
Chapter 3 
3 Low-intensity repetitive transcranial magnetic 

stimulation improves abnormal visual cortical circuit 

topography and upregulates BDNF in mice 

3.1 Foreword

The work in Chapter 2 showed that chronic LI-rTMS did not affect reverse-learning performance or 

hippocampal dendritic spine densities in wildtype mice or ephrin-A2-/- mice without a learning deficit.

As discussed in Chapter 2, these negative results could reflect that LI-rTMS may have greater effects 

in abnormal systems, given findings in high intensity rTMS in clinical settings (discussed in Chapter 

1) and results of Rodger et al. (2010). Rodger et al. (2010) showed that 14d LI-TMS using the same

stimulation protocol as Chapter 2, resulted in beneficial structural reorganisation in the retinotectal

(retina to superior colliculus) projection of double knockout (ephrin-A2 and ephrin-A5). Specifically,

the proportion of ectopic projections and extent of disorder decreased. While LI-rTMS removed

aberrant projections in ephrin-A2A5-/- mice, it did not affect wildtype mice or the normal,

topographically accurate projections within ephrin-A2A5-/- mice (Rodger et al., 2012). Furthermore,

LI-rTMS upregulated retinal and superior collicular brain derived neurotrophic factor (BDNF), a

protein important in regulating many plasticity processes, including synaptic stability and axon

guidance (Majdan & Miller, 1999; Lein et al., 2000).

The initial study was limited to assessment of reorganisation in a single, subcortical 

projection. However, the question remained whether LI-rTMS also induces structural plasticity in 

cortical projections and across multiple projections within a neural circuit. To address this gap, the 

second paper presented in this thesis extends the findings Rodger et al. (2012) and investigates 

whether LI-rTMS induces structural plasticity in abnormal cortical circuits. This paper uses 

anatomical tracing methods to measure topographic disorder in visual cortical afferent and efferent 

projections (geniculocortical and corticotectal projections, respectively) in ephrin-A2A5-/- and 

wildtype mice. 

This paper is important because it is the first study to assess LI-rTMS effects across multiple 

pathways. Furthermore, this paper establishes a novel method to quantify location of axon termination 

zones and identify ectopic vs. appropriate termination zones within ephrin-A2A5-/- mice.  This 

method enabled comparisons of LI-rTMS effects between the ectopic and appropriate projections and 



revealed that ectopic corticotectal projections shift towards more appropriate locations after LI-rTMS,

but normal projections remain stable. Likewise, LI-rTMS also refined abnormally broad 

geniculocortical axonal arbours in ephrin-A2A5-/- mice. In both projections, wildtypes were 

unaffected, further supporting selective effects of LI-rTMS on abnormal projections. 

Furthermore, this study investigates BDNF involvement in molecular mechanisms underlying 

structural reorganisation. BDNF expression following LI-rTMS has not previously been investigated 

in relation to structural plasticity in cortical projections. This is important because projections differ 

in Trk-B and p75NTR receptor expression (Patz & Wahle, 2006; Marler et al., 2010), and engage 

structural plasticity by opposing mechanisms (Majdan & Miller, 1999).

Results published in:

Makowiecki K., Harvey A. R, Sherrard R. M, Rodger J. (2014) Low-intensity repetitive transcranial 

magnetic stimulation improves abnormal visual cortical circuit topography and upregulates BDNF in 

mice. The Journal of Neuroscience, 34(32), 10780-10792.

Makowiecki K. contribution: 84%.
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(A) Schematic of experimental design. Mice were dark adapted for 10 minutes before recording pre-
stimulation VEP responses to a flashed grating visual stimulus. Mice then received 10 minutes of 10 Hz
LI-rTMS or sham (coil switched off control), either during exposure to a drifting grating visual stimulus
(‘visual input’ condition) or in the dark. The dark-immediate group underwent VEP recordings immediately
after the end of stimulation. Mice in the delay groups (time-matched) then underwent a second 10 minute
dark adaptation and post-stimulation VEP recording before being euthanised and processed for
immunohistochemical staining for parvalbumin (PV). (B) Mean signal-averaged (32 flashes per trial, 4 trials)
VEP traces for wildtype and ephrin-A2A5-/- at pre-stimulation (delay groups only). Characteristic peaks are
labelled, with demarcation for ‘early’ afferent VEP components (P1 and N1, ending at P2 onset) and ‘late’
(P2 onset to N3 onset) VEP response windows. (C) Pre-stimulation mean (+SEM) peak amplitudes for
early response peaks, P1 and N1 with. Asterisks indicate significance levels for Sidak corrected interaction
analysis follow-up for simple effects of genotype at the pre-stimulation time point. Note reversed axis sign
on N1 graph: up represents larger peak for both bar graphs. * p<0.05, *** p<0.001.







time × 

vis.activity × genotype × stim. 0.026 0.873 1.598 0.212 0.156 0.695 1.019 0.318

genotype × stim. 0.010 0.922 0.497 0.484

vis.activity × stim. 0.330 0.568 0.228 0.635 0.161 0.690 3.954 0.053

vis.activity × genotype 0.172 0.680 0.116 0.735 0.299 0.587

stim. 2.717 0.105 0.316 0.576 1.310 0.258

genotype

vis.activity 3.032 0.087 0.242 0.625 0.880 0.353

Statistically significant interactions shown in bold (to 3 decimal places). Degrees of freedom shown in 
parentheses.
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Figure 2. LI-rTMS affects late response peak amplitudes only when applied with concurrent
synchronous visual system activity. 
(A) Mean signal-averaged VEP response to flashed grating after LI-rTMS or sham applied with visual input
or (B) in the dark. Genotypes and stimulation conditions are shown separately with pre- and post-
stimulation traces overlaid. Broken line box represents boundaries defining ‘Early response’ window, and
solid box represents ‘Late response’ window in which peak amplitudes were analysed (windows were
defined for each subject according to peak boundaries for each subject). (C-F) Pre- and post- stimulation
mean (±SEM) peak amplitudes for (C) P1 and (D) N1 early response peaks; and (E) the largest positive
peak and (F) largest negative peak within the late response window. Note reversed sign on negative peak
axes: up represents larger peak on all graphs. significant interactions (RM-ANOVA) are noted on each
graph *p<0.05, **p<0.01.  Legend within figure shows symbols representing significance levels for separate
follow-up tests for simple effects (Sidak corrected for multiple comparisons).
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Figure 3. Contri ution of time in the dark and delay since stimulation to LI-rTMS effects on late VEP
response peaks. 
(A) Shading denotes pooling used in analyses of late response VEP peaks. e assessed the contribution
of time in the dark (pooled 10min in dark vs. 0min in dark) and delay since ending stimulation (immediate
vs. pooled delay groups) on change in the VEP response (from pre-stimulation) due to genotype and
LI-rTMS sham (see Statistics section in Methods). (B-E) Mean ( SEM) change in peak amplitudes (post-
pre stimulation) in largest positive peak for wildtype (B) and ephrin-A A5- - (C), and largest negative peak
in wildtypes (D) and ephrin-A A5- - mice (E) within the late VEP response window. p <0.05 LI-rTMS vs.
sham, within visual activity groups. *p<0.05, **p<0.01, ***p<0.001 comparisons between visual activity
conditions.



delay since stim. ×

genotype × stim. 1.567 0.214

stim. 2.854 0.095 3.667 0.059

genotype

[main effect] 0.548 0.461 0.000 0.984

time in dark × 

genotype × stim. 0.136 0.714 1.148 0.287

stim. 0.140 0.709

genotype 0.261 0.611

[main effect] 0.992 0.323

Statistically significant interactions shown in bold. Degrees of freedom shown in parentheses.
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Figure 4. LI-rTMS effects on V1 parval umin immunoreactivity re uire visual input during 
stimulation. 
(A) Example images of V1 sections immunohistochemically labelled for parvalbumin-expressing (PV ) cells
from animals of each genotype (wildtype, ephrin-A A5- -) and each stimulation condition (LI-rTMS or sham,
applied during visual input from a drifting grating stimulus, or in the dark). Non-linear ‘curves’ adjustments
were applied to reduce background and increase cell visibility in small figure panels. Scale bar applies to
all images. (B) Nissl stained section showing V1 boundaries and the division between superficial (pia to
layer ) and deep (layers 5 and ) cortical layers. V1 and cortical layers were identified on adjacent nissl
stained sections to define regions for PV  cell counts for both left and right sides and at least  sections
per subject. Number of PV  cells were divided by the area counted from for each section to obtain densities.
(C) Mean ( SEM) PV  cells densities, expressed as a percentage of wildtype sham within each visual
activity condition, for superficial visual cortical layers and (D) deep visual cortical layers. *p<0.05.
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Methods484

Animals and Housing485

This study used 48 wildtypes (C57/Bl6J, 26 males) and 47 ephrin-A2A5-/- knockout mice (25 486

males). Wildtype mice were obtained from the Animal Resources Centre (Canning Vale, 487

Australia). Ephrin-A2A5-/- mice were originally a generous gift from David Feldheim and 488

backcrossed for >10 generations on the same genetic background as wildtypes, and 489

subsequently bred from heterozygous parents at Biomedical Research Facility at The 490

University of Western Australia. Mice were genotyped at weaning, as described previously 491

(Feldheim et al., 2000). Mice were housed with a maximum of five mice per cage in standard 492

cages (base 17× 19cm, height 16 cm, clear plastic) in a controlled environment (12/12 493

light/dark cycle, 22°C±2°) with food and water ad libitum. All mice were at least 8 weeks old 494

at the time of electrophysiological recordings, ensuring subjects were outside visual system495

developmental critical periods (~P35) (Gordon & Stryker, 1996, Huberman et al., 2008).496

Preliminary analyses confirmed no significant effects of age or sex on any measure (all 497

p-values > 0.05, data not shown). All procedures in this study were approved by The University498

of Western Australia Animal Ethics Committee (approval number RA/100/1214) and 499

conducted in accordance with NIH guidelines.500

501

Experimental design 502

LI-rTMS effects were tested in combination with three visual activity cohorts503

(dark- immediate, dark-delay, and visual input delay), and two genotypes (wildtype and 504

ephrin-A2A5-/-); each condition also included a sham no stimulation control group. Thus, there 505

were 12 groups in total (Fig.1A). In each cohort, approximately 24 hours after surgery to 506

implant electrodes, mice were anesthetised with intraperitoneal injection of ketamine (75 507

mg/kg, ketamine hydrochloride, Ilium; Troy Laboratories Pty. Ltd, Glendenning, NSW, 508



Australia) and medetomidine (1 mg/kg, medetomidine hydrochloride, Ilium; Troy Laboratories 509

Pty. Ltd) (Cruz et al., 1998). Mice were then dark adapted for 10 minutes prior to commencing 510

VEP recordings. This duration is sufficient to avoid retinal bleaching effects (Heiduschka & 511

Schraermeyer, 2008), and unlikely to induce excitability changes associated with longer 512

periods of sensory deprivation (Keck et al., 2011). Mice then underwent VEP recordings as 513

‘pre-stimulation’ baseline measure and then immediately received 10 minutes of either 514

LI-rTMS or sham. LI-rTMS or sham was applied either during exposure to visual stimuli515

(‘visual input’ condition) or in the dark. In the visual input condition, visual stimuli consisted 516

of drifting gratings (0.08 cycles per degree, 0.5 Hz drift velocity) at eight different orientation 517

and direction combinations (0 , 90 , 45 , 135 ) presented in random order. For comparability 518

with VEPs at the pre-stimulation time-point, and to control for effects of a visual stimulus 519

immediately before the VEP recordings (e.g. retinal bleaching), mice underwent a second 520

10 minute dark-adaptation period before the second (‘post-stimulation’) VEP recording. For 521

mice receiving LI-rTMS/sham in the dark, timing was kept consistent with the visual input 522

cohort, and mice underwent a further 10 minutes in the dark, for a total of 20 minutes without 523

visual stimulation (‘dark-delay’ condition).  To test whether time in the dark had an effect, we 524

also included a third cohort, which received LI-rTMS in the dark (10 minutes) and underwent 525

post-stimulation VEP recordings immediately (‘dark-immediate’ condition). We did not 526

include an equivalent group for immediately after visual input because exposure to visual 527

stimuli without a period of dark adaptation affects the VEP response (Ridder & Nusinowitz, 528

2006), and could not be compared to the pre-stimulation time point within the same subjects 529

or to other groups.530

531



Visual evoked potential recordings532

Electrodes533

Recordings of visual evoked potentials were obtained from anesthetised mice using 534

skull-implanted screw electrodes. Implantation of screw electrodes was as described previously 535

(Makowiecki et al., 2015). Briefly, mice were anesthetised (see above) and upon absence of 536

foot-pinch withdrawal reflex, the head was shaved and the mouse secured in a stereotaxic frame537

and the dorsal surface of the skull exposed. Electrode positions were marked with ink on the 538

skull surface overlying the right monocular primary visual cortex (3.6mm caudal, 2.3mm 539

lateral from Bregma) and frontal cortex for the reference electrode (2mm rostral, 0.5mm lateral 540

from Bregma) (Franklin & Paxinos, 2008). Pilot holes were hand-drilled with 0.5mm diameter 541

drill-bit (Model No: A3162 #114,731, Titex Drills; K2 Engineering, Perth, Australia). The 542

stainless steel screws (M0.6 × 2 mm length; Micro Fastenings Ltd., West Sussex, UK) were 543

inserted into pilot holes to contact the dura without penetrating into the cortex, and secured in 544

place with dental cement (Poly-F Plus; Densply GmbH, Mannheim, Germany) leaving the head 545

of the screw exposed. Mice received subcutaneous injection of atipamezole (1 mg/kg, 546

subcutaneous injection, atipamezole hydrochloride; Ilium, Troy Laboratories) reversal-agent 547

for medetomidine and xylocaine gel (2% lignocaine hydrochloride; AstraZeneca, North Ryde, 548

Australia) applied to the scalp for topical analgesia. Mice were returned to their cages for ~24 549

hours, allowing time for recovery and for the dental cement to set completely. To use the 550

implanted screws as electrodes, an artery clamp (Part No:18,052-03; Fine Science Tools, Foster 551

City, CA) soldered to a silver wire (Part No:781,500; A-M Systems, Australia) was clipped to 552

each screw during recordings. A silver grounding electrode was inserted into the skin near the 553

tail with a 27 gage needle. With this electrode configuration VEP responses have very high 554

reliability within the same anaesthetic session (You et al., 2011, Makowiecki et al., 2015). 555

556



LI-rTMS557

As previously described (Makowiecki et al., 2014), LI-rTMS pulses were generated using a 558

commercially available pulse generator (Global Energy Medicine, Perth Australia) modified 559

for attachment of a custom built iron-core coil suitable for use on a mouse (8mm outer diameter,560

6mm diameter steel bolt in the centre, 300 copper wire windings). The coil was placed in 561

contact with the anesthetised mouse’s head, next to the V1 recording screw and near the 562

midline, providing bilateral stimulation to the visual cortices. LI-rTMS pulses were delivered 563

continuously for 10 minutes at 10 Hz (300 μs rise time). As described in Rodger et al. (2012), 564

magnetic field intensity was measured using a Hall-effect device positioned post-mortem 565

within the skull, directly below the coil. At V1 depth, the intensity of the magnetic field was 566

10.6 mT, confirming that the implanted screw electrode was not detrimental to intensity of the 567

electric field induced in the brain. At this low magnetic field intensity, mice have no evoked 568

motor responses or seizures. We used ketamine (an NMDA-antagonist) as an anaesthetic569

during VEP recordings and LI-rTMS. Although NMDA-receptor activation is linked to 570

persisting effects of rTMS (Lenz et al., 2016), and ketamine has been shown to alter high 571

intensity rTMS after-effects at later time points (>2h) after stimulation (Huang et al., 2007, 572

Ciampi de Andrade et al., 2014, Labedi et al., 2014), the short time-course of experiments 573

reported here preclude downstream mechanisms of NMDA-receptor activation that involve 574

regulation of gene expression and protein synthesis (Flavell & Greenberg, 2008, Lüscher & 575

Malenka, 2012). 576

577

There was no additional sensory stimulation from LI-rTMS: As previously described578

(Makowiecki et al., 2014), sound intensity produced by the coil (<7 dB in the frequency range 579

detectable by mice) is below the auditory threshold (30 dB SPL) to evoke  electrophysiological 580

auditory brainstem responses in both wildtype and ephrin-A2A5-/- mice (Yates et al., 2014); 581



after 10 min stimulation, the temperature at the coil surface was 26.5 C, and close to ambient 582

room temperature (22-26 C); and vibration at the coil surface could not be detected above 583

background levels (Grehl et al., 2015). In the sham condition, all aspects of the procedure were 584

identical but the coil was detached from the pulse-generator. This procedure ensured 585

consistency across sham and LI-rTMS groups in time taken to place the coil, and in any minor 586

disturbances to the mouse’s position relative to the display. 587

588

Visual evoked potential recording procedures589

During recordings, mice were placed in a light-protected Faraday cage, and kept at constant 590

body temperature using thermo-coupled heatpad (TC-1000; CWE Inc., Ardmore, PA).591

AC-coupled differential recordings were obtained using a DAM50 amplifier (World Precision 592

Instruments, Sarasota, FL) via PowerLab and Scope software (v4.1.1, ADInstruments, Bella 593

Vista, Australia). Data were sampled at 2 kHz, amplified (ac x10,000), bandpass and notch 594

filtered (10-500Hz and 50Hz, respectively). Visual stimuli for VEPs consisted of a flashed 595

sinusoidal grating (0  orientation, 0.16 cycles per degree), generated using custom MATLAB 596

scripts (Mathworks Inc. Natick, MA) and displayed for 500ms per single trial on a calibrated 597

CRT monitor (ViewSonic PF817; Sony, Tokyo, Japan) via a ViSAGE (Cambridge Research 598

Systems, Rochester, UK). Mice were positioned with left eye perpendicular to the display, at a 599

distance of 40 ± 1cm. Each VEP trial was 1280 ms duration, with 100 ms before and 680 ms 600

after stimulus presentation. Signal-averaging was performed online across 32 trials presented 601

in each set. Four sets of 32 averaged trials were recorded at each time-point (pre- and 602

post-stimulation) and mean voltage across the four sets used in analyses. 603

604

605



Analysis of VEP peaks 606

VEP peaks were designated as P1, N1, P2, N2, P3 and N3, according to standard nomenclature 607

(Creel et al., 1974, Meeren et al., 1998, Makowiecki et al., 2015). Analyses to define VEP 608

peaks were semi-automated and performed blind to stimulation condition. VEP positive and 609

negative peaks were identified using area under the curve analysis in Graphpad Prism (v.6,610

GraphPad Software Inc., San Diego, CA). The analysis was constrained to identify peaks 611

greater than 10% of the maximum amplitude for each trace. The automated analysis only 612

identified peaks which crossed baseline (0). Peaks which did not cross the baseline (i.e. the 613

‘shoulder’ of another peak) were defined as the point of polarity reversal and measured using 614

Axograph (v. 1.5.4, Axon Instruments Inc., Berkeley, CA).615

616

Consistent with previous VEP studies (Meeren et al., 1998), late VEP components showed 617

more inter-subject variability than early components (P1, N1): all mice had a second, large, 618

positive peak (P2), however, not all mice showed a distinct negatively deflecting peak 619

following P2, and those without a clearly identifiable trough after P2 (‘N2’), by definition, had 620

no clearly identifiable P3. Therefore, we quantified LI-rTMS effects on the late VEP response 621

components, from the onset (baseline immediately preceding) P2 to the onset of N3 in the 622

window where P2-N2-P3 occurs. We used Axograph software to measure maximum amplitude 623

of positively deflecting peaks, and minimum amplitude of negatively deflecting peaks and the 624

number of distinct peaks within the P2-N2-P3 window. Traces were 100Hz low-pass filtered, 625

and the threshold to identify separate peaks set at >85% of adjacent peaks, and at least 10% of 626

the maximum amplitude for each trace.  This threshold level was consistent with manual 627

identification of peaks as distinct from noise. 628

629



For identifying negatively-deflecting peaks, the same threshold criteria were applied, but 630

measured from P2 peak to the onset of N3 (i.e. negatively-deflecting peaks were measured 631

relative to P2 amplitude as the ‘0’ baseline). Peaks were counted only if followed by a polarity 632

reversal. In subjects where a negative-deflecting peak was present only at a single time point633

(pre-stimulation or post-stimulation), we analysed amplitude (μV) at the equivalent latency 634

(ms) in the recording without a negatively-deflecting peak. This was to avoid excluding 635

subjects showing a more extreme change in negatively-deflecting peak amplitude (e.g. 636

disappearance or emergence of a negatively-deflecting peak). Subjects which did not have a 637

late response negative peak at either pre- or post-stimulation were excluded in the analyses of 638

negative peak amplitude (sample sizes shown in Fig. 3D, E). Average amplitude and positive 639

peak maximum amplitude were also included in the analysis. Confirming that subjects with a 640

negatively-deflecting peak were not qualitatively different from the overall cohort for other 641

outcomes, there were similar direction and magnitude of mean differences as in the analysis of 642

the full cohort (data not shown). Preliminary analyses confirmed that latencies did not change 643

significantly from pre-stimulation for any peak, and there were no significant interactions with 644

the change from pre-stimulation by genotype, visual activity or stimulation (data not shown).645

Immunohistochemistry646

After recordings, mice were deeply anesthetised with 0.1ml pentobarbitone (Lethabarb, Virbac,647

Australia), and transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in 648

0.1M phosphate buffer. The brain was dissected, post-fixed in 4% paraformaldehyde for 24 649

hours at 4 C, before cryoprotection in 30% sucrose in PBS. Brains were cryosectioned 650

coronally (40μm) and thaw-mounted onto gelatin-subbed slides. Slides used to visualise 651

parvalbumin-expressing cells were stored at -80 C until processed for immunohistochemistry.652

Sections were brought to room temperature and allowed to air-dry for 1h before outlining with 653

an ImmEdge hydrophobic pen (Vector Laboratories Ltd, Peterborough, UK). Sections were 654



permeabilised with 0.2% Triton in PBS for 20 minutes, incubated in blocking solution (10% 655

normal donkey serum in PBS 0.2% Triton X-100) for 2 hours at room temperature and then 656

with primary antibody (monoclonal anti-parvalbumin produced in mouse, P3088, Sigma, St. 657

Louis, MO) diluted 1:500 in blocking solution, at 4°C overnight. Sections were then washed 658

in PBS (10 minutes x3) and incubated the secondary antibody (1:600 donkey anti-mouse IgG 659

(H+L), Alexa Fluor® 488 conjugate, A-21202, Invitrogen, Carlsbad, CA) with Hoescht 660

(1:10000) in PBS for four hours at room temperature. Sections were washed in PBS (10 661

minutes x2) and coverslipped with Fluoromount-G mounting medium (Southern Biotech,662

Birmingham, AL). To avoid variation in staining, sections from different experimental groups 663

were stained concomitantly. Adjacent sections were stained with cresyl violet and used to 664

identify visual cortex boundaries, and to confirm electrode placement over V1, visible as a 665

small cortical compression (Makowiecki et al., 2015). 666

667

Fluorescence images used for analysis of PV+ expression were taken on Nikon Eclipse 80i 668

microscope and DS-5Mc camera (Nikon, Tokyo, Japan). Imaging and image analyses were 669

performed blind to visual activity and stimulation conditions.  Three subjects were excluded 670

from analysis of PV+ expression due to poor staining quality. PV+ cells were counted 671

according to stereological principles in both left and right hemispheres from 3-4 sections per 672

subject. Region of interest boundary was defined within V1 and divided into ‘superficial’ and 673

‘deep’ levels, approximately corresponding to pia surface to cortical layer 4 (superficial), and674

layer 5 to white matter (deep). Visual cortex was identified using adjacent sections stained with 675

cresyl violet, cross-referenced to the mouse-brain atlas (Franklin & Paxinos, 2008). PV+ cells 676

were counted only when the soma was clearly labelled, without consideration of proximal 677

dendrite labelling or visibility. Region of interest area (mm2) and PV+ cell counts were 678

measured using Photoshop CC 2015 (Adobe Systems Software, Ireland). PV+ cell density was679



quantified as number of PV+ cells divided by the area (mm2) counted from. Preliminary 680

analyses confirmed there were no significant differences between sections or left and right 681

hemispheres (repeated measures ANOVA, p-values > 0.05, data not shown), therefore, values 682

were averaged across sections and hemispheres to obtain mean PV+ cell density in superficial 683

and deep layers for each subject. We also confirmed that wildtype-sham groups did not 684

significantly differ in PV+ densities between visual activity cohorts (visual-activity-delay, 685

dark-delay, dark-immediate, ANOVA, p-values > 0.05), and therefore, PV+ density values 686

were expressed as percentage of wildtype-sham within each visual activity cohort for analyses.687

688

Statistics689

We analysed VEP peak amplitudes using repeated measures (RM) ANOVAs with time (pre-, 690

post-stimulation) as within-subjects factor, and visual-activity type (visual input, dark), 691

genotype (wildtype, ephrin-A2A5-/-) and stimulation (sham, LI-rTMS) as between-subjects 692

factors. Number of peaks within the P2-N2-P3 window were analysed with Poisson regression. 693

In separate analyses, including the same factors as for the RM-ANOVA, except visual-activity694

type, we also examined contributions of total time in the dark and the delay since the 695

LI-rTMS/sham on change from pre-stimulation in positive and negative late VEP response696

peaks. To assess effects of time in the dark, groups with 10 minutes in the dark before the 697

post-VEP recording (i.e. the visual input and dark-immediate groups) were pooled together and 698

treated as a single factor level (‘10min’ in dark), and compared to the dark-delay group, which 699

had 20 minutes in the dark prior to the post-VEP recording (‘20min’). To examine the effect 700

of the delay since stimulation, we compared the pooled delay groups (visual input-delay and 701

dark-delay, which both had a 10 minute delay since the end of LI-rTMS/sham) to the 702

dark-immediate group. Significant interactions were followed up with Sidak corrected 703

analyses, comparing the difference from pre-stimulation (post-pre) between cohorts 704



(visual input-delay, dark-delay, and dark-immediate). PV+ cell density measures were 705

normally distributed despite being count data, and analysed by RM-ANOVA with cortical 706

depth (superficial, deep) as within-subject factor and visual-activity cohort, genotype and 707

stimulation as between-subject factors.708

709

For all RM-ANOVAs, within-subject by between-subject factor interactions were examined.710

Significant three-way interactions were followed up by tests for simple-interaction effects (e.g. 711

to follow up a three-way interaction of time × genotype × stimulation, tests for 712

simple-interaction effects examined whether the time × stimulation interaction was significant 713

in both wildtype and ephrin-A2A5-/- mice). Significant simple-interaction effects were then 714

followed up with tests for simple effects, examining group differences for one factor, within 715

each level of every other factor (e.g. testing whether LI-rTMS and sham were significantly 716

different at each time point, each visual input condition and each genotype). For simplicity, 717

where multiple interactions were significant, only the highest-order interactions are reported in 718

the text (e.g. significant 2-way interactions were not reported if qualified by a 3-way 719

interaction). Likewise, tests for simple-interaction effects are not reported if followed-up with 720

tests for simple-simple effects. All follow-up tests were corrected for multiple comparisons 721

(Sidak). Statistical analyses were performed using SPSS (v. 20, IBM Corporation, Armonk, 722

NY).  The level for significance was set at p < 0.05. 723
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Chapter 6 
6 General discussion 

6.1 Results summary

This thesis examined activity-dependent and molecular mechanisms of LI-rTMS effects on structural 

and functional plasticity in normal and abnormal mouse models in vivo. The main findings in this 

thesis are summarised below:

Chapter 2

Chronic LI-rTMS (35d) applied daily after a learning task had no significant effect on 

reverse-learning performance.

And did not significantly affect pyramidal cell dendritic spine densities in CA1 or dentate 

gyrus neurons.

Wildtype and ephrin-A2-/- knockout mice were equally unaffected by LI-rTMS, however, the 

expected learning deficit was not present in ephrin-A2-/- mice.

Results provide evidence that chronic LI-rTMS has no detrimental effects on learning or 

dendritic spine densities in normal systems.

Chapter 3

LI-rTMS (14d) induced structural plasticity of abnormal neural circuits in adult mice,

resulting in improved organisation of visual cortical afferent (corticotectal) and efferent

(geniculocortical) projections.

Plastic reorganisation was limited to ectopic neural circuits, as LI-rTMS had no significant

effects on appropriate projections in ephrin-A2A5-/- mice, or wildtype mice.

Brain derived neurotrophic factor (BDNF) increased in the visual cortex and superior

colliculus in both wildtype and ephrin-A2A5-/- mice at 2 hours and 24 hours after a single 10

minute LI-rTMS session, but were sustained only in the superior colliculus of

ephrin-A2A5-/- mice after 14 daily LI-rTMS sessions.

These results demonstrate, for the first time, that LI-rTMS induces reorganisation across

multiple pathways in a neural network, and link mechanisms to activation of BDNF signalling

pathways that modulate plasticity.



Chapter 4

Visual evoked potentials (VEP) and electroencephalogram recordings obtained from 

skull-implanted electrodes in mice are highly reliable within the same day, but have 

unacceptably low reliability between recordings made a week apart.

The assessment of reliability informed the decision to focus the study in Chapter 5 on 

assessment of LI-rTMS short-term effects within a single anaesthetic session, rather than 

performing repeated measures across days.

Chapter 5

LI-rTMS applied during visual input altered VEP peaks within 10 minutes in wildtypes,

indicating disinhibition of intracortical circuits.

Regardless of overall level of activity, asynchrony in visual system activity during LI-rTMS

cancelled effects on VEP peaks: LI-rTMS did not significantly affect VEPs when applied in

the dark (low activity level, spontaneous firing only) or during visually evoked activity in

ephrin-A2A5-/- mice (equal total level of evoked activity with ectopic projections contributing

asynchrony to visual evoked responses).

LI-rTMS applied during visual input increased immunoreactivity of PV+ interneurons in

superficial layers of visual cortex for both genotypes (at 20 minutes after stimulation).

LI-rTMS in the dark had no effect on PV+ densities, indicating overall level of activity

mediated LI-rTMS effects.

These results show that LI-rTMS critically depends on neural activity during stimulation, and

reveal a dissociation between electrophysiological and PV+ immunoreactivity. Effects on PV

immunoreactivity suggest that LI-rTMS alters responsivity to visual input during stimulation

via changes to PV-calcium binding.

In this chapter, these results are considered together and discussed in the context of 

hypothesised mechanisms for LI-rTMS induced plasticity. Results in this thesis demonstrate that 

LI-rTMS interacts with neural circuits and coordinated neural activity during stimulation and

facilitates structural and functional plastic changes. Reorganisation induced by LI-rTMS improves

congenitally abnormal circuits in adult mice – in which capability for plasticity is normally

limited - with implications for clinical utility of LI-rTMS. Taken together, these results support that

LI-rTMS may create a permissive environment, and gate the response to visual activity during

stimulation, reinforcing Hebbian activity-dependent plasticity mechanisms. Additionally, this chapter

discusses future research directions and clinical implications of these findings, including comparisons

with hypothesised mechanisms of high-intensity rTMS.



6.2 LI-rTMS facilitates plasticity in adult mice

6.2.1 Hypothesised permissive mechanisms

LI-rTMS induced re-mapping in adult ephrin-A2A5-/- mice. The extent of structural reorganisation is

surprising in adult mice, because plasticity is normally limited after closure of developmental critical

periods. As discussed in Chapter 3, the implication is that because LI-rTMS results in plastic

reorganisation in adult mice, it must remove some of the normal ‘brakes’ which limit plasticity and

promote stability in adults, reinitiating a permissive environment for plasticity.

Inhibition is established as a key plasticity ‘brake’, and maturation of inhibition is strongly 

linked to closure of developmental critical periods (Huang et al., 1999; Gianfranceschi et al., 2003). 

Furthermore, disinhibition appears to be a prerequisite for plasticity in adulthood (Sale et al., 2007; 

Sale et al., 2010). Results of Chapter 5 support that LI-rTMS affects inhibitory systems, with rapid 

changes to PV+ inhibitory interneurons. Furthermore, VEP response changes in wildtype mice were 

indicative of disinhibition (Meeren et al., 1998). Although stimulation protocols used between 

Chapters 3 and 5 experiments differed in pulse frequency (patterned waveform with trains repeated 

at (10.01 Hz vs. simple 10 Hz) and use of anaesthetic (awake, unrestrained mice vs. anesthetised), 

BDNF upregulation and structural reorganisation in Chapter 3 are consistent with activity-dependent 

acute changes in PV-mediated calcium buffering and intracortical inhibition in Chapter 5 (Jiang et 

al., 2004). BDNF regulates synaptic strength in an activity-dependent fashion (Swanwick et al., 

2006), and promotes depression of excitatory inputs to GABAergic interneurons, resulting in 

disinhibition (Jiang et al., 2004). Reduced excitatory inputs to inhibitory interneurons results in 

lowered inhibition, and therefore, suggests that LI-rTMS effects on BDNF and inhibitory 

interneurons may create a permissive environment for complex circuit reorganisation.

Though changes to intracortical and/or subcortical inhibitory systems may be involved in 

LI-rTMS induced plasticity, acute inhibitory system changes and BDNF upregulation alone are

unlikely to account for specific effects on ectopic protections that result in improved visual cortical

(Chapter 3) or retinotectal topography (Rodger et al., 2012). Disinhibition is thought to create a

permissive, rather than instructive, environment. Pharmacological or genetic manipulations which

reduce inhibition have been shown to reinstate characteristics of critical period-like plasticity in adult

mice after monocular deprivation, but only when combined with visual system activity (Frenkel &

Bear, 2004). These results raise questions regarding how LI-rTMS selectively affects ectopic

projections and improves topography in ephrin-A2A5-/- mice: what are the instructive mechanisms?



6.2.2 Hypothesised instructive mechanisms 

During development, broad maps are formed on a genetic basis by attractive and repulsive guidance 

cues and undergo activity-dependent refinement via Hebbian plasticity, in which synapses with 

correlated firing are selectively strengthened, while asynchronous pre and postsynaptic activity 

results in selective weakening of synapses. It is probable that LI-rTMS induces circuit refinement 

within the framework of activity-dependent Hebbian plasticity. Results in this thesis support 

involvement of several interrelated instructive mechanisms, including:

1) LI-rTMS enhances ‘instructive efficacy’ of visual system activity via gating neural

responses to visual stimuli.

2) LI-rTMS facilitates synaptic competition and Hebbian plasticity.

3) Ectopic projections in ephrin-A2A5-/- mice may have greater capability for plasticity

and/or fewer stabilising factors compared to appropriate projections.

6.2.2.1 Altered calcium-buffering may gate response to instructive visual input

Structural repair of abnormal circuits in ephrin-A-/- mice may result from acute modifications in 

inhibitory inputs to pyramidal cells. LI-rTMS effects on PV-calcium buffering may selectively gate 

the response to visual input (Saiepour et al., 2015; Kaplan et al., 2016), and contribute instructive 

information to drive depression of ectopic projections based on Hebbian temporal-correlation rules 

in combination with BDNF signalling (Chapter 3). PV-mediated calcium buffering modulates 

frequency of GABAergic inputs to pyramidal cell perisomatic compartments (Atallah et al., 2012).

Whether calcium-buffering proteins are inhibitory or facilitatory depends on their Ca2+ affinity and 

kinetics – i.e. rates of Ca2+ binding and release (Schwaller, 2010). PV is characterised as a 

slow-buffer, with Mg2+ ions competing with Ca2+ for binding (Caillard et al., 2000). Thus, after an 

action potential, PV buffering of Ca2+ results in accelerated initial decay of Ca2+ transients, preventing

build-up of background Ca2+ in the presynaptic terminal, but also prolongs the second-phase of decay, 

with the Ca2+ bound form of PV acting as a transient Ca2+ source (Schwaller, 2010). In hippocampal 

and cortical regions, PV-/- knockout mice show abnormal, high-frequency oscillations reflecting tonic 

activity of fast-spiking interneurons, suggesting PV-Ca2+ binding is necessary for regulating timing 

of cortical network activity (Vreugdenhil et al., 2003; Carlen et al., 2012). Moreover, wildtypes had 

large variability in decay of individual Ca2+ transients and paired-pulse stimulation caused synaptic 

depression; whereas PV-/- knockout mice had almost uniform decay, and the same paired-pulse 

stimulation resulted in facilitation, demonstrating that abnormal timing of presynaptic GABA release 

impaired interneuron-Purkinje synaptic plasticity (Caillard et al., 2000).



Therefore, if PV performs a similar role in regulating plasticity of visual cortex PV+ 

interneuron-pyramidal synapses, increased PV immunoreactivity after LI-rTMS (Chapter 5) may 

acutely increase variability of inhibitory inputs to pyramidal cells. Considered together with changes 

to VEP peak amplitudes, that indicated intracortical disinhibiton in wildtypes, and in vitro evidence 

that LI-rMS increases pyramidal spiking (Tang et al., 2016), this suggests LI-rTMS increases ‘noise’ 

during visual input – i.e. signals that are temporally uncorrelated with neighbouring neurons. An 

increase in spontaneous spiking, across the neural population, enhances opportunities to exhibit spike 

timing dependent plasticity, by enhancing Hebbian synaptic competition and detection of asynchrony 

(Winnubst et al., 2015).

6.2.2.2 Enhanced synaptic competition and Hebbian plasticity

LI-rTMS-induced effects on inhibitory inputs to pyramidal neurons subsequently timing and

excitability of network activity, and therefore NMDA receptor activation and BDNF secretion (Tian

et al., 2010). NMDA receptor activation may then act synergistically with BDNF-TrkB signalling to

promote activity-dependent refinement of abnormal circuits, enhancing stability of appropriately

projecting axon terminals, via BDNF/TrkB effects on trafficking of GluR1 containing AMPA

receptors (Carvalho et al., 2008). BDNF signalling, discussed in Chapter 3, can modulate synaptic

transmission and facilitate resolution of Hebbian competition and transitioning to stable synapses

(Cao et al., 2007). Activity-dependent BDNF secretion does not require NMDA receptor activation

(Zafra et al., 1990), but BDNF-TrkB signalling can subsequently enhance efficacy of glutamatergic

synaptic transmission (Crozier et al., 2008; Harvey et al., 2012). This then intensifies

positive-feedback in Hebbian plasticity, resulting in activity-dependent refinement to stabilise

appropriate, and elimination of inappropriate synapses (Nagappan & Lu, 2005;

2012). Additionally, complementary signalling from pro-BDNF/p75NTR enhances LTD in

asynchronously firing synapses (Singh et al., 2008; Winnubst et al., 2015), weakening ectopic

projections which have uncorrelated firing patterns with neighbouring cells.

The implication is that by increasing BDNF levels and activating NMDA receptors, LI-rTMS 

establishes a plastic environment (Vetencourt et al., 2008), allowing visual input to instruct selective 

strengthening and weakening connections in accordance with their relevance for visual function

(Carvalho et al., 2008; Crozier et al., 2008). This combination of enhanced plasticity and relevant 

information enables selective and beneficial reorganisation to occur by activity-dependent 

mechanisms, as has been described during the normal development, maturation and reorganization 

of brain circuitry (Gordon & Stryker, 1996; Cang et al., 2005c). This hypothesis is supported by the 

spontaneously arising variability in locations and degree of disorder in ephrin-A-/-- mice, suggesting 

that differing amounts and content of visual input during the critical period of development (when 



the visual system is most plastic) may contribute to the unique maps in individual animals (Willshaw 

et al., 2014).

6.2.2.3 The role of silent synapses: Are adult ephrin-A2A5-/- mice more plastic?

Silent synapses may be a substrate for structural and functional synaptic plasticity induced by 

LI-rTMS. Silent synapses express a high ratio of NMDA to AMPA type receptors, and thus are more

susceptible to NMDA-dependent Hebbian plasticity (Matsuzaki et al., 2004). As discussed in Chapter

1, both NMDA and AMPA receptors are glutamate-gated ion channels. While presence of glutamate

is sufficient to open AMPA receptors, NMDA receptors require both glutamate binding and

simultaneous postsynaptic depolarisation to remove the Mg2+ block and allow Ca2+ influx (Blanke &

Van Dongen, 2009). When the level of postsynaptic depolarisation is below a set threshold level,

because the Mg2+ block is incomplete, glutamate release still results in NMDA activation with only

a small Ca2+ influx; repeated occurrence of this smaller NMDA-dependent Ca2+ influx then triggers

LTD induction (Lüscher & Malenka, 2012). The requirement for simultaneous presynaptic glutamate

release and postsynaptic depolarisation enables NMDA receptors to function as coincidence

detectors, and transduce synaptic input patterns into long-term changes in synaptic efficacy via

Ca2+-dependent signalling (Blanke & Van Dongen, 2009; Lüscher & Malenka, 2012). One hallmark

of critical period closure is transition from a relatively high proportion of NMDA-expressing silent

synapses to AMPA-expressing functional synapses (Huang et al., 2015). Recent work has posited that

resolution of silent synapses is instructive in closure of visual-system critical periods, as mice which

retain high numbers of silent synapses (postsynaptic density protein95 knockout mice) into adulthood

have lifelong juvenile-like plasticity in response to monocular deprivation (Huang et al., 2015;

Greifzu et al., 2016).

Although it is uncertain whether ephrin-A2A5-/- mice have silent synapses in V1, the ectopic 

retinotectal projections were often, though not always, silent (Rodger et al., 2012). It is therefore 

possible that these functionally silent synapses express higher levels of NMDA receptors, and are 

also present in higher proportions in the geniculocortical and corticotectal projections of 

ephrin-A2A5-/- mice, than in wildtype adults. Because a high proportion of NMDA-expressing silent 

synapses appears sufficient to enable juvenile-like plasticity (Huang et al., 2015; Greifzu et al., 2016),

this may suggest how LI-rTMS is able to induce significant plastic reorganisation in adult mice.

This highlights a limitation of the ephrin-A2A5-/- mouse model as it is unclear whether 

ephrin-A2A5-/- mice retain juvenile-like plasticity capabilities into adulthood, and therefore respond 

more sensitively to LI-rTMS. Future studies could examine LI-rTMS effects on ocular dominance 

plasticity after monocular deprivation in wildtype and ephrin-A2A5-/- mice. Using this well 

characterised plasticity paradigm would answer key questions raised by results in this thesis: does 



LI-rTMS reinstate juvenile-like plasticity, and/or do ephrin-A2A5-/- mice retain critical period-like

capability for plasticity into adulthood?

6.3 Future directions

Overall, there is a need for definitive time-course analyses of molecular and electrophysiological 

changes with LI-rTMS, both after a single stimulation and over cumulative sessions. In particular, it 

is currently uncertain whether data in Chapter 5 shows the peak PV+ density, rather than a mid-point 

within an upward or downward trajectory of density changes over time. In rat somatosensory cortex, 

high-intensity iTBS, PV+ cell numbers initially increased within 10 minutes, but then decreased 

between 20 and 40 minutes (Hoppenrath & Funke, 2013). Furthermore, PV synthesis was unchanged 

2 hours after iTBS, suggesting that PV+ decreases were due to activity-dependent fast degradation 

(Benali et al., 2011). Though Chapter 5 limited investigation to a single time-point, if PV 

immunoreactivity changes follow a similar time-course after LI-rTMS, then PV cell densities may 

have peaked earlier, and may be beginning to decline.

As outlined in Chapter 4 (Foreword), I originally planned to assess cumulative LI-rTMS on 

VEP responses, however, low consistency between recordings a week apart meant that comparison 

of repeated measures over time was problematic with the available techniques. Thus, future studies 

would need to use another method to obtain repeated recordings of visual cortical activity changes, 

such as implanted ‘bio-coated’ micro electrodes which do not induce a foreign-body immune 

response (Aregueta-Robles et al., 2014). Alternatively, intrinsic signal imaging methods can be used 

as a proxy for action potential responses and are measured through the thinned, but intact, skull (Cang 

et al., 2005b; Cang et al., 2008). Intrinsic signal imaging has high reliability for repeated 

measurements and the added advantage of imaging the entire V1 span, enabling quantification of 

functional topography (Cang et al., 2005a; Greifzu et al., 2016).

Further studies are needed to determine functional consequences of altered PV 

immunoreactivity with LI-rTMS and whether acute inhibition changes are involved in circuit 

reorganisation in ephrin-A2A5-/- mice. Additional immunohistochemical analysis to investigate the 

roles of other calcium-buffering proteins, other inhibitory interneuron subtypes, and markers of 

excitatory activity and would be useful in testing whether LI-rTMS specifically affects PV+ 

interneuron immunoreactivity. Additionally, because astrocytes are also important in regulating 

calcium-dynamics in neurotransmission (Bazargani & Attwell, 2016), testing for LI-rTMS effects on 

astrocytes would also be of interest and thus far remains unexplored. 

It was my original aim to also perform immunohistochemical labelling of calbindin and 

glutamic acid decarboxylase- (GAD)-65/67 markers of inhibitory interneurons in the experiments 



presented in Chapter 5. Calbindin is another calcium-buffering peptide, expressed in low-threshold 

burst firing inhibitory interneurons (Schwaller, 2010). GAD65/67 are two isoforms of the GABA 

synthesising enzyme, and provide a general marker for active inhibitory interneurons. PV+ 

interneurons primarily modulate activity of pyramidal cells via perisomatic inhibition, whereas 

calbindin-expressing interneurons modulate dendritic computations (Wang et al., 2004). Calbindin 

and parvalbumin are predominantly expressed in separate populations, though are co-expressed in a 

small population of cells (Gonchar et al., 2008). Assessing general inhibitory interneuron activation 

and distinguishing different subtype responses would provide valuable information of LI-rTMS 

effects on intracortical inhibitory systems. However, in pilot trials of double staining with PV (mouse) 

and calbindin (rabbit), resulted in no detectable calbindin staining. Although a different calbindin 

primary antibody (mouse), and GAD65/67 resulted in some positive labelling, staining was more 

variable and in some test trials no staining was detected. Limited tissue and PhD candidature time 

constraints precluded repeating experiments with an alternative antibody or optimised staining 

protocol.

6.4 Clinical implications

6.4.1 Mechanism comparisons between low and high-intensity rTMS

Ca2+ dependent mechanisms appear to be involved in both low and high-intensity rTMS induced 

plasticity. However, in vitro studies suggest that intracellular Ca2+ concentration changes arise via 

different mechanisms, with high-intensities likely to result in Ca2+ influx through voltage gated 

channels from direct, antidromic axonal or trans-synaptic activation (Cash et al., 2013), whereas 

LI-rTMS may induce release from intracellular stores (Grehl et al., 2015), and influx through low-

threshold voltage gated Ca2+ channels (Li et al., 2014b). However, results in this thesis demonstrate

possible shared secondary mechanisms: with effects on BDNF protein levels and PV+

immunoreactivity found after both low (Chapters 3,5) and high intensity rTMS (BDNF: (Müller et

al., 2000; Zhang et al., 2007; Gersner et al., 2011; Feng et al., 2012; Zhang et al., 2015); PV:(Benali

et al., 2011; Volz et al., 2013; Thimm & Funke, 2015; Hoppenrath et al., 2016)).

One implication of results in this thesis is that effects of LI-rTMS may be controlled by 

concurrent activity (Bortoletto et al., 2015). The acute changes in VEP responses and PV 

immunoreactivity in Chapter 5 required visual input, as LI-rTMS applied in the dark had no effects. 

In contrast, rTMS affected human visual cortical excitability both when applied during visual input, 

or in the dark (after 45 minutes light-deprivation) – though visual system activity during stimulation 

determined direction of excitability changes (Fierro et al., 2005; Palermo et al., 2011). This highlights 



a probable distinction between high and low-intensity rTMS: neural activity during stimulation 

influences excitability induced by rTMS (Ziemann & Siebner, 2008; Barr et al., 2011; Bocci et al., 

2014), whereas LI-rTMS effects may critically depend on concurrent activity. Taken together, this 

suggests that LI-rTMS may be therapeutically useful in facilitating plasticity directed by specific 

sensory, behavioural or cognitive tasks.

An explanation for this (possible) difference between low and high-intensity rTMS is that 

spiking activity, directly evoked by rTMS masks sensory-motor evoked activity; whereas 

subthreshold stimulation in LI-rTMS is thought to only increase probabilities of neural firing, and 

therefore, could be additive to sensory-motor evoked activity (Fertonani & Miniussi, 2016). Some 

frequency-specific effects of rTMS are thought to arise from pulses inducing spiking at preferential 

firing rates of distinct neuron sub-classes (Hamidi et al., 2010), such as fast-spiking PV+ inhibitory 

interneurons - which appear to be particularly sensitive to high-frequencies used in TBS (Benali et 

al., 2011; Funke & Benali, 2011). Since LI-rTMS does not induce spiking (Tang et al., 2016), any 

frequency-specific effects of LI-rTMS are unlikely to arise via the same mechanism as high-intensity 

rTMS, though in both cases Ca2+-dependent mechanisms are implicated (discussed above). 

Supporting possible frequency-specific effects of LI-rTMS, in cultured cortical neurons, 

LI-rMS (13 mT) at 10 Hz and 100 Hz impaired cell survival upregulated pro-apoptotic gene 

expression, whereas complex-patterned frequencies (TBS and biomimetic high frequency 

stimulation) upregulated pro-survival genes (Grehl et al., 2015). However, despite different 

frequencies, increases in intracellular Ca2+ were of very similar magnitudes for all high frequencies 

investigated (10 Hz, BHFS, and 100 Hz), but Ca2+ increases after 1Hz were approximately half the 

magnitude of high-frequencies. However, this could reflect dose, as the study controlled stimulation 

duration rather than number of pulses (Grehl et al., 2015). Very low intensity (0.02-0.04 mT) pulsed 

magnetic field stimulation appears to have frequency-specific effects, showing enhanced EEG power 

in the same spectral bands as stimulation pulse frequencies, suggesting entrainment of network 

oscillations (Bell et al., 1994; Cvetkovic & Cosic, 2009). Endogenous oscillatory activity has been 

shown to activate low-threshold Ca2+ receptors, and gate the response to sensory input (Crunelli et 

al., 2005), and self-regulate oscillatory frequency via electric field feedback generated by combined 

neural network activity (Anastassiou et al., 2010; Fröhlich & McCormick, 2010). Therefore, this 

presents a possible spiking-independent mechanism for frequency-specific effects in LI-rTMS: 

artificially produced fields by low-intensity stimulation may engage the same mechanisms as 

endogenous regulation of oscillatory activity. Though systematic comparisons between different 

stimulation parameters are needed, there may be multiple mechanisms of action that give rise to 

frequency-specific effects, which are effective at different magnetic field intensity levels.



6.4.2 LI-rTMS as a potential ‘enviromimetic’ 

Similarities between effects of LI-rTMS and environmental enrichment suggest LI-rTMS as a 

potential ‘enviromimetic’ intervention, that may mimic or reinforce therapeutic benefits of 

environmental enrichment and physical activity (Hannan, 2014). BDNF upregulation after LI-rTMS, 

shown in Chapter 3 and previously (Rodger et al., 2012; Li et al., 2014b), is also a reliable 

consequence of environmental enrichment and physical exercise (Sale et al., 2004). However, though 

enhanced cognitive performance has also been consistently reported with enrichment in mice 

(Hannan, 2014), LI-rTMS did not affect learning performance in the study in Chapter 2. This could 

suggest different mechanisms of action between environmental enrichment and LI-rTMS. However, 

the visual-discrimination task may be insensitive compared to spatial-cognition tasks (Ammassari-

Teule & De Marsanich, 1996). Additionally, the limitations of specific methodological factors, such 

as level of motivation (discussed in Chapter 2) make it hard to draw definitive conclusions at this 

stage.

Enhanced spatial-cognitive performance with enrichment is associated with increased 

hippocampal neurogenesis (Rogers et al., 2016). Though no studies address neurogenesis following 

LI-rTMS at intensities used in this thesis, there is some evidence of hippocampal and subventricular

zone neurogenesis after chronic high-intensity rTMS in rodent models of stroke (Guo et al., 2014)

and depression (Ueyama et al., 2011; Feng et al., 2012). Additionally, chronic very low-intensity

magnetic stimulation (0.7-1mT, 50-60Hz) applied to the whole body, increased neurogenesis in

healthy mice (Cuccurazzu et al., 2010) and nigrostriatal lesioned rats (Arias-Carrión et al., 2004).

Though brain stimulation effects on neurogenesis remain controversial, these initial findings suggest

an avenue for further research, first assessing if LI-rTMS induces neurogenesis, and if so, how newly

generated neurons impact network function. Additionally, effects of LI-rTMS combined with

environmental interventions warrant further research, as their possible synergistic effects have clear

therapeutic potential, for example in neurorehabilitation following injury.

Although all LI-rTMS experiments reported in this thesis were sham-controlled, 

generalisability of findings from mice in ‘standard’ (deprived) cages to other conditions is uncertain 

(Mo et al., 2016). It should also be noted that although ‘enriched’ (less-deprived) housing conditions 

are clearly more comparable to environments for healthy human populations, social withdrawal is a 

symptom of many mental health disorders (World Health Organization, 1992); additionally, 

neurological disorders and acquired brain/spinal cord injury results in reduced sensory input and/or

physical activity as well as reduced environmental novelty associated with lower levels of mobility 

and independence (Rapport et al., 2006). Thus, in some animal models for clinical disorders 

‘standard’ caging may be a more valid baseline environmental condition (Petrik et al., 2012). As 



noted above, the finding in Chapter 5 that concurrent sensory-evoked activity was required for altered 

VEP responses and PV+ densities, suggests possible synergistic effects of combining LI-rTMS with 

environmental sensory and cognitive enrichment and physical activity interventions. 

6.4.3 Limitations of mouse models

Mouse models have clear experimental advantages in mechanistic studies: they afford opportunity to 

manipulate genetic and developmental factors, and measures are not limited to non-invasive 

techniques available in humans. However, the drawback is that mechanisms found in mice may not 

be generalisable to humans. There are obvious differences between humans and mouse brains in 

neural circuit structure and complexity. Furthermore, LI-rTMS-induced electric currents in the mouse 

brain are unlikely to be a simply scaled down version of currents in the human brain with LI-rTMS, 

because flow of the induced current is affected by brain morphology (e.g. folded vs. smooth), neuron 

orientation relative to the field, and projections of stimulated areas. Thus, it is not yet known whether 

LI-rTMS triggers the same effects in humans. A logical next step, extending results in Chapter 5, is

to compare VEP responses from humans measured using non-invasive techniques, following

LI-rTMS applied during concurrent visual input and in the dark.

6.5 Conclusions

Results presented here contribute to understandings of fundamental mechanisms in LI-rTMS, and 

highlight the possible contribution of low-intensity, peri-focal stimulation in high-intensity rTMS. 

These findings have implications for therapeutic potential of LI-rTMS, either alone, or as an adjunct 

treatment. Establishing these fundamental mechanisms is an essential step to improve application of 

non-invasive brain stimulation in clinical settings.
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