metabolites and labelled 

versions from a mouse whole-brain homogenate. A whole-brain homogenate was used 

as the quality control to develop inter- and intra-assay coefficients of variation (%CV). 
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Figure 4-2 Standard curve used for DA quantification, r2 = 0.99999. X-axis is 

concentration (µM) and Y-axis if for relative response of DA corrected by its internal standard 

(DA-d4). Additional calibration curves can be found in  

 

4.3.1.2 Precision and accuracy 

QC samples were assayed to produce an intra- (within-run precision) and inter- (between-

run precision) assay coefficient of variation (CV%). All values were <13%, indicating 

repeatability and reliability of the present method, with no significant deviations in precision 

between and within runs.  

Table 4-3 Precision of QC samples for the assessment of DA, 5-HT and their metabolites. 

Compound 
name 

Individual (CV%) Repeatability 
(intra-assay) (CV%) 

Intermediate 
precision (inter-
assay) (CV%) 

DA 10.86, 2.50, 4.80 6.05 3.18 

DOPAC 11.01, 15.82, 11.12 12.65 10.27 

HVA 13.49, 3.38, 2.26 6.37 7.86 

5-HT 19.56, 7.40, 2.43 9.80 12.48 

5-HIAA 20.51, 12.55, 5.18 12.75 2.19 

CV = coefficient of variation 
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4.3.1.3 Effect of magnetic stimulation 

In the cortex, neither LI- nor Fo8-rTMS affected compound concentrations of DA (F(2, 5.75) = 

1.69, p = 0.264), DOPAC (F(2, 6.46) = 1.04, p = 0.403), HVA (F(2, 2.43) = 3.08, p = 0.215), 5-HT 

(F(2, 7.16) = 1.98, p = 0.206) and 5-HIAA (F(2, 6.79) = 0.41, p = 0.676). We did not observe a 

difference in DA turnover rates (H(2) = 1.220, p = 0.543), but a trend to significance for 5-

HT turnover rates (H(2) = 5.460, p = 0.065). We conducted follow-up tests despite the non-

significant finding for 5-HT turnover rates because it has been shown that this index is 

altered in patients with depression (Barton et al., 2008), which may be a mechanism of the 

beneficial effects of rTMS in patients. Follow-up Mann-Whitney tests with Bonferroni 

correction (i.e., at a 0.0167 level of significance, two tailed) showed that Fo8-rTMS (Mean 

rank = 3.00) significantly reduced 5-HT turnover rates when compared to sham (Mean rank 

= 8.00; U = 0, p = 0.009), but not LI-rTMS (Mean rank = 4.60) compared to sham groups 

(Mean rank = 6.40; U = 8, p = 0.347). This finding indicates a proportional increase in 5-HT 

concentrations within the cortex, and/or a decrease in its metabolite concentration, 5-HIAA, 

following Fo8-rTMS.  

 

In the hippocampus, analysis of HVA concentrations was not carried out due to low 

concentrations and poor S/N ratios. We observed a significant effect of stimulation on 

DOPAC concentrations (F(2, 7.52) = 6.45, p = 0.023) and a trend towards significance for DA 

(F(2, 7.49) = 4.24, p = 0.059) but no effect on 5-HT (F(2, 8.15) = 0.21, p = 0.811) and 5-HIAA 

concentrations (F(2, 7.5) = 0.67, p = 0.538). Post hoc tests for DOPAC concentrations revealed 

a significant difference between LI-rTMS and Fo8-rTMS (p = 0.036), and a trend towards 

significance between sham and Fo8-rTMS (p = 0.084). There were no significant differences 

detected between all stimulation groups for DA (H(2) = 1.112, p = 0.574) and 5-HT (H(2) = 

0.193, p = 0.908) turnover rates. Thus, our results show that Fo8-rTMS reduces the 

concentration of DOPAC, a DA metabolite, but not DA itself. 



 115 

Lastly, there was a significant effect of stimulation on DOPAC concentrations in the striatum 

(F(2, 6.99) = 4.93, p = 0.045) but not for any other compound (DA: F(2, 7.06) = 0.64, p = 0.550; 

HVA: F(2, 8.19) = 2.74, p = 0.122; 5-HT: F(2, 6.4) = 1.26, p = 0.343; 5-HIAA: F(2, 8.65) = 1.22, p = 

0.339). Post hoc tests revealed no significant differences between stimulation groups in 

DOPAC concentrations, although there was a trend to significance between sham and LI-

rTMS animals (p = 0.059). There were also no significant differences detected in turnover 

rates in the striatum for DA (H(2) = 2.028, p = 0.363) or 5-HT (H(2) = 3.841, p = 0.147). 

 

Figure 4-3 DA, 5-HT and their metabolite concentrations (pmol/mg) following sham, a 

single session of low intensity (LI-) and high-intensity figure-of-eight (Fo8-) rTMS in 

adult mice. Welch’s ANOVA showed a significant effect of stimulation on DOPAC 

concentrations in the hippocampus (p = 0.023) and striatum (p = 0.046). * p < 0.05. Reported 

values are means  SEM.  

 

Table 4-4 DA and 5-HT turnover rates (mean ± SEM) in various brain regions following LI- 

and Fo8-rTMS. 

 Cortex Hippocampus Striatum 

 Sham LI-

rTMS 

Fo8-

rTMS 

Sham LI-

rTMS 

Fo8-

rTMS 

Sham LI-

rTMS 

Fo8-

rTMS 

DA 1.283 ± 

0.173 

1.100 ± 

0.167 

1.326 ± 

0.06 

0.492 ± 

0.031 

0.502 ± 

0.033 

0.472 ± 

0.045 

0.746 ± 

0.147 

1.040 ± 

0.158 

0.796 ± 

0.115 

5-HT 0.775 ± 

0.097  

0.575 ± 

0.116 

**0.497 

± 0.054 

2.039 ± 

0.196 

2.074 ± 

0.381 

1.803 ± 

0.311 

0.749 ± 

0.079 

0.853 ± 

0.075 

1.123 ± 

0.15 

**p = 0.009 vs. sham; based on Mann-Whitney U tests on rank differences with Bonferroni 

correction. 
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4.3.2 Derivatised amino acids 

Preliminary analysis deemed the concentrations of certain target molecules too 

concentrated for analysis. Therefore, following homogenisation in perchloric acid, 

supernatants were further diluted by a factor of 10 in 0.2 M perchloric acid (10 µL 

supernatant + 90 µL acid) and samples derivatised as per the manufacturer’s instructions 

(Phenomenex, Torrance, USA). 

 

4.3.2.1 Precision and accuracy 

The intra-assay CV% could not be determined for LYS, CTH and CIT, due to the low S/N 

ratios recorded in the QC samples. For all other compounds, with the exception of ARG 

(27.75%), intra-assay CV% were < 20%: essential AAs: HIS (3.76%), ILE (2.66%), LEU 

(3.85%), PHE (1.03%), MET (3.25%), TRP (0.58%), THR (7.62%), VAL (3.67%); non-

essential AAs: ALA (2.29%), ASN (6.4%), ASP (14.1%), C-C (1.03%), GABA (18.71%), GLN 

(3.07%), GLU (7.27%), GLY (4.88%), SER (3.58%), PRO (3.67%), TYR (2.19%), and other 

AAs: AAA (3.24%), ß-AIBA (12.08%), SAR (2.26%), indicating good precision and accuracy 

of the current method.  

 

4.3.2.2 Effect of magnetic stimulation 

The amino acids 1-methyl-histidine, α-aminopimelic acid, DA, glycine-proline (dipeptide), 

hydroxylysine4-hydroxyproline, phenylalanine, thiaproline were unable to be detected in the 

diluted supernatant of all homogenised brain regions and were therefore excluded from 

further analysis (Section 4.2.1.3). 

 

Within cortical and hippocampal brain regions, there were no significant differences in amino 

acid levels between sham, LI- and Fo8-rTMS groups, with the exception of α-aminoadipic 

acid concentration in the hippocampus (F(2,6.48) = 6.54 , p = 0.028; Table 4-5). Changes to 
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striatal concentrations were observed for serine (F(2,7.2) = 5.012 , p = 0.043), threonine (F(2,7.3) 

= 9.237 , p = 0.01), sarcosine (F(2,4.74) = 18.784 , p = 0.006), aspartate (F(2,6.56) = 11.54 , p = 

0.007) and glutamate (F(2,5.76) = 13.78 , p = 0.006) concentrations (Table 4-5). As there were 

no significant differences between sham and LI-rTMS groups, comparisons were made 

against Fo8-rTMS. All tests showed a reduction in concentrations following Fo8-rTMS: α-

aminoadipic acid (sham p = 0.054; LI-rTMS p = 0.023), threonine (sham p = 0.020; LI-rTMS 

p = 0.021), aspartate (sham p = 0.010; LI-rTMS p = 0.020), glutamate (sham p = 0.012; LI-

rTMS p = 0.013), serine (sham p = 0.067; LI-rTMS p = 0.098) and sarcosine (sham p = 

0.005; LI-rTMS p = 0.287).
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Table 4-5 Concentration (mean ± SEM nmol/mg of wet tissue mass) of various amino acids as determined by using the EZ:faast kit in 

mouse brain homogenates. 

  Cortex  Hippocampus  Striatum  

  Sham LI-rTMS Fo8-rTMS F, p Sham LI-rTMS Fo8-rTMS F, p Sham LI-rTMS Fo8-rTMS F, p 

E
s

s
e

n
ti

a
l 
A

A
 

HIS 90.5 ± 
25.19 

118.26 ± 
49.13 

107.49 ± 
32.43 

0.153, 
0.86 

144.51 ± 
102.89 

96.55 ± 
24.03 

50.47 ± 
25.4 

0.944, 
0.457 

100.36 ± 
20.25 

61.34 ± 
7.75 

72.51 ± 
39.13 

1.378, 
0.358 

ILE 121.92 ± 
13.25 

138.83 ± 
17.55 

119.18 ± 
12.32 

0.396, 
0.691 

224.18 ± 
19.91 

272.91 ± 
44.35 

169.84 ± 
22.98 

2.514, 
0.157 

141.16 ± 9 171.9 ± 
11.3 

146.22 ± 
9.33 

2.194, 
0.191 

LYS 337 ± 29.24 502.52 ± 
84.35 

400.11 ± 
30.05 

2.142, 
0.185 

551.41 ± 
12.92 

813.6 ± 
214.21 

387.37 ± 
68.43 

2.678, 
0.268 

443.66 ± 
22.42 

423.76 ± 
43.68 

362.24 ± 
29.88 

2.180, 
0.185 

LEU 109.14 ± 
14.05 

136.86 ± 
25.83 

101.53 ± 
7.91 

0.817, 
0.481 

120.31 ± 
20.95 

153.39 ± 
28.24 

83.76 ± 
16.85 

2.3, 
0.164 

105.27 ± 
6.84 

92.49 ± 
10.37 

88.87 ± 
15.37 

0.742, 
0.514 

PHE 73.8 ± 6.8 106.27 ± 
22.73 

83.51 ± 
18.91 

0.903, 
0.452 

104.44 ± 
65.75 

60.92 ± 
18.99 

53.08 ± 
29.35 

0.228, 
0.802 

64.16 ± 
5.94 

46.11 ± 3.2 52.83 ± 
25.63 

3.195, 
0.120 

MET 91.5 ± 7.85 99.63 ± 
13.43 

86.78 ± 
10.8 

0.256, 
0.781 

336.39 ± 
195.42 

147.93 ± 
19.62 

94.47 ± 
15.21 

2.642, 
0.156 

14.17 ± 
2.41 

9.93 ± 2.09 16.05 ± 
8.56 

0.503, 
0.636 

TRP 23.19 ± 
3.58 

32.63 ± 8.5 18.62 ± 
4.03 

1.088, 
0.385 

20.75 ± 
11.81 

17.51 ± 
4.07 

12.02 ± 
4.27 

0.492, 
0.634 

14.17 ± 
2.41 

9.93 ± 2.09 16.05 ± 
8.56 

0.871, 
0.479 

THR 364.9 ± 
30.42 

540.88 ± 
113.59 

310.74 ± 
28.09 

2.23, 
0.176 

254.98 ± 
90.19 

287.49 ± 
56.22 

150.24 ± 
27.63 

2.498, 
0.154 

357.31 ± 
26.98 † 

344.31 ± 
23.44 † 

237.88 ± 
17.71 

9.236, 
0.010 
** 

VAL 197.04 ± 
21.16 

209.05 ± 
27.23 

180.65 ± 
21.97 

0.321, 
0.735 

359.48 ± 
56.43 

473.12 ± 
64.39 

300.34 ± 
45.83 

2.202, 
0.174 

234.89 ± 
12.31 

279.22 ± 
25.25 

226.13 ± 
11.1 

1.693, 
0.250 

N
o

n
-e

s
s

e
n

ti
a

l 
A

A
 

ALA 1509.01 ± 
156.02 

2002.61 ± 
408.66 

1495.27 ± 
133.72 

0.652, 
0.549 

1864.95 ± 
185.52 

2868.61 ± 
559.17 

1584.78 ± 
242.47 

2.064, 
0.195 

1443.99 ± 
137.57 

1581.6 ± 
172.6 

1172.03 ± 
95.99 

2.509, 
0.148 

ASN 40.56 ± 
11.74 

383.67 ± 
334.15 

74.3 ± 
14.81 

1.821, 
0.26 

    59.34 ± 
11.32 

 101.49  

ASP 10296.6 ± 
802.55 

13959.25 ± 
2198.3 

9814.97 ± 
560.4 

1.55, 
0.277 

4011.91 ± 
1157.9 

6096.56 ± 
1527.88 

2698.81 ± 
414.42 

2.432, 
0.165 

9892.49 ± 
397.31 †† 

9312.84 ± 
582.58 † 

5967.38 ± 
676.57 

11.539, 
0.007 
** 

ARG 390.67 ± 
51.32 

484.86 ± 
57.46 

390.66 ± 
20.63 

1.098, 
0.388 

937.85 ± 
251.7 

732.6 ± 
153.72 

488.08 ± 
94.45 

1.798, 
0.233 

558.83 ± 
45.68 

635.88 ± 
39.34 

503.7 ± 
57.81 

1.806, 
0.234 

C-C 50.36 ± 
3.31 

60.76 ± 
12.05 

44.16 ± 
6.45 

0.736, 
0.514 

87.06 ± 
80.04 

13.85 ± 
6.11 

14.81 ± 
4.38 

0.336, 
0.74 

37.34 ± 
7.42 

18.46 ± 
9.21 

37.21 ± 
11.22 

1.312, 
0.329 
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GABA 6732.55 ± 
709.43 

9403.09 ± 
1781.12 

7799.38 ± 
646.58 

1.154, 
0.366 

5995.28 ± 
1605.12 

10839.03 ± 
2362.59 

5799.36 ± 
1181.27 

1.753, 
0.237 

8877.72 ± 
575.3 

7512.75 ± 
257.63 

6437.86 ± 
728.85 

3.394, 
0.107 

GLN 9969.72 ± 
445.36 

13913.33 ± 
2382.37 

12338.54 ± 
1519.56 

2.088, 
0.206 

7279.62 ± 
1195.34 

10303.06 ± 
1995.15 

6349.81 ± 
1191.34 

1.334, 
0.317 

11353.83 ± 
534.33 

12777.1 ± 
1039.23 

9713.28 ± 
1362.82 

1.476, 
0.302 

GLU 21607.05 ± 
1451.47 

29363.83 ± 
4675.05 

23285.08 ± 
1487.4 

1.261, 
0.338 

16212.93 ± 
2786.81 

23469.53 ± 
3110.99 

15958.12 ± 
2301.56 

1.974, 
0.201 

21928.97 ± 
450.41 † 

23762.08 ± 
1525.83 † 

16322.48 ± 
968.73 

13.779, 
0.006 
** 

GLY 2829.88 ± 
322.82 

3671.68 ± 
689.94 

2743.97 ± 
147.49 

0.79, 
0.493 

1929.01 ± 
426.04 

3133.65 ± 
683.14 

1596.5 ± 
208.84 

2.187, 
0.185 

2981.54 ± 
261.22 

2671.17 ± 
206.58 

2229.03 ± 
218.24 

2.350, 
0.163 

SER 1405.9 ± 
131.98 

1733.96 ± 
364.37 

1376.34 ± 
62.22 

0.432, 
0.667 

1054.71 ± 
194.69 

1313.05 ± 
190.87 

728.46 ± 
135.31 

3.031, 
0.106 

1407.02 ± 
104.91 

1483.4 ± 
152.33 

1046.11 ± 
79.48 

5.012, 
0.043 * 

PRO 233.07 ± 
29.82 

284.29 ± 
45.66 

234.47 ± 
23.3 

0.482, 
0.636 

118.85 ± 
40.64 

194.8 ± 
55.71 

97.39 ± 
27.81 

1.112, 
0.383 

199.02 ± 
27.68 

145.98 ± 
11.64 

145.38 ± 
38.53 

1.411, 
0.319 

TYR 37.95 ± 
6.71 

59.47 ± 
13.9 

59.65 ± 
24.39 

1.105, 
0.386 

157.1 N.D. 42.12 N.D. 20.74 ± 
6.48 

N.D. 55.75 ± 
39.65 

0.759, 
0.537 

O
th

e
r 

A
A

 

AAA 99.72 ± 6.5 133.16 ± 
28.74 

86.83 ± 
19.59 

0.804, 
0.49 

96.13 ± 
8.92 

107.64 ± 
10.4 † 

50.84 ± 
11.73 

6.539, 
0.027 * 

71.35 ± 
2.61 

64.53 ± 
8.46 

51.09 ± 
8.38 

2.432, 
0.199 

ABA 2332.46 ± 
242.55 

3219.93 ± 
595.55 

2669.46 ± 
228.42 

1.072, 
0.39 

2383.57 ± 
559.87 

4013.09 ± 
804.78 

2218.27 ± 
408.65 

1.858, 
0.221 

3093.54 ± 
169.64 

2745.19 ± 
96.09 

2313.7 ± 
203.44 

3.925, 
0.079 

ß-
AIBA 

2333.2 ± 
242.6 

3221.49 ± 
595.9 

2670.23 ± 
228.2 

1.073, 
0.39 

2616.8 ± 
403.97 

4014.57 ± 
804.95 

2219.3 ± 
409.08 

1.818, 
0.226 

3094.25 ± 
169.58 

2746.38 ± 
96.8 

2315.51 ± 
202.98 

3.926, 
0.079 

CIT 359.14 ± 
40.41 

345.09 ± 
31.21 

240.96 ± 
32.41 

3.357, 
0.088 

799.94 ± 
137.69 

998.19 ± 
147.02 

781.24 ± 
156.8 

0.607, 
0.57 

409.77 ± 
50.85 

602.67 ± 
40.49 

450.4 ± 
79.91 

4.357, 
0.063 

CTH 48.5 ± 3.24 73.37 ± 
18.44 

46.65 ± 8.7 0.831, 
0.48 

126.37 ± 
5.03 

140.13 ± 
14.86 

98.47 ± 
14.51 

2.014, 
0.21 

72.07 ± 
5.25 

98.41 ± 
7.34 

70.66 ± 6.8 4.638, 
0.052 

SAR 466.19 ± 
105.48 

673.96 ± 
120.51 

684.21 N.D. 767.56 ± 
118.16 

1140.62 ± 
188.97 

656.92 ± 
95.72 

2.399, 
0.155 

571.78 ± 
32.71 †† 

461.06 ± 
123.46  

225.75 ± 
41.55 

18.784, 
0.005 
** 

F, p = F-statistic, p-value; Welch’s ANOVA, * p < 0.05, ** p < 0.01. Post hoc Games-Howell test † p < 0.05, †† p < 0.01 vs. Fo8-rTMS. 
Not included: APA, DA, TPR, GPR, 1MHIS. N.D. = Not detected. 
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4.4 Discussion 

In the present study, we sought to investigate the effects of a single LI- or Fo8-rTMS 

stimulation on various neurotransmitter and amino acid concentrations and developed a 

method to identify and quantify simultaneously DA, 5-HT and their metabolites (DOPAC, 

HVA; 5-HIAA) and 33 free amino acids from mouse brain. Our findings show significant 

changes in 5-HT turnover in the cortex following Fo8-rTMS and altered DOPAC 

concentrations in the hippocampus and striatum. Twenty-seven free AAs were quantifiable 

using our technique, and we found a significant reduction of α-aminoadipic acid 

concentrations in the hippocampus and a reduction of serine, threonine, sarcosine, 

aspartate and GLU concentrations in the striatum following Fo8-rTMS, but not LI-rTMS, 

compared to sham stimulated animals.  

 

4.4.1 Effect of the present high-intensity Fo8-rTMS protocol 

4.4.1.1 Dopamine and serotonin changes 

We observed a reduction in 5-HT turnover rates in the cortex following high-intensity Fo8-

rTMS, indicating a relative increase in 5-HT concentration and reduced concentration of its 

metabolite, 5-HIAA. Similarly, within the hippocampus and striatum, there were changes in 

DOPAC concentrations, a metabolite of DA.  Our results suggest that the present Fo8-rTMS 

protocol may acutely influence the activity of enzymes related to the metabolism of 5-HT to 

5-HIAA (monoamine oxidase) and of DA to DOPAC (monoamine oxidases, aldehyde 

dehydrogenase and catechol-O-methyl transferase (Meiser et al., 2013)).  

 

Our findings for 5-HT are consistent with the lack of change in 5-HT levels only in rats 

following rTMS (Ben-Shachar et al., 1997) and in olfactory bulbectomy mice following rTMS 

delivered using a high-intensity circular coil (Heath et al., 2018). It is possible that the rTMS-
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induced reduction in 5-HT metabolism may underpin its therapeutic effects in patients with 

Major Depression Disorder (MDD; Lefaucheur et al., 2014; O’Reardon et al., 2007a, 2007b), 

because un-medicated patients diagnosed with MDD have elevated 5-HT turnover rates 

(Barton et al., 2008). However, the lack of change observed for DA concentrations differs 

from previous studies showing an increase in DA following various high-intensity rTMS 

protocols. In rats, two studies have demonstrated increased DA in the frontal cortex, 

hippocampus and striatum following rTMS (Ben-Shachar et al., 1997; Keck et al., 2002). 

Similar to the present sampling methods of this study, previously, brain homogenates were 

analysed by HPLC immediately following a single stimulation session, thus detecting all DA 

present within cells and in the extracellular space (Ben-Shachar et al., 1997).  In contrast, 

Keck and colleagues (2002) used microdialysis, which is method considered to sample only 

from the extracellular space, over a period of several hours following a single stimulation. 

The results from the two studies differ in that the first study (Ben-Shachar et al., 1997) found 

immediate changes in the frontal cortex, hippocampus and striatum post-stimulation, 

whereas the second study (Keck et al., 2002) detected significant increases only at a 

delayed interval after the start of rTMS: 90 minutes for hippocampus and 30 minutes for the 

nucleus accumbens of the striatum (as determined using stereotactic co-ordinates). These 

differences could be attributed to sampling method (e.g., brain homogenate vs. dialysis and 

size of dissected tissue), which is discussed in Section 4.4.2.1. 

 

In addition, variation in the stimulation parameters used such as the magnetic field intensity 

and shape, frequency and number of pulses delivered could contribute to the different 

effects of rTMS on the dopaminergic system. Coils used in other studies can induce 

magnetic field intensities approximately 2 – 3 times higher than those used in the present 

study, (i.e., 2.3 – 4 T), although the absolute intensity was often not provided in these 

studies; rather, they report stimulation intensity as % stimulator output or % motor threshold, 
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making it difficult to compare methodology. In addition, frequency is suggested to be a key 

determinant of rTMS outcomes (Wilson and St George, 2016). In the present study, we used 

a 10 Hz stimulation protocol, whereas others have utilised 20 – 25  Hz protocols (Ben-

Shachar et al., 1997; Keck et al., 2002; Kanno et al., 2004). A statistical regression analysis 

(i.e., Principal Component Analysis) of rTMS studies has shown that the number and 

amplitude of the pulses delivered have a weak relationship to motor evoked potentials, a 

common outcome measure of rTMS (Wilson and St George, 2016).  

 

Overall, the differences between the results of present and previous studies on DA and its 

metabolites following high-intensity rTMS indicate that stimulation parameters such as coil 

shape, intensity, frequency, pulse number, may differentially regulate various aspects of DA 

synthesis, binding, release and reuptake. It is, however, uncertain whether the serotonergic 

system is less sensitive to differences rTMS parameters, as our results are more consistent 

with previous results. Future studies could investigate the impact of each rTMS parameter, 

for example changing only the intensity, frequency and pulse number, on the serotonergic 

and dopaminergic systems. 

 

4.4.1.2 Other metabolites 

Fo8-rTMS also reduced levels of amino acids involved in glutamatergic neurotransmission 

in the striatum, consistent with the suggestion that alterations to the excitation and inhibition 

balance within cortical networks are a mechanism of rTMS-induced plasticity (Pell et al., 

2011; Cirillo et al., 2017). Similar to GLU, serine and aspartate are excitatory AAs that are 

necessary for NMDA receptor activation and D-serine can act at the glycine site of the 

NMDA receptor as a coactivator (Wolosker, 2006; D’Ascenzo et al., 2014). Note here that 

the observed changes in serine and glutamate concentrations by Fo8-rTMS may be 

influenced not only by neuronal but also by glial cell function. Although the mechanisms of 
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action are debated, astrocytes are involved in the homeostatic regulation of numerous 

neuroactive substances including D-serine (Wolosker, 2006; Henneberger et al., 2010; 

Wolosker et al., 2016), glycine and glutamate (Schousboe, 2019). Interestingly, sarcosine, 

a precursor AA for the synthesis of glycine, was significantly reduced, although there were 

no significant changes in glycine concentrations. In addition, threonine was significantly 

reduced following rTMS, and is a precursor AA for the synthesis of various proteins. This 

suggests that various metabolic pathways may have been rapidly activated by rTMS, and 

future studies using methods such as untargeted metabolomics will be useful for 

characterising changes in the whole metabolic profile of various brain regions.  

 

By contrast, within the hippocampus, only α-aminoadipic acid concentration was regulated 

by rTMS. α -aminoadipic acid is an inhibitor of kynurenic acid synthesis (Wu et al., 1995) 

and is gliotoxic (Huck et al., 1984). Kynurenic acid is relevant to synaptic plasticity as it is a 

relatively non-specific excitatory AA receptor antagonist that is produced endogenously 

(Ganong et al., 1983) and binds to the glycine site on the NMDA receptor (Stone, 1993). 

Bath application of kynurenic acid has been shown to antagonise hippocampal excitatory 

postsynaptic potentials (Ganong et al., 1983). Thus, the reduction of α-aminoadipic acid 

observed in the hippocampus of Fo8-rTMS animals may result in decreased excitatory 

activity within the hippocampus. Future studies could investigate the relationship between 

α-aminoadipic acid and kynurenic acid pathways following rTMS to elucidate the underlying 

mechanisms. 

 

4.4.1.3 Comparison with human studies 

Analysis of neurotransmitter levels following rTMS in humans has not been extensively 

performed. For 5-HT levels, long term studies have been carried out in patients with 

depression: following daily 10 Hz rTMS at 110% motor threshold for two weeks, 5-HT 
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binding in the prefrontal cortex was increased and positively correlated with improvement in 

Hamilton Rating Scale for Depression scale but binding in the hippocampus decreased and 

was negatively correlated with outcomes (Baeken et al., 2011). Using [11C] raclopride 

binding and positron emission tomography, Strafella et al. (2003) showed that rTMS of the 

prefrontal cortex induces the release of endogenous DA in the ipsilateral caudate nucleus 

in healthy participants, consistent with our finding of neurotransmitter changes distant from 

the site of direct stimulation (i.e., subcortical changes following rTMS).  

 

Cortical vs subcortical regions 

In the present study, cortical DA concentrations were unaltered following Fo8-rTMS, 

although we observed a reduction in 5-HT turnover rates. We speculate that the different 

results may be due to the unique patterns of DA and 5-HT innervation of the cortex. 

Dopaminergic innervation of the cortex is sparse and heterogenous as compared to the 

widespread projections of serotonergic neurons (Berger et al., 1991). Therefore, it is 

possible that any regional rTMS-induced effects on DA concentrations were masked by our 

sampling of the entire cortex. In addition, specific regions within the cortex may be 

differentially susceptible to the effects of rTMS, as suggested by the heterogenous protein 

expression of the immediate early gene zif268 in the cortex following rTMS (Aydin-Abidin et 

al., 2008). Future studies could therefore investigate the effect of rTMS in particular cortical 

regions that have comparable dopaminergic terminal densities to those in primates, such as 

the prefrontal cortex (Berger et al., 1991). Although regional differences in 5-HT 

concentrations have also been described in the rodent cortex, albeit at much higher 

concentrations than that of DA (Reader and Grondin, 1987), our results suggests that high-

intensity Fo8-rTMS induces widespread changes to the serotonergic system, either through 

direct stimulation of terminals, or via stimulation of intracortical circuits, resulting in the 

observed reduction in 5-HT turnover rates.  
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We also found changes in subcortical regions, raising the question of whether these effects, 

detected remotely from the stimulation site, are due to direct stimulation of regions located 

deep within the rodent brain, or indirect stimulation of these regions via activation of cortical 

neurons. While it is possible that Fo8-rTMS in our study delivered stimulation to the 

hippocampus and striatum at an intensity sufficiently high to induce action potentials and 

alter neurotransmitter and amino acid metabolic pathways, there is evidence from the 

literature that cortical stimulation is sufficient to activate other brain regions. Comparison of 

resting brain activity using fMRI has shown alterations to subcortical regions following high-

intensity rTMS in humans (Bestmann et al., 2004) and LI-rTMS in rats (Seewoo et al., 2018), 

suggesting that both Fo8- and LI-rTMS are capable of modulating corticofugal connections 

to regions that are not within direct range of the induced electric field. It is likely that Fo8-

rTMS induces action potential firing of corticofugal projecting neurons (Banerjee et al., 

2017), thus resulting in the significant changes we observed at the subcortical level.  

 

4.4.2 Different effects of LI-rTMS and Fo8-rTMS 

It was unexpected that LI-rTMS of awake and freely moving animals had no significant effect 

on any of the compounds investigated in the present study; this is because we previously 

described, after a single LI-rTMS session, altered resting state activity in rodents in vivo 

(Seewoo et al., 2018), as well changes to gene expression (Grehl et al., 2015) and levels of 

neurotransmitters and cellular metabolites associated with the Krebs cycle in vitro (Hong et 

al., 2018). It is possible that LI-rTMS-induced changes in neurotransmitter levels in vivo may 

be too subtle to be detected following a single stimulation session, even with our highly 

sensitive method, and we note that 5-HT and DA levels following LI-rTMS followed similar 

patterns to those following Fo8-rTMS, but did not reach statistical significance. The lower 

impact of LI- compared to Fo8-rTMS is consistent with the different mechanisms activated 

by low and high-intensity magnetic fields: high-intensity rTMS evokes action potentials, 
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directly triggering neurotransmitter release, whereas  LI-rTMS does not induce neuronal 

firing but rather causes an increase in excitability by reducing action potential threshold and 

increasing spike firing potential (Tang et al., 2016a). As a result, the effects of LI-rTMS on 

neurotransmitter levels may be more prominent after multiple stimulation sessions, 

consistent with the significant molecular, structural and functional changes induced by LI-

rTMS in vivo following chronic treatment (Rodger et al., 2012a; Makowiecki et al., 2014; Poh 

et al., 2018).  

 

However, in addition to delivering different intensities, our LI-rTMS and Fo8-rTMS protocols 

differed significantly in the parameters of the two stimulation devices. Firstly, the coil that 

was used for Fo8-rTMS was a large figure-of-eight coil that would have stimulated all of the 

head and part of the body of the mouse, whereas the small circular coil used for LI-rTMS 

targeted the brain more focally. These devices further differ from those used in other animal 

studies, which most commonly used figure-of-eight shaped coils of varying diameter (Ben-

Shachar et al., 1997; Keck et al., 2002; Zangen and Hyodo, 2002; Kanno et al., 2004; Aydin-

Abidin et al., 2008; El Arfani et al., 2017). It is therefore not possible to conclude that the 

differences we observe here between LI- and Fo8-rTMS are due solely to the intensity of 

stimulation. Other parameters such as differences in coil shape and orientation relative to 

the brain, as well as pulse parameters (see for example: Lu and Ueno, 2017; Opitz et al., 

2016) are likely to have contributed to the results of the present study. An approach to 

specifically investigate the role of intensity would be to reduce the intensity of the Fo8-rTMS 

to be equivalent to the LI-rTMS coil, however this was not possible as 1% of the MagVenture 

stimulator output is still an order of magnitude higher than LI-rTMS. The other option, to 

increase the power supply to the small coils to produce a magnetic field intensity that 

matched that of Fo8-rTMS, was not physically possible due to overheating of the small coil. 

We also acknowledge that pulse number and duration of stimulation were limited by the 
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physical properties of the coils (i.e., overheating of the MagVenture coil). Our study is 

therefore limited to comparing outcomes of two different types of rTMS stimulation that have 

been used in the animal rTMS literature, without identifying the specific parameters 

responsible for the differences. Future studies which involve magnetic and electric field 

modelling, as well as innovative design of miniaturised rTMS devices that enable 

comparative studies in animal models and human subjects with matching stimulation 

paradigms will be crucial for dissecting the contributions of different rTMS parameters 

(Rodger and Sherrard, 2015).  

 

4.4.2.1 Differences in sampling method 

Many studies have assessed concentration changes by sampling brain microdialysates, 

limitations include a minimum volume of sample required for sampling, which can take up to 

10 min per time sample and a high level of technical knowledge and training. In addition, 

surgical placement of the cannula or probe is relatively large, especially when targeting the 

extracellular space of specific nuclei within the mouse brain (Shippenberg and Thompson, 

2001). Therefore, the benefit of assessing concentration changes using homogenates is the 

relative ease of sample collection, requiring only good anatomical knowledge and dissection 

skill. Magnetic stimulation-induced changes to AA concentrations are not limited to the 

extracellular space, but also occur intracellularly. Thus, investigating changes to AA 

concentrations from homogenates may provide a greater overview of the changes occurring 

within a particular sample, and allow researchers to develop novel biomarkers of the brain 

in healthy and pathophysiological states. Limitations of this method include the ability to 

collect samples only at a specific time point (post-mortem), whereas microdialysis and non-

invasive imaging techniques allow repeated and longitudinal studies, although they may be 

less accurate. Therefore, the sampling method selected will depend on the scientific aims 

and hypotheses of each study.  
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In the present sampling method, the entire cortex and striatum was dissected. In future, 

studies could look at dissecting a more specific region, for example directly under the 

stimulation site in the cortex, the prefrontal cortex and differentiating the dorsal and ventral 

striatum. In addition, we were unable to quantitate HVA levels in the hippocampus due to 

low S/N ratios. The presence of DA and the other major metabolite, DOPAC, suggests that 

it should have been present in the hippocampus. A possible reason for the inability of the 

present method to detect HVA may be due to the addition of a fixed volume of perchloric 

acid to dissolve the tissue samples (300 µL), which may have reduced the total HVA content 

during sampling. Nonetheless, the LC-MS/MS method we have described is extremely 

sensitive and in the present study, we were able to quantify extremely low concentrations of 

particular AAs such as threonine (at 0.594 pM). Therefore, future studies could add 

perchloric acid in a fixed wet weight-to-volume ratio, e.g. 10 µL acid per 1 mg brain tissue. 

By adopting these methods, future studies can minimise the number of missing values and 

thus provide a more complete dataset. 

 

4.4.3 Conclusions 

In the present study, we developed a rapid and accurate method in combination with a 

commercially available kit, with minimal sample preparation, to assay DA, 5-HT and their 

metabolites (DOPAC, HVA; 5-HIAA) with an intra- and inter-day precision that was below 

13%, and 27 different AAs in mouse brain homogenates, with a CV% < 15% for those found 

to be significantly different. This method will be useful for future studies to characterise and 

screen for brain biomarkers in both the healthy and diseased state that can be assayed 

simultaneously in a single run; leading to the development of methods that can target AAs 

to a high degree of specificity and accuracy, as done for DA, 5-HT and their metabolites in 

the present study. Our results highlight the importance of gaining a better understanding of 
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how rTMS parameters, including stimulator dimensions, contribute to neurochemical 

changes throughout the brain, in order to maximise the efficacy of rTMS therapies.  
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5 Differential effects of acute and chronic LI-rTMS on 

neurotransmitter profiles in vivo  

Eugenia Z Poh, Luca Agostinelli, Jessica Moretti, Michael W Clarke, Alan R Harvey & 

Jennifer Rodger.  

 

To better understand the underlying mechanisms of action of LI-rTMS, we studied how 

chronic (14 days) of 10 Hz low-intensity rTMS (LI-rTMS) altered neurotransmitter content in 

murine cortical and subcortical structures. Using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS), dopamine (DA), serotonin (5-HT) and their metabolites (DOPAC, 

HVA; 5HIAA) were simultaneously assessed in the cerebral cortex, hippocampus and 

striatum. Glutamate, GABA, as well as 25 free amino acids were also quantified using LC-

MS/MS. To determine whether chronic LI-rTMS could also alter the expression of rate-

limiting enzymes for the synthesis of DA and 5-HT, I also assessed whether tyrosine 

hydroxylase (TH) and tryptophan hydroxylase 2 (TPH2) expression, respectively, were also 

altered by chronic LI-rTMS. To determine whether increased glutamate content altered 

neural activity in cortex, we calculated the density of c-Fos+ cells, and co-labelled them with 

markers for glutamatergic and GABAergic neurons.  
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5.1 Introduction 

Dopaminergic and serotonergic networks are essential for the normal functioning of the 

central nervous system. Also known as ‘neuromodulators’, dopamine (DA) and serotonin (5-

HT) are able to modulate the induction, maintenance and direction of neuroplasticity 

(Azmitia, 1999; Reynolds and Wickens, 2002; Jay, 2003; Wise, 2004; Kalivas and O’Brien, 

2008; Branchi, 2011; Lesch and Waider, 2012). Dysfunction of dopaminergic and 

serotonergic signalling has been associated with the pathophysiology of neuropsychiatric 

disorders; thus, many first-line pharmacologic treatments aim to modulate these systems 

with varying efficacy (Carr and Lucki, 2010; Haenisch and Bönisch, 2011; Liu et al., 2017; 

Li, 2020).  

 

Repetitive transcranial magnetic stimulation (rTMS) is a brain stimulation tool that has shown 

therapeutic effects for symptoms of depression, behavioural and substance addictions, and 

schizophrenia (Lefaucheur et al., 2014, 2020). Utilising the principles of electromagnetic 

induction, the induced electric fields can non-invasively modulate the activity and 

neurochemistry of underlying cells (Barker et al., 1985; Pell et al., 2011). Delivery of 

repeated pulses and sessions has been shown to modulate cortical excitability beyond the 

period of stimulation likely through the induction of neuroplasticity (Pell et al. 2011; Cirillo et 

al. 2); rTMS-based therapies generally require multiple stimulation sessions spread over 

days and weeks for a clinically significant effect (Lefaucheur et al., 2014, 2020). In addition, 

since abnormal signalling of dopaminergic and serotonergic systems are implicated in 

various neuropsychiatric disorders, it is important to understand how they are altered by 

rTMS.  A single session of high-intensity rTMS has been shown to modulate dopaminergic 

(e.g., Keck et al., 2002; Kanno et al., 2004) and serotoninergic circuits (Ben-Shachar et al., 

1997; Kole et al., 1999). In contrast, we previously showed that a single session of LI-rTMS 

does not significantly alter the concentration of various neurotransmitter profiles, including 
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DA and 5-HT, in mouse brain homogenates (Poh et al., 2019). However, it is possible that 

LI-rTMS effects, similar to those of clinical rTMS, which aims to ameliorate dysfunctional 

neural circuits (Lefaucheur et al., 2014, 2020), require multiple treatment sessions to alter 

neurochemistry in a meaningful way .  

 

The present study aims to investigate changes in neurotransmitter profiles induced by 

chronic (14 days) 10 Hz LI-rTMS within the striatum and hippocampus, two target regions 

of dopaminergic and serotonergic innervation, using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Using our novel LC-MS/MS method, we quantified the 

concentration of DA, 5-HT and their major metabolites DOPAC, HVA and 5-HIAA (Poh et 

al. 2019). Glutamate, GABA, and 25 additional free amino acids were also quantified using 

LC-MS/MS.  To determine whether chronic LI-rTMS can also alter the synthesis of DA and 

5-HT, we assessed the expression of major rate-limiting enzymes for tyrosine hydroxylase 

(TH) and tryptophan hydroxylase 2 (TPH2), respectively. These rate-limiting enzymes are 

expressed in both the cell bodies and terminals of these monoaminergic neurons, and 

altered expression may reflect a change in the capacity to synthesise these monoamines. 

rTMS has also been shown to inhibit the activity and expression of monoamine oxidase A 

(MAO-A), an enzyme involved in the degradation of DA and 5-HT (Peng et al., 2018). 

Therefore, we also assessed whether the relative expression of MAO-A is altered by a 

chronic LI-rTMS protocol.  

 

Since the induced electric fields of rTMS are strongest in the superficial (cortical) brain 

regions (Deng et al., 2013), it is possible that changes to subcortical neuromodulatory 

systems are a consequences of changes induced in specific cortical regions and/or layers. 

In support of the possibility, previous studies have shown that a single session of rTMS can 

increase cortical expression of c-Fos (Ji et al., 1998; Hausmann et al., 2000; Aydin-Abidin 
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et al., 2008), an immediate early gene and marker commonly used as a proxy for cellular 

activity (Herrera and Robertson, 1996). To determine whether cortical stimulation mediates 

subcortical changes to dopaminergic and serotonergic signalling, neurotransmitters and 

amino acids were quantified in cortical homogenates using our LC-MS/MS method. We then 

assessed whether the expression of c-Fos, and its co-expression with excitatory (CaMKII+) 

and inhibitory (GAD67+) neuronal markers in selected cortical regions and layers (L1-6), 

were differentially altered by acute and chronic LI-rTMS.  

 

In summary, the present study aims to 1) characterise the effect of chronic LI-rTMS on 

dopaminergic and serotonergic circuits within the rodent cerebral cortex, hippocampus and 

striatum; and 2) determine whether acute and chronic LI-rTMS affect excitatory and 

inhibitory neurons within the cortex, providing a possible mechanism for alterations to 

subcortical neuromodulatory systems detected in Aim 1. 

 

5.2 Materials and Methods 

5.2.1 Subjects 

All experiments were performed in accordance with the National Health and Medical 

Research guidelines and approved by The University of Western Australia Animal Ethics 

Committee (AEC 100/1453). C57BL/6 mice (8 – 12 weeks; n = 40) were sourced from the 

Animal Resources Centre (Canning Vale, Australia). Food and water were provided ad 

libitum and mice were housed in 12 h light/dark cycle. Each experimental group had an 

equivalent number of males to females. Following the coil attachment surgeries, the metal 

grids were removed from cages to prevent the attachments from being trapped (Poh et al. 

2018), and hydrogel (Necta H2O, Able Scientific, Australia) was given as a water substitute 

for the remainder of the experiment.  
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5.2.2 Magnetic stimulation 

5.2.2.1 Coil support surgery 

As described previously (Poh et al. 2018), a custom-made coil support was attached to the 

skull using dental cement (Paladur, Heraus, Germany). The coil support allowed the 

experimenter to deliver rTMS at acute or chronic timepoints in awake and freely moving 

mice. The coil support consisted of a trimmed pipette tip attached to the base made out of 

dental cement. Animals were anaesthetised by intraperitoneal injection of ketamil (75 mg/kg) 

and medetomidine (1 mg/kg). Following confirmation of anaesthetic depth, a coil support 

was attached to the surface of the skull with the centre of the base directly above the lambda 

suture line using cyanoacrylate. The attachment was then reinforced by applying dental 

cement to the base and the skull. Animals were then given anaesthetic reversal 

(atipamezole; 10 mg/kg, s.c.) and monitored daily until the end of experiment (see Figure 

5-1). After the fifth day of recovery, subjects were habituated to the coil by attaching a 

dummy coil onto the support for 5-10min/day for three days prior to starting the stimulation 

paradigm. Mice were then moved in their home cages to a different room and received sham 

or real-rTMS.  

 

5.2.2.2 Coil specifications 

The custom-made coil was comprised of 300 windings of copper wire (0.125 mm in 

diameter) with an inner and outer diameter of 6 and 8 mm, respectively. The coil was 

connected to an electromagnetic pulse generator (e-cellTM) programmed to deliver LI-rTMS 

at 10 Hz for 10 min (6000 pulses). Three coils were used during the experiments, with an 

average maximum induced magnetic field intensity of 21.65  0.53 mT (M  SD) and 275 µs 

pulse width recorded at the base of the coil. Sham treated animals had a coil attached with 

the pulse generator switched off.  

 



 135 

 

Figure 5-1 Experimental timeline for the chronic stimulation group. C57Bl/6 mice 

underwent coil support surgeries to allow secure and consistent stimulation of LI-rTMS for 

the whole duration of the experiment. Subjects were allowed to recover for 5 days post-

surgery and were then habituated to the coil attachment for three days prior to starting 14 

days of 10 min daily LI-rTMS or sham stimulation. After the final (14th) stimulation session 

(day 22), subjects were sacrificed and their tissue processed for LC-MS/MS (sham: n = 4, 

LI-rTMS: n = 6), Western Blot (sham: n = 4, LI-rTMS: n = 4) or immunofluorescent analysis 

(sham: n = 5, LI-rTMS: n = 5). An additional group was processed for the immunofluorescent 

staining at an acute timepoint; mice underwent the surgery and habituation protocol, but 

tissue was collected following one stimulation session (sham: n = 6, LI-rTMS: n = 6). LC-

MS/MS = Liquid chromatography tandem mass spectrometry; WB = Western Blot; IF = 

Immunofluorescence; EOE = End of Experiment.  

 

5.2.3 Liquid chromatography tandem mass spectrometry (LC-MS/MS) 

Five minutes after the last stimulation session, mice were terminally anaesthetised using 

sodium pentobarbitone (0.1 mL; Lethabarb, Virbac, Australia, i.p.) and decapitated. The 

cortex, hippocampus and striatum from both hemispheres were immediately dissected on 

ice, flash frozen with liquid nitrogen and homogenised using a Precelly’s homogeniser 

cooled with dry ice. Homogenates were stored at -80°C until analysed on the LC-MS/MS 

equipment. Homogenates were vortexed for 5 s and centrifuged for 15 min at 16 000 rcf at 

4°C in 300 µL of ice-cold 0.2 M perchloric acid. 

Habituation 14 days of LI-rTMS or sham

Day 

0

8 225

Coil support 

surgery EOE

14th stim Delay EOEIF

100 100 min

LC-MS/MS 14th stim Delay EOE

100 15 min

WB 14th stim Delay EOE

100 15 min

10 Hz for 10 min/day
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For the DA/5-HT analysis, 100 µL of the supernatant and 50 µL of the working internal 

standard solution (see 2.3.2 Materials) was transferred into autosampler vials for direct 

sampling in the LC-MS/MS instrument. Samples were diluted by a factor of 10, i.e. 10 µL of 

supernatant added to 90 µL of 0.2M perchloric acid. For the multiple amino acid analysis, 

samples and calibration standards were prepared as instructed in the EZ:faast user guide 

(Phenomenex, Torrance, USA). All remaining supernatants were stored at -80°C.  

 

LC-MS grade dopamine hydrochloride (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), 

homovanillic acid (HVA), serotonin (5-HT) and 5-hydroxyindole-3-acetic acid (5-HIAA) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). DA-d4, DOPAC-13C3, HVA-d3, 5-HT-

d4 and 5-HIAA-13C3 were purchased from Toronto Research Chemicals (Toronto, ON, 

Canada). The working standard (DA, DOPAC, HVA, 5-HT, 5-HIAA) and working internal 

standard (IS) solutions (DA-d4, DOPAC-13C3, HVA-d3, 5-HT-d4, 5-HIAA-13C3) were diluted in 

dH2O (LC-MS grade). Reagents used for the simultaneous quantification of the 33 free 

amino acids were completed using the commercially available EZ:Faast kit (Phenomenex, 

Torrance, USA). ARG was standardised against the d3MET IS as the regression coefficients 

of the calibration curve was larger when compared to standardisation against the 

recommended HARG IS. 

 

Optimal multiple reaction monitoring (MRM) transitions have been described in our previous 

study (Poh et al. 2019). Briefly, analysis was carried out using an Agilent 6460 LC-MS 

instrument operated in 2D mode. The first-dimension column was an Agilent Poroschell 

EC120 2.1 x 50 mm 2.7 m C18 column, and second-dimension a Phenomenex 3 x 150 

mm 2.6 µm Biphenyl column (Torrance, USA).  LC-MS grade solvents were 0.1% formic 

acid in water (A) and 0.1% formic acid in methanol (B). Initial conditions were 98% A, 2% B.  

Compounds were eluted by increasing to 98% B over 5 min, and the columns re-equilibrated 
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for 3 min prior to the next injection.  All compounds were heart cut from column 1 to column 

2 between 0.3 and 3.9 min.  

 

Chromatogram peaks were integrated and quantified using the MassHunter Quantitative 

Analysis software (Agilent Technologies, Santa Clara, United States). Data were collected 

from compounds with a signal to noise (S/N) > 10. However, compounds with a S/N > 7 and 

an obvious chromatogram peak were also included following manual inspection.  

 

5.2.4 Western blot 

Five minutes after the 14th stimulation session, subjects were euthanised with an overdose 

of sodium pentobarbitone (0.1 mL, i.p., Lethabarb, Virbac, Australia) and decapitated. 

Bilateral cortex, hippocampus, striatum and the brainstem region containing raphe nuclei 

were rapidly dissected on ice, flash frozen with liquid nitrogen and stored in -80ºC until 

further processing. For protein extraction, tissue was weighed and homogenised in 10x w/v 

(mg/µL) of ice-cold RIPA lysis buffer (50 mM Tri-HCl (pH 8.0), 150 mM NaCl, 1% Triton X-

100, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mM PMSF supplemented with 1x protease 

inhibitor cocktail (Sigma)). Homogenates were incubated on ice for 15 min and briefly 

vortexed every 5 min, followed by centrifugation at 16,000 rcf for 10 min at 4ºC. The 

supernatant was extracted and stored in the -80ºC, and an aliquot used for protein 

determination using a bicinchoninic acid assay (Pierce BCA Protein Assay Kit; 

ThermoFisher Scientific).  

 

Equal amount of total protein (30 µg/lane) was loaded and separated on a 10% precast 

polyacrylamide gel (BioRad). Proteins were then transferred using the Trans-Blot Turbo 

Transfer System (BioRad) onto nitrocellulose membranes. Total protein was determined 

using the Stain-Free technology, and the membrane then incubated in 5% non-fat milk in 



 138 

TBS-T for 1 hr at room temperature. The membranes were then incubated in 1% NFM in 

TBS-T with the primary antibodies: mouse monoclonal anti-TH (1: 8,000; T2928, Sigma 

Aldrich), rabbit polyclonal anti-TPH2 (1:1,000; NB100-74555, Novus Biologicals) or 

recombinant rabbit monoclonal anti-MAO-A (1:2,000, ab126751, Abcam) overnight at 4ºC. 

Membranes were then washed three times in TBS-T for 5 min, followed by 2 hr of secondary 

antibody solution: goat anti-mouse HRP and goat anti-rabbit HRP (1:10,000; Merck 

Millipore) diluted in TBS-T at room temperature. Membranes were incubated in Luminata 

Crescendo Western HRP substrate (Merck Millipore), imaged using the ChemiDoc Imaging 

system and protein levels semi-quantified using the ImageLab software (v. 6.1.0, BioRad 

Laboratories). 

 

5.2.5 Immunofluorescence staining and imaging 

Mice were euthanised at two different time points to assess changes in c-Fos expression in 

the cortex: 90 min after the end of one stimulation session, or 90 min after the end of the 

14th stimulation session (see Figure 5-1). Mice were terminally anaesthetised with sodium 

pentobarbitone (0.1 mL, i.p., Lethabarb, Virbac, Australia) and transcardially perfused with 

cold saline (0.9% NaCl, w/v) followed by 4% paraformaldehyde in phosphate buffer (w/v). 

Whole brains were dissected and postfixed in 4% paraformaldehyde solution for 24 h, 

cryoprotected in 30% sucrose in PBS (w/v) for a minimum of 48 h, and cryosectioned 

coronally at 30 µm sections in five series. One series was Nissl-stained for orientation and 

the remaining stored in 0.01% sodium azide in PBS at 4ºC until further processing.  

 

Selected sections were washed in PBS (3 x 5 min) and the membranes permeabilised by 

incubating in 0.25% Triton X-100 (PBS-T, v/v) for 15 min. Blocking was carried out in 1% 

bovine serum albumin (w/v), 5% normal goat serum and 5% normal donkey serum in PBS-

T (v/v) for one hour at room temperature. The primary antibody solution consisted of anti-
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rabbit c-Fos (1:5,000; ab190289, Abcam), anti-mouse CaMKII (1:200; ab22609, Abcam) 

and anti-goat GAD67 (1:750; AF2086-SP, R&D Systems) diluted in blocking solution. 

Sections were incubated in the primary antibody solution on a shaker at 4ºC overnight. On 

the next day, sections were washed (3 x 5 min) in PBS and then incubated in a secondary 

antibody solution consisting of goat anti-rabbit 488, goat anti-mouse 555 and donkey anti-

goat 647 (all Abcam; 1:600) diluted in blocking buffer at room temperature for two hours. 

Finally, sections were washed (3 x 5min) in PBS and incubated in Hoescht solution (1:1000) 

for 10 min diluted in PBS-T, followed by another wash step (3 x 10 min) in PBS. Sections 

were the mounted on gelatine-subbed slides and cover slipped in Dakomount mounting 

medium. 

 

Based on computational modelling of the induced electric fields induced by our coil (Madore 

et al. 2021, unpublished), we chose to process brain section containing the primary motor 

cortex (M1), primary somatosensory cortex trunk (SS1Tr) and hindlimb (SS1Hi), lateral and 

medial parietal areas (PtA), and primary visual cortex (V1). We also chose to assess the 

prelimbic cortex (PrL), a region distal from the peak induced electric fields induced in the 

cortex, to determine whether there were long-range cortical effects of our LI-rTMS paradigm. 

Images were acquired on a laser scanning Nikon confocal microscope with a 40x objective 

and z-step size of 0.375 µm (12-17 steps per region). Images were stitched and analysed 

using Fiji. Prior to counting c-Fos+ cells in each stitched image, background intensity was 

measured by averaging the intensity of 8 x 75 µm ✕ 75 µm regions across the z-stack. 

Images were then thresholded to 2.25x the intensity of the noise level. Cell counting was 

performed manually by two experimenters blinded to the experimental group. c-Fos+ cell 

density was determined by counting the number of c-Fos+ cells co-expressing CaMKII, 

GAD67 or neither, within each cortical layer and normalised to the total volume of the layer 

(x103 cells per mm3). 
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5.2.6 Quantification and statistical analyses 

Statistical analyses were carried out using SPSS (v 27.0), Prism 9 and R. Graphs were 

generated using Prism 9 (GraphPad). Significance was set at the alpha = 0.05. Where 

appropriate, follow up post hoc multiple comparisons tests were carried out with Šidák 

correction. 

 

Preliminary assumption testing revealed that 5-HT and its metabolites met all criteria for 

multivariate testing, thus we performed a 2-way multivariate analysis of variance (MANOVA) 

to assess concentration changes, and then followed up with ANOVAs and Šidák-corrected 

post hoc tests. 5-HT turnover rates were calculated by [5-HIAA]/[5-HT] and assessed using 

a 2-way analysis of variance (ANOVA) test. For analyses of DA and its metabolites and free 

amino acids, data violated assumptions for multivariate statistical tests due to 

multicollinearity and having more dependent variables than subjects per group. Therefore, 

the concentration of the various monoamines, their metabolites and free amino acids were 

assessed by 2-way ANOVA tests, with the between-subjects factors: stimulation (sham, LI-

rTMS) and brain region (cortex, hippocampus and striatum). For DA and DOPAC 

concentrations, data violated the homoscedasticity assumption leading to inaccurate 

probability estimations (Vitaliano, 1982). Therefore, the concentration of these compounds 

was analysed using Robust 2-way ANOVAs with 20% trimmed means using the WRS2 

package for R (Mair and Wilcox, 2020). The statistical measure of this test, Q, was 

interpreted in the same way as the F statistic (Mair and Wilcox, 2020). Post hoc tests were 

performed using pairwise comparisons of trimmed means, where 95% confidence intervals 

(CI) and p values adjusted for multiple testing (Mair and Wilcox, 2020). DA turnover rates 

were calculated by [DOPAC]/[DA] and [HVA]/[DA], and comparisons assessed by multiple 

t-tests with Šidák correction. 
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Blot densities were normalised to the total protein content of each lane based on the BioRad 

Stain-free protocol. As samples from both sham and LI-rTMS were run on each gel, values 

were normalised against the sum of sham density on each blot. Blot densities were averaged 

across replicate trials and analysed using two-tailed t-tests. 

 

The densities of c-Fos+/CaMKII+ and c-Fos+/GAD67+ (x103 per mm3) cells were assessed 

by linear regression analyses with generalised estimating equations (GEE; log-linked 

gamma distribution, Ghisletta and Spini, 2004) with the within-subjects factors: brain region 

(M1, SS1Tr, SS1Hi, PtA, V1), and cortical layer (1, 2/3, 4, 5, 6). Predictors of the model were 

timepoint (acute, chronic), stimulation (sham, LI-rTMS), region, and layer. The working 

correlation matrix was set as independent. We were also assessed possible interactions 

between specific factors (stimulation ✕ region ✕ layer; timepoint ✕ stimulation ✕ layer; 

timepoint ✕ stimulation ✕ region; timepoint ✕ stimulation ✕ region ✕ layer). Because some 

layers did not contain c-Fos+ cells that were negative for CaMKII or GAD67 (i.e., all c-Fos+ 

cells were colocalised with either CaMKII or GAD67), we did not use the log-linked gamma 

distribution adjustment as the model would incorrectly reject 0 values. Therefore, we 

transformed c-Fos+/neither raw densities by the √ function and report transformed values. 

All follow up analyses were performed with sequential Šidák correction to explore changes 

between stimulation subgroups. We were unable to include PrL data in our GEE model as 

we were unable to distinguish between the different cortical layers. Thus, we performed a 

two-way ANOVA to assess c-Fos+/CaMKII+ and c-Fos+/GAD67+ cell densities (x103 per 

mm3) for PrL, with the between-subjects factors: timepoint, stimulation. 
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5.3 Results 

5.3.1 Effects of chronic LI-rTMS on dopamine and its metabolites 

We hypothesised that repeated sessions of LI-rTMS would induce changes to dopamine 

content and of its metabolites within the brain. There was a statistically significant main effect 

of brain region on DA (Q(2,23) = 209.58; p = 0.001) and DOPAC content (Q(2,23) = 294.70; p 

= 0.001), but not of stimulation (DA: Q(1,23) = 2.358, p = 0.184; DOPAC: Q(1,23) = 0.2175, p = 

0.654) and there was no brain region ✕ stimulation interaction (DA: Q(2,23) = 2.637, p = 0.361; 

DOPAC: Q(1,23) = 3.182, p = 0.298). The concentration of each compound is shown in Figure 

5-2. Significant post hoc tests are shown in Table 2. For HVA content, we observed a 

significant main effect of brain region (Q(1,13) = 71.015, p = 0.001) but not for stimulation 

(HVA: Q(1,13) = 0.128; p = 0.737) nor brain region ✕ stimulation interaction (Q(1,13) = 0.755; p 

= 0.427). Post hoc tests revealed no significant differences between the cortex and striatum 

for HVA content (Table 2). 

 

Analysis of DA turnover rates, as measured by [DOPAC]/[DA] and [HVA]/[DA], revealed no 

significant decrease in turnover rates in the cortex ([DOPAC]/[DA]: t(7) = 0.509, p = 0.948; 

[HVA]/[DA]: t(5) = 0.109, p = 0.993] nor in the hippocampus (DOPAC only: t(8) = 0.009, p > 

0.999; see Figure 5-2). However, we observed a significant decrease in [HVA]/[DA] turnover 

in the striatum (t(8) = 3.974; p = 0.008) indicating that relative concentrations of DA were 

increased and HVA decreased. We did not observe a significant difference for 

[DOPAC]/[DA] content within the striatum (t(8) = 1.462; p = 0.452).  
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Figure 5-2 Analysis of DA and its major metabolite concentrations (DOPAC and HVA) 

following 14 days of LI-rTMS or sham stimulation. Following the final stimulation session, 

mice were euthanised, and brain regions dissected. Samples were homogenised and 

assessed using our novel LC-MS/MS technique. A-C) Chronic LI-rTMS (n = 6) did not induce 

statistically significant changes in DA and its metabolites when compared to sham (n = 4) 

treated animals in the cortex, hippocampus and striatum (all p > 0.05). D) Assessed 

[DOPAC]/[DA] ratios showed no significant difference between groups. E) Chronic LI-rTMS 

induced a significant decrease in [HVA]/[DA] ratios in the striatum when compared to sham 

treated subjects (p = 0.008). Together, these findings suggest that LI-rTMS decreased 

overall DA metabolism. N.D. = not detected due to low signal-to-noise ratios. Error bars = 

mean ± SEM. 
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Table 5-1 Effect of chronic sham (control, n = 4) or LI-rTMS (n = 6) on monoamine levels 

(pmol/mg) in the cortex, hippocampus and striatum (all mean ± SEM). 

Compound  Cortex1 Hippocampus Striatum 

Dopamine Sham 2.30 ± 0.21 0.99 ± 0.06 18.39 ± 2.711 

 LI-rTMS 2.88 ± 0.46 1.00 ± 0.11 24.09 ± 2.727 

DOPAC Sham 2.04 ± 0.27 0.43 ± 0.02 5.532 ± 0.597 

 LI-rTMS 2.75 ± 0.32 0.43 ± 0.04 6.369 ± 1.459 

HVA Sham 1.21 ± 0.12 N.D. 4.824 ± 0.708 

 LI-rTMS 1.41 ± 0.03 N.D. 4.753 ± 0.533 

5-HT Sham 1.82 ± 0.21 2.03 ± 0.35 2.18 ± 0.29 

 LI-rTMS 1.93 ± 0.17 2.47 ± 0.18 2.53 ± 0.18 

5-HIAA Sham 1.40 ± 0.07 2.40 ± 0.14 1.40 ± 0.07 

 LI-rTMS 1.71 ± 0.17 2.11 ± 0.06 1.24 ± 0.05 

N.D. = not detected. 
1One sample from sham was removed (i.e., n = 3) due to low values in all targeted measures. 

 

Table 5-2 Follow up post hoc tests of trimmed means between brain regions for dopamine 

and its metabolites, where psi hat ( ) denotes the test statistic. 

 
 

[95%CI] p value 

Dopamine    

Cortex vs Hip 3.068 [1.262, 4.874] 0.002** 

Cortex vs Striatum -35.841 [-46.723, -24.958] < 0.001*** 

Hip vs Striatum -38.908 [-49.93, -27.883] < 0.001*** 

    

DOPAC    

Cortex vs Hip 4.02603 [2.391, 5.661] < 0.001*** 

Cortex vs Striatum -5.7804 [-8.187, -3.374] < 0.001*** 

Hip vs Striatum -9.8065 [-12.217, -7.396] < 0.001*** 

    

HVA    

Cortex vs Striatum -0.75 [-2.624, 1.124] 0.3907 
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5.3.2 Effects of chronic LI-rTMS on serotonin and its metabolite 

Two-way multivariate analysis of variance with two between group factors (brain region, 

stimulation) indicated that there was a significant main effect of brain region (F(4,44) = 13.603, 

p < 0.001; Wilks' Λ = 0.200) but not for stimulation (F(2,22) = 1.567, p = 0.231; Wilks' Λ = 

0.875). There was also no statistically significant overall brain region ✕ stimulation 

interaction effect (F(4,44) = 1.863, p = 0.134; Wilks' Λ = 0.731). Follow up analysis of univariate 

main effects revealed that 5-HIAA was different between brain regions (F(2,23) = 34.50; p < 

0.001) but not for 5-HT (F(2,23) = 2.177; p = 0.136). Post hoc multiple comparisons with Šidák 

correction showed that 5-HIAA was significantly different between hippocampus and cortex 

(95%CI = [0.385, 1.017]; p < 0.001), and hippocampus and striatum (95%CI = [0.637, 1.239]; 

p < 0.001).  

 

Analysis of 5-HT turnover rates, as measured by [5-HIAA]/[5-HT], indicated a statistically 

significant main effect of brain region (F(2,23) = 12.965; p < 0.001), and follow up tests with 

Šidák correction revealed a difference in turnover rates between the cortex and striatum (p 

= 0.034) and hippocampus and striatum (p < 0.001). We also observed a trend for brain 

region ✕ stimulation interaction (F(2,23) = 12.965; p = 0.052) and for treatment alone (F(1,23) = 

3.386; p = 0.079). Despite the non-significant main effect of brain region ✕ stimulation 

interaction, we carried out follow up tests as there have been previous reports showing that 

rTMS effects on the hippocampus are similar to serotonergic antidepressant drugs 

(Levkovitz et al., 2001). LI-rTMS treated mice had lower 5-HT turnover in the hippocampus 

than sham treated mice (95%CI = [-0.657, -0.110], p = 0.008; see Figure 5-3D), indicating 

that the relative concentrations of 5-HT were increased whereas 5-HIAA was decreased.  
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Figure 5-3 Concentrations of 5-HT and its major metabolite 5-HIAA following chronic 

sham or LI-rTMS. 5-HT is metabolised and broken down into 5-HIAA, which is then 

transported from brain to blood. A) LI-rTMS induced an increase in 5-HIAA concentrations 

in the cortex but did not alter 5-HT but was not statistically significant (p > 0.05). B) No 

statistically significant change observed in the hippocampus. However, there was a relative 

increase of 5-HT and a relative decrease in 5-HIAA concentrations. C) No changes were 

observed in the striatum. D) The relative change in the hippocampus corresponded to the 

decrease in the 5-HT turnover index following LI-rTMS ([5-HIAA]/[5-HT]; p = 0.008). Error 

bars = mean ± SEM. 
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5.3.3 LI-rTMS changes to enzyme expression 

DA and 5-HT can be synthesised in the cell body or the terminals of their respective neurons. 

To determine whether the relative change in the synthesis of DA and 5-HT was related to 

altered expression of their rate-limiting enzymes following chronic LI-rTMS, we assessed 

the density of tyrosine hydroxylase (TH) and tryptophan hydroxylase 2 (TPH2) in the 

striatum and hippocampus, respectively.  

 

It is thought that the majority of dopaminergic terminals arising from ventral midbrain directly 

project to the striatum without traversing the cortex (ref, some sort of mapping paper of TH-

cre mice/rats). Therefore, we assessed TH expression only in the striatum. Although we 

observed a significant decrease only in [HVA]/[DA] turnover within the striatum following LI-

rTMS, suggesting a relative increase in DA, densitometry analyses revealed no changes in 

relative TH expression between chronic sham and LI-rTMS treated subjects (t(6) = 0.704, p 

= 0.508; Figure 5-4). 

  

TH
(60 kDa)

Loading 
(Stain-free)

Sham LI-rTMS

50 kDa

75 kDa

Sham rTMS
0.0

0.5

1.0

1.5

Striatum TH

Figure 5-4 Relative expression of tyrosine 

hydroxylase (TH) following chronic LI-rTMS. No 

changes in the relative expression were observed 

within the striatum (p > 0.05). Error bars = SEM. 
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In an earlier study we demonstrated that LI-rTMS decreased 5-HT turnover in the 

hippocampus (Chapter 4). Interestingly, we also observed an increase in the expression of 

TPH2 expression in the hippocampus (t(6) = 3.365, p = 0.015; Figure 5-5B). Because 

serotonergic nuclei are largely restricted to specific nuclei within the brain stem, our results 

suggest that chronic LI-rTMS increases TPH2 expression in serotonergic terminals that 

project to the hippocampus. This is supported by the lack of change observed within the 

expression of TPH2 in the brain stem between stimulation groups (t(6) = 1.451, p = 0.197; 

Figure 5-5B). As the cortex also receives widespread innervation from serotonergic neurons 

(Muzerelle et al., 2016; Huang et al., 2019; Ren et al., 2019), we assessed whether chronic 

LI-rTMS could also alter TPH2 expression in the cortex. Although there was a trending 

decrease in cortical TPH2 expression, our experiment revealed no statistically significant 

difference following chronic LI-rTMS (t(6) = 1.98, p = 0.09; Figure 5-5B). Overall, our results 

suggest that the LI-rTMS-induced alterations to serotonergic neurons likely occur within 

terminals projecting into the hippocampus, but not within the cell bodies or terminals that 

project to the cortex. 
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Figure 5-5 Chronic LI-rTMS alters the expression of tryptophan hydroxylase 2 (TPH2). 

A) Like other monoamine systems, serotonergic neurons are located in small groups within 

the hindbrain (B5-B9), and vastly innervate the brain. 5-HT projections have been 

extensively mapped for the dorsal raphe nucleus (B7), median raphe nucleus (B8) and in 

the supralemniscal cell group (B9). Image was adapted from (Muzerelle et al., 2016). B) 

Following the last stimulation session, sham (n = 4) or LI-rTMS (n = 4) treated mice were 

euthanised and brain regions collected for qualitative protein analyses of TPH2 (52 kDa), 

the rate-limiting enzyme for the synthesis of 5-HT that is expressed in the cytosol of 

serotonergic neurons, by Western Blot. Chronic LI-rTMS increased the level of TPH2 

expression only in the hippocampus (p = 0.015) but not in the hindbrain nor cortex (all p > 

0.05). Error bars = SEM. 
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To determine how chronic LI-rTMS may induce changes to monoamine and metabolite 

concentration within the hippocampus and striatum, we assessed the expression of MAO-A 

using Western Blot. Contrary to in vitro findings that MAO-A expression can be altered by 

rTMS (Peng et al. 2018; Kaczmarczyk et al. 2020), there was no change observed in the 

striatum following chronic LI-rTMS (Figure 5-6; t(6) = 0.089, p = 0.932) nor in the 

hippocampus (t(6) = 1.334, p = 0.231). These finding suggests that chronic LI-rTMS does 

not alter the expression of MAO-A, and that changes to the expression of other metabolising 

enzymes or the activity of MAO-A may be responsible for the change in DA and 5-HT 

turnover that we observed in the striatum and hippocampus, respectively.  

 

 

Figure 5-6 Expression of monoamine oxidase A (MAO-A) following chronic LI-rTMS. 

The relative expression of MAO-A (60 kDa) in both the striatum and hippocampus was 

unaltered by 14 consecutive days of LI-rTMS (all p > 0.05).  
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5.3.4 Changes in free amino acid levels following chronic LI-rTMS 

There was no statistically significant main effect of brain region (F(2,23) = 0.167, p = 0.846) 

or stimulation (F(1,23) = 0.029, p = 0.864) on glutamate content. However, there was a 

significant interaction between brain region ✕ stimulation (F(2,23) = 3.790, p = 0.037), which 

suggests that glutamate content in the brain regions sampled was differently affected by 

chronic LI-rTMS. Šidák corrected post hoc tests showed that glutamate in the cortex was 

increased after chronic LI-rTMS as compared to sham treated mice (Mdiff = 8.345, (95%CI = 

[0.72706, 15.9621], p = 0.033, Table 5-3).  On the other hand, there was a significant main 

effect of brain region on GABA content F(2,23) = 7.991, p = 0.002, but not of stimulation (F(1,23) 

= 1.802, p = 0.192) nor an interaction between the two factors (F(2,23) = 1.786, p = 0.189). 

Follow up tests revealed that the striatum had significantly more GABA content that the 

cortex (Mdiff = 5.475, 95%CI = [1.94043, 9.01009], p = 0.001).  

 

Using LC-MS/MS, we were able to simultaneously quantify various other amino acids and 

observed statistically significant main effect of brain region: THR (F(2,23) = 9.673, p < 0.001), 

GPR (F(2,23) = 9.787, p < 0.001), ß-AIBA (F(2,23) = 7.845, p = 0.002), LYS (F(2,23) = 4.107, p = 

0.029), ABA (F(2,23) = 7.853, p = 0.002), VAL (F(2,23) = 3.499, p = 0.047), PHE (F(2,23) = 4.430, 

p = 0.023), CTH (F(2,23) = 10.57, p < 0.001) and C-C (F(2,23) = 4.302, p = 0.025) but not of 

stimulation (all p > 0.05). Mean values for each amino acids in the cortex, hippocampus and 

striatum are shown in Table 5-3. 
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Table 5-3 Concentration (mean ± SEM nmol/mg of wet tissue mass) of various amino acids as determined by using the EZ:faast kit in 

mouse brain homogenates following chronic sham and 10 Hz LI-rTMS.  

  Cortex  Hippocampus  Striatum  

  Sham LI-rTMS Sham LI-rTMS Sham LI-rTMS 

E
s

s
e

n
ti

a
l 
A

A
 

HIS 133.15 ± 114.85 188.13 ± 79.82 203.98 ± 93.59 146.44 ± 52.47 234.85 ± 117.87 177.7 ± 56.45 

ILE 190.44 ± 49.42 270.69 ± 59.47 293.93 ± 26.34 251.76 ± 72.45 262.49 ± 53.67 216.77 ± 51.88 

LYS 508.67 ± 82.79 479.14 ± 181.34 680.36 ± 143.12 609.43 ± 321.02 767.7 ± 204.58 715.12 ± 242.85 

LEU 210.99 ± 61.03 262.63 ± 98.87 290.81 ± 41.41 247.9 ± 119.14 353.9 ± 77.27 269.15 ± 59.72 

PHE 151.86 ± 41.61 188.68 ± 54.82 219.55 ± 53.03 173.21 ± 78.18 299.62 ± 97.06 223.17 ± 58.8 

MET 178.71 ± 27.96 220.13 ± 62.26 246.25 ± 18.02 217.07 ± 76.53 308.16 ± 37.19 235.73 ± 39.82 

TRP 33.93 ± 13.3 51.74 ± 23.17 58.64 ± 14.26 45.76 ± 15.25 68.76 ± 17.4 53.07 ± 14.91 

THR 429.45 ± 115.26 479.29 ± 142.68 432.51 ± 70.51 380.58 ± 161.45 458.22 ± 104.87 383.11 ± 125.74 

VAL 288.17 ± 68.99 405.97 ± 103.19 467 ± 51.03 402.98 ± 105.15 372.25 ± 69.49 313.28 ± 72.48 

N
o

n
-e

s
s

e
n

ti
a

l 
A

A
 

ALA 1564.65 ± 521.77 2017.16 ± 624.76 2086.79 ± 330.76 1840.75 ± 503.28 2050.65 ± 311.75 1671.47 ± 463.8 

ASN 121.91 ± 23.13 147.54 ± 90.24 N.D. N.D. 88.99 ±  17.5 ± 10.54 

ASP 9338.52 ± 2312.44 12477.87 ± 

2647.07 

9777.65 ± 2222.78 8116.89 ± 2681.92 12525.89 ± 

2272.69 

9955.71 ± 3360.06 

ARG 819.93 ± 247.87 872.71 ± 201.46 1065.43 ± 114.47 985.08 ± 319.97 960.5 ± 447.37 775.69 ± 377.62 

C-C 88.35 ± 38.48 99.42 ± 25.35 113.6 ± 38.29 82.14 ± 54.35 185.64 ± 87.97 123.76 ± 41.76 

GABA 8931.98 ± 1814.39 10378.09 ± 

1727.39 

14121.33 ± 

2537.28 

10503.83 ± 

4042.07 

16267.72 ± 

3025.17 

13992.88 ± 

2801.94 

GLN 12292.01 ± 

2674.31 

15208.51 ± 

4386.41 

13992.65 ± 

2389.27 

11387.78 ± 

3406.24 

13858.79 ± 

6105.16 

10052.27 ± 

3410.82 
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GLU 20085.96 ± 

6352.22 

28430.57 ± 

3584.1* 

26789.31 ± 

3277.61 

22431.21 ± 

5433.77 

27097.11 ± 

4418.92 

24148.19 ± 

6933.72 

GLY 3535.8 ± 938.76 4388.5 ± 1008.81 4764.71 ± 611.31 4274.64 ± 1467.23 5370.64 ± 1060.16 4262.22 ± 1201.29 

SER 1575.71 ± 685.45 2160.06 ± 755.97 1341.09 ± 298.14 1283.81 ± 385.14 1497.67 ± 479.85 1273.35 ± 498.75 

PRO 328.5 ± 91.66 411.45 ± 114.7 349.84 ± 52.2 302.49 ± 114.05 414.23 ± 98.82 307.48 ± 124.57 

TYR 124.88 ± 69.26 129.18 ± 56.77 140.97 ± 69.06 98.56 ± 61.45 224.65 ± 85.06 156.67 ± 69.01 

O
th

e
r 

A
A

 

AAA 107.94 ± 25.38 136.62 ± 20.61 110.98 ± 19.73 92.81 ± 32.49 119.9 ± 20.25 103.97 ± 20.64 

ABA 3081.16 ± 593.33 3644.58 ± 563.65 4941.04 ± 841.31 3723.38 ± 1361.56 5526.77 ± 988.12 4789.88 ± 892.62 

ß-AIBA 3082.57 ± 592.39 3646.29 ± 562.49 4940.97 ± 845.6 3724.44 ± 1362.13 5528.03 ± 987.99 4790.88 ± 891.75 

CIT 336.39 ± 53.14 712.9 ± 335.93 820.12 ± 189.76 729.61 ± 218.6 515.13 ± 76.55 497.21 ± 159.57 

CTH 75.6 ± 3.56 93.58 ± 19.44 138.65 ± 21.42 124.5 ± 34.89 112.77 ± 23.19 100.92 ± 13.12 

SAR 535.95 ± 141.8 662.2 ± 257.73 784.64 ± 113.64 698.64 ± 157.27 717.95 ± 95.48 616.17 ± 126.4 

*p  = 0.033, Follow up multiple comparisons test with Šidák correction (chronic sham vs chronic LI-rTMS).
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5.3.5 Cell counts following acute and chronic LI-rTMS 

 

Figure 5-7 Schematic of the electric fields induced by an LI-rTMS and selected cortical 

regions for immunofluorescence analyses. The LI-rTMS coil (8 mm in diameter) was 

placed above the lambda suture line of adult (10–12 week old) mice. Approximated cortical 

areas in the schematic were determined by both the Mouse Brain Atlas and Allen Brain 

Atlas. The cortical regions selected for immunofluorescence analysis were based on the 

Paxinos and Watson Mouse Brain Atlas (4th Edition).  M1 = primary motor cortex; PtA = 

lateral and medial parietal areas; PrL = prelimbic area; SS1Hi = primary somatosensory 

cortex, hindlimb region; SS1Tr = primary somatosensory cortex, trunk region, V1 = primary 

visual cortex. The modelled E-field image was adapted from Madore et al. 2021, under 

review.  

 

In the present section, I aimed to have ≥ 2 sections per region analysed and averaged. 

However, I was unable to collect and analyse all the data prior to the completion and 

submission of this dissertation. Therefore, data reported in this section are preliminary and 

include reporting of trends (p < 0.10). Additional cell counts are ongoing.  

 

5.3.5.1 Density of c-Fos+/CaMKII+ cells 

In our generalised estimating equations model, we did not observe a statistically significant 

effect of timepoint (Wald χ2(1) = 1.851, p = 0.173) or stimulation (Wald χ2(1) = 1.634, p = 

0.201) on the density of c-Fos+/CaMKII+ (x103 cells per mm3). However, region (Wald χ2(4) 
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= 35.63, p < 0.001), layer (Wald χ2(4) = 760.2, p < 0.001) and all modelled interaction effects 

were significantly associated with c-Fos+/CaMKII+ cell density (all p < 0.05). Thus, we report 

all statistically significant multiple comparisons with sequential Šidák correction between 

stimulation groups within each subgroup.  

 

Within the stimulation ✕ region ✕ layer interaction (Figure 5-9), LI-rTMS decreased c-

Fos+/CaMKII+ density within V1-L1 (Mdiff = -4.918, Wald 95% CI = [-9.450, -0.386], p = 

0.033), PtA-L2/3 (Mdiff = -5.583, Wald 95% CI = [-110.8, -0.831], p = 0.046), PtA-L6 (Mdiff = 

-4.390, Wald 95%CI = [-84.25, -3.560], p = 0.032), and trend for M1-L4 (Mdiff = -5.851, Wald 

95% CI = [-117.8, 0.818], p = 0.053). For the timepoint ✕ stimulation ✕ region interaction and 

timepoint ✕ stimulation ✕ layer interaction, all follow up tests did not reach  (i.e., p < 0.05). 

However, we observed a trending decrease following a single session of LI-rTMS in the 

density of c-Fos+/CaMKII+ in acute-PtA (Mdiff = -1.752, Wald 95%CI = [-36.37, 1.330], p = 

0.069) and acute-M1 (Mdiff = -1.016, Wald 95%CI = [-208.3, 5.133], p = 0.062). Within the 

timepoint ✕ stimulation ✕ region ✕ layer interaction, we also observed a decrease of c-

Fos+/CaMKII+ cell density in acute-M1-L4 (Mdiff = -1.844, Wald 95%CI = [-337.7, -31.22], p 

= 0.018), acute-SS1Tr-L5 (Mdiff = -7.556, Wald 95%CI = [-14.268, -8.452], p = 0.027), acute-

PtA-L6 (Mdiff = -4.737, Wald 95%CI = [-93.09, -1.654], p = 0.046), and only chronic-V1-L1 

(Mdiff = -4.019, Wald 95%CI = [-7.567, -0.472], p = 0.026) following LI-rTMS. Overall, our 

findings suggest that LI-rTMS can decrease c-Fos+/CaMKII+ cell density, particularly within 

the cortical regions that lie directly below the modelled maximally induced electric fields 

(Figure 5-7).  
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Figure 5-8 Example images of a coronal section showing the parietal cortex (PtA) 

stained by immunofluorescence. Sections (30 µm) were stained for CaMKII (principally 

excitatory, non-inhibitory neuron), GAD67 (inhibitory neuron), c-Fos and Hoescht. A) 

Individual tiled images were acquired using a confocal microscope and stitched together 

prior to analysis. Scale bar = 100 µm. B) Close up of c-Fos+ cells that colocalised with 

CaMKII or GAD67. Hoescht channel was used to confirm counts if there was ambiguous c-

Fos expression. Scale bar = 50 µm.  

 

5.3.5.2 Density of c-Fos+/GAD67+ cells 

Next, we assessed whether the selected predictor variables and their interactions would 

have an effect on cortical c-Fos+/GAD67+ cell density (x103 per mm3). Again, we did not 

observe a significant effect of timepoint (Wald χ2(1) = 0.930, p = 0.334) and stimulation 

(Wald χ2(1) = 0.983, p = 0.321) on our GEE model. However, we observed a significant 

effect of region (Wald χ2(4) = 52.58, p < 0.001), layers (Wald χ2(4) = 133.6, p < 0.001) and 

various interactions on c-Fos+/GAD67+ cell density (all p < 0.001). Thus, we report all 

significant and trending multiple comparisons with sequential Šidák correction.  
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Within the stimulation ✕ region ✕ layer interaction, LI-rTMS is suggested to decrease in the 

density of c-Fos+/GAD67+ cells in the M1-L1 (Mdiff = -5.428, Wald 95%CI = [-8.810, -2.048], 

p = 0.002), M1-L4 (Mdiff = -3.514, Wald 95%CI = [-6.206, -0.824], p = 0.010), M1-L6 (Mdiff = 

-4.370, Wald 95%CI = [-8.278, -0.464], p = 0.028), SS1Hi-L1 (Mdiff = -4.196, Wald 95%CI = 

[-7.936, -0.457], p = 0.027), PtA-L6 (Mdiff = -3.638, Wald 95%CI = [-7.166, -0.110], p = 0.043) 

and trend for SS1Tr-L4 (Mdiff = 6.360, Wald 95% CI = [-28.610, 12749.8], p = 0.051). For the 

timepoint ✕ stimulation ✕ region interaction, LI-rTMS decreased the density of c-

Fos+/GAD67+ cells in M1 following a single stimulation session (Mdiff = -4.578, Wald 95% CI 

= [-8.551, -0.605], p = 0.023). Findings of the timepoint ✕ stimulation ✕ layer interaction 

suggests that chronic LI-rTMS decreases the density of L1 c-Fos+/GAD67+ cells (Mdiff = -

7.868, Wald 95% CI = [-10.852, -4.885], p < 0.001). Finally, within the timepoint ✕ stimulation 

✕ region ✕ layer interaction, LI-rTMS was shown to decrease c-Fos+/GAD67+ cell density 

within acute-M1-L1 (Mdiff = -4.158, Wald 95% CI = [-6.295, -2.022], p < 0.001), acute-M1-L6 

(Mdiff = -9.951, Wald 95% CI = [-18.236, -1.666], p = 0.018), and trend for acute-PtA-L6 (Mdiff 

= -5.437, Wald 95% CI = [-11.61, 0.738], p = 0.084). We observed a significant decrease in 

chronic-SS1Hi-L1 (Mdiff = -6.230, Wald 95% CI = [-9.320, -3.141], p < 0.001), chronic-V1-L1 

(Mdiff = -1.558, Wald 95% CI = [-27.25, -3.919, p = 0.008) and chronic-PtA-L1 (Mdiff = -1.326, 

Wald 95% CI = [-24.28, -22.50], p = 0.018) and trending decrease in chronic-M1-L1 (Mdiff = 

-6.840, Wald 95% CI = [-13.88., 0.199], p = 0.056). We also observed a decrease in chronic-

M1-L4 (Mdiff = -3.786, Wald 95% CI = [-6.481, -1.091], p = 0.005) and an increase in chronic-

SS1Tr-L4 (Mdiff = 10.386, Wald 95% CI = [5.193, 15.580], p < 0.001). Our findings suggests 

that a single session of LI-rTMS decreases the density of c-Fos+/GAD67+ cells particularly 

within layer 1 (M1) and layer 6 (M1, PtA). Following chronic LI-rTMS, the density of c-

Fos+/GAD67+ cells also decreased generally within layer 1 and in specific regions (M1, PtA, 

V1, SS1Hi), as well as layer 4 (M1).  
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5.3.5.3 Density of c-Fos+/neither cells 

When counting the number of c-Fos+ cells, we observed a subset of cells that did not co-

localise with CaMKII or GAD67. LI-rTMS has been shown to increase the expression of non-

neuronal cells, including glial cells (Cullen et al., 2019), which have also been shown to 

express c-Fos (Dragunow et al., 1990; Eun et al., 2004; Reissig et al., 2008). Therefore, we 

also assessed whether the density of c-Fos+/neither cells were altered by our LI-rTMS 

protocol.  

 

In our model, we again did not observe an effect of timepoint (Wald χ2(1) = 0.002, p = 0.964) 

nor stimulation (Wald χ2(1) = 0.484, p = 0.486) on c-Fos+/neither cell density, but an effect 

of brain region (Wald χ2(4) = 33.409, p < 0.001) and layer (Wald χ2(4) = 259.94, p < 0.001). 

There was no significant interaction for the timepoint ✕ stimulation ✕ region interaction (Wald 

χ2(8) = 9.73, p = 0.285). However, all other interactions significantly contributed to the model 

(all p < 0.001) and results of multiple comparison tests with sequential Šidák correction are 

reported.  

 

Within the stimulation ✕ region ✕ layer interaction, we observed a statistically significant 

increase in the expression of c-Fos+/neither cells within SS1Tr-L1 (Mdiff = 39.773, Wald 95% 

CI = [14.865, 64.682], p = 0.002) and V1-L1 (Mdiff = 22.8302, Wald 95% CI = [0.528, 45.132], 

p = 0.045). However, there was a decrease in SS1Hi-L1 (Mdiff = -16.882, Wald 95% CI = [-

33.469, -0.297], p = 0.015) and M1-L6 (Mdiff = -55.768, Wald 95% CI = [-96.719, -14.818], p 

= 0.007). Multiple comparisons tests within the timepoint ✕ stimulation ✕ layer interaction did 

not reach  (i.e., p < 0.05). For the timepoint ✕ stimulation ✕ region ✕ layer interaction, we 

observed a statistically significant increase in acute-SS1Tr-L1 (Mdiff 62.2758, Wald 95% CI 

= [22.716, 101.836], p = 0.002) and trending increase in acute-V1-L1 (Mdiff = 31.226, Wald 

95% CI = [-5.506, 67.957], p = 0.096). In contrast, we observed a decrease within chronic-
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SS1Hi-L1 (Mdiff = -33.765, Wald 95% CI = [-66.937, -0.593], p = 0.046), and trending 

decreases in acute-M1-L6 (Mdiff = -58.582, Wald 95% CI = [-120.529, 3.363], p = 0.064), 

chronic-M1-L6 (Mdiff = -52.954, Wald 95% CI = [-106.531, 0.622 p = 0.053) and chronic-

SS1Hi-L6 (Mdiff = -42.375, Wald 95% CI = [-89.188, 4.437], p = 0.076). Overall, our results 

suggests that acute LI-rTMS generally increases the expression of c-Fos in non-CaMKII and 

GAD67 cells within layer 1, and may also decrease its expression in these cells in layer 6 

following acute and chronic stimulation.  

 

5.3.5.4 Effect of LI-rTMS on prelimbic area (PrL) 

Previous studies have suggested that the effects of rTMS can increase the expression of c-

Fos in areas of the brain that are not directly under the coil (Ji et al., 1998; Aydin-Abidin et 

al., 2008). Therefore, to determine whether LI-rTMS delivered both at acute and chronic 

timepoints can alter the expression of c-Fos outside of the maximum induced electric field, 

we also assessed the density of c-Fos+/CaMKII+, c-Fos+/GAD67+ and c-Fos+/neither cell 

densities in the PrL. Analyses of preliminary data collected from the PrL region revealed no 

significant effect of timepoint (c-Fos+/CaMKII+: F(1,8) = 0.084 p = 0.779; c-Fos+/GAD67+: F(1,8) 

= 0.171 p = 0.690; c-Fos+/neither: F(1,8) = 0.587 p = 0.466), stimulation (c-Fos+/CaMKII+: 

F(1,8) = 1.154 p = 0.314; c-Fos+/GAD67+: F(1,8) = 0.482 p = 0.507; c-Fos+/neither: F(1,8) = 

0.867 p = 0.379), and timepoint ✕ stimulation interaction (c-Fos+/CaMKII+: F(1,8)= 0.753 p = 

0.411; c-Fos+/GAD67+: F(1,8) = 1.728 p = 0.225; c-Fos+/neither: F(1,8) = 0.045 p = 0.838). 

Therefore, our results suggest that the effects of LI-rTMS on c-Fos expression are restricted 

to cortical regions in close proximity to the maximum induced electric fields as depicted in 

Figure 5-7. 
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Figure 5-9 Preliminary c-Fos cell counts that co-localised with CaMKII (top row), 

GAD67 (middle) or neither (bottom) in selected cortical regions following acute or 

chronic LI-rTMS. X-axis refers to cortical layers 1-6. For simplicity, the asterisks refer to 

multiple comparisons tests with Šidák correction between stimulation groups for the 

stimulation ✕ region ✕ layer (i.e., not including time-point) interaction. Detailed results of the 

significant post hoc multiple comparisons tests are described in the main text. PrL = 

prelimbic area, M1 = primary motor cortex, SS1Hi= primary somatosensory area, hindlimb 

region, SS1Tr = primary somatosensory area, trunk region, PtA = lateral and medial parietal 

areas, V1 = primary visual cortex.  

 

5.4 Discussion 

The design of rTMS-based therapies generally involves multiple stimulation sessions spread 

over days and weeks for a clinically significant effect. Here, we show that 14 consecutive 

days of LI-rTMS decreases the degradation of DA and 5-HT in the striatum and 

hippocampus, respectively. In the hippocampus, relative expression of TPH2, the rate-

limiting enzyme for the synthesis of 5-HT, was increased by chronic LI-rTMS. In contrast, 

there was no change observed for TH. Analysis of 27 free amino acids revealed a significant 

increase only in glutamate concentration within the cortex but not of any other free amino 

acid. Our results suggest that these changes in subcortical neurotransmitter biochemistry 

are associated with changes in the activation of cortical neurons: the density of c-Fos cells 

co-expressed with CaMKII and GAD67 is decreased in cortical regions that are adjacent to 

or directly below the maximally induced electric field of the LI-rTMS coil.  In particular, we 

observed a consistent decrease in c-Fos+/GAD67+ cell density in layer 1 in a majority of the 

cortical regions assessed, but only following chronic LI-rTMS. There were also changes in 

the density of c-Fos+ cells that did not co-express CaMKII+ nor GAD67+, suggesting possible 

LI-rTMS modulation of non-glutamatergic and GABAergic cells that also express c-Fos (e.g., 

glial cells).  
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5.4.1 Dopamine systems 

Here, we show that chronic LI-rTMS reduces the ratio of [HVA]/[DA] but not [DOPAC]/[DA]. 

Since DOPAC is metabolised from DA by MAO-A/B, which are enzymes bound to the outer 

mitochondrial membrane (Hollenbeck, 2005), [DOPAC]/[DA] ratios are thought to primarily 

reflect presynaptic turnover of DA (Roth et al., 1976). In support, our experiments revealed 

no change in the relative expression of MAO-A in the striatum following chronic LI-rTMS. 

We hypothesise that the activity and/or expression of MAO-B would also be unaltered by 

our stimulation paradigm. On the other hand, [HVA]/[DA] ratios are thought to reflect the 

total degradation of DA, as degradation into HVA involves enzymes located in pre- and post-

synaptic neurons, the extracellular space, and glial cells (Meiser et al., 2013). Therefore, 

these findings taken together suggest that chronic LI-rTMS increased the concentration of 

cytosolic DA, potentially through increased synthesis, with a relative decrease in DA release. 

 

Our data suggest that chronic LI-rTMS does not alter the density of dopaminergic terminals 

and/or TH content within the striatum. Similarly, previous studies showed no change in TH 

mRNA following chronic rTMS (Hausmann et al., 2002). Thus, it is possible that a relative 

increase in DA levels in the striatum may reflect increased TH activity within dopaminergic 

axon terminals. Previous studies in SH-SY5Y cells have shown that a single and multiple 

sessions (11 sessions in 4 days) of high-intensity rTMS can increase the activity of TH 

without altering its protein expression (Shaul et al., 2003). Further studies are needed to 

determine whether this mechanism underlies the observed relative increase in DA 

concentration in vivo.  

 

Alternatively, the relative increase in DA concentration and decrease in its overall 

degradation within the striatum following chronic LI-rTMS may reflect an increase in DA 

packaging within presynaptic vesicles. Packaging of DA within presynaptic vesicles can 
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prevent its degradation by major enzymes located in the cytoplasm (e.g., MAOs), and may 

be mediated by an increase in the activity and/or expression of vesicular monoamine 

transporter 2 (VMAT2) (Lohr et al., 2014). VMAT2 is responsible for sequestering cytosolic 

DA (Eisenhofer et al., 2004) and in transgenic mice that exhibit increased activity of VMAT2, 

vesicular packaging and basal levels of DA were increased (Lohr et al., 2014). Sequestering 

DA is essential for maintaining DA homeostasis and preventing accumulation of neurotoxic 

compounds of DA degradation, for example, via MAOs (Caudle et al., 2008). Future studies 

could assess whether VMAT2 expression is increased and whether there is a corresponding 

increase in DA packaging within individual vesicles following chronic LI-rTMS. Furthermore, 

in vivo voltammetry recordings could also be used to determine whether DA release kinetics 

are different in subjects treated by sham or chronic LI-rTMS (e.g., altered DA release when 

anticipating reward delivery). These follow up experiments would reveal potential 

mechanisms of LI-rTMS-induced changes to total DA turnover and the consequence on 

neural responses to external stimuli.  

 

5.4.2 Serotonergic circuits 

In the present study, chronic LI-rTMS induced a relative increase in the concentration of 5-

HT relative to its major metabolite, 5-HIAA. Potential mechanisms that may underlie the 

observed reduction in 5-HT turnover could be explained by: 1) a reduction in the metabolism 

of 5-HT, which suggests reduced activity of serotonergic neurons; and/or 2) a relative 

increase in the synthesis of 5-HT stored in vesicles but not yet released into the synaptic 

space. 5-HT can be degraded into 5-HIAA by MAO-A/Bs and then aldehyde 

dehydrogenases – enzymes that are located within pre- and post-synaptic neurons and glial 

cells (Fitzgerald et al., 1990; Jacobs and Azmitia, 1992). In the present study, we did not 

observe a change in MAO-A expression in the hippocampus, suggesting that this enzyme 

may not have been involved in the reduced turnover of 5-HT. However, we observed an 
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increase in the expression of TPH2, which corresponds to the increase of 5-HT in the 

hippocampus. TPH2 is the rate-limiting enzyme for the synthesis of neural 5-HT, and is 

expressed in the cell bodies (i.e., raphe nuclei) and terminals (e.g., hippocampus) of 

serotonergic neurons (Walther et al., 2003; Zhang et al., 2004; see Figure 5-5A). Therefore, 

an increase in TPH2 expression within the hippocampus, but not in the raphe, following LI-

rTMS may reflect an increase in the density of serotonergic terminals, which could underpin 

the relative increase in hippocampal 5-HT. An increase in serotonergic terminal density in 

response to rTMS is compatible with the remarkable ability of serotonergic neurons to 

express neuroplasticity during adulthood (Jacobs and Azmitia, 1992). For example, chronic 

depletion of 5-HT results in hyperinnervation of the hippocampus by serotonergic terminals 

(Pratelli et al., 2017). In addition, following a cortical stab injury, new serotonergic axons 

rapidly grow across the injury site and actively release 5-HT (Jin et al., 2016).  

 

5.4.3 Effect on excitatory and inhibitory cortical networks 

In the present study, chronic LI-rTMS induced a significant increase in glutamate 

concentrations in the cortex but not of any other free amino acid analysed. This is in contrast 

to our previous findings, which showed no change in cortical amino acids following a single 

session of LI-rTMS (Poh et al., 2019). To determine whether changes in glutamate 

concentrations observed at the chronic timepoint may be reflected by altered activity within 

excitatory and/or inhibitory neurons, we analysed the density of c-Fos+ cells that co-localised 

with an excitatory and inhibitory neuronal marker - CaMKII and GAD67, respectively. 

Unexpectedly, our preliminary observations reveal an overall reduction c-Fos+ cells that co-

localised with CaMKII and GAD67 following LI-rTMS at both timepoints in cortical regions 

proximal to the maximally induced electric fields, and no change observed in distal cortical 

regions such (i.e., PrL). These findings suggest that increased glutamate may reflect an 

overall increase in glutamate synthesis, but was not associated with activation of local 
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cortical circuits. Potentially, the increase in glutamate concentration may have activated 

cells located in cortical regions that were not assessed in the current study. Alternatively, 

similar to how chronic LI-rTMS may have increased DA packaging into presynaptic vesicles 

in the striatum, it is possible that chronic LI-rTMS increased vesicular glutamate packaging 

in cortical glutamatergic neurons (e.g., VGLUT1 and VGLUT2). One session of high-

intensity rTMS has been shown to alter the expression of VGLUT1 but not VGLUT2, which 

are transporters primarily expressed on cortical excitatory neurons and thalamocortical 

neurons, respectively (Fremeau et al., 2004; Volz et al., 2013). Since our results suggest 

that chronic LI-rTMS can modulate both cortical microcircuits (see below) and subcortical 

structures (i.e., hippocampus and striatum), it is possible that both VGLUT1 and VGLUT2 

expression and/or activity was altered. Additional glutamate transporters located in non-

neuronal cells (e.g., astrocytic glutamate transporters) may have also been altered by 

chronic LI-rTMS, as has been observed in the cerebrum following 30 days of high-intensity 

rTMS (Ikeda et al., 2019). Additional experiments are needed to test these ideas.  

 

5.4.3.1 LI-rTMS effects on c-Fos+/CaMKII+ cell density 

Our preliminary results suggested that there was a decrease in c-Fos+/CaMKII+ cell density 

following acute LI-rTMS in layers 4, 5 and 6 of M1, SS1Tr and PtA, respectively. These 

findings suggest that LI-rTMS decreased c-fos transcription and/or the activity of 

glutamatergic neurons located in the deeper layers of the cortex, which are in contrast to 

previous LI-rMS studies that have shown increased c-Fos expression in cerebellar explants 

(Grehl et al., 2016; Dufor et al., 2019). Although the reasons for the discrepancy are unclear, 

there were some key differences between the present and past experimental paradigms. 

For the in vitro experiments, cerebellar explants were lesioned prior to delivery of LI-rMS 

(Grehl et al., 2016; Dufor et al., 2019) and it has been shown that the effects of LI-rTMS are 

more pronounced in abnormal neural circuits as opposed to normal, healthy circuits (Rodger 
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et al., 2012a; Sykes et al., 2013; Makowiecki et al., 2014). Thus, stimulation of our healthy 

and freely moving mice may not have induced as pronounced effect an observed previously 

in mice with abnormal or injured neural networks 

 

Our findings are also in contrast to high intensity rTMS studies showing an increase in c-

Fos expression in various cortical and subcortical brain regions (Ji et al., 1998; Aydin-Abidin 

et al., 2008; Volz et al., 2013). Importantly, our current LI-rTMS protocol does not depolarise 

neurons to induce action potential firing, whereas this can occur following high-intensity 

rTMS (Murphy et al., 2016; Li et al., 2017; Romero et al., 2019); neuronal depolarisation is 

well known to induce c-fos transcription and thus protein expression within the brain (Herrera 

and Robertson, 1996). In addition, high intensity studies have assessed changes 30-60 

minutes after the last stimulation session (Aydin-Abidin et al., 2008; Volz et al., 2013), 

whereas we investigated changes 90 minutes post LI-rTMS. Thus, it is possible that we were 

too late to observe an increase in c-Fos expression, although it has been suggested that the 

expression of c-Fos peaks at 90-120 minutes after stimulus onset (Chaudhuri et al., 2000; 

Neisewander et al., 2000).  

 

Alternatively, it is possible that mice at the acute timepoint experienced handling stress, and 

that LI-rTMS prevented stress or stress-induced neural changes. Restraint stress or rough 

handling has been shown to increase the expression of various immediate early genes, 

including c-Fos (Asanuma and Ogawa, 1994; Melia et al., 1994). Similarly, within the rTMS 

literature, sham treated (handled) subjects have been shown to contain higher c-Fos counts 

compared to untreated (unhandled) controls in specific brain regions, which may be due to 

stress induced by the rTMS paradigm (Aydin-Abidin et al., 2008). Thus, it is possible that 

using our current experimental paradigm, effects of handling confounded our experiment 

through stress at the acute timepoint, and future studies may require longer habituation 
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periods in order to allow differentiation between rTMS and handing effects, or the addition 

of a no stimulation control group.   

 

5.4.3.2 LI-rTMS reduces c-Fos+/GAD67+ cell density in cortical layer 1  

In the present study, we observed a significant reduction in layer 1 c-Fos+/GAD67+ cell 

densities in M1 following a single stimulation session, whereas chronic LI-rTMS induced a 

reduction in layer 1 c-Fos+/GAD67+ neurons in nearly all cortical regions assessed (M1, 

SS1Hi, PtA, V1). Cells located within layer 1 of the cortex are almost exclusively inhibitory 

cells (Kubota et al., 2011), matching our finding of GAD67 expression in this layer. Layer 1 

neurons are important because they receive converging corticocortical and subcortical 

inputs (Arbuthnott et al., 1990; Zhang et al., 2014; Ibrahim et al., 2016; Mesik et al., 2019), 

which can influence the Ca+2 activity of layer 2/3 and 5 pyramidal neuron dendrites (Jiang 

et al., 2013). Altered dendritic Ca+2 dynamics of layer 5 pyramidal neurons can then 

modulate distal brain regions via their long ranging cortico-cortical and subcortical 

projections (Takahashi et al., 2020).  

 

In support of the immediate change to cortical microcircuits (i.e., decreased c-Fos+/GAD67+ 

cell densities in M1 following acute LI-rTMS), a single session of LI-rMS, albeit at slightly 

higher magnetic field intensities (150 mT), has been shown to increase evoked spike-firing 

frequency of layer 5 pyramidal neurons of M1 for up to 20 minutes post stimulation, and to 

hyperpolarise action potential threshold immediately and  20 minutes post stimulation (Tang 

et al., 2015a). Thus, it is possible that chronic LI-rTMS decreased the density of layer 1 c-

Fos+/GAD67+ cells in multiple cortical regions (M1, SS1Hi, PtA, V1), which could alter 

signalling within cortical microcircuits, and then had the potential to drive the neurochemical 

changes observed in subcortical regions (discussed in 5.4.3.3). 
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Although a reduction in c-Fos+/GAD67+ cell densities may be suggestive of a potential 

disinhibition of layer 1 GABAergic interneurons (i.e., reduced activity of GABAergic 

interneurons), it has been shown that subtypes of layer 1 inhibitory neurons may have 

opposing effects on dendritic Ca+2 activity of layer 5 pyramidal neurons (Jiang et al., 2013; 

also see Larkum, 2013). For example, layer 1 single-bouquet cells can disinhibit the entire 

axis of layer 5 pyramidal neurons within the same cortical column, whereas layer 1 

elongated neurogliaform cells can inhibit distal apical dendrites within the same and 

adjacent cortical columns (Jiang et al., 2013).  However, we did not observe any increase 

in CaMKII/c-Fos staining suggesting that if pyramidal cells were activated, their response 

did not involve c-Fos. Future studies are needed to investigate the functional significance of 

reduced co-expression of c-Fos and GAD67 neurons, for example through changes to 

intrinsic properties of layer 5 pyramidal neurons or Ca+2 activity within their dendrites. It will 

also be important to identify the GABAergic neuronal subtype(s) influenced by chronic LI-

rTMS. Improving the current understanding of the cells that are modulated by chronic LI-

rTMS may reveal how cortical and subcortical networks may be influenced by rTMS-based 

therapies in humans.  

 

5.4.3.3 Impact on subcortical and cortico-cortical circuits 

In addition to the observed changes in layer 1, my preliminary findings revealed a reduction 

in c-Fos+/GAD67+ cell densities in layer 6 (M1, PtA) and layer 4 (M1) following acute and 

chronic LI-rTMS, respectively. Acute LI-rTMS also induced a decrease in c-Fos+/CaMKII+ 

cell density in layers 4, 5 and 6 in M1, SS1Tr and PtA, respectively. Modulation of these 

deep cortical layers following acute and chronic LI-rTMS may have influenced the activity of 

subcortical as well as cortico-cortical projections as outlined above in 5.4.3.2. Thus, it is 

likely that altered activity of cortical glutamatergic and GABAergic neurons following acute 
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and chronic LI-rTMS contributes to the changes observed within subcortical dopaminergic 

and serotonergic systems. 

 

Cortico-striatal pathways 

Chronic LI-rTMS induced a decrease in striatal [HVA]/[DA] turnover. It has been shown that 

corticostriatal projections arise from nearly all areas of the cerebral cortex (McGeorge and 

Faull, 1989; Hunnicutt et al., 2016) and can modulate striatal DA transmission via activation 

of cholinergic interneurons (Kosillo et al., 2016). Recently, it has been shown that activity of 

deep cortical layers is topographically correlated with activity in the striatum during sensory 

processing, suggesting that the functional relationship between these two regions are 

confined by anatomy (Peters et al., 2021). Thus, it is possible that the chronic modulation of 

cortical microcircuits by LI-rTMS may have mediated the changes observed within the 

striatum.  

 

Cortico-hippocampal pathways 

Chronic LI-rTMS induced a decrease in hippocampal [5-HIAA]/[5-HT] ratios and an increase 

in TPH2, however, serotonergic systems are unaltered following a single session of LI-rTMS 

(Chapter 4). It is possible that chronic changes to hippocampal serotonergic systems are 

mediated via indirect connections of the cortical regions assessed and the hippocampus. 

This is well known because the field of spatial navigation has shed light on the cortico-

hippocampal pathways that are functionally connected. Input and output pathways of the 

hippocampus are mediated by medial and lateral entorhinal cortices (Witter et al., 2000). 

Although regions such as those assessed in the present study do not contain direct 

projections to the hippocampus (Witter et al., 2000), it is possible that indirect connections 

through the retrosplenial and PtA, which are strongly connected to the entorhinal cortex, 

may modulate activity within the hippocampus (Moser et al., 2008; Whitlock et al., 2008).  
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Future directions 

The relative decrease in c-Fos expression primarily in layers 1 and 6 suggests that LI-rTMS 

induced a decrease in cortical activity but it is not known how this results in a reduction in 

DA and 5-HT turnover in the striatum and hippocampus, respectively. The reduction in 

turnover may reflect reduced activity of these monoaminergic terminals, however, future 

studies using techniques such as live-cell imaging are needed to confirm these hypotheses. 

In addition, it would be interesting to visualise whether the presumed disinhibition of layer 1 

GABAergic interneurons that we observed after the 14th LI-rTMS session can be observed 

in real time during stimulation in vivo. Ongoing experiments in our lab are using c-Fos as a 

marker for changes in neuronal activity following LI-rTMS throughout the brain and may 

shed more light on activation state of neurons in regions that receive cortical input.   

 

5.4.3.4 LI-rTMS modulation of non-neuronal cells? 

Following a single session of LI-rTMS, preliminary results show a significant increase in the 

density of c-Fos+/neither cells located within layer 1 of SS1Tr and V1. This raises the 

possibility that acute but not chronic LI-rTMS has the capacity to stimulate c-Fos expression 

in non-neuronal cells including glia. c-Fos upregulation in response to a range of stimuli has 

been described in cells such as oligodendrocytes, microglia and astrocytes (Dragunow et 

al., 1990; Eun et al., 2004; Reissig et al., 2008). For example, the hallucinogen, lysergic acid 

diethylamide, has been shown to induce the expression of c-Fos in a subset of neurons and 

oligodendrocytes in the medial prefrontal cortex (Reissig et al., 2008). Interestingly chronic 

LI-rTMS, albeit at higher intensities (150 mT), has been shown to increase the expression 

of newborn oligodendrocytes in L1, L5 and L6 neurons in the adult mouse M1 and V2 cortex 

(Cullen et al., 2019). In addition, multiple LI-rTMS sessions can modify action potential 

conductance velocity by altering the structural properties of myelin sheaths, which are 



 172 

supported by mature oligodendrocytes (Cullen et al., 2021). It will therefore be important in 

future studies to identify the cells that are c-Fos+ but do not express CaMKII or GAD67.  

 

5.4.4 Conclusion 

In the present study, we show that hippocampal serotonergic and striatal dopaminergic 

circuits are susceptible to the effects of chronic LI-rTMS. Changes to 5-HT may be related 

to altered expression of the enzymes involved in its synthesis, but the mechanism of change 

to DA turnover remains unclear. In addition, we show an increase in overall glutamate 

content within the cortex following chronic LI-rTMS, and a consistent decrease in the activity 

of inhibitory neurons within layer 1 of the cortical regions proximal to the maximally induced 

electric field. Our findings reveal novel cellular and molecular mechanisms by which chronic 

LI-rTMS can alter cortical and subcortical neural circuits.
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6 General discussion 

This thesis aimed to investigate the impact of brain state on LI-rTMS induced neuroplasticity 

within abnormal neural circuits and to characterise the cellular and molecular mechanisms 

that may be recruited following acute and chronic stimulation in vivo. 

 

To understand how intrinsic brain activity interacts with LI-rTMS-induced neuroplasticity, I 

developed a method to deliver up to 14 consecutive days of LI-rTMS to awake and freely 

moving mice (i.e., online LI-rTMS). My findings showed that normal image-forming visual 

input (i.e., ambient lighting) during LI-rTMS is necessary for ameliorating abnormal 

connectivity in visual pathways in adult ephrin-A2A5-/- mice. However, simultaneous 

completion of a visual discrimination task with LI-rTMS (i.e., enhanced activity), or delivery 

of LI-rTMS in a dark environment (i.e., reduced activity), prevented beneficial plasticity in 

certain pathways while others displayed consistent improvement. Together, the findings 

suggest that LI-rTMS-induced neuroplasticity is dependent on brain-state at the time of 

stimulation and can elicit pathway-specific effects (Figure 6-1). Ephrin-A2A5-/- mice exhibited 

deficits in the visual discrimination task; however, online LI-rTMS partially rescued deficits 

in task performance but did not affect performance in wildtype mice. The improved behaviour 

suggests that neural circuits involved in learning or motivation may also be altered by chronic 

LI-rTMS. 
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Figure 6-1 Summary of findings from Chapters 2 & 3: Effect of brain-state on LI-rTMS 

induced plasticity in the ephrin-A2A5-/- mouse. For simplicity, it is assumed that 

retinotectal and corticotectal projections align. Shading for panels A-C refer to the decaying 

magnetic field intensity from highest (dark grey) to lowest (light grey) (see Figure 2-1 and 

Makowiecki et al. 2014). A) Ephrin-A2A5-/- mice possess visuotopic mapping abnormalities. 

Analysis of fluorescent tracers injected into V1 reveals multiple TZs in the SC and dispersed 

labelling of dLGN neurons. B) 14 consecutive days of LI-rTMS in ambient lighting can 

improve the topography of corticotectal projections, refine the abnormally large dispersion 

of dLGN neurons and improve head tracking behaviour (Chapter 2). C) Completion of a 

visually engaging task during LI-rTMS delivery refines geniculocortical projections and 

improves head tracking behaviour but corticotectal topography is still disorganised (Chapter 

2). This may be due to interference or interactions with additional neurotransmitter systems 

(red dots). D) Delivery of LI-rTMS without image-forming visual input only refines 

geniculocortical projections and does not improve head tracking behaviour and corticotectal 

topography (Chapter 3).  

 

To determine the cellular and molecular changes that may contribute to the LI-rTMS-induced 

neuroplasticity, I then investigated how dopaminergic and serotonergic systems may be 

affected by acute and chronic LI-rTMS. DA and 5-HT are neuromodulators that influence 



 175 

neuroplasticity and are involved in important and diverse aspects of cognitive function, 

including learning, memory and motivation. Using a newly developed technique, DA, 5-HT 

and their major metabolites (DOPAC, HVA; 5-HIAA, respectively) and up to 27 free amino 

acids from mouse brain homogenates were simultaneously quantified with high accuracy 

and precision. A single session of online LI-rTMS did not alter the concentration of these 

compounds in mouse brain homogenates dissected from the hippocampus and striatum. 

However, chronic LI-rTMS decreased [HVA]/[DA] and [5-HIAA]/[5-HT] turnover in the 

striatum and hippocampus, respectively. To explore mechanisms responsible for the change 

in turnover, we assessed the expression of rate-limiting enzymes for the synthesis of DA 

and 5-HT, tyrosine hydroxylase (TH) and tryptophan hydroxylase 2 (TPH2), respectively. 

There was no change in TH expression within the striatum, suggesting that other 

mechanisms, such as changes to monoamine transporter kinetics and their expression may 

have been altered by chronic LI-rTMS within the striatum. However, the reduction in 5-HT 

turnover may be related to the increased TPH2-expression in the hippocampus. 

 

Results from the LC-MS/MS experiments revealed an increase in glutamate concentration 

in the cortex only after chronic LI-rTMS. However, preliminary results revealed that the 

activity of cortical cells was regulated not only following chronic LI-rTMS but also following 

acute stimulation. Changes to cellular c-Fos expression – a marker used as a proxy for 

cellular activity – depended on the proximity of the cortical region and layer to the maximally 

induced electric field. Unexpectedly, the density of c-Fos+ cells that co-localised with 

GAD67+ and CaMKII+ was decreased by a single stimulation session of LI-rTMS, particularly 

within the deeper layers of the cortex (L4-6). In contrast, chronic LI-rTMS reduced the 

density of c-Fos+/GAD67+ within layer 1 of nearly all cortical regions assessed. These 

preliminary results suggest that a single session of LI-rTMS decreases the activity of 

glutamatergic neurons within layers that have projections to other cortical areas and 
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subcortical structures (Takahashi et al., 2020), whereas chronic stimulation may have 

disinhibited cortical layer 1 which may have implications for information processing within 

the cortex (Jiang et al., 2013; Larkum, 2013; see Figure 6-2). These findings suggest that 

chronic LI-rTMS can alter information processing across cortical microcircuits, and may 

have also mediated the changes in subcortical dopaminergic and serotonergic systems via 

cortico-cortical and subcortical pathways. 
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Figure 6-2 Simplified schematic of chronic LI-rTMS effects on cortical signalling and 

subcortical dopaminergic and serotonergic systems and their hypothesised 

mechanisms. A) Close-up of dopaminergic terminals in striatum with DA (light blue) in 

presynaptic vesicles (yellow). Fourteen consecutive days of 10 Hz LI-rTMS reduced 

[HVA]/[DA] but not [DOPAC]/[DA] in the striatum, suggesting a general increase in DA 

content that was unreleased. A potential mechanism is increased VMAT2 (pink) expression 

on the presynaptic vesicle that can sequester DA, preventing DA from enzymatic 

degradation. B) Chronic LI-rTMS increased the relative concentration of 5-HT and 

expression of TPH2 in the hippocampus. TPH2 is the rate-limiting enzyme for the synthesis 

of neural 5-HT, and increased expression may suggest an increased density of serotonergic 

terminals (green). C) Simplified diagram of preliminary results showing that chronic LI-rTMS 

primarily reduced the activity of GAD67+ cells in layer 1 (yellow) of the cortex. This may 

suggest an alteration of cortical excitation-inhibition balance, which can then alter the activity 

of L5 glutamatergic neurons that project both cortico-cortically and subcortically, or layer 2/3 

glutamatergic neurons that can alter signalling withing cortical microcircuits (e.g., within the 

cortical column). LI-rTMS+stimulus: It is possible that the combination of chronic LI-rTMS 

and a stimulus (e.g., visual input, learning) can alter downstream information processing. 

Colour intensity of L1, L2/3 and L5 neurons reflects activity. Ctx = cortex, Hip = 

hippocampus, Str = Striatum. 

 

6.1 Improving the translation of rTMS findings from rodent models 

In the first part of this thesis (Chapter 2, Section 2.2.1.1), I developed a technique to deliver 

LI-rTMS in awake and freely behaving mice (i.e., online LI-rTMS). Surgical attachment of 

the coil support allowed precise positioning of the coil on the head over repeated stimulation 

sessions. LI-rTMS or sham stimulation could be delivered for up to 14 consecutive days and 

we were able to assess behaviour during each stimulation session. Furthermore, this 

method was used in subsequent experiments that aimed to elucidate the cellular and 

molecular changes induced by acute and chronic online LI-rTMS without confounding 

experimental variables. 
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Animal models are valuable for elucidating the mechanisms of rTMS human-based 

therapies. Therefore, it is necessary to account for factors that are specific to the 

requirements of animal experimentation but may also influence intrinsic neural activity. For 

example, in many experimental paradigms, animals are restrained or anaesthetised for 

targeted stimulation of specific cortical regions. Restraint without appropriate habituation 

protocols may activate stress-specific neural circuits (Kim and Diamond, 2002; Grissom and 

Bhatnagar, 2009), which may influence the ability of rTMS to induce neuroplasticity. A study 

has also shown that rTMS delivered to anaesthetised animals reduces the expression of 

markers of plasticity (e.g., BDNF, GluR1, phosphorylated GluR1) compared to subjects that 

were awake during rTMS (Gersner et al., 2011). Several studies have also shown that 

anaesthetising animals affects various rTMS-outcome measures (e.g., motor evoked 

potentials) (Inghilleri et al., 2005; Sykes et al., 2016; Dockx et al., 2017), which may be due 

to anaesthesia disrupting cortical signalling (Lin et al., 2013; Suzuki and Larkum, 2020) that 

may be necessary to mediate rTMS-induced plasticity throughout the brain. General 

anaesthesia has been shown to induce a decoupling of somatic and dendritic compartments 

of cortical neurons, which can downregulate activity within subcortical thalamic nuclei 

(Suzuki and Larkum, 2020). Thus, the coil support attachment method can usefully address 

some of the anaesthetic-associated limitations of studying rTMS in animal models. Future 

studies could also adopt a similar method to deliver online rTMS using higher intensity 

magnetic fields, for example, adapting the coil supports to hold the iron core coils developed 

by Tang and colleagues (2016). 

 

A key advantage of using our miniaturised LI-rTMS coils in addition to the light weight that 

allowed attachment to the head, was that the small diameter allowed us to investigate the 

effects of focally induced electric fields in the rodent brain, as opposed to the widespread 

and non-focal stimulation that is induced in animals by human-sized coils (see Introduction 
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Section 1.2.3). Until technological advancements are made to allow spatially precise 

delivery of HI-rTMS within the rodent brain, findings from both LI- and HI-rTMS studies will 

facilitate the current understanding of the biological basis of rTMS-based therapies. 

 

6.1.1 Relevance of studying LI-rTMS-induced plasticity 

It is increasingly evident from my research and evidence in the literature, that rTMS shares 

mechanisms with developmental and adult neuroplasticity including the expression of 

neurotrophic factors, alterations to the excitation-inhibition balance, removal of structural 

brakes on adult plasticity, and influence of neuromodulatory systems (e.g., Pizzorusso et al. 

2002; He, Hodos & Quinlan 2006; for reviews, see Bavelier et al. 2010; Stryker & Löwel 

2018). Many of these mechanisms have been investigated in relation to HI-rTMS, with 

experiments in animal models showing altered expression of molecular markers to levels 

that are typically observed in juvenile brains (e.g., Trippe et al., 2009; Benali et al., 2011; 

Labedi et al., 2014; Mix et al., 2015; Castillo-Padilla and Funke, 2016; Charles James and 

Funke, 2020). In the present thesis, the molecular and anatomical changes induced by 

chronic LI-rTMS were shown to also have functional consequences, altering both healthy 

and abnormal neural circuits that are normally restricted to the sensitive periods of 

development (Hooks and Chen, 2020).  

 

6.2 Visual input affects LI-rTMS rewiring of specific visual circuits 

To understand how specific interventions can induce plasticity within healthy and abnormal 

neural circuits, it is necessary to use well-defined and highly organised models. A model 

that has been extensively studied to understand developmental and adult plasticity is the 

visual system. During the sensitive periods of development, visual input plays a key role in 

visual circuit remodelling (Hooks and Chen, 2007, 2020) and we have shown that this also 

occurs during LI-rTMS treatment. Deprivation of patterned visual input after eye-opening 
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has been shown to delay the maturation of cortical inhibitory microcircuits (Morales et al., 

2002; Gianfranceschi et al., 2003), alter the expression of neurotrophic factors (Huang et 

al., 1999; Gianfranceschi et al., 2003), enlarge receptive fields (Carrasco et al., 2005, 2011), 

and alter the ability for the visual cortex to express Hebbian-type plasticity (Kirkwood, Rioult 

& Bear 1996; see for a review, Stryker & Löwel 2018). rTMS has been suggested to recruit 

mechanisms reminiscent of those involved in the reinstatement of juvenile-like plasticity in 

the adult visual cortex (for reviews on adult plasticity, see Bavelier et al. 2010; Hübener & 

Bonhoeffer 2014; Stryker & Löwel 2018). Thus, we hypothesised that visual input would also 

influence the induction of neuroplasticity within abnormal visual circuits. We investigated 

whether manipulation of visual input during chronic LI-rTMS alters its ability to induce 

neuroplasticity within the ephrin-A2A5-/- mouse as a model of abnormal visual circuitry. Our 

findings support the notion that brain-state at the time of stimulation modulates the ability for 

chronic LI-rTMS to induce neuroplasticity in specific pathways, and the activity-dependent 

mechanisms of visual circuit remodelling (e.g., BDNF) were discussed in Chapter 3.  

 

Online LI-rTMS delivered to mice in an ambient light environment improved visuomotor head 

tracking behaviour, corticotectal topography and refined geniculocortical maps (Chapter 2; 

Figure 6-1B). These findings were in line with previous results in the abnormal visual 

pathway (Rodger et al., 2012a; Makowiecki et al., 2014). However, completion of a visual 

discrimination task during LI-rTMS (task+LI-rTMS), or the delivery of LI-rTMS in a dark 

environment (dark-LI-rTMS) did not improve abnormal corticotectal maps in ephrin-A2A5-/- 

mice. Although task+LI-rTMS improved performance in the optokinetic nystagmus test, dark-

LI-rTMS did not improve performance. Unexpectedly, alterations to brain-state, i.e., task+LI-

rTMS and dark-LI-rTMS, did not alter the LI-rTMS-induced refinement of the geniculocortical 

map. Thus, my findings suggested too much or too little intrinsic activity within visual cortex 

may interfere rather than assist LI-rTMS-induced beneficial reorganisation of corticotectal 
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visuotopic maps, whereas geniculocortical projections may be independent of brain-state 

for LI-rTMS-induced refinement. Importantly, the visual discrimination task involved 

processes such as learning and motivation, which may have also interacted with LI-rTMS 

effects to prevent beneficial plasticity in the corticotectal map. Overall, my findings suggest 

that brain-state is a factor that should be considered when designing and interpreting 

findings from rTMS studies both in humans and in experimental animal models. While my 

thesis was limited to describing the behavioural and structural changes in an abnormal visual 

system following LI-rTMS and did not examine mechanisms in any depth, it is important to 

consider mechanisms that may be involved, and these will be discussed below. 

 

6.2.1 Role of BDNF on visual circuit rewiring 

Findings from Chapters 2 and 3 suggest that intrinsic brain-state interacts with chronic LI-

rTMS but that this interaction does not affect all visual pathways to the same extent in ephrin-

A2A5-/- mice. These changes may be associated with region and/or time-specific changes 

to BDNF signalling induced by LI-rTMS. Transcription of BDNF requires an increase in 

intracellular Ca+2 (Zheng et al., 2011) and previous studies have shown that LI-rMS can 

induce Ca+2 release from intracellular stores in cultured cortical neurons (Grehl et al., 2015). 

LI-rTMS can induce a transient increase in BDNF in V1 of ephrin-A2A5-/- mice that returned 

to baseline levels following 14 days of stimulation (Makowiecki et al., 2014). However, the 

retina and SC exhibits sustained increases in BDNF that did not return to baseline following 

chronic LI-rTMS (Rodger et al., 2012a; Makowiecki et al., 2014). Interestingly, the changes 

to BDNF levels within wildtype mice were transient for the SC and V1 (Rodger et al., 2012a; 

Makowiecki et al., 2014), whereas there were no changes observed within the retinae and 

optic nerves in wildtype mice (Rodger et al., 2012a; Tang et al., 2015b). Alterations to BDNF 

levels were associated with LI-rTMS-induced beneficial reorganisation of abnormal visual 

circuits in ephrin-A2A5-/- mice (Rodger et al., 2012a; Makowiecki et al., 2014). On the other 
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hand, LI-rTMS did not promote retinal ganglion cell survival or axon regeneration following 

a complete optic nerve crush, which coincides with the lack of observed changes to BDNF 

levels (Tang et al., 2015b). Thus, LI-rTMS-induced changes to BDNF levels, which are 

region and timepoint specific, may facilitate beneficial reorganisation in specific pathways 

as observed in the present thesis.  

 

Although BDNF signalling was not the focus of this thesis, its key role in development and 

effect on neuroplasticity is likely to relevant in LI-rTMS mechanisms that underpin my 

findings. For example, a key role for BDNF is in linking genetic and activity dependent 

mechanisms via competition between developing retinotectal axons. Cytoskeletal changes 

necessary for the refinement of the retinotectal map are mediated by the co-expression of 

p75NTR and ephrin-As along developing axons (Lim et al., 2008). In this developmental 

competition model, BDNF-p75NTR can induce axon degeneration and pruning (Singh et al., 

2008). BDNF secretion is dependent on neuronal activity (Zhang and Poo, 2001; Zheng et 

al., 2011; Park and Poo, 2013), and its synthesis can be induced by electrical stimulation 

(Hartmann et al., 2001), activation of GABAB receptors (Fiorentino et al., 2009) or following 

exposure to a visual stimulus following brief visual deprivation (Fukuchi et al., 2020). 

However, the effects of BDNF interactions with its two receptors, TrkB and p75NTR are 

increasingly understood to have diverse, and possibly overlapping, functions. For example, 

BDNF-TrkB signalling, which is generally associated with neuronal survival, neurite 

outgrowth and synaptic plasticity (Park and Poo, 2013), has been recently shown to induce 

synapse elimination in juvenile cerebellar climbing fibres (Choo et al., 2017). Furthermore, 

the time-course by which BDNF is applied (i.e., acute or gradual application), has been 

shown to differentially affect TrkB downstream signalling pathways (Ji et al., 2010). Previous 

studies have shown that 5 days of HI-rTMS can alter TrkB phosphorylation and its 

downstream signalling pathways (e.g., ERK2, PI3K and PLC-γ1 signalling) (Wang et al., 
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2011). Since BDNF expression is activity-dependent (Hooks and Chen, 2007, 2020; Park 

and Poo, 2013), and has been shown to be differentially regulated by acute and chronic LI-

rTMS in different brain regions (e.g., retina, optic nerve, V1 and SC) (Rodger et al., 2012a; 

Makowiecki et al., 2014; Tang et al., 2015b), future studies could investigate the interaction 

between LI-rTMS and visual input on BDNF signalling. Findings of the present thesis 

suggested that intrinsic brain activity may be able to modulate rTMS-induced plasticity within 

abnormal visual circuits via activity-dependent changes to BDNF signalling, and future 

studies are needed to test this hypothesis. 

 

6.2.1.1 Therapeutic effects of altered BDNF signalling 

Importantly and highly relevant to understanding the therapeutic effects of LI-rTMS, it has 

been shown that direct binding to TrkB may be a common mechanism of various 

antidepressant drugs, including tricyclic antidepressants, monoamine oxidase inhibitors, 

serotonin selective reuptake inhibitors and ketamine (Casarotto et al., 2021). The binding of 

antidepressant drugs to TrkB was shown to facilitate localisation of TrkB to the synapse and 

its activation by BDNF, which could then promote plasticity (Casarotto et al., 2021). In 

particular, the authors suggest that the activation of TrkB by antidepressant drugs may result 

in stabilisation of active synapses that release BDNF, which can then avoid undesirable 

stabilisation of inactive synapses, and may be a mechanism by which antidepressant drugs 

can also be used for the treatment of various other neurologic and psychiatric disorders 

(Gorman and Kent, 1999; Schneider et al., 2019; Casarotto et al., 2021). Similarly, previous 

findings have shown an increase in BDNF binding affinity following 5 days of HI-rTMS, which 

then promotes BDNF-TrkB signalling in the cortex (Wang et al., 2011). Thus, altered BDNF 

signalling is a candidate mechanism that contributes to the therapeutic effects of rTMS for 

a range of neurologic and psychiatric disorders (O’Reardon et al., 2007b; Heath et al., 2018). 
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6.2.2 Cortical excitatory and inhibitory circuits 

My results add to the literature showing that rTMS affects excitatory and inhibitory cortical 

circuits and are consistent with at least a partial reopening of the developmental sensitive 

period. Early in development, cortical circuits are dominated by excitatory signalling and the 

closure of the critical period involves the maturation of inhibitory circuits (Fagiolini et al., 

2004; Bavelier et al., 2010). For example, the expression and activity of PV+ GABAergic 

interneurons within V1 has been associated with the opening and closing of the critical 

period of development (Pizzorusso et al., 2002; Fagiolini et al., 2004; Erchova et al., 2017). 

Modulation of the GABAergic system may promote plasticity within the adult brain (Fox and 

Stryker, 2017) and recent findings have suggested that activity-independent reduction of 

GABAergic transmission through sensory deprivation in adults can enhance glutamatergic 

sensory drive (Gao et al., 2017). Furthermore, various studies have suggested that the 

critical period can be re-activated within the adult cortex by reducing inhibition 

pharmacologically (Harauzov et al., 2010) or via sensory deprivation (He et al., 2006, 2007), 

and recently chemogenetic silencing of PV+ GABAergic interneurons has also been shown 

to reinstate critical period plasticity within the adult cortex (Cisneros-Franco and De Villers-

Sidani, 2019).  

 

Similarly, work from the Funke laboratory has shown that HI-rTMS can ameliorate visual 

discrimination task performance deficits in dark-reared rats (Castillo-Padilla and Funke, 

2016; Charles James and Funke, 2020). rTMS increased the amplitude of local field 

excitatory potentials in V1 of dark-reared rats to levels that were comparable to rats raised 

in normal light conditions (Charles James and Funke, 2020). These findings suggest an 

increase in V1 excitability, which could be attributed to a decrease in GABAergic interneuron 

activity (Charles James and Funke, 2020). The latter finding has been consistently 

demonstrated in previous studies (see Funke and Benali, 2011): rTMS induces a slow and 
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prolonged decrease in GAD67 expression, whereas GAD65 was  only transiently increased 

following stimulation (Trippe et al., 2009; Mix et al., 2010). These findings suggest that 

GABAergic synapses are transiently activated by rTMS (i.e., GAD65), whereas the electric 

and metabolic activity of GABAergic interneurons (i.e., GAD67) may undergo a slower but 

longer lasting change in response to increased excitatory drive following rTMS (see Funke 

and Benali, 2011).  

 

Experiments described in this thesis complement the findings of HI-rTMS effects on cortical 

inhibitory networks (see Funke and Benali, 2011) and extend previous LI-rTMS work 

showing altered density of the GABAergic PV+ interneurons in V1 (Makowiecki et al. 2018). 

Results presented in Chapter 5 suggest that the effects of a single and multiple stimulations 

were very different. A single stimulation reduced c-Fos expression within non-inhibitory, 

principally excitatory cells in the deeper layers of the cortex (i.e., layer 4, 5 and 6, c-

Fos+/CaMKII+ cells), and slightly increased the activity of non-inhibitory nor excitatory cells 

(e.g., glial) in the uppermost layer. However, chronic LI-rTMS reduced the activity of 

GABAergic interneurons in layer 1 of the mouse neocortex in cortical regions proximal to 

the maximally induced electric field. These changes in layer 1 GABAergic interneurons may 

have effects on the signalling of local cortical microcircuits, since these interneurons can 

powerfully regulate the activity of layer 2/3 and 5 pyramidal neurons (Jiang et al., 2013). The 

reduction in cortical inhibition (i.e., disinhibition) may be associated with the increase in 

glutamate content in the cortex after chronic LI-rTMS detected using LC-MS/MS, but it 

remains unclear why there was no concomitant increase in c-Fos/CaMKII expression which 

would be expected if excitatory neurons were disinhibited. It is possible that LI-rTMS 

disinhibited the network, however, to observe a change in the activity of pyramidal neurons, 

a stimulus presented simultaneously with LI-rTMS may be needed for modulation of cortical 

projection neurons (Mix et al., 2010; Letzkus et al., 2015; discussed in Section 6.4). 
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It is also important to note that there are many different subtypes of GABAergic interneurons 

in layer 1, some with inhibitory (e.g., elongated neurogliaform cells) and others with 

disinhibitory (e.g. single bouquet cells) effects on the dendrites of principal excitatory 

neurons in the cortex (Jiang et al., 2013; Larkum, 2013). However, an overall decrease in 

c-Fos expression, which here I assume to reflect reduced activity (but see Section 6.2.2.1 

for discussion), specifically within GABAergic inhibitory neurons in the uppermost layer of 

the cortex, suggests that chronic LI-rTMS induces disinhibition of cortical circuits, similar to 

findings of HI-rTMS (Trippe et al., 2009; Mix et al., 2010). Thus, future studies should 

determine: 1) whether the decrease in c-Fos density in layer 1 of the cortex reflects 

decreased activity of layer 1 GABAergic interneurons; 2) the type(s) of GABAergic 

interneuron regulated by chronic LI-rTMS and; 3) how this affects cortical and subcortical 

circuit activity.  

 

6.2.2.1 Limitations of using c-Fos as a proxy for cellular activity 

A limitation of this – and many other related – studies is the use of c-Fos as a proxy for 

cellular activity. However, it is important to note that c-Fos expression can also be induced 

through non-activity dependent mechanisms, including those recruited by LI-rTMS, such as 

Ca+2 flux and neurotrophic factor signalling (Herrera and Robertson, 1996; Ginty, 1997; 

Durchdewald et al., 2009; Rodger et al., 2012a; Makowiecki et al., 2014; Grehl et al., 2015; 

Joo et al., 2016). A major function of the Fos protein is the formation of protein complexes 

to stimulate the transcription of AP-1, which can facilitate or inhibit the transcription of late 

genes for the induction of long term changes (Chiu et al., 1988; Herrera and Robertson, 

1996; Durchdewald et al., 2009). However, the downstream targets of AP-1 transcription 

have not been fully characterised, and it has been suggested that only a subset of activated 

neurons displays c-Fos upregulation (Gallo et al., 2018). In addition, other immediate early 

genes, such as zinc finger protein 268 (zif268), have also been used as a proxy of cellular 
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activity and are differentially expressed compared to c-Fos following the same rTMS protocol 

(Aydin-Abidin et al., 2008). Thus, it is possible that the use of c-Fos as a proxy for cellular 

activity may not have fully captured the extent of LI-rTMS modulation of the cortex.  

 

6.2.3 Future directions for studying rTMS effects on abnormal visual 

circuits in adults 

To conclude this first section, my thesis has identified a few mechanisms that are consistent 

with LI-rTMS reactivation of the developmental sensitive period in the adult cortex. To further 

investigate the molecular mechanisms, future studies could investigate how LI-rTMS 

interacts with intrinsic brain activity to alter structural and molecular restrictions on adult 

plasticity (Bavelier et al., 2010). The maturation and functional properties of PV+  

interneurons are regulated by the activity-dependent expression of perineuronal nets 

(PNNs) and is also suggested to be a key mechanism involved in adult plasticity (Hensch, 

2005; Dityatev et al., 2007; Erchova et al., 2017; Favuzzi et al., 2017; Boggio et al., 2019; 

see for a recent review, Carulli and Verhaagen, 2021). Disruptions of PNNs have been 

shown to reinstate ocular dominance plasticity in the adult visual cortex (Pizzorusso et al., 

2002), and studies have also shown the capacity of rTMS to reduce the expression of PV+ 

interneurons in the cortex (Mix et al., 2010; Benali et al., 2011; Volz et al., 2013; Castillo-

Padilla and Funke, 2016), an effect that was dependent on the presence of PNNs in the 

cortex (Mix et al., 2015). Therefore, findings suggest that rTMS effects on cortical PV 

expression only occurs when PNNs have been sufficiently matured in the cortex (Mix et al., 

2015). It is possible that chronic LI-rTMS has the capacity to directly modulate the density 

of PV+ interneurons in V1, possibly through the modulation of PNNs, which contribute to the 

induction of plasticity in ephrin-A2A5-/- mice. A recent study has shown that the induction of 

juvenile-like plasticity in V1 through disruptions of PNNs requires intact signalling by TrkB in 

PV+ neurons (Lesnikova et al., 2021). Therefore, it would also be interesting to determine 
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the modulatory effect of visual input, and potentially altered BDNF-TrkB interactions, on LI-

rTMS-induced plasticity on cortical inhibitory circuits (Lesnikova et al., 2021).  

 

Furthermore, interventions such as environmental enrichment have been shown to induce 

juvenile-like plasticity within the adult visual cortex. Environmental enrichment can reinstate 

ocular dominance plasticity within adult amblyopic rats and was associated with altered 

excitation-inhibition balance within V1 (Sale et al., 2007). rTMS-induced changes on 

molecular markers of plasticity (e.g., PV+ interneuron density, BDNF levels) and 

improvements to visual task performance in dark-reared rats were similar to those induced 

by environmental enrichment (Castillo-Padilla and Funke, 2016). One type of enrichment is 

physical exercise (Sale et al., 2007, see Bavelier et al., 2010; Stryker and Löwel, 2018) and 

concurrent locomotion has been shown to enhance visual responses in V1 that could 

enhance recovery following visual deprivation (Kaneko and Stryker, 2014; Kaneko et al., 

2017). Findings of the present thesis showed that completion of a visual discrimination task 

with concurrent LI-rTMS prevented the beneficial reorganisation induced by LI-rTMS alone 

(Chapter 2). However, there were additional factors including reward expectation and 

arousal which may have contributed to the blockade of beneficial reorganisation induced by 

LI-rTMS alone. Thus, future studies could combine voluntary exercise with online LI-rTMS 

to determine its effects on abnormal visuotopic maps observed within the adult ephrin-A2A5-

/- mouse model.  

 

Visual deprivation during adulthood has been shown to rapidly induce juvenile-like ocular 

dominance plasticity (He et al., 2006, 2007) potentially by shifting the excitation-inhibition 

balance of the cortex which can then enhance glutamatergic sensory drive following re-

exposure to sensory stimuli (Gao et al., 2017). Thus, additional studies are also needed to 
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determine whether complete visual deprivation over the 14 days of stimulation can also 

interact with LI-rTMS effects on the structure and function of abnormal visual circuits. 

 

6.3 Dopaminergic and serotonergic inputs 

Preliminary findings from Chapter 5 suggested that chronic LI-rTMS altered the activity of 

deeper cortical layers, both by a single stimulation and potentially indirectly following chronic 

stimulation, which lead to modulation of long ranging cortico-cortical and subcortical 

projections. Altered signalling within these long ranging projections may have  mediated the 

changes observed within subcortical dopaminergic and serotonergic systems. DA and 5-HT 

are powerful neuromodulators for the induction and maintenance of neuroplasticity 

(Calabresi et al., 1997; Azmitia, 1999; Jay, 2003; Wolf et al., 2003; Lesch and Waider, 2012; 

Kempadoo et al., 2016; Teixeira et al., 2018), and abnormal signalling has been associated 

with various complex neuropsychiatric disorders including depression and substance use 

disorders (Dalley et al., 2007; Caudle et al., 2008; Kalivas and O’Brien, 2008; Fakhoury, 

2016; Perez-Caballero et al., 2019). rTMS-induced plasticity within the motor system has 

been shown to require intact dopaminergic neurons (Hsieh et al., 2015), and rTMS effects 

on hippocampal physiology have been shown to be similar to antidepressant drugs that 

target the serotonergic system (Levkovitz et al., 2001; Zhao et al., 2018).  

 

Our results show that chronic LI-rTMS decreased the [HVA]/[DA] ratio within the striatum, 

and [5-HIAA]/[5-HT] ratio within the hippocampus. This indicated a reduced turnover 

induced by chronic online LI-rTMS, which can be explained by a relative increase in [DA] 

and [5-HT] and a relative decrease in [HVA] and [5-HIAA], respectively. To determine the 

underlying cellular mechanisms that could underlie these changes in neurotransmitter 

turnover, I measured the levels of key metabolic enzymes in the different brain regions. I 

observed a significant increase in TPH2 expression within the hippocampus, which suggests 
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that the density of serotonergic terminals innervating the hippocampus may have been 

increased following chronic LI-rTMS. However, this was not the case for DA, which suggests 

that other mechanisms, such as altered monoamine transporter kinetics and expression, 

may explain the reduction of DA turnover within the striatum. 

 

Chapter 5 considered the possibility that a reduction in [HVA]/[DA] but not [DOPAC]/[DA] 

turnover may be related to altered function and/or expression of VMAT2 within the 

dopaminergic axon terminals. However, this raises the question of how chronic LI-rTMS 

could induce these changes subcortically, when the magnetic field intensities are extremely 

low (≤ 2 mT) at that depth. Recently, it has been shown that activity of deep cortical layers 

was topographically correlated with activity in the striatum during sensory processing, 

suggesting that the functional relationship between these two regions are confined by 

anatomy - cortical spiking activity could predict firing rates within specific striatal subdomains 

during a sensorimotor task (Peters et al., 2021). In addition, it has been shown that cortical 

neurons can alter DA release within the striatum via activation of cholinergic interneurons 

(Kosillo et al., 2016). DA-releasing agents such as methylphenidate and amphetamine have 

been shown to redistribute VMAT2 protein expression between membrane-associated and 

non-membrane associated (presumably cytoplasmic) fractions, while vesicular glutamate, 

GABA and acetylcholine transporters were unaffected within the striatum (Riddle et al., 

2007; German et al., 2015). Similarly, crude subcellular fractionation techniques on striatal 

synaptosomes have shown that other DA releasing drugs act by altering VMAT2-trafficking 

(Brown et al., 2000; Riddle et al., 2002; German et al., 2015). Thus, it is possible that 14 

days of LI-rTMS may redistribute VMAT2 from the cytoplasm to synaptic vesicles, which 

may underlie the relative increase in striatal DA concentration as compared to sham treated 

subjects. 
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The altered serotonergic signalling is in contrast to previous studies showing no change 

following chronic rTMS (Ben-Shachar et al., 1999; Gur et al., 2000). In these studies, rats 

were restrained during each stimulation session and in the final stimulation session, Ben-

Shachar and colleagues kept rats restrained for an additional 4 hours post-stimulation 

(1999), whereas Gur and colleagues anaesthetised rats prior to collecting microdialysates 

(2000). Stress has been shown alter cortical glutamate/GABA ratios (Satoh and Shimeki, 

2010; Drouet et al., 2015), reduce TPH activity and increase 5-HT turnover within the 

hippocampus (i.e., opposing effects to what was observed following chronic LI-rTMS) 

(Browne et al., 2011; Wang et al., 2019). In addition, anaesthesia inhibits glutamate release 

(Lin et al., 2013), and decouples somatic and dendritic compartments of cortical neurons 

that can then downregulate activity within subcortical thalamic nuclei (Suzuki and Larkum, 

2020). Thus, we suggest that our online LI-rTMS protocol may be able to detect changes 

within the serotonergic system following chronic stimulation that were previously masked by 

anaesthesia or restraint stress.  

 

6.4 Impact on learning 

rTMS has demonstrated the potential to facilitate functional repair of abnormal neural 

networks (e.g., adjuvant to rehabilitation therapies) and to harness plasticity in a healthy 

brain (e.g., to enhance learning) (Mori et al., 2011; Zoe Tsagaris et al., 2016). Results of the 

two-way visual discrimination task (Chapter 2) showed that online LI-rTMS partially 

ameliorated performance deficits in adult ephrin-A2A5-/- mice, but it was unclear whether 

these improvements were due to altered motivation or learning. DA signalling is critically 

implicated in motivational processes, and chronically elevated DA levels in mice have been 

shown to increase motivation for a food reward (Cagniard et al., 2006). Since ephrin-A-/- 

mice exhibit abnormal dopaminergic circuits (Sheleg et al., 2013; Yates et al., 2014), and 

rTMS has been shown to induce DA release within the striatum (e.g. Strafella et al., 2003; 
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Kanno et al., 2004; Ohnishi et al., 2004), it was hypothesised that the altered behaviour in 

the visual task was due to online LI-rTMS altering motivation. However, the findings of a 

recent study that was carried out in our lab (Moretti et al., 2020) and the results of the current 

LC-MS/MS experiments (Chapter 4 & 5) do not support this hypothesis. Online LI-rTMS 

delivered to both wildtype and ephrin-A2A5-/- mice in a progressive ratio (PR) task did not 

increase motivation for a food reward (Moretti et al., 2020). Unexpectedly, ephrin-A2A5-/- 

exhibited an enhanced tendency to work for a food reward as compared to wildtype mice, 

and performance in the PR task was unaffected by LI-rTMS (Moretti et al., 2020). 

Furthermore, my own work in Chapter 5 analysing DA content within the striatum suggested 

that there was a decrease in the activity of dopaminergic terminals following online LI-rTMS 

(Chapter 5; reduced [HVA]/[DA] turnover) and an overall decrease in DA release (i.e., less 

motivation). Together, these findings suggest that the behavioural change observed in the 

visual task may not have reflected altered motivation, but rather, altered behaviours related 

to changes in learning (Moretti et al., 2020).  

 

An alternative interpretation of the behavioural results from Chapter 2 is that online LI-rTMS 

affected learning. In the two-way visual discrimination task, adult ephrin-A2A5-/- mice 

received LI-rTMS during the training (i.e., learning) and testing periods, and showed 

increased accuracy compared to sham treated ephrin-A2A5-/- mice. In contrast, Moretti and 

colleagues (2020) delivered online LI-rTMS only during the testing period and after mice had 

learnt the task, and LI-rTMS did not alter performance in the PR task. Previous studies have 

also shown evidence that LI-rTMS affects learning. Chronic LI-rTMS delivered as a 

consolidating stimulus has been shown to subtly enhance fine-motor-skill learning in adult 

mice (Tang et al., 2018), and this may be attributed to altered myelin ultrastructure (Cullen 

et al., 2021), and/or altered cortical excitation-inhibition as demonstrated in Chapter 5. 

Further evidence for an interaction between rTMS and learning comes from a study showing 
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that rats trained in a motor task exhibited weak changes to GAD67 and CB expression, and 

no change in PV expression in the cortex following HI-rTMS (Mix et al., 2010). However, 

rats in the no learning group exhibited a decrease in GAD67, PV and CB expression 

following rTMS (Mix et al., 2010), similar to results in Chapter 5. Since learning is 

constrained by cortical inhibition, these findings suggest that rTMS disinhibits the cortex, 

which might then promote the potential for learning by increasing the capacity of cortical 

projecting neurons to express associative synaptic plasticity when simultaneously presented 

with sensory stimuli (Mix et al., 2010; see Letzkus et al., 2015 and Vlachos et al., 2017 for 

reviews on cortical disinhibition, and rTMS-induced disinhibition, respectively). This is in line 

with other studies showing that HI-rTMS can transiently ‘destabilise’ feline visual cortical 

maps, an effect which was characterised by an increase in excitability and response 

variability in V1 (Kozyrev et al., 2014). Overall, based on the findings from the present thesis 

and past studies, rTMS may induce a period of enhanced plasticity within the targeted 

cortical areas similar to developmental sensitive periods.  

 

Current evidence suggests that online LI-rTMS has the capacity to alter learning, which may 

be more overt in the ephrin-A2A5-/- mice as they have been previously shown to exhibit 

abnormal learning strategies (Arnall et al., 2010). Furthermore, the unexpected decrease in 

5-HT turnover and increase in TPH2 within the hippocampus, which suggests an increased 

serotonergic influence in this brain structure, suggest that LI-rTMS may also influence spatial 

memory mechanisms (Matsukawa et al., 1997; Stancampiano et al., 1999). Future studies 

could investigate the effects of online LI-rTMS on spatial learning tasks which largely involve 

the cortex and hippocampus, such as the radial arm maze.  
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6.5 Proximity of neuronal compartments to rTMS-induced electric fields 

One insight of my thesis is provided by interpreting results in the context of the induced 

electric field in the mouse brain. The distribution of current strength suggests a possible 

importance of different intensities within different brain regions, and the relative proximity of 

neuronal compartments (e.g., dendrites, soma, axon terminals) to the maximally induced 

electric fields. Two results speak to this point. Firstly, findings from Chapters 2 & 3 showed 

that changes to brain-state did not alter the LI-rTMS-induced refinement of the 

geniculocortical map, even though changes were observed in the SC and cortex, which were 

closer to the coil and therefore received a stronger electric field. Furthermore, preliminary 

results in Chapter 5 suggest that chronic LI-rTMS primarily reduced the activity of layer 1 

GABAergic interneurons as compared to other cortical layers (i.e., layers 2-6). These results 

suggest that direct modulation of specific neuronal compartments may depend on their 

proximity to the rTMS-induced electric fields. Computational, live-imaging and real-time 

electrophysiological studies have provided some insight into the importance of induced 

electric field intensity and their effect on single neurons. A limitation is that most studies 

have investigated the effects of high-intensity stimulation protocols, however, I will briefly 

review key studies below. 

 

6.5.1 Effects of TMS on neuronal compartments 

A single pulse of HI-TMS has been shown to evoke firing of underlying neurons (Mueller et 

al., 2014; Pashut et al., 2014; Li et al., 2017; Romero et al., 2019). However, there are 

varying theories as to which neuronal compartment is depolarised by TMS. In some models, 

it was suggested that TMS depolarises the compartment of neurons with the largest 

diameter, i.e., the soma, which can induce depolarisation of the cell body and then action 

potential (AP) firing from the axon initial segment (Pashut et al., 2011; Seo et al., 2017). 

Other studies have suggested that the number and orientation of dendritic and axonal 
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compartments (e.g., axonal branching, bends), relative to the induced electric fields, 

determine the likelihood of TMS-induced modulation of the underlying neuron’s activity 

(Basser and Roth, 1991; Nagarajan and Durand, 1996; Opitz et al., 2011; Wang et al., 2018).  

Addressing these competing hypotheses, a recent multi-scale computational model 

incorporated cortical geometry, neuronal membrane dynamics based on cell type (i.e., types 

of excitatory versus inhibitory neurons), and axonal morphology to simulate the effects of 

TMS-induced electrical fields on single neurons within human M1 (Aberra et al., 2020). 

Using uniform electric field threshold-direction maps and multi-scale model, the authors 

concluded that neurons exhibiting the lowest threshold for depolarisation and action 

potential initiation by TMS were layer 5 pyramidal neurons, followed by layer 2/3 pyramidal 

neurons, layer 4 inhibitory basket neurons, layer 6 pyramidal neurons and finally layer 1 

neurogliaform inhibitory cells had the highest threshold (Aberra et al., 2020). Furthermore, 

the model showed that axon terminals in the superficial layers were preferentially activated 

by TMS-induced uniform and non-uniform electric fields (Aberra et al., 2020), contradicting 

previous studies which suggested that the size of the soma was the most critical determinant 

of activation thresholds (Pashut et al., 2011; Seo et al., 2017), but supported findings of a 

live-imaging study on the intact brain following TMS (Murphy et al., 2016).  

 

6.5.2 Future directions for understanding how LI-rTMS affects specific 

regions and cellular compartments 

The findings of the present study suggest that non-inhibitory, principally excitatory cells in 

the deeper layers of the cortex were less active following a single LI-rTMS session, whereas 

there was reduced activity of layer 1 GABAergic neurons following chronic LI-rTMS. Since 

immunohistochemical analyses are only an indirect measure, future experiments are 

needed to reveal which compartment(s) may mediate the disinhibitory effect of chronic LI-

rTMS. Furthermore, it would be interesting for future studies to determine how LI-rTMS 
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affects the activity of abnormal geniculocortical terminals and the dendrites of corticotectal 

pyramidal neurons in V1 of ephrin-A2A5-/- mice. The effects beyond the cortex suggests that 

rTMS may have therapeutic potential in other complex neuropsychiatric disorders including 

substance use disorders (Appendix 2 – Review article).  

 

Due to the morphology of the human brain, it is unlikely that commonly used rTMS coils 

(e.g., figure-of-eight, round) can penetrate caudal structures such as the cerebellum. 

However, due to the shape of the rodent brain, a limitation of the current study is that the 

induced electric fields of our miniaturised coils may have stimulated cerebellar regions 

(Figure 5-7). The cerebellum has been implicated with motor behaviour, with disynaptic 

efferent and afferent projections to the striatum (Hoshi et al., 2005; Bostan et al., 2010). 

Although it is plausible that altered behaviour in the visual discrimination task by ephrin-

A2A5-/- may reflect altered motor behaviours (Hoshi et al., 2005; Bostan et al., 2010), our 

results do not support this because the distance traversed within the open field (Chapter 3), 

and the number of responses performed in the PR task (Moretti et al., 2020) were not 

different between stimulation groups (within each genotype). Studies have shown that LI-

rTMS induces cerebellar postlesion repair and alters the morphology of Purkinje cell 

dendrites (Morellini et al., 2015; Dufor et al., 2019), however, it is not known whether this 

has an impact on cognitive and behavioural processes.  

 

Finally, non-neuronal cells including glial, endothelial and immune cells, may be affected by 

the induced electric fields of LI-rTMS and contributes to its ability to induce neuroplasticity 

(Muller-Dahlhaus and Vlachos, 2013; Cirillo et al., 2017). To date, LI-rTMS has been shown 

to alter the phenotype of microglia and astrocytes following cortical injury (Clarke et al., 

2017), gene expression within astrocytes (Clarke et al., 2021), survival and maturation of 

newborn oligodendrocytes (Cullen et al., 2019) and myelin sheath plasticity that is facilitated 
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by mature oligodendrocytes (Cullen et al., 2021). These findings suggests that the 

therapeutic effects of LI-rTMS, and possibly clinical rTMS, may be facilitated by changes 

within non-neuronal cells.  

 

6.6 Conclusion 

This thesis describes a novel method to deliver LI-rTMS in awake and behaving animal 

models, and demonstrates its ability to alter the structure and function of abnormal and 

healthy circuits, cortical excitation-inhibition balance and subcortical dopaminergic and 

serotonergic systems. The effects of LI-rTMS, and possibly clinical rTMS, is influenced by a 

subject’s brain-state at the time of stimulation and the number of stimulation sessions, 

suggesting potential use as an adjuvant to other interventions (e.g., rehabilitation). The 

ability for rTMS to recruit various cellular and molecular mechanisms in multiple brain 

regions suggests its therapeutic potential for a variety of complex neuropsychiatric 

disorders, including disorders that currently have no approved interventions (e.g., substance 

use disorders).  
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Appendix 1 

Chapter 2 supplementary materials 

Submission to the eNeuro journal required detailed statistical tables and are shown below. 

  Type of test Statistical values 

Corticotectal projections 

a 
Proportion of mice with 

>1 ectopic TZ 
Fisher’s exact test p = 0.99 

b 

TZ location (%R-C 

axis) against injection 

location (%L-M axis) 

Linear regression: 

no-task+sham;  

task+sham; 

no-task+LI-rTMS;  

task+LI-rTMS 

F(1, 9) = 0.799, R2 = 0.082, 

p = 0.395; 

F(1, 16) = 1.139, R2 = 0.076, 

p = 0.268; 

F(1, 18) = 8.811, R2 = 0.329, 

p = 0.008; 

F(1, 17) = 0.517, R2 = 0.030, 

p = 0.482. 

Geniculocortical projections 

c 

Total dispersion 

volumes as a % of 

total dLGN volume 

(convex-hull) 

Two-way ANOVA: 

treatment (LI-rTMS vs 

sham); task completion 

(task vs no task); 

interaction 

(treatment*task 

completion) 

F (1, 21) = 4.893, p = 0.038, 

power = 0.560; 

F (1, 21) = 0.004, p = 0.953, 

power = 0.050; 

F (1, 21) = 0.032, p = 0.860, 

power = 0.053. 

d Average cluster areas 

F (1, 21) = 0.555, p = 0.465, 

power = 0.110; 

F (1, 21) = 0.214, p = 0.649, 

power = 0.073; 

F (1, 21) = 0.514, p = 0.481, 

power = 0.109. 

e 
Average number of 

labelled dLGN neurons 

F (1, 21) = 0.740, p = 0.400, 

power = 0.130; 

F (1, 21) = 0.987, p = 0.332, 

power = 0.158; 

F (1, 21) = 1.081, p = 0.310, 

power = 0.168. 

f 
Visual head-tracking 

performance 

Two-way ANOVA: 

treatment (LI-rTMS vs 

sham); task completion 

(task vs no task); 

interaction 

(treatment*task 

completion) 

F(1, 27) = 76.334, p = 0.003, 

power = 0.891; 

F(1, 27) = 1.128, p = 0.298, 

power =  0.176; 

F(1, 27) = 0.336, p = 0.550, 

power = 0.090. 
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Visual learning task 

Ephrin-A2A5-/- mice (LI-rTMS vs. sham) 

g Accuracy distribution 
Mann-Whitney U tests to 

compare medians. Two-

sample Kolmogorov-

Smirnov (K-S) tests to 

compare distributions 

U = 2190, p = 0.58;  

K-S statistic = 1.38, p = 

0.18. 

h 
Cumulative number of 

trials 

U = 1740.5, p < 0.001; 

K-S statistic = 1.81, p = 

0.01. 

Sham treatment (ephrin-A2A5-/- vs WT) 

i Accuracy distribution Mann-Whitney U tests to 

compare medians. Two-

sample K-S tests to 

compare distributions 

U = 1429, p < 0.001; 

K-S statistic = 2.25, p < 

0.001. 

j 
Cumulative number of 

trials 

U = 821, p < 0.001; 

K-S statistic = 3.01, p < 

0.001. 

LI-rTMS treatment (ephrin-A2A5-/- vs WT) 

k Accuracy distribution Mann-Whitney U tests to 

compare medians. Two-

sample K-S tests to 

compare distributions 

U = 1434, p = 0.58; 

K-S statistic = 1.23, p = 

0.39. 

l 
Cumulative number of 

trials 

U = 1145, p = 0.01; 

K-S statistic = 1.53, p = 

0.08. 

N.B. p-values Bonferroni corrected for multiple comparisons 

Food restriction and visual task performance 

m 

%BW and number of 

trials completed 

(sham) 

Spearman’s non-

parametric bivariate 

correlation:  

ephrin-A2A5-/-; 

WT 

Spearman’s rho = -0.24, p 

= 0.03; 

rho= -0.03, p = 0.85. 

n 

%BW and number of 

trials completed (LI-

rTMS) 

Rho= 0.09, p = 0.48; 

rho= 0.18, p = 0.18. 

o 

Free-feeding body 

weight before food 

restriction 

Two-way ANOVA: 

treatment (LI-rTMS vs 

sham); genotype 

(ephrin-A2A5-/- vs WT); 

interaction 

(treatment*genotype) 

F(1,24) = 0.052, p = 0.821, 

power = 0.056; 

F(1,24) = 4.612, p = 0.042, 

power = 0.540; 

F(1,24) = 0.571, p = 0.457, 

power = 0.112. 

Locomotor activity 

p 
Locomotor activity in 

an open field 

Factorial between-

subjects ANOVA: 

treatment (LI-rTMS vs 

sham) main effect; 

genotype (task vs no 

task) main effect; 

interaction 

(treatment*genotype) 

F(1, 14) = 0.175, p = 0.682, 

power = 0.068; 

F(1, 14) = 0.055, p = 0.817, 

power = 0.056; 

F(1, 14) = 0.073, p = 0.791, 

power = 0.057. 
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Chapter 4 supplementary materials 

Immunofluorescent staining 

Two male wildtype (C57BL/6J) mice were used to determine whether the external 

attachment of a coil support induced inflammation in the brain. One mouse received an 

external attachment (Poh et al. 2018) and the other received handling control (as described 

in Section 4.2.2). One week later, mice were terminally anaesthetised using sodium 

pentobarbitone (0.1ml, i.p.; Lethabarb, Virbac, Australia) and perfused intracardially with 

physiological saline (0.9% NaCl), followed by 4% paraformaldehyde in phosphate buffer 

solution (PBS). Whole brains were collected and stored in 4% paraformaldehyde in PBS 

overnight, cryoprotected with 30% sucrose in PBS and cryosectioned coronally (40 μm). 

Selected brain sections containing the motor, somatosensory, and visual cortex (both 

adjacent to and directly below lambda) underwent free-floating immunofluorescent staining 

for microglia (polyclonal rabbit anti-IBA1, 1:1000 Wako, Japan) and astrocytes (monoclonal 

mouse anti-GFAP, 1:750, Sigma, USA). Sections were washed with PBS, permeabilised 

with 0.1% Triton in PBS (PBS-T) and blocked for 1 h in 10% normal donkey serum in 0.1% 

bovine serum albumin (BSA, Sigma-Aldrich, USA) in PBS-T. Primary antibodies in blocking 

solution were applied overnight at 4˚C. Sections were then washed three times with PBS 

and incubated with secondary antibodies (donkey anti-rabbit lgG Alexa Fluor 488, 1:600, 

Invitrogen, Thermo Fisher Scientific; donkey anti-mouse Alexa Fluor 555, 1:600, Invitrogen, 

Thermo Fisher Scientific) in blocking solution for 2 hours at room temperature. Sections 

were washed twice with PBS before being mounted onto slides and coverslipped with 

mounting medium (Dako, Glostrup, Denmark).  Images were taken using Nikon eclipse E-

800 fluorescent microscope with an attached Nikon DS-Qi2 camera (Nikon, Tokyo, Japan). 
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Results 

 
  

Appendix 1 Figure 0-1 Representative 

immunofluorescent images of various 

cortical regions stained for IBA1+ 

(microglia, green) and GFAP+ 

(astrocytes, red) cells in a control 

mouse and a mouse that received a coil 

support attachment. Microglia and 

astrocyte markers are similar between 

groups. There was no increase in glial 

activation after coil support surgery when 

compared with a control animal. Scale bars 

represent 200 μm. (CTX = cortex) 
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Appendix 2 – Review article 

During my candidature, I co-first authored a review article that highlights and addresses 

what is known about the impact of rTMS on dopaminergic and glutamatergic 

neurotransmitter systems, and its relevance to the clinical use of rTMS for the treatment of 

cocaine and methamphetamine use disorders. Published as:  

 

Frontiers in Neuroscience: Neural Technology. J Moretti*, E Poh*, J Rodger. rTMS-

Induced Changes in Glutamatergic and Dopaminergic Systems: Relevance to Cocaine 

and Methamphetamine Use Disorders. DOI: https://doi.org/10.3389/fnins.2020.00137 

*contributed equally. 

Appendix 1 Figure 0-2 Calibration curves of 5-HT, 5-HIAA, DOPAC, HVA used for 

quantification.  All least squares regression coefficients were > 0.999. 
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Cocaine use disorder and methamphetamine use disorder are chronic, relapsing
disorders with no US Food and Drug Administration-approved interventions. Repetitive
transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation tool that has
been increasingly investigated as a possible therapeutic intervention for substance use
disorders. rTMS may have the ability to induce beneficial neuroplasticity in abnormal
circuits and networks in individuals with addiction. The aim of this review is to
highlight the rationale and potential for rTMS to treat cocaine and methamphetamine
dependence: we synthesize the outcomes of studies in healthy humans and animal
models to identify and understand the neurobiological mechanisms of rTMS that
seem most involved in addiction, focusing on the dopaminergic and glutamatergic
systems. rTMS-induced changes to neurotransmitter systems include alterations to
striatal dopamine release and metabolite levels, as well as to glutamate transporter
and receptor expression, which may be relevant for ameliorating the aberrant plasticity
observed in individuals with substance use disorders. We also discuss the clinical
studies that have used rTMS in humans with cocaine and methamphetamine use
disorders. Many such studies suggest changes in network connectivity following acute
rTMS, which may underpin reduced craving following chronic rTMS. We suggest several
possible future directions for research relating to the therapeutic potential of rTMS in
addiction that would help fill current gaps in the literature. Such research would apply
rTMS to animal models of addiction, developing a translational pipeline that would guide
evidence-based rTMS treatment of cocaine and methamphetamine use disorder.

Keywords: rTMS, addiction, brain stimulation, cocaine use disorder, methamphetamine use disorder,
glutamatergic system, dopaminergic system

INTRODUCTION

Substance dependence is a chronic, relapsing disorder with significant monetary and societal costs.
Moreover, there are still substance use disorders with no US Food and Drug Administration
(FDA)-approved interventions, such as cocaine use disorder and methamphetamine use disorder.
Therefore, there is a need to investigate possible treatments and interventions that could
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help combat these addictions. One avenue of investigation
is the use of non-invasive brain stimulation techniques,
such as repetitive transcranial magnetic stimulation (rTMS).
rTMS therapy has been FDA approved for treatment-resistant
depression (O’Reardon et al., 2007; Horvath et al., 2010) and
obsessive-compulsive disorder (Carmi et al., 2018) and has also
shown promise in several other neurological disorders where its
ability to induce plasticity proves useful (Fregni and Pascual-
Leone, 2007; Pell et al., 2011; Lefaucheur et al., 2014). The aim
of this review is to highlight what is currently known about
the effects of rTMS within the field of addiction, specifically on
cocaine and methamphetamine dependence. In this review, we
consider human and animal studies, which together allow us
to relate the outcomes of rTMS therapy to the neurobiological
mechanisms that seem most involved in addiction – changes in
the glutamatergic and dopaminergic systems.

MAJOR PATHWAYS INVOLVED IN
ADDICTION

Addiction is a complex condition that involves several neural
pathways and mechanisms of dependence that can be specific
to the substance of abuse. Broadly speaking, however, the main
pathways implicated in addiction are the glutamatergic afferents
from the prefrontal cortex (PFC) to the nucleus accumbens (NAc)
of the ventral striatum and ventral tegmental area (VTA) of
the midbrain, and the dopaminergic efferents from the VTA to
the striatum. Abnormal function of these pathways in addiction
results in the disruption and dysregulation of dopaminergic
activity (Koob and Volkow, 2010). Together these pathways are
referred to as the mesocorticolimbic system.

Drug addiction is characterized by changes at all points of
the mesocorticolimbic system. Exposure to addictive substances
such as cocaine and methamphetamine is accompanied by a fast
and steep release of dopamine in the NAc (Volkow et al., 2007;
Fowler et al., 2008), affecting mesocorticolimbic pathways and
characterizing the first stage of addiction – intoxication (Koob
and Volkow, 2010). Although transient, this substance-induced
elevation in dopamine may exceed that observed following
“normal” physiological processes (Volkow et al., 2007). Several
other neurotransmitters, including opioid peptides (Daunais
et al., 1993; Spangler et al., 1993), serotonin (see Müller and
Homberg, 2015), and acetylcholine (Imperato et al., 1993; Zocchi
and Pert, 1994; Berlanga et al., 2003), are also increased during
the intoxication stage (Koob and Volkow, 2010).

Repeated exposure to addictive substances can result in
maladaptive sensitization within the mesocorticolimbic system,
specifically toward dopamine release, whereby conditioned
incentive sensitization (increase in “wanting” without necessarily
a change in “liking”) toward drug-associated stimuli occurs
(Berridge and Robinson, 2016). The PFC to NAc glutamatergic
pathway, which includes afferents from the dorsolateral PFC
(DLPFC), is involved in modulating these value signals (Hayashi
et al., 2013). Chronic drug use may also induce long-term
neuroadaptations as a result of the repeated hyperactivity
of dopaminergic transmission, for example, facilitating the

development of learned associations between drug-related cues,
such as images or videos of drugs, drug paraphernalia in an
experimental setting, the anticipation of drug intoxication, and
the accompanying physiological changes such as the induction
of dopamine release in the striatum (Wolf et al., 2004; Berridge
and Robinson, 2016). Such neuroadaptations may underpin the
impact of cues, which are usually specific to the drug of interest
and induce an increase in striatal dopamine that is thought to
underlie craving (Goldstein and Volkow, 2002; Volkow et al.,
2006, 2008; Volkow and Morales, 2015). Neuroplastic changes
from chronic drug use are also associated with reduced cognitive
control, compulsive drug use, and impulsivity to continue
addictive behavior (Koob and Volkow, 2010).

It is also thought that the inability to inhibit drug-seeking
behaviors is partly underpinned by a weakened executive control
network and PFC dysfunction (Bechara, 2005; Hu et al., 2015;
Ekhtiari et al., 2019), which are thought to contribute to the
development of behaviors that are characteristic of addiction
(Volkow and Fowler, 2000; Goldstein and Volkow, 2002). The
PFC is made up of several regions that may each contribute
to different aspects of addictive behavior (for a review, see
Goldstein and Volkow, 2011). For example, the ventrolateral
PFC and lateral orbitofrontal cortex are linked with habitual
responding and therefore linked with impulsivity and inflexible
behavior patterns. In contrast, the ventromedial PFC, which
includes the subgenual anterior cingulate cortex (ACC) and
medial orbitofrontal cortex, is linked with emotion regulation
and incentive salience of drugs and related cues (Goldstein and
Volkow, 2011). Furthermore, the DLPFC has a significant role in
top-down control and metacognitive functions such as attention
bias, motivation, and self-control, among others (Goldstein and
Volkow, 2011). It is therefore important to be mindful when
reading the literature that different PFC regions can be associated
with particular cognitive processes and can also have different
anatomical connections and feedback loops.

Contributing to the addiction cycle are the acute withdrawal
effects, which include reduced reward sensitivity and motivation
for natural rewards (Barr and Phillips, 1999). Cessation of drug
use is associated with altered levels of a number of different
substances, including a decrease in basal dopamine levels in
the striatum (e.g., Rossetti et al., 1992; Weiss et al., 1992).
Evidence of the hypodopaminergic tone observed within the
mesolimbic system from both experimental and clinical studies
led to the development of the dopamine hypothesis of drug
addiction (Melis et al., 2005), and progress within the field
has been reviewed more recently (Fattore and Diana, 2016).
Hypodopaminergic tone has also been associated with a decrease
in striatal dopamine terminal density (Lee et al., 2011) and
downregulation of dopamine D2 receptors expressed on both
presynaptic and postsynaptic neurons, the latter being important
for inhibitory feedback signals (Nutt et al., 2015; Volkow and
Morales, 2015). These have been linked to pathological behaviors
such as impulsivity and compulsive drug seeking in subjects
addicted to methamphetamine and cocaine (Lee et al., 2009;
Moeller et al., 2018). Changes within the dopaminergic system
contribute to the acute withdrawal effects, which include reduced
reward sensitivity and motivation for natural rewards (Barr and
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Phillips, 1999), as well as negative affect, such as irritability, states
of stress, and malaise (Baker et al., 2006; Fox et al., 2008; Koob,
2009; Koob and Volkow, 2010). This negative state of withdrawal
tends to further narrow behavior toward drugs and drug-related
stimuli, perpetuating drug use.

MANIPULATING CIRCUITS INVOLVED IN
ADDICTION

Our current knowledge of the circuits involved in addiction
comes from animal studies as the pathways and brain regions
involved are similar in rodents and humans (Kalivas et al.,
2006; Madeo and Bonci, 2019). Animal models of addiction
are one of the most well-developed and validated models in
neuropsychiatric research and are used by researchers and
clinicians to gain insight into some of the mechanisms involved
in addiction (Kalivas et al., 2006; Venniro et al., 2016). These
findings have since been supported by follow-up studies that
alter activity in a targeted brain region (Conrad et al., 2008;
Chen et al., 2013; Venniro et al., 2016). This has been done
mostly in one of two ways: direct electrical stimulation and, more
recently, optogenetics.

Direct evidence of brain stimulation altering compulsive
drug-seeking behaviors has been shown following application of
localized electrical stimulation to the PFC of cocaine-addicted
rats and mice via implanted electrodes (Levy et al., 2007).
Following 20-Hz stimulation (30 min, 10 pulses/train, one train
every 2 s) in the PFC, cue-induced cocaine-seeking behavior
and motivation for its consumption were reduced (Levy et al.,
2007), which is likely related to the release of dopamine and
glutamate in the NAc following stimulation in the PFC (Taber
et al., 1995; You et al., 1998). Comparison of various stimulation
frequencies in the medial PFC (mPFC) showed that 10- to
20-Hz electrical stimulation that lasted >5 s resulted in peak
extracellular dopamine levels, compared to 30-, 40-, and 60-
Hz stimulation frequencies, possibly due to its similarities to
endogenous bursting rhythms of the VTA (Hill et al., 2018).

Since the development of genetic techniques such as
optogenetics (Boyden et al., 2005; Han, 2012), researchers
have been able to manipulate neural circuits with greater
specificity (e.g., purely glutamatergic neurons) to gain a better
understanding of the circuits involved in pathological drug-
seeking behavior. It is important to note, however, that caution
must be taken when interpreting results of studies that utilize
optogenetics methods, and inclusion of rigorous control groups
is necessary (see Tye and Deisseroth, 2012). For example, certain
illumination protocols can induce temperature fluctuations
within the surrounding tissue, affecting behavioral outcomes
(Owen et al., 2019). Therefore, control experiments should
include a viral construct that does not encode for light-
sensitive ion channels (Yizhar et al., 2011; Owen et al., 2019).
Despite these limitations, a study has shown that optogenetics
stimulation of hypoactive glutamatergic neurons of the PFC
can modulate compulsive drug seeking in cocaine-addicted
rats (Chen et al., 2013). Using adeno-associated viruses, light-
sensitive ion channels [channelrhodopsin for depolarization and

halorhodopsin for hyperpolarization (Tye and Deisseroth, 2012)]
were transfected into glutamatergic neurons of the prelimbic
cortical area. Activation of the transfected neurons (1 Hz, 10-
ms wide pulses, 10–15 mW, 473 nm) via channelrhodopsin
led to reduced compulsive drug-seeking behavior, whereas
inhibition with halorhodopsin led to increased drug-seeking
behavior (Chen et al., 2013). Therefore, it appears that excitatory
stimulation of PFC glutamatergic efferents can rescue its
hypoactivity and may result in downstream effects that can
increase dopamine transmission, ultimately reducing compulsive
drug seeking in addicted subjects.

The dynamic plasticity of the mesocorticolimbic pathways is
thus central in addiction, particularly the maladaptive changes
that occur within glutamatergic and dopaminergic systems,
and offers a compelling target for therapeutic interventions
to modulate circuit activity. In order to translate these
findings into humans and manipulate the activity of relevant
circuits for therapeutic purposes, many studies have used
rTMS, which allows non-invasive modulation of brain activity.
Studies with rTMS can vary in which stage of the addiction
cycle they lie; however, most clinical studies on cocaine and
methamphetamine addiction tend to focus on patients who are
in the preoccupation/anticipation stage after chronic withdrawal
from the drug. Therefore, this review will focus on the anticraving
effects of rTMS on substance dependence, with a particular focus
on cocaine and methamphetamine dependence. The aim of this
review is to highlight potential neurobiological mechanisms that
can guide future rTMS research within the field.

FUNDAMENTALS OF RTMS

Repetitive TMS has shown promising results for the treatment
of a range of neurological disorders and has been shown
to induce plasticity in humans, as measured via changes in
corticospinal excitability (Pell et al., 2011) and alterations in
mood, behavior, and cognition (e.g., O’Reardon et al., 2007;
Luber and Lisanby, 2014). Currently FDA approved for major
depressive disorder and obsessive-compulsive disorder, this non-
invasive brain stimulation technique may also facilitate recovery
from substance use disorders. Reasons for how rTMS induces
therapeutic effects in various neurological disorders remain
unclear; however, a number of preclinical studies have identified
mechanisms that could underlie the long-term effects. These
mechanisms include alterations to neuron excitability (Sun et al.,
2011; Hoppenrath et al., 2016; Tang et al., 2016) and Hebbian-
type strengthening of synapses (Vlachos et al., 2012; Lenz et al.,
2015), as well as alterations to gene expression (Ikeda et al., 2005;
Grehl et al., 2015), trophic factors necessary for neuroplasticity
(Gersner et al., 2011; Rodger et al., 2012; Makowiecki et al., 2014),
activity within brain regions beyond the induced electrical field
(Aydin-Abidin et al., 2008; Seewoo et al., 2018, 2019), and even
changes to non-neuronal cells, which may contribute to plastic
events (Clarke et al., 2017a,b; Cullen et al., 2019).

Utilizing the principles of Faraday’s law of electromagnetic
induction, rTMS is delivered via a coil positioned above the scalp
to induce electrical currents in the underlying brain tissue. These
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electrical currents have the capacity to induce neuroplasticity,
either by triggering action potentials in the underlying cortical
neurons (Pashut et al., 2014; Li et al., 2017), or by modulating
neuronal excitability (Sun et al., 2011; Hoppenrath et al., 2016;
Tang et al., 2016). Effects of rTMS depend on multiple stimulation
parameters, such as the frequency and rhythm of the pulses
delivered, number of pulses, coil and pulse shape, stimulation
intensity, and number of sessions (Pell et al., 2011; Rodger
and Sherrard, 2015). In addition, morphological differences
such as the brain tissue shape (e.g., gyral anatomy) relative to
the device can influence rTMS effects (Wagner et al., 2009;
Thielscher et al., 2011).

Frequency and Pulse Number
In humans, alteration to corticospinal excitability is the main
measure of rTMS-induced plasticity. Changes in excitability can
be measured by comparing motor-evoked potentials (MEPs)
before and after stimulation. MEPs are recorded by applying a
single TMS pulse at a specified intensity to the motor cortex and
recording the electromyogram of a peripheral muscle. Changes
to human cortical excitability have been shown to be frequency
dependent, with a simple high-frequency (HF) (≥5 Hz) or low-
frequency (LF) (<1 Hz) rTMS protocol able to increase or
decrease excitability, respectively (Hallett, 2007; Pell et al., 2011),
albeit with high intraindividual and interindividual variability
(Ridding and Ziemann, 2010; Hinder et al., 2014; Hamada and
Rothwell, 2016). There are also complex patterned protocols,
such as theta burst stimulation (TBS), which utilize a train
consisting of three pulses at 50 Hz, repeated at 5 Hz, for a
total of 600 pulses (although other variants also exist). TBS
protocols can be differentiated into two subtypes: continuous
(cTBS), wherein 20 trains of uninterrupted pulses are delivered,
and intermittent (iTBS), with a 2-s TBS train repeated every
10 s. Intermittent TBS has been shown to have excitatory
effects on cortical excitability, whereas cTBS has inhibitory
effects (Huang et al., 2005). Compared to simple protocols,
these complex patterned protocols may be more effective for
inducing long-term changes, with an increase in MEPs induced
by iTBS lasting for approximately 60 min (Wischnewski and
Schutter, 2015). Recently, an analysis of various rTMS protocols
has suggested that frequency is the strongest predictor of the
direction of change in cortical excitability, as measured via MEPs
(Wilson and St George, 2016).

An additional contributor to frequency effects is the pulse
rhythm, or the pattern in which trains of frequency are delivered.
There is a wide variety of pulse numbers and pulse rhythms
used in the literature, and it is not clear what effect these factors
have on rTMS efficacy, and if there is a dose dependency. Train
length and intertrain intervals are determined in part by the
characteristics of the rTMS device: every pulse generates heat
in the coil, and more heat is generated at higher frequencies
(Weyh et al., 2005). It is therefore necessary to introduce
intertrain intervals to allow the coil to cool down. Human
studies suggest that pulse number and train number are not
related to the outcome of rTMS in a straightforward way (Huang
et al., 2005; Hamada et al., 2013), but results are difficult to
interpret because of variability in human subjects. One study

specifically explored the effect of pulse number on expression
of protein markers in the cortex of healthy rats (Volz et al.,
2013). For TBS protocols, increasing the number of pulses did
not lead to a simple dose-dependent change, but rather elicited
a “waxing-and-waning” effect for the markers of inhibitory
interneuron and γ-aminobutyric acid (GABA) activity (Volz
et al., 2013). Furthermore, increasing number of pulses led to
a progressive reduction in protein expression of the immediate
early gene c-Fos, which normally reflects neuronal activation (see
Aydin-Abidin et al., 2008). Surprisingly, the reduction occurred
following both inhibitory (cTBS) and excitatory (iTBS) protocols
(Volz et al., 2013), suggesting a complex relationship between the
number and rhythm of pulses and the effect on cortical neurons.

Intensity
The strength of stimulation is a variable parameter. In order to
account for interindividual changes in excitatory thresholds, the
intensity of rTMS is often applied as a percentage of the resting
motor threshold (rMT). Techniques to find a participant’s rMT
vary, but it is defined as the lowest stimulation intensity that
produces at least five MEPs (≥50 µV) out of 10 consecutive
stimuli (Rossini et al., 1994). Intensity will usually be set at a %
between 80 and 120% rMT, depending on the study. For TBS,
lower intensities of 80–90% are usually used, which contribute
to its improved tolerability (Oberman et al., 2011). Higher
intensities are often associated with more adverse effects (Rossi
et al., 2009) but are more likely to elicit action potentials (≥100%
rMT), which could have stronger cortical effects. Nonetheless,
stimulation below motor threshold (80–95% rMT) is still capable
of eliciting cortical and subcortical changes in distinct networks
across the brain (Bestmann et al., 2004).

Experimental animal models have shown that high-intensity
rTMS [≥1 Tesla (T)] can evoke action potential firing (Pashut
et al., 2014; Li et al., 2017) and alter neurotransmitter
concentrations (e.g., Ben-Shachar et al., 1997), whereas low-
intensity rTMS (≤120 mT) can lower action potential thresholds
and increase spike firing frequency for up to 20 min after
magnetic stimulation (Tang et al., 2016). In addition, behavioral
changes in a mouse model of depression have been shown to
be dependent on stimulation intensities (Heath et al., 2018).
Low-intensity effects may also contribute to the impact of high-
intensity protocols in humans due to the wide distribution of
low-intensity magnetic fields within brain tissue outside the site
of focal stimulation (Bestmann et al., 2004). Within the field
of magnetic stimulation, a limitation is the inconsistency of
reporting the induced field intensities (see, for example, Table 1,
which reports the intensity listed in the original research articles).
Some articles mention the induced magnetic field, the induced
electric field or a % output of the machine required to evoke
an observable muscle twitch (MEP). Adding to this confusion,
different units of measurement have also been reported (e.g., mT,
V/m, and dB/dT).

Coil Parameters
There are several different coil designs available for rTMS, with
changes to coil shape affecting the induced electric field in
the brain. The coil properties of various designs have been
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TABLE 1 | rTMS effects on dopaminergic systems sorted by sampling method used.

Study Subject Session
number

rTMS parameters rTMS coila

and target
Sampling method Sampling time Significant effect

Zangen and
Hyodo, 2002

Rat Single 2 Hz, 100 s, 500 V/s 5.4-cm circular
coil. Over the
head, rostral, or
caudal side

Microdialysis: DA,
DOPAC, HVA

During, 0–45 min pms,
15-min intervals

NAc: ↑ DA after rostral or caudal
stimulation, returned to baseline within
15 min pms

Keck et al.,
2000

Rat Single 20 Hz, 2.5 s, 2 min ITI,
20 trains, 61,000
pulses, 130% MT

5.7-cm circular
coil, left FC

Microdialysis: DA,
DOPAC, HVA

Baseline, 0–60 (rTMS),
90–120 min pms,
30-min intervals

Urethane anesthetized – right
hippocampus: ↑ DA 60 and 90 min pms

Keck et al.,
2002

Rat Single 20 Hz, 2.5 s, 2 min ITI,
20 (i) or 6 (ii) trains,
61000 or 6600 pulses,
130% MT

5.7-cm circular
coil, left FC

Microdialysis: DA,
DOPAC, HVA

(i) Baseline, 0–60
(rTMS), 90–180 min
pms, 30-min intervals.
(ii) Baseline, 0–30
(rTMS), 60–180 min
pms, 30-min intervals

(i) Urethane anesthetized – right
hippocampus: same as Keck et al. (2000);
right NAc shell: ↑ DA 120–180 min pms;
right dorsal striatum: ↑ DA 90–180 min
pms.
(ii) Awake – right hippocampus: ↑ DA
90–180 min pms; right NAc shell: ↑ DA
30–180 min pms

Erhardt et al.,
2004

Rat Single 20 Hz, 2.5 s, 2.5 min
ITI, six trains, 6300
pulses, 130% MT

5.7-cm circular
coil, left FC

Microdialysis: DA Baseline, 0–30 (rTMS),
60–120 min, 30-min
intervals

Right NAc shell: ↑ DA at 0–30 min for
morphine sensitized rats + rTMS vs. basal,
saline + rTMS, morphine + sham; ↑ DA at
60, 90 morphine + rTMS vs. basal,
morphine + sham; ↑ DA at 120 min vs.
sham + morphine

Kanno et al.,
2004

Rat Single 25 Hz, 1 s, 1 min ITI, 20
trains, 6500 pulses,
0.2 T, 0.6 T, and 0.8 T

7-cm F-o8 coil,
FC

Microdialysis: DA Baseline, 0–20 (rTMS),
40–180 min, 20-min
intervals

0.6 T:↑ DA in dorsolateral striatum for
0–130 min, ↑ DA 0–50 min in PFC; 0.2 and
0.8T: no change

Poh et al., 2019 Mouse Single 10 Hz, one train,
63,600 pulses, 1.2 T

7.5-cm F-o8
coil, over the
head

Homogenates: DA,
DOPAC, HVA

Immediately after last
session

Striatum: ↑ DOPAC
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TABLE 1 | Continued

Study Subject Session
number

rTMS parameters rTMS coila

and target
Sampling method Sampling time Significant effect

Ben-Shachar
et al., 1997

Rat Single 25 Hz, 2 s, one train,
650 pulses, 2.3 T

5-cm coil, over
the head

Homogenates: DA,
DOPAC, HVA

5 s after last session FC: ↓ DA, ↑ HVA, ↑ turnover;
hippocampus: ↑ DA, ↓ turnover; striatum: ↑
DA, ↑ DOPAC; ↓ turnover; midbrain: ↓ HVA

Strafella et al.,
2001

Human Single Three blocks separated
by 10 min: 10 Hz, 1 s,
10 s ITI, 15 trains,
6450 pulses, 100%
rMT∗

9-cm circular
coil, left DLPFC

PET study: [11C]
raclopride BP

Within 65 min pms Ipsilateral caudate: ↓ DA binding potential,
suggesting ↑ DA release

Ko et al., 2008 Human Single cTBS, 20 s, three
trains, 6900 pulses,
80% AMT

F-o8 coil, left
and right
DLPFC.

PET study: [11C]
raclopride BP

Within 60 min pms Left DLPFC – ipsilateral caudate-putamen
and contralateral caudate nucleus: ↓ DA
binding potential, suggesting increase DA
release.
Right DLPFC: no change in regions
examined

Cho and
Strafella, 2009

Human Single Three blocks separated
by 10 min: 10 Hz, 1 s,
10 s ITI, 15 trains,
6450 pulses, 100%
rMT∗

7-cm F-o8 coil,
left and right
DLPFC

PET study: [11C]
raclopride BP

Within 95 min pms Left DLPFC – ipsilateral subgenual ACC,
pregenual ACC, OFC:↓ DA binding
potential, suggesting increased DA release
Right DLPFC: no change in regions
examined

Strafella et al.,
2003

Human Single Three blocks separated
by 10 min: 10 Hz, 1 s,
10 s ITI, 15 trains,
6450 pulses, 90%
rMT∗

9-cm circular
coil, left M1 or
occipital cortex

PET study: [11C]
raclopride BP

Within 65 min pms M1 – ipsilateral putamen:↓ DA binding
potential, suggesting increase DA release,
when compared to ipsilateral OCC
stimulation

Ohnishi et al.,
2004

Macaque Single 5 Hz, 20 s, 40 s ITI, 20
trains, 62,000 pulses,
35% max stimulator
output

6.2-cm
double-cone
coil, right M1
cortex

PET study; [11C]
raclopride BP

Within 60 min pms Anesthetized – bilateral ventral striatum
(incl. NAc): ↓ DA binding potential,
suggesting ↑ DA release; ipsilateral
putamen: ↑ DA binding, suggesting
decrease DA release. Dorsal striatum: no
change
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Pogarell et al.,
2006

Human-
depressed
subjects

15 sessions First session: 10 Hz,
10 s, 30 s ITI, 30 trains,
63,000 pulses, 100%
rMT; followed by 6

1,500 pulses

7-cm F-o8 coil,
left DLPFC

SPECT study: [123 I]
IBZM BP

Before and 30 min after
first session, before and
after 15th session

Bilateral striatum: ↓ DA binding potential
compared to pre-rTMS within each session,
suggesting immediate ↑ DA release.

Pogarell et al.,
2007

Human-
depressed
subjects

15 sessions 10 Hz, 10 s, 30 s ITI,
30 trains, 63,000
pulses, 100% rMT

7-cm F-o8 coil,
left DLPFC

SPECT study: [123 I]
IBZM BP

Before and 30 min after
first session, before and
after 15th session

Bilateral striatum: ↓ DA binding potential
compared to pre-rTMS within each session,
suggesting immediate ↑ DA release. Similar
results observed following exposure to
D-amphetamine

Hausmann
et al., 2002

Rat Single or
14 sessions

20 Hz, 10 s, two trains,
400 pulses, 1 T

2.3-cm F-o8
coil, over the
head

In situ hybridization,
immunohistochemistry

12 h pms Ventral midbrain: no difference in TH-mRNA
or TH protein in all groups

Ikeda et al.,
2005

Mouse Single or
20 sessions

20 Hz, 2 s, 1 min ITI, 20
trains, 800 pulses,
0.75 T

7.5-cm round
coil, over the
head

RT-PCR: DAT mRNA,
monoamine uptake,
and ligand binding
assay

1, 4, 12, 24 h pms
(single and chronic) or
10 d pms (chronic)

Single-cerebrum:↑ DAT mRNA 4 and 24 h
pms, ↓ DAT mRNA 12 h pms
Chronic-cerebrum: ↑ DAT mRNA following
24 h and 10 d pms; synaptosomes: ↑ DA
uptake, transport rate 24 h pms, no
changes to affinity

Etiévant et al.,
2015

Mouse Single or
five
sessions

15 Hz, 10 s, 0.5 s ITI,
three trains, 450
pulses, 53% MSO

5-cm Fo8 Western blot Immediately after single
session, 2 h, 5, 10, 20,
60 d pms (chronic)

Single-PFC: no change in D2R expression
Chronic-PFC:↑ D2R expression 5 d pms

aOuter diameter of each loop. ACC, anterior cingulate cortex; AMT, active motor threshold; BP, binding potential; cTBS, continuous theta burst stimulation; DA, dopamine; DAT, dopamine transporters; DLPFC,
dorsolateral prefrontal cortex; DOPAC, 3,4-dihydroxyphenylacetic acid; FC, frontal cortex; F-o8, figure-of-eight; HVA, homovanillic acid; IBZM, iodobenzamide; ITI, intertrain interval; M1, primary motor cortex; MSO,
maximum stimulator output; MT, motor threshold; NAc, nucleus accumbens; OFC, orbitofrontal cortex; PET, positron emission tomography; PFC, prefrontal cortex; pms, post magnetic stimulation; rMT, resting motor
threshold; SPECT, single-photon emission computed tomography; TH, tyrosine hydroxylase.
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characterized by Deng et al. (2013). Traditionally, coils can
be separated into circular coils or figure-of-eight (F-o8) coils.
Circular coils induce the greatest current intensity beneath the
coil windings, whereas F-o8 coils have a focalized hotspot in the
center of the coil where the windings of the two circular coils are
the nearest to each other, with less intense peaks on the opposing
outer rings (Deng et al., 2013). Because of this, F-o8 coils are
usually used for their high focality.

The depth of stimulation of conventional circular and F-o8
coils, according to the definitions in Deng et al. (2013), ranges
from 1.0 to 1.9 cm, and these coils are therefore limited to
cortical stimulation. However, because many key structures lie
below the cortex, there has been development of different coils
to stimulate deeper structures, dubbed deep TMS (dTMS). The
most popular coil design for dTMS is the H-coil (Zangen et al.,
2005; Roth et al., 2007), of which there are now more than 20
different versions (Roth et al., 2013). H-coils are helmet-like
and stimulate the brain bilaterally with a depth of up to 2.4 cm
(Deng et al., 2013). However, to achieve this depth, the intensity
of the induced stimulation is more diffuse than an F-o8 coil,
stimulating a larger surface area with a relatively weaker electric
field (Deng et al., 2013).

RTMS IN COCAINE AND
METHAMPHETAMINE ABUSE –
CLINICAL RESEARCH

Stimulation of cortical regions that can alter activity and
connectivity between regions is promising for alleviating the
withdrawal symptoms in substance use disorders, particularly if
it can be done non-invasively. In addition, because compulsive
drug use has been associated with abnormal orbitofrontal- and
mesolimbic-striatal circuits in subjects who are punishment
resistant (i.e. even when faced with consequences, subjects
continue to pursue the drug) (Hu et al., 2019), the possibility of
using rTMS to stimulate hypoactive prefrontal cortical neurons,
which can then modulate interconnected networks, is appealing
(Diana et al., 2017; Madeo and Bonci, 2019; Song et al., 2019).
An increasing number of studies have shown anticraving effects
following rTMS treatment targeting the PFC (see Ma et al.,
2019; Madeo and Bonci, 2019; Zhang et al., 2019), presumably
through modulation of the efferent glutamatergic and afferent
dopaminergic connections (Diana, 2011; Diana et al., 2017;
Figure 1). Therefore, rTMS modulation of mesocorticolimbic
pathways in people with substance use disorders may provide
therapeutic effects.

Currently, the clinical studies that have utilized rTMS for
treatment of addiction have varied protocols. This lack of
consistency is common in rTMS research as there has not yet
been a systematic approach to elucidate which parameters best
achieve specific goals. Nonetheless, there is a general consensus
on the target of stimulation: with the aim of modulating the
mesocorticolimbic system, the majority of studies target the
DLPFC, with only a few exceptions that stimulate the mPFC
(Hanlon et al., 2015, 2017; Kearney-Ramos et al., 2018, 2019). In
addition, most studies tend to stimulate only one side of the brain,

usually the left, although a sham-controlled study comparing
right- and left-side stimulations did not show a significant effect
of laterality (Liu et al., 2017).

In 10-Hz stimulation, pulse numbers can range from 720 to
2,400 pulses per session, but 2,000 pulses per session are most
common. The rationale is that excitatory stimulation to the PFC
will increase the activity of glutamatergic corticostriatal efferents
toward NAc and VTA; therefore, HF protocols are the most
widespread and have been tested for potential anticraving effects
in cocaine and methamphetamine use disorders. Excitatory
stimulation generally uses 10- or 15-Hz protocols with an F-
o8 coil, although recently there have been a few HF studies
using H-coils (dTMS). Generally, 10-Hz stimulation uses a train
duration of 5 s with an interstimulus interval (ISI) of either 15
or 10 s. There were only two exceptions for 10-Hz stimulations,
one F-o8 study with 10-s train duration, 60-s ISI (Camprodon
et al., 2007), and a dTMS study with 3-s train duration, 20-s ISI
(Martinez et al., 2018). Similarly, 15-Hz stimulation addiction
studies have trains of 60 pulses with 15-s ISIs with the exception
of one dTMS study with trains of 36 pulses over 2 s with 20-s ISI
(Rapinesi et al., 2016).

Protocols at 1-Hz deliver either 600 or 900 pulses, whereas
protocols using cTBS usually deliver 3,600 pulses per session [one
instance of 1,800 pulses/session (Hanlon et al., 2015)]. The total
number of pulses also depends on the number of stimulation
sessions. Within the field of addiction, the number of sessions
varies across studies. Stimulation can be acute with a single active
session, or chronic, with multiple sessions that range from 5 to
20 sessions applied either five or three times per week in clinical
studies of addiction. Overall intensity of stimulation can range
from 80 to 110% of rMT, with most studies using 100% rMT.
Intensities at 100% rMT or below seem most suitable since several
studies reported that intensities >100% rMT had poor tolerability
and adverse effects among addiction patients (Su et al., 2017;
Martinez et al., 2018).

Here we review the results of clinical studies that use rTMS as
a treatment specifically for cocaine and methamphetamine abuse.
A recent review of rTMS literature has suggested that the best
predictor of rTMS-induced plasticity is pulse frequency (Wilson
and St George, 2016); therefore, we have structured the studies by
frequency of stimulation below.

5 Hz or Greater
The vast majority of addiction-related clinical rTMS studies use
excitatory forms of rTMS in their studies. The goal is to try
to increase the activity of the hypoactive frontal circuitry that
is characteristic of the withdrawal stage of addiction, which
is associated with a weakened executive control network and
reduced dopaminergic transmission.

In clinical studies, HF-rTMS over the DLPFC has been
shown to have anticraving effects (for an overview, see Ma
et al., 2019). Most studies apply chronic stimulation (i.e.
>4 stimulation sessions), once per day, but there are some
studies that look at single session stimulation, with mixed
results. For example, one study reported significantly lower
craving scores (self-reported) for methamphetamine-dependent
individuals after a single stimulation session for both left and
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right DLPFC at 10-Hz stimulation, with no change in the sham
condition (Liu et al., 2017). Meanwhile a small sample of cocaine-
dependent individuals had reduced craving in response to a single
session of right DLPFC, but not left DLPFC, at 10-Hz stimulation
(Camprodon et al., 2007), and another sham-controlled study
found a single session of 10-Hz rTMS over left DLPFC induced
no significant reduction in craving scores (Su et al., 2017).

Excitatory rTMS that is applied across multiple sessions
(chronic) seems to have better and more reliable outcomes for
substance abuse than single sessions. A recent meta-analysis that
looked at single versus multiple sessions of neuromodulation
across all addiction domains found that multiple sessions
were more effective at reducing craving, with larger effect
sizes compared to single sessions (Song et al., 2019). Recent
systematic reviews have included several studies that demonstrate
anticraving effects with chronic stimulation (Madeo and Bonci,
2019; Zhang et al., 2019). Moreover, in studies where there
was no change in craving after the first session, there was
a significant anticraving effect by the end of the treatment
period (5 days of daily HF-rTMS) for active, but not sham,
stimulation (Su et al., 2017). Furthermore, although there is often
an underrepresentation of female patients in addiction studies,
a recent study with 90 methamphetamine-dependent females
showed that female subjects also respond well to chronic HF-
rTMS, with significant anticraving effects compared to sham and
waiting-list controls (Liu et al., 2019).

Although most clinical studies have applied 10-Hz stimulation
protocols, there are also studies that have used 15-Hz stimulation
protocols over the left DLPFC and shown significant decreases
over time in both cocaine craving (Politi et al., 2008; Terraneo
et al., 2016; Pettorruso et al., 2019) and cocaine use (measured
by urine drug tests) (Terraneo et al., 2016; Pettorruso et al.,
2019). However, so far, all 15-Hz studies have been open-label
studies, without sham-controls. Although in one study, the rTMS
group was compared with a control group treated with standard
psychopharmacological treatments (Terraneo et al., 2016).
Compared to the pharmacological controls, the rTMS group did
have significantly lower craving scores and significantly more
cocaine-free urine tests, supporting the therapeutic potential of
rTMS (Terraneo et al., 2016).

In addition to anticraving effects, there have been reports that
chronic HF-rTMS can improve withdrawal symptoms (Liang Y.
et al., 2018; Pettorruso et al., 2019), anxiety and depression scores
(Liang Y. et al., 2018; Pettorruso et al., 2019), sleep quality (Liang
Y. et al., 2018; Lin et al., 2019), and several aspects of cognition
(Su et al., 2017; Liang Q. et al., 2018). Therefore, chronic rTMS
could be beneficial across several aspects of addiction, possibly
due to changes in plasticity in the frontal cortex.

Deep TMS
In addition to standard rTMS excitatory protocols, there have
now been several HF-dTMS studies that use an H-coil, designed
to deliver bilateral stimulation to deeper regions of the brain than
is possible with an F-o8 coil and in a more diffuse manner. So
far, three dTMS studies have been published looking at cocaine-
dependent patients, and in all studies, a reduction in either intake
or craving was reported for HF, multisession stimulation.

In an open-label study, craving was reduced compared to
baseline midway through the treatment period, and this was
maintained to the end of the treatment period (a total of
4 weeks) and 4 weeks after (Rapinesi et al., 2016). However,
at the 4-week post-treatment follow-up, there was an increase
in craving compared to the end of treatment, suggesting that
maintenance sessions may be useful to keep cravings down
(Rapinesi et al., 2016).

In a randomized controlled study using bilateral PFC
stimulation and measurements of cocaine intake with hair
samples, there was a significant reduction in intake over
time regardless of stimulation group. However, there was no
significant main effect of treatment and no interaction between
time and treatment, suggesting that there was no difference
between sham and rTMS intervention (Bolloni et al., 2016).
However, the authors followed up with some exploratory post hoc
testing looking at the effect of time on sham and rTMS data
separately. Their post hoc findings show rTMS but not sham was
associated with significant long-term reduction in cocaine intake
at 2- and 3-month time points compared to baseline (Bolloni
et al., 2016). Taking into account the low sample size and the
risk of type 1 error from the exploratory post hoc testing, it is not
clear whether dTMS is effective in reducing cocaine intake, but
the exploratory results suggest that it is worth following up with
a larger sample size.

Finally, a recently published randomized, sham-controlled
study stimulated both the PFC and ACC (Martinez et al.,
2018). They also introduced cocaine self-administration sessions,
where participants were given the choice between a dose of
smoked cocaine or a monetary reward in a progressive ratio
task to measure the choice of cocaine when given an alternative
reinforcer. Both HF (10 Hz) and LF (1 Hz) stimulation protocols
were tested, but changes compared to sham were observed only
for the HF group. There was no change in craving scores, but
there was significant reduction in choice of cocaine after 13
sessions of HF-dTMS, 3 weeks in. In addition, the breakpoint
of the progressive ratio was also lower for HF-dTMS in the
third week (Martinez et al., 2018). This could suggest that
after HF-rTMS participants were less willing to work for a
reward, implying a drop in the incentive salience of the reward
or a reduced motivational drive, both of which are responses
underpinned by dopaminergic changes and associated with
craving circuitry.

Overall, it is important to note that because of the different
design of H-coils compared to other commonly used coils, and
the relative paucity of dTMS addiction studies, it is still too
early to conclude whether outcomes of the H-coil are markedly
different compared to those of the F-o8 coils. Nonetheless, the
promising early outcomes with dTMS raise the question of which
aspects of the coil design and stimulation protocols are the
most influential. Although H-coils are mainly associated with
their depth of penetration, there are cone-shaped coils that can
penetrate to similar depths (Deng et al., 2013). Double-cone
coils (DCCs) have not been as widely used; however, they have
been shown to be effective in treating disorders such as tinnitus
(Vanneste et al., 2011; Vanneste and De Ridder, 2013; Kreuzer
et al., 2015, 2018) and depression (Tastevin et al., 2019). In
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relation to addiction, there is limited research with an alcohol
addiction case study showing marked reduction in craving with
associated functional connectivity changes (De Ridder et al.,
2011) and a recent study showing normalization of exteroception
in cannabis users after posterior parietal cortex stimulation
(Prashad et al., 2019). Although there are a few comparisons
of DCC and F-o8 coil treatment (which have not shown any
overall superiority of either coil) (Kreuzer et al., 2015; Tastevin
et al., 2019), there are no comparisons between DCC and H-coil
treatment. It has been mentioned that DCC stimulation may be
less tolerable, and even painful, compared to H-coils due to the
differences in field decay, but may achieve greater focality (Roth
et al., 2002; Deng et al., 2013). These different coils could be
directly compared in future trials. It may be that the capacity of
the H-coil for bilateral stimulation and targeting of a large surface
area with less intense stimulation (Deng et al., 2013) contributes
to the effects of dTMS alternatively, or in addition to the depth of
H-coil penetration.

Intermittent TBS
So far, there have been no sham-controlled studies that have
looked at the effectiveness of iTBS as a possible excitatory
protocol to treat stimulant addiction. The shorter stimulation
time and high efficacy compared to classic 10-Hz protocols have
led to its growing popularity among rTMS therapies, particularly
in major depressive disorder (Blumberger et al., 2018). There has,
however, been a recent pilot study that compared two groups
of treatment-seeking outpatients with cocaine use disorder that
received either iTBS (3 min, 600 pulses/session, 80% active MT,
n = 25) or 15 Hz (15 min, 2,400 pulses/session, 100% rMT,
n = 22) over 4 weeks, with an accelerated protocol of twice-daily
stimulations for the first week (Sanna et al., 2019). There was
no significant difference in efficacy between the two protocols
on measures of cocaine craving and consumption (Sanna et al.,
2019), suggesting that iTBS may be as effective as 15 Hz in
reducing cocaine consumption and craving. Intermittent TBS
could therefore present advantages over 15 Hz because of the
shorter stimulation time and lower intensity, which makes it
more acceptable and tolerable for patients and more cost-effective
for clinicians (Oberman et al., 2011). Although both treatment
groups had large and significant reductions in consumption and
craving after 25 days of treatment (Sanna et al., 2019), it is
important to note that without a sham-control group a general
effect of time or placebo response cannot be ruled out.

Interestingly, a small proof-of-concept, open-label study also
found that an accelerated protocol of three times daily iTBS for
2 weeks significantly reduced cocaine intake and also nicotine,
alcohol, and tetrahydrocannabinol intake in non-treatment-
seeking cocaine-dependent individuals who had urine tests
positive for cocaine (Steele et al., 2019). Usually, participants are
required to test negative for drugs during treatment, so this study
presents preliminary evidence that iTBS is effective and feasible
as a treatment for active cocaine users.

1 Hz or Less
There are not many studies that have applied inhibitory protocols
of rTMS to treat cocaine and methamphetamine addiction as

addiction is primarily associated with hypoactivity of prefrontal
cortices. However, a few studies have applied inhibitory protocols
to methamphetamine and cocaine addicts, with mixed results.

Only two studies have looked at the application of 1-
Hz stimulation in methamphetamine-dependent individuals (Li
et al., 2013; Liu et al., 2017). The first study recruited non-
treatment-seeking methamphetamine users in a sham-controlled
crossover study and found that a single session of 1-Hz rTMS
(900 pulses) over the left DLPFC increased cue-induced craving
compared to the sham group, but not baseline craving (Li et al.,
2013). In contrast, in a parallel, sham-controlled study, five
sessions of 1-Hz stimulation (600 pulses/session) over either
left or right DLPFC significantly reduced cue-induced craving
compared to pretreatment baseline immediately after the first
session and at the end of the final session (Liu et al., 2017).
The very different results of these studies could in part be
explained by the fact that the study showing an increase in
craving (Li et al., 2013) had recruited current users, although
not positive for methamphetamine on the days of experiments.
In contrast, the study showing a reduction in craving consisted
of participants who were all in rehabilitation, having stopped
methamphetamine in the last 2 months (Liu et al., 2017). In
support, animal studies show that α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor accumulation is
different between stages of addiction (Scheyer et al., 2016),
reviewed in the section “Glutamatergic Systems.”

Continuous TBS
Similar to iTBS, cTBS is a short protocol, which can have
greater effects on cortical inhibition than the classic 1-Hz
inhibitory protocols (Huang et al., 2005). Below, we discuss
a series of studies that apply acute cTBS over the mPFC in
cocaine-dependent individuals, paired with functional magnetic
resonance imaging (fMRI) and cue-reactivity tasks to look at
changes in craving and brain activity. These are the only cocaine
and methamphetamine addiction studies that use fMRI to
investigate changes in brain activity and functional connectivity
after rTMS. Their rationale is that cTBS, as an inhibitory protocol,
may induce long-term depression (LTD)-like effects and dampen
the activity of attentional and salience networks activated by
drug-related cues (Hanlon et al., 2017).

Preliminary sham-controlled data from 11 chronic cocaine
users after a session of cTBS (1,800 pulses/session) over the
mPFC showed reduced fMRI activity in the insula, middle
temporal gyrus, thalamus, and caudate regions compared to
sham stimulation (Hanlon et al., 2015). However, there was no
significant attenuation of craving compared to sham (Hanlon
et al., 2015). In a larger, sham-controlled follow-up study that
included chronic cocaine users, cTBS (3,600 pulses/session) over
the left mPFC reduced activity compared to sham in the striatum,
ACC, and parietal cortex (Hanlon et al., 2017). These regions
can be linked to salience-processing (ACC) (Seeley et al., 2007),
attention/executive control (parietal cortex) (Seeley et al., 2007),
and craving (striatum) (Kober et al., 2010). The dampening
of the salience network and reward processing by cTBS could
be promising for reducing salience of drug-related stimuli and
drug-cue craving. However, despite the changes in brain activity
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reported, there was no significant change in craving after cTBS
compared to sham (Hanlon et al., 2017).

In a continuation of this line of investigation, a recent study
added a cue-reactivity task before and after receiving real or sham
cTBS (left mPFC, 3,600 pulses/session) to assess state-dependent
effects of rTMS (Kearney-Ramos et al., 2018). In addition,
during stimulation, participants were asked to think about and
describe the last time they used cocaine, rather than simply
being at rest. For cocaine users at baseline, drug-related cues
elicited significantly higher functional connectivity between the
mPFC and both striatal and salience-related regions compared to
neutral cues (Kearney-Ramos et al., 2018). Following cTBS, the
frontal connectivity for drug versus neutral cues was attenuated
compared to sham, although there was no significant interaction
for any region of interest, indicating a general effect across all
regions (Kearney-Ramos et al., 2018).

Because there is considerable evidence for variability of
rTMS effects/responsiveness across the population (Ridding
and Ziemann, 2010), one study took a different approach
and assessed whether baseline activity of striatum could be
predictive of response to rTMS (Kearney-Ramos et al., 2019).
Participants performed a similar task to the previous year’s
study with cue recollection during cTBS stimulation over the
mPFC (3,600 pulses/session) and a cue-reactivity task during
fMRI, before and after cTBS (Kearney-Ramos et al., 2019).They
found that baseline striatum activity during the cue-reactivity
task predicted treatment response. High striatum activity during
baseline cue-reactivity task resulted in reduced striatal activity
after treatment, whereas low baseline striatum reactivity was
associated with enhanced activity after treatment (Kearney-
Ramos et al., 2019). The authors suggest that baseline striatal
activity could act as a biomarker to identify positive rTMS
responders, implying that state dependency arising from baseline
neural activity can account for individual differences with rTMS
(Kearney-Ramos et al., 2019).

Overall, there was no significant treatment-related change in
general- or cue-induced craving for any of the cTBS studies;
however, there were clear changes in functional connectivity,
supporting the rationale for using rTMS to alter functional
circuitry within the mesocorticolimbic pathways. As discussed
previously, multiple stimulation sessions may be required
before significant anticraving effects of rTMS can be detected.
Accordingly, a clinical trial with multiple sessions using cTBS
stimulation over the mPFC has been registered and is expected to
be completed in 2020 (Hanlon, 2019, ClinicaTrials.gov identifier:
NCT03238859), hopefully shedding light on the potential benefits
of chronic cTBS for cocaine addiction.

RTMS EFFECTS RELEVANT TO
TREATING ADDICTION – LINKING
PRECLINICAL AND CLINICAL
RESEARCH

Among the many experimental protocols we describe above that
aim to alleviate cocaine and methamphetamine use disorders,

promising results from novel therapeutic regimes specifically
relate to the potential of rTMS to induce anticraving effects
(Diana et al., 2017; Madeo and Bonci, 2019). It is generally
accepted that craving and relapse in individuals addicted to
stimulant drugs such as cocaine and methamphetamine are
associated with dysregulation of dopaminergic and glutamatergic
systems (Diana, 2011; Diana et al., 2017; Madeo and Bonci,
2019). However, most of the clinical studies discussed above
have similar overall designs and are not able to fully explore
the mechanisms behind their therapeutic effects; therefore, basic
research findings, in both healthy humans and animal models,
offer another avenue to help understand the specific mechanisms
underlying rTMS therapy.

Here, we review evidence that modification of glutamatergic
and dopaminergic function may underlie the therapeutic effects
of rTMS in individuals with cocaine and methamphetamine use
disorders. We consider these therapeutic effects in the context of
changes described in these circuits by experiments in laboratory
animals (healthy animals and animal models of addiction) and
in healthy humans. Our goal is to provide a mechanistic insight
and highlight gaps in the literature that will ultimately facilitate
translation and improvement of the current outcomes of rTMS
therapy in addiction.

Dopaminergic Systems
Dopamine is a critical neurotransmitter and neuromodulator
for the induction and maintenance of neuroplasticity, a
process related to learned behaviors (Jay, 2003; Wise, 2004;
Kalivas and O’Brien, 2008). Convergence of excitatory and
dopaminergic inputs appears necessary for the induction of
long-term potentiation (LTP) (i.e. a Hebbian-type increase in
synaptic strength) within the striatum. In particular, coactivation
of D1-like receptors (Beninger and Miller, 1998; Smith-Roe
and Kelley, 2000; Reynolds and Wickens, 2002) is crucial for
reward-related instrumental learning (Wickens et al., 2007;
Wickens and Arbuthnott, 2010). The repeated elevation of
dopamine levels induced by stimulants such as cocaine and
methamphetamine can surpass levels produced by biological
stimuli, for which tolerance would normally occur. Such high
levels of dopamine may therefore facilitate the abnormal learning
or reinforcement of cues associated with the drug and thus
initiate drug-seeking behavior (Kalivas and O’Brien, 2008).
Repeated amphetamine exposure has been shown to accelerate
habit formation (Nelson and Killcross, 2006), suggesting that
the transition from voluntary, goal-directed responding to
habitual drug use may be due to the recruitment of reward
regulatory mechanisms from the ventral to dorsal striatum
within the corticostriatal network, which then results in the
expression of maladaptive incentive habits (Belin et al., 2009,
2013). In addition, cessation of drug use has been characterized
by hypodopaminergic tone, particularly during the withdrawal
phase, wherein a reduction of dopamine levels within the NAc
is observed (Rossetti et al., 1992). Therefore, dopamine is critical
for modulating synaptic plasticity within corticostriatal networks
and may be relevant in the context of forming cue-induced
drug craving (Wickens et al., 2007) and facilitating drug-seeking
behavior by the weakening of executive functions (Arnsten and
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FIGURE 1 | Schematic of addiction circuitry and the synaptic changes between an efferent mPFC glutamatergic neuron axon terminal and accumbal D2 receptors
expressing MSN dendrite. (A) Rodent brain with glutamatergic efferents (red) projecting to the striatum and ventral midbrain nuclei. Dopaminergic projections (blue)
from the VTA and SN project to the striatum. The rodent mPFC is comparable to the DLPFC in humans, a common site of rTMS stimulation in addiction (Diana et al.,
2017). (B) Axon terminal of a mPFC glutamatergic neuron synapsing onto a D2 receptors-expressing MSN in the NAc in normal, withdrawal, and withdrawal + rTMS
(proposed) treatment brain state. During cocaine or methamphetamine withdrawal, Ca2+-permeable GluA2-lacking AMPA receptors are upregulated in the NAc,
which increases the sensitivity of NAc neurons to excitatory inputs and is a requirement for cue-induced drug craving (Cornish and Kalivas, 2000; Conrad et al.,
2008; McCutcheon et al., 2011b). Also during withdrawal, dopaminergic signaling via volume transmission is reduced (i.e. hypodopaminergic tone), and
downregulation of dopamine D2 receptors is observed, both of which contribute to reduced inhibitory feedback signals (Nutt et al., 2015; Volkow and Morales,
2015). These changes are linked to impulsivity and compulsive drug seeking (Lee et al., 2009; Moeller et al., 2018). The combination of reduced dopaminergic and
glutamatergic signaling also contributes to aberrant plasticity during drug withdrawal (Huang et al., 2017). Gray-shaded boxes in the “withdrawal + rTMS” MSN
dendrite represent proposed and speculative changes based on existing literature: 1. Upregulation of D2 receptors: rTMS over the PFC has been shown to alter
extracellular glutamate and dopamine concentrations in the NAc, likely due to indirect activation of dopaminergic midbrain structures that project to the NAc. D2

receptor expression has been shown to be upregulated in the PFC following five daily sessions of rTMS in healthy mice (Etiévant et al., 2015). Chronic rTMS may
therefore normalize the downregulation of D2 receptors in the NAc during withdrawal (D2 receptors, gray shading). 2. Insertion of GluA1-containing AMPA receptors:
this has been observed within excitatory postsynapses of organotypic hippocampal slice cultures (Vlachos et al., 2012) and PFC of awake animals (Etiévant et al.,
2015); however, it is not known whether this effect also occurs within NAc postsynapses and whether they also contain the GluA2 subunit (AMPA receptor, gray
shading). Furthermore, it is not known whether the GluA2-lacking AMPA receptors that accumulate during withdrawal are affected by rTMS. mPFC, medial prefrontal
cortex; DS, dorsal striatum; NAc, nucleus accumbens; VTA, ventral tegmental area; SN, substantia nigra; NMDA, N-methyl-D-aspartate; AMPA,
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; MSN, medium spiny neuron; rTMS, repetitive transcranial magnetic stimulation.
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Li, 2005). Although it seems as though repeated elevation of
dopamine levels drives network changes following exposure to
drugs of addiction, such as the expression of aberrant synaptic
plasticity and the hypodopaminergic tone within the mesolimbic
system, dopamine may also be required during recovery (Nutt
et al., 2015; Fattore and Diana, 2016).

The dopaminergic system appears susceptible to the
effects of HF-rTMS as shown by changes in extracellular
dopamine concentrations (microdialysis), or changes in protein
concentration in the neuropil (brain homogenates). Although
rTMS protocols vary widely between studies (Table 1), a
consistent trend is an increase in dopamine within subcortical
brain regions such as the striatum following rTMS. rTMS targeted
to the frontal cortex has been shown to induce dopamine release
in the rodent striatum (e.g., Keck et al., 2002; Kanno et al., 2004),
and similarly, single-photon emission computed tomography
imaging has shown a decrease in dopamine receptor binding
after rTMS over the left DLPFC, suggesting an increase in
extracellular dopamine in the caudate nucleus (Strafella et al.,
2001) or general striatum (Pogarell et al., 2006, 2007). It was
suggested that rTMS may have direct effects on striatal dopamine
nerve terminals via corticostriatal projections, which is one
pathway that can mediate subcortical dopamine release (Strafella
et al., 2001). Other studies have also shown an increase in
dopamine release in the NAc following stimulation of the motor
cortex in humans (Strafella et al., 2003) and primates (Ohnishi
et al., 2004). Although there has been no direct evidence of
dopamine changes within the midbrain, only a limited number
of studies have investigated this brain region (Ben-Shachar et al.,
1997; Hausmann et al., 2002). Future studies that can more
specifically probe changes within the mesocorticolimbic pathway
would be valuable for understanding the effects of rTMS in
addicted individuals.

Importantly, dopamine function is determined not only by
the levels of dopamine, but also by synthesis and metabolism
of the neurotransmitters and expression of its receptors and
transporters. There is emerging evidence that HF-rTMS may
affect these processes; for example, dopamine and its metabolite
DOPAC have been shown to be increased in rat brain
homogenates following 25-Hz stimulation (Ben-Shachar et al.,
1997). A more recent study found that concentrations of DOPAC
were altered in the striatum following stimulation at 10 Hz,
although dopamine concentrations were not affected (Poh et al.,
2019). Chronic stimulation has shown an increase in dopamine
transporter mRNA that can last up to 10 days following the
last stimulation session within the mouse cerebrum, as well
as an increase in dopamine uptake, as measured in mouse
synaptosomes (Ikeda et al., 2005). To our knowledge, there
has been one study showing a change in dopamine receptor
expression following rTMS. Five days of 15-Hz rTMS delivered to
the frontal cortex in awake mice resulted in an upregulation of D2
receptor expression in the PFC (Etiévant et al., 2015). Therefore,
rTMS may normalize the downregulation of D2 receptors that is
observed in individuals with cocaine and methamphetamine use
disorders. Taken together, these studies indicate that HF-rTMS
has the capacity to alter dopamine release, uptake, and the activity
of enzymes related to dopamine metabolism.

There is limited research looking at the effects of LF-rTMS on
dopamine; however, a recent study looked at positron emission
tomography scans of healthy volunteers following bilateral 1-
Hz stimulation of the insular region using an H-coil (dTMS).
They showed a decrease in dopamine neurotransmission in
the substantia nigra, sensorimotor striatum, and associative
striatum. Interestingly, there was no effect of 10-Hz stimulation
on dopaminergic neurotransmission in the same study, yet these
results suggest that it is possible to have an inhibitory effect
on dopamine if the appropriate rTMS protocols are applied
(Malik et al., 2018).

Glutamatergic Systems
Although dopamine is the neurotransmitter most associated
with addiction, glutamate is suggested to play a significant
role in reinstatement of drug-seeking behavior after withdrawal
(Wolf and Ferrario, 2010). Glutamatergic systems are best
known for their key role in supporting synaptic plasticity
processes such as LTP (strengthening of synapses) and LTD
(weakening of synapses), which are integral in rTMS-induced
neuroplasticity (Vlachos et al., 2012; Tang et al., 2015; Cirillo et al.,
2017). In the case of cocaine-induced reinstatement of drug-
seeking behavior, glutamate activity via the AMPA receptors
in the NAc appears to be essential (Cornish and Kalivas,
2000; Conrad et al., 2008). For example, when AMPA/kainate
receptor, but not N-methyl-D-aspartate (NMDA) receptor,
activation is blocked in rats, there was no reinstatement of
cocaine-seeking behavior in response to an injection of either
AMPA or dopamine. Yet, when dopamine receptors were
blocked, injection of AMPA still initiated drug-seeking behavior
(Cornish and Kalivas, 2000).

Insertion and removal of AMPA receptors at the synapse
are related to synapse strengthening (LTP) and weakening
(LTD), respectively (Feldman, 2009; Kessels and Malinow,
2009). Subunit composition is also important as GluA2-lacking
AMPA receptors are Ca2+-permeable and thus important for the
induction of synaptic plasticity. In contrast, GluA2-containing
AMPA receptors are Ca2+-impermeable, predominantly
expressed in mature neurons, and their expression is associated
with scaling down synaptic strength (for a review, see Liu
and Zukin, 2007). Expression of LTP in the NAc especially
during cocaine and methamphetamine withdrawal is associated
with the accumulation of Ca2+-permeable AMPA receptors
in the NAc, which results in an increased sensitivity of NAc
neurons to excitatory inputs (Cornish and Kalivas, 2000; Conrad
et al., 2008; Purgianto et al., 2013; Volkow and Morales, 2015;
Scheyer et al., 2016), and is a requirement for cue-induced
drug craving (Cornish and Kalivas, 2000; Conrad et al., 2008;
McCutcheon et al., 2011b).

Interestingly, the group I metabotropic glutamate receptor
(mGluR1) in the NAc appears to be involved in the development
of the “incubation” period of cocaine or methamphetamine
craving, which is defined as the progressive increase in cue-
induced craving for the drug following withdrawal (Mameli et al.,
2009; McCutcheon et al., 2011a; Scheyer et al., 2016). Activation
of mGluR1 is able to reverse the accumulation of GluA2-lacking
AMPA receptors in the NAc, which suggests that this receptor
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may be a potential target for addiction therapies to reduce cue-
induced drug craving (McCutcheon et al., 2011a; Dravolina et al.,
2017). Overall, these experiments suggest that glutamate initiates
drug-seeking behavior in relapse, in contrast to dopamine, which
is involved in the maintenance of drug-seeking motivation, and
not an essential component behind AMPA-evoked craving.

Most studies investigating rTMS effects on glutamatergic
circuits have investigated cortical and hippocampal structures.
At high intensities, rTMS can evoke action potentials in
neurons, and a single TMS pulse has been shown to induce
a transient activation of voltage-gated Na+ channels (Banerjee
et al., 2017; Li et al., 2017). Consequently, multiple HF pulses
have been shown to induce LTP-like synaptic plasticity in the
hippocampus and alter glutamate transporter gene and protein
expression via miniature excitatory postsynaptic currents and
alter dendritic spine sizes up to 6 and 3 h after magnetic
stimulation, respectively, in CA1 pyramidal neurons located in
the stratum radiatum (Vlachos et al., 2012). This strengthening
of glutamatergic synapses requires activation of Ca2+-dependent
NMDA receptors, L-type voltage-gated Ca2+ channels, and
voltage-gated Na+ channels (Vlachos et al., 2012; Lenz et al.,
2015). In addition, upregulation of the density and size of GluA1-
containing AMPA receptors was observed within the stratum
radiatum after stimulation (Vlachos et al., 2012; Lenz et al., 2015).
However, it is not known whether these AMPA receptors also
contain the GluA2 subunit. In another study, GluA1 receptor
expression, but not GluA2 receptor expression, was upregulated
in the PFC following 5 days of 15-Hz rTMS (Etiévant et al.,
2015). At lower magnetic field intensities, alterations to neuronal
excitability following rTMS within layer V cortical neurons have
also been observed up to 20 min after stimulation, although the
mechanisms are not known (Tang et al., 2016). Interestingly,
an LF 1-Hz rTMS protocol, which is generally associated with
inhibitory effects, delivered to Sprague–Dawley rats daily for
14 days (400 pulses per day) increased the excitability of
hippocampal CA1 pyramidal neurons as shown by depolarized
action potential thresholds (Tan et al., 2013). Therefore, it
appears that rTMS may be able to alter intrinsic properties
and excitatory synaptic connectivity of hippocampal and cortical
neurons, as well as the expression of their neurotransmitter
receptors. These findings may therefore be relevant to addiction
research as animal models of addiction exhibit aberrant plasticity
within the mesocorticolimbic pathway, resulting in dysfunctional
neuroadaptations. For example, the hypoactive glutamatergic
efferent projections from the mPFC contribute compulsive drug-
seeking behaviors, but stimulation of these projections may
reverse some of the maladaptive behaviors (Chen et al., 2013).

While receptors such as GluA and mGluR directly mediate
neuronal response to glutamate, transporters also have an
important modulatory impact on neurotransmission by
regulating extracellular glutamate levels and thus controlling
the availability of glutamate to bind to receptors. Accordingly,
expression of glutamate transporters is a potential contributor
to the changes in glutamatergic neurotransmission reported in
addiction. For example, glial glutamate transporter I (GLT1) is
downregulated following chronic cocaine self-administration,
potentially increasing the amount of glutamate available to bind

to receptors and increasing glutamatergic transmission (Kalivas
and Volkow, 2011). Few studies have looked at glutamate
transporter expression following rTMS, but recently a global
gene expression study of the mouse cerebrum following 20 days
of rTMS has shown upregulation of the glutamate transporter
genes EAAT4, GLAST, and GLT1 and downregulation of EAAC1
24 h after the last stimulation session (Ikeda et al., 2019).
However, 10 days after the last stimulation session, all of these
glutamate transporter genes were upregulated (Ikeda et al.,
2019). These findings are the first to demonstrate changes in
glutamate transporter gene expression, and it will be interesting
in future studies to isolate RNA from specific cortical regions
to assess regional differences and impact on areas within the
mesocorticolimbic system such as the NAc. Overall, these studies
taken together with others showing regulation of vesicular
glutamate transporter I (vGluT1) and GLT1 in the cerebellum
following different TBS protocols (Mancic et al., 2016) suggest
that glutamate transporters are likely to play an important role
in mediating rTMS effects and are worth further investigation as
therapeutic targets in addiction.

An increase in NAc glutamate and dopamine concentration
has been observed following a single session of 2-Hz rTMS
(Zangen and Hyodo, 2002), an effect that has been observed
following electrical and optogenetics stimulation of excitatory
neurons of the mPFC region in rodents (Taber et al., 1995;
Kim et al., 2015; Quiroz et al., 2016). In addition, another
study found that glutamate concentration was immediately
reduced in the striatum following 10-Hz rTMS (Poh et al.,
2019). Altered neurotransmitter concentrations within the
striatal neuropil may reflect changes within intraneuronal
sites and may not necessarily reflect changes in extracellular
glutamate release following magnetic stimulation. In contrast,
other studies have shown that glutamate levels were unaltered,
although they were assessed in other brain regions (Keck
et al., 2002; Seewoo et al., 2019). Despite the varied findings,
it appears that glutamate release and concentration within
the striatum (dorsal and NAc) are altered following rTMS;
however, more research (e.g., electrophysiological recordings)
is required to understand the effects of rTMS within
this brain region.

Consistent with evidence that rTMS can alter glutamatergic
neurotransmission, rTMS has been used therapeutically to
target the dysfunctional glutamatergic system in aged mice
(16–17 months old). Hippocampal CA1 pyramidal neurons
of aged mice exhibit a reduced number of evoked action
potentials from an injected stimulating current and increased
hyperpolarization after an action potential compared to mature
mice (9–10 months old), indicating reduced excitability (Potier
et al., 1992; Randall et al., 2012; Wang et al., 2015). However,
after 14 consecutive days of 25-Hz rTMS, the excitability
of CA1 neurons in aged mice was restored to levels seen
in mature mice, which suggests that rTMS can “rescue”
hypoactive neurons in aged mice (Wang et al., 2015). This
experiment suggests that anticraving effects reported in addicted
populations following HF-rTMS to the PFC (see below) may
be related to an rTMS-induced increase in excitability of
hypoactive PFC glutamatergic neurons in addicted individuals.
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The hypothesis could be tested by applying HF-rTMS to the
PFC of rats that exhibit compulsive cocaine self-administration,
as their PFC neurons have been shown to exhibit reduced
excitability, compared to rats that do not compulsively seek
cocaine (Goldstein and Volkow, 2011; Chen et al., 2013;
Madeo and Bonci, 2019).

Animal Models of Cocaine and
Methamphetamine Addiction and rTMS
Although at the moment there are only a few studies that
have applied rTMS to animal models of addiction and have
had promising results, only one has investigated the effects of
rTMS following stimulation over the frontal cortex. Following
abstinence in morphine-sensitized rats, dopamine levels within
the NAc can be acutely altered by a single session of HF-rTMS
(20 Hz, 300 pulses) over the left frontal cortex (Erhardt et al.,
2004). Morphine-sensitized rats had a significant increase in
dopamine, which was sustained for 120 min after stimulation
compared to baseline. Non-sensitized control animals who also
received rTMS also showed increase in dopamine levels at
30 min after stimulation; however, the morphine-sensitized rats
had significantly higher dopamine release compared with the
control rats (Erhardt et al., 2004). A caveat of this study was
that morphine-sensitized animals did not exhibit lower dopamine
levels within the NAc at baseline, even though this would be
expected in an animal model of addiction (Nutt et al., 2015);
however, the authors attribute this to the low dose of morphine
used (Erhardt et al., 2004).

The only other studies of rTMS in an animal model of
addiction that we are aware of investigated how rTMS affected the
development of methamphetamine-induced conditioned place
preference (CPP) and the reinstatement of CPP after extinction
(Wu et al., 2018a,b). The stimulation site in one study was
between bregma and lambda skull sutures (Wu et al., 2018a)
and was not reported in the second study (Wu et al., 2018b).
However, large size of the stimulating coils (circular coil: 5-
cm outer diameter, 2.5-cm inner diameter) relative to the
size of a rat still means that the whole brain (i.e. including
the PFC) was likely stimulated (Rodger and Sherrard, 2015;
Tang et al., 2015).

In the experiment testing the development of
methamphetamine-induced CPP, rTMS, or sham stimulation
was given prior to a methamphetamine injection and placement
in a conditioning chamber (Wu et al., 2018b). After 4 days
of conditioning, CPP was tested three times (2, 4, and 6 days
after the end of the conditioning/treatment period). LF
stimulation, but not HF stimulation, significantly inhibited
methamphetamine-induced CPP (Wu et al., 2018b). In addition,
the expression of GABAB receptor subunit 1 (R1), but not
subunit 2 (R2), in the dorsolateral striatum was significantly
decreased in the methamphetamine + 1-Hz rTMS group
compared to sham (Wu et al., 2018b). Interestingly, GABABR1
in the dorsal striatum has been linked with rewarding memories
of drugs (Jiao et al., 2016) and may be associated with the ability
of LF-rTMS to inhibit drug-induced CPP. Furthermore, GABA
systems are also modulated by rTMS (Lenz and Vlachos, 2016);

however, more extensive review of the potential role of GABA in
rTMS treatment of addiction is beyond the scope of this review.

The other experiment looked at the effect of HF-rTMS on
methamphetamine relapse behavior (Wu et al., 2018a). After the
extinction of CPP behavior, rats were given rTMS for either 1
or 3 days. Twenty-four hours after the final rTMS treatment,
a reinstatement test was performed, with methamphetamine
injected before placement into the testing chamber. The group
that received 3 days of rTMS did not show reinstatement of CPP
behavior in the reinstatement test, suggesting 3 days of HF-rTMS
can inhibit relapse behavior (Wu et al., 2018a).

Altered Plasticity in Addiction:
Implications for rTMS Treatment Efficacy
As alluded to in the previous sections, the molecular changes
involving glutamate and dopamine function that result from
addiction alter cortical plasticity of addicted individuals in a
way that impacts rTMS effects (Shen et al., 2016; Huang et al.,
2017). In a methamphetamine self-administration rat model of
methamphetamine addiction, corticostriatal plasticity could not
be induced after an electrical stimulation protocol in the addicted
model, but was normal in saline-administering control rats, as
measured by electrical recordings from rat brain slices (Huang
et al., 2017). The methamphetamine self-administering rats also
demonstrated a deficit in motor learning for a rotarod task
compared to control rats (Huang et al., 2017). The impaired
plasticity was associated with altered cortical–striatal synapse
functioning. Protein analysis of AMPA and NMDA receptor
subunit composition in comparison to control rats suggested that
the reduced plasticity of methamphetamine-administering rats
could be linked to insertion of calcium-impermeable glutamate
NMDA receptor subunits in the dorsal striatum and motor cortex
(Huang et al., 2017).

Although it is not possible in humans to measure
corticostriatal plasticity directly, there is evidence for reduced
plasticity in the motor cortex in addiction: methamphetamine-
addicted individuals showed a lack of MEP potentiation
and MEP depression after a single session of HF-rTMS and
cTBS, respectively, when compared to a healthy control group
(Huang et al., 2017). Methamphetamine-addicted individuals
also performed worse on a motor learning task compared to
healthy controls (Huang et al., 2017). When task performance
data from all participants were matched with their amount
of plasticity induction after HF-rTMS, there was a significant
positive correlation, further suggesting the link between reduced
plasticity and poor learning behavior.

Therefore, it is important to keep in mind that addicted
individuals may have a reduced susceptibility to plasticity
induced by rTMS, due to alterations in dopaminergic and
glutamatergic systems, and this could be a barrier to rTMS
therapy. Nonetheless, there are indications that this reduced
susceptibility may be overcome; for example, facilitating
dopamine signaling with a dose of L-DOPA during early alcohol
withdrawal in rats restored the blunted plasticity and improved
limbic memory disruption (Cannizzaro et al., 2019). It would be
interesting to explore whether a similar boost in dopaminergic
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signaling, whether with L-DOPA or a dopaminergic receptor
agonist, could be combined with rTMS to improve or hasten
therapeutic effects by improving the cortical–striatal plasticity of
addicted individuals.

Overall, despite their limited number, the studies in animal
addiction models provide evidence supporting an influence of
rTMS on different aspects of addiction. HF rTMS over the frontal
cortex increases dopamine release in the NAc and offers evidence
that the effects of rTMS may differ in drug-sensitized models
compared to control or healthy models, highlighting the need
for rTMS studies that specifically investigate a drug-dependent
model (Erhardt et al., 2004). HF rTMS can inhibit relapse
behavior (Wu et al., 2018a). Furthermore, LF-rTMS appears to
prevent the formation of drug-induced rewarding memory by
downregulating GABABR1 (Wu et al., 2018b).

FUTURE DIRECTIONS AND
OUTSTANDING ISSUES

Here we have reviewed only two systems (dopaminergic and
glutamatergic) of a complex network, focusing mainly on
corticostriatal connections. Inputs from other regions such as
the amygdala and hippocampus are also involved, as well as
inhibitory systems (GABA). However, we hope that summarizing
and integrating the current evidence from experimental and
clinical research in this narrow focus will help lead research in
a direction that could improve outcomes of rTMS therapy for
cocaine and methamphetamine use disorders.

Clinical Studies
Need for Consistency and Scientific Rigor
Current drawbacks of clinical studies, which have also been
pointed out by recent reviews, include the lack of follow-ups after
treatment and the lack of sham-controls in some studies (Ma
et al., 2019; Madeo and Bonci, 2019; Zhang et al., 2019). Clinical
studies should include follow-up measurements, sham-controls,
and greater consistency of stimulation parameters between
studies. This would help improve understanding of the temporal
effects of rTMS on addiction and facilitate comparisons between
studies. We also need a systematic approach to investigate the
effects of stimulation parameters. This could allow us to identify
which parameters reliably induce long-term changes in target
pathways. Having an idea of the most effective parameters
regarding dosage (i.e. number of pulses), intensity, and number
of sessions (e.g., accelerated protocols; Steele et al., 2019)
will significantly improve the reproducibility and impact of
therapeutic rTMS.

Better Outcome Measures for Insights Into
Mechanisms
Many studies rely solely on subjective measures of craving, most
of which are simple rating systems such as the visual analog scale.
Craving is the primary surrogate indicator of treatment success
(Singleton and Gorelick, 1998) and has noteworthy association
with later drug use (Weiss et al., 2003). However, the evidence of
an association between craving and instances of relapse or drug

consumption can sometimes be conflicting (Miller and Gold,
1994; Weiss et al., 1995). Adding at least one extra measure to
look at consumption (which can be measured with objective drug
testing), anhedonia, or withdrawal symptoms, for example, could
help expand the evidence of the treatment potential of rTMS.
Because addiction is a disorder that has several systems and
pathways involved, there are multiple possible avenues through
which rTMS could induce beneficial change. A range of outcome
measures would help establish whether rTMS can treat different
aspects of addiction and increase the opportunities to link future
animal models of rTMS addiction therapy with the most relevant
clinical outcomes and facets of addiction. Current evidence
from cellular and animal models suggests that changes within
the dopaminergic and glutamatergic systems are the primary
mechanisms of rTMS-induced anticraving effects in humans.
However, there is still a paucity of research that specifically
investigates these rTMS-induced molecular and circuitry changes
in the mesocorticolimbic system, particularly in an addicted
model. As such, it is our opinion that there are multiple avenues
of research involving rTMS and addiction that have rich, as-yet
untapped potential, especially with regard to animal models of
rTMS. Below, we identify some possible research questions that
would be both interesting and beneficial to the field.

Animal Models of Addiction
Animal models of addiction occupy a key position in a
translational pipeline because they allow exploration and
optimization of rTMS parameters in a uniform and readily
available addicted population. The few studies investigating
rTMS in animal models of addiction show interesting and
promising results (Erhardt et al., 2004; Wu et al., 2018a,b)
and hint at further potential: for example, animal models
could be used to explore the effects of rTMS on drug-
sensitized dopaminergic systems based on the differences in
accumbal dopamine after rTMS in morphine-sensitized versus
non-sensitized rats (Erhardt et al., 2004). In addition, it would
be interesting to investigate the effects of chronic rTMS on
dopamine levels following cocaine abstinence. Other experiments
that may provide insight into therapeutic mechanisms of rTMS,
and how these can be optimized, include the characterization of
receptor expression (e.g., GluA2-containing and -lacking AMPA
receptors, D1–D5 receptors) and measures of dopaminergic tone
in addicted subjects with or without rTMS intervention.

The relevance of animal studies in understanding rTMS effects
in humans has recently been highlighted by neuroimaging studies
showing that rTMS can induce similar changes in functional
connectivity in rats and in humans (Cocchi et al., 2016; Seewoo
et al., 2018, 2019). More specifically, chronic rTMS in healthy
rats was associated with changes to addiction-related networks
such as the cortical–striatal–thalamic and basal-ganglia networks,
with chronic HF-rTMS potentiating interoceptive/default mode
network connectivity and attenuating connectivity in the salience
network (Seewoo et al., 2019). Surprisingly, there have been
no equivalent studies describing the effects of chronic rTMS
on functional connectivity in addicted rodents or human
populations. However, acute studies following cTBS in humans
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have shown some promising changes in network activity and
state-dependent effects that could be used as biomarkers for
predicting the suitability of rTMS therapy for drug-dependent
individuals (Hanlon et al., 2015, 2017; Kearney-Ramos et al.,
2018, 2019). Designing experiments that can be run in parallel in
both clinical populations and animal models and linked through
matching MRI imaging data would be of great benefit to the field.

SUMMARY

A number of recent studies have shown promising effects of
rTMS in treating cocaine and methamphetamine addiction by
reducing craving, especially after chronic stimulation, and in
some cases reducing consumption and withdrawal symptoms.
These effects have been further confirmed by several meta-
analyses reporting a treatment effect of rTMS over the PFC.
Although the PFC to NAc glutamatergic pathway has been shown
to be critical for the development of compulsive drug-seeking
behaviors, effects of rTMS on the activity and aberrant plasticity
present within this pathway have never been investigated. Despite
these current limitations, mechanisms from the field of addiction
and studies that have looked at the acute effects of rTMS
on the dopaminergic and glutamatergic systems have given us
an idea of some of the mechanisms that may underlie the
therapeutic effects of rTMS in addiction. Moving forward, it is
now imperative to take advantage of the well-defined animal
models of substance use disorders to test whether rTMS can

counteract the mechanisms that underlie addiction, informing
both researchers and clinicians to improve outcomes of rTMS
therapy in addiction.
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