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NEUROSCIENCE

Subthreshold repetitive transcranial magnetic
stimulation induces cortical layer-, brain region-, and
protocol-dependent neural plasticity

Rebecca C. S. Ong'? and Alexander D. Tang™***

Repetitive transcranial magnetic stimulation (rTMS) is commonly used to study the brain or as a treatment for
neurological disorders, but the neural circuits and molecular mechanisms it affects remain unclear. To determine
the molecular mechanisms of rTMS and the brain regions they occur in, we used spatial transcriptomics to map
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changes to gene expression across the mouse brain in response to two commonly used rTMS protocols. Our re-
sults revealed that rTMS alters the expression of genes related to several cellular processes and neural plasticity
mechanisms across the brain, which was both brain region- and rTMS protocol-dependent. In the cortex, the ef-
fect of rTMS was dependent not only on the cortical region but also on each cortical layer. These findings uncover
the diverse molecular mechanisms induced by rTMS, which will be useful in interpreting its effects on cortical and

subcortical circuits.

INTRODUCTION
Repetitive transcranial magnetic stimulation (rTMS) is an extremely
attractive tool in both basic and clinical neuroscience as there are very
few tools that can noninvasively alter neural activity and neural plas-
ticity in the human brain. However, despite its long-standing use and
widespread popularity, it remains unclear how rTMS affects neural
circuits across the brain and why rTMS outcomes can vary with dif-
ferent rTMS protocols (e.g., stimulation pattern). As a result, inter-
preting the effect of rTMS on neural processes and selecting which
rTMS protocols to treat specific pathologies is challenging. Therefore,
characterizing the effect of rTMS across the brain following different
stimulation protocols is needed to make more informed interpreta-
tions of rTMS neuromodulation and provide an evidence base to se-
lect which rTMS protocol should be used to produce specific effects.
Using rodent models, it is known that rTMS induces both neuro-
nal and glial plasticity mechanisms. For example, in entorhinohippo-
campal slice cultures, 10-Hz magnetic stimulation induces functional
synaptic plasticity (1-3) that requires the release of microglial fac-
tors (4). In vivo, rTMS in the form of intermittent theta burst stimula-
tion (iTBS) to the adult mouse sensorimotor cortex induces structural
synaptic plasticity (altered dendritic spine density and rate of forma-
tion and removal) in layer 2/3 and 5 pyramidal neurons (5) as well
as oligodendrocyte plasticity in several cortical regions and the cor-
pus callosum (6, 7). However, it remains unclear how these plasticity
mechanisms vary with the rTMS protocol used, if multiple neural
plasticity mechanisms are induced simultaneously, and if regions
outside the stimulated region also undergo the same plastic changes.
Furthermore, given the heterogeneity in the structural and cellular
composition of different brain regions and cortical layers, it is likely
that the effect of rTMS is not uniform across the brain. This is at
least true of oligodendrocyte plasticity as iTBS has been shown to
increase the number of new oligodendrocytes in the cortex but only
in very superficial and deep cortical layers (L1, L5, and L6) (6). With
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the intensity of the rTMS electric field decreasing in depth exponen-
tially from the cortical surface (8), the cortical layer-specific chang-
es cannot simply be explained by rTMS intensity differences and
suggest that the cellular and structural features of a brain region can
influence the rTMS plasticity induced. However, cortical layer—spe-
cific changes for other rTMS-induced plasticity mechanisms have
not been investigated.

Electrophysiological and microscopy studies in rodents have
substantially improved our understanding of the cellular mecha-
nisms underlying rTMS neuromodulation, but these techniques are
often limited to characterizing changes to one neural plasticity
mechanism at a time in a specific cell type or brain region. Spatial
transcriptomics (9), on the other hand, provides a powerful alterna-
tive to investigating the molecular mechanisms of rTMS as it can
characterize changes to multiple neural plasticity mechanisms across
several cortical and subcortical regions of the mouse brain at high
resolution. In addition to resolving differences between brain re-
gions, the high spatial resolution of spatial transcriptomics makes it
possible to characterize rTMS neuromodulation of the cortex down
to individual cortical layers. In this study, we leveraged the power of
spatial transcriptomics to map the changes to cellular processes and
neural plasticity induced across the adult mouse brain following
r'TMS to the primary motor cortex (M1) and somatosensory cortex
(SS). In addition, we aimed to characterize whether rTMS induces
different changes to the M1 and SS and how consistent these changes
are across the cortical layers. Our study focuses on the theta burst
stimulation (TBS) protocols as they are commonly used in both ba-
sic and clinical rTMS studies. We first show that rTMS neuromodu-
lation of the cortex was not uniform as characterization of the gross
changes to gene expression in the M1 and SS from all cortical layers
with bulk RNA sequencing (RNA-seq) showed little to no changes in
gene expression following continuous theta burst stimulation (cTBS)
and iTBS, respectively, relative to sham stimulation. In contrast, the
high resolution of spatial transcriptomics revealed that both ¢TBS
and iTBS lead to significant changes in gene expression related to
multiple cellular processes and neural plasticity mechanisms in the
cortex, white matter tracts, and subcortex, with the exact changes
dependent on the stimulation protocol, brain region, and cortical
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layer. In general, the effects of cTBS were mostly on general cellular
and neuronal processes, whereas iTBS had a greater effect on oligo-
dendrocyte plasticity-related genes.

RESULTS

Bulk RNA-seq of the cortex shows little to no effect of FTMS
To determine whether the effect of rTMS is largely uniform be-
tween neighboring cortical regions, we applied whole transcrip-
tome bulk RNA-seq to dissected sensorimotor cortical tissue (i.e.,
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M1 + SS dissected together) 3 hours after stimulation (Fig. 1, A and B).
Previous microarray and immunohistochemistry rTMS data have
reported changes in gene and protein expression in cultured neuro-
nal cells as early as 2 to 5 hours following stimulation (10-14). Hence,
we selected this time point of 3 hours to further investigate whether
similar gene expression changes can be detected following stimula-
tion delivered to freely moving animals. A principal components anal-
ysis (PCA) plot of the sequenced data displayed no distinct clustering
of biological replicates in each stimulation group (Fig. 1C). In particu-
lar, our sham (i.e., control) samples exhibited a large degree of spread
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Fig. 1. Bulk RNA-seq indicates differences in the regulation of gene expression between iTBS and cTBS in the mouse cortex. (A) Experimental workflow for bulk
RNA-seq of mice treated with iTBS (n = 5), cTBS (n = 5), or sham stimulation (n = 5). d, days; h, hours. (B) Schematic of the rTMS mouse model and stimulation protocols
used. (C) Two-dimensional PCA plot reveals no distinct clustering between stimulation groups. (D) Volcano plots of DEGs show no effect of iTBS on gene expression in the
cortex, whereas cTBS largely down-regulated the expression of cortical genes. After identifying DEGs, the Wald test was used to generate P values that were adjusted for
multiple comparisons through the Benjamini-Hochberg false discovery rate correction.
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on the PCA plot, reflecting an innate heterogeneity in our cohort of
mice. Notwithstanding the variability within treatment groups, we
found that cTBS accounted for the largest amount of variance be-
tween the conditions, with samples within this group clustering more
distinctly on the PCA plot, away from iTBS and sham-stimulated
animals. Therefore, this suggests that iTBS had a smaller effect on
cortical gene expression profiles compared to cTBS. Reflecting this,
differential expression analysis [P.adj < 0.05 and absolute log, fold
change (log,FC) > 1] relative to sham stimulation revealed no chang-
es in gene expression 3 hours following a single session of iTBS (Fig.
1D). In contrast, cTBS changed the expression of 293 genes with a
log,FC threshold of > 1 (Fig. 1D). However, following the exclusion
of predicted genes and pseudogenes, only 12 well-annotated protein-
coding genes were identified to be differentially expressed following
cTBS (1 up-regulated and 11 down-regulated) (Table 1).

To contextualize the functional implications of genes altered fol-
lowing cTBS, the differentially expressed genes (DEGs) were cross-
referenced using the National Center for Biotechnology Information
gene database to identify their function in the central nervous sys-
tem (CNS). Genes involved in the regulation of synaptic transmission
(Atp6v1bl and Cacnalf), DNA repair (Rsflosl), and G protein-
coupled receptor signaling (Vmn2r84 and Vmn2r86) all had a re-
duced expression post-cTBS. Crapbl was the only significantly up-
regulated gene, previously shown to be involved in several signaling
pathways including the mitogen-activated protein kinase (MAPK)
and calcium- and calmodulin-dependent protein kinase II (Cam-
KII) pathways. Several genes had no identifiable function in the ner-
vous system and were therefore left uncategorized. Because of the
limited number of significant DEGs identified following cTBS, Gene
Ontology (GO) enrichment analysis did not produce any common
functional classes between genes.

Spatially profiling the transcriptional effects of

TBS protocols

Given that bulk RNA-seq results indicated that iTBS and ¢TBS have
no to some gross effect, respectively, on the transcriptional profile of
the sensorimotor cortex 3 hours after stimulation, we hypothesized

that rTMS could be inducing transcriptional changes at a finer reso-
lution. Specifically, we hypothesized that rTMS induces changes that
are spatially and substructure-specific (e.g., differences between
motor and sensory cortices and differences between cortical layers)
(15, 16). Therefore, to further dissect the transcriptional changes with
higher resolution and characterize changes to cortical and subcortical
structures, we performed Visium spatial transcriptomics on coronal
brain sections from iTBS, cTBS, and sham-stimulated mice (Fig. 2A).

Following batch correction, unsupervised clustering analysis was
performed, which revealed 16 unique clusters across all iTBS, cTBS,
and sham samples (Fig. 2, B and C). These clusters were manually
annotated based on their anatomical location, using the Allen Mouse
Brain Atlas as a reference (Fig. 2B), resulting in the allocation of clus-
ters to various cortical layers [layer 1 (Ctx L1), layer 2/3 (Ctx L2/3),
layer 5 (Ctx L5), layer 6 (Ctx L6), and other cortical regions] and
subcortical structures [white matter tracts (WMT), caudoputamen
(CP), lateral septal complex (LSX), pallidum (PAL), hypothalamus
(HY), and the striatum ventral region (STRv)]. Because of the prob-
able dispersion of RNA among nearby spots on the slide during the
tissue permeabilization stage, four clusters were composed of spots
that could be detected across multiple regions in the tissue which
were classified as “unknown” and were excluded from further anal-
ysis. As expected, the total number of RNA capture spots and the
spatial distribution of each cluster/region was comparable between
samples, and thus differential gene expression analysis was per-
formed (Fig. 2D).

As we were able to run spatial transcriptomics on an entire coro-
nal hemisphere, we first quantified differences in gene expression
between cortical and subcortical regions (P.adj < 0.05 and absolute
log,FC > 0.25) following iTBS and cTBS (data S1 to S4). In agree-
ment with our bulk RNA-seq data, cTBS had a greater influence on
the number of DEGs across all brain regions [number of DEGs
ranging from 233 (STRv) to 477 (HY)] in comparison to iTBS [num-
ber of DEGs ranging from 11 (Ctx L2/3) to 52 (PAL)], 3 hours after
stimulation (Fig. 2E). cTBS mostly down-regulated the expression
of genes that were seen not only throughout all cortical layers but
also across all subcortical structures (Fig. 2F). This predominant

Table 1. Bulk RNA-seq identified several genes that displayed a significant differential expression in the mouse sensorimotor cortex 3 hours following
a single session of cTBS. Significant genes were selected based on a log,FC of > 1 and an adjusted P value (P.adj) of < 0.05.
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Fig. 2. Brain regions resolved using unsupervised clustering analysis of spatial transcriptomics data from iTBS, cTBS, and sham-stimulated mice. (A) Overview of
the spatial transcriptomics workflow performed on mice that received iTBS (n = 4), cTBS (n = 3), or sham stimulation (n = 4). (B) Representative plots of spatial transcrip-
tomics data from each treatment group, colored based on the clusters identified by unsupervised clustering analysis. Clusters were manually annotated based on their
anatomical location using the Allen Mouse Brain Atlas as a reference. Distinct transcriptome profiles can be seen between cortical and subcortical clusters, as visualized
on a Uniform Manifold Approximation and Projection (UMAP) plot. (C) UMAP plots of treatment groups following correction for any batch effects between samples.
(D) Number of spots corresponding to each cluster display little variation between samples. (E) Number of genes that had a significant change in expression (P.adj < 0.05,
log,FC > 0.25) in each annotated cluster, 3 hours following iTBS and cTBS, and (F) the proportion of those genes that were up-regulated and down-regulated. Full list of
DEGs can be found in data S3 and S4. Reported P.adj values are P values that have been adjusted for multiple comparisons for genes in each brain region/cortical layer,

using the Bonferroni correction method.
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down-regulation of gene expression was also seen in both cortical
and subcortical regions following iTBS, with the exception of corti-
cal layer 1 and white matter tracts that had a marginally higher pro-
portion of up-regulated genes. Despite targeting the stimulation to
the M1 and SS (i.e., having the highest E-field intensity), the tran-
scriptional profiles of subcortical structures showed a larger differ-
ence in the number of DEGs compared to cortical regions following
both iTBS and cTBS. This was reflected by the greatest number of
differential gene expression changes occurring in the pallidum,
white matter tracts, and hypothalamus following iTBS and in the
hypothalamus, lateral septal complex, and pallidum following cTBS
(Fig. 2E). Although there was some overlap in the significant gene
changes induced by iTBS and ¢TBS, each stimulation protocol also
had distinct transcriptional effects in each subcortical structure
(Fig. 3, A to F). To get a broad insight into the functional implica-
tions of the significant DEGs, we manually assigned each gene into
one of seven categories, relating to neural processes of interest,
based on its known function in the literature (Fig. 3G; see full list of
DEGs with their corresponding annotations in data S3). Following
both iTBS and c¢TBS, we identified the largest number of genes in-
volved in various processes occurring at the synapse or having a role
in mediating synaptic plasticity. We found no evidence of changes in
genes involved in neurogenesis across all subcortical regions follow-
ing iTBS, with changes to genes related to intrinsic plasticity and
neurotrophic factors also found to be limited across subcortical
structures. As cTBS had a greater influence on the expression of
genes throughout the brain, genes involved in various plasticity pro-
cesses (e.g., synaptic, intrinsic, and myelin plasticity), as well as
other neural functions (e.g., neurotransmitters, neurogenesis, neu-
rotrophins, and inflammation), were found to be affected in all sub-
cortical regions (Fig. 3G).

Using GO enrichment analysis, we further explored the biologi-
cal significance associated with the genes altered following iTBS and
cTBS within each subcortical region (fig. S2 and data S4). To gain an
understanding of the directionality by which various processes/
functions were being affected, separate GO analysis was performed
on up-regulated and down-regulated DEGs. Considering the sub-
stantial number of GO terms identified, we manually assigned the
GO terms into higher-order neural plasticity mechanism groups to
better contextualize the effects of each stimulation on different brain
regions (tables S1 and S2). We found a large number of GO terms
relating to oligodendrocytes and myelin, such as oligodendrocyte
differentiation, gliogenesis, and myelination, which were enriched
in the up-regulated DEGs within the white matter tracts following
iTBS (table S1 and data S4). Some examples of the genes implicated
in these white matter tract-specific responses following iTBS in-
clude myelin-associated glycoprotein Mag, CNS-specific myelin
protein Opalin, and glial cell differentiation regulator Metrn. In con-
junction with the up-regulation of various myelin plasticity mecha-
nisms in the white matter tracts, GO analysis of down-regulated
DEGs within the same region identified several terms related to syn-
aptic plasticity, such as G protein-coupled receptor binding and
dendritic spines. Within these GO terms, we identified an enrich-
ment of genes associated with dopaminergic signal transduction
including the dopamine- and cyclic adenosine monophosphate-
regulated phosphoprotein gene Ppplrlb, calbindin Calbl, and a
gene belonging to the phosphodiesterase family Pdelb (table S1
and data S4). Apart from white matter tracts, little to no GO terms
relating to the high-order neural plasticity groups were categorized
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within the other subcortical regions following iTBS. Instead, be-
yond neural plasticity mechanisms, we observed an enrichment
of mitochondrial-associated processes particularly among down-
regulated genes in the pallidum. In addition, GO terms relating to
ribosomal functions were found to be enriched among up-regulated
genes in the hypothalamus, as well as down-regulated genes in the
pallidum (data S4). In contrast, following cTBS, we identified chang-
es in multiple neural plasticity mechanisms across all subcortical
regions, with a predominant enrichment of synaptic plasticity— and
neurotransmitter-related GO terms among down-regulated genes
(table S2 and data S4). Alongside these synaptic changes, we also
observed the down-regulation of genes that were classified into var-
ious intrinsic plasticity mechanisms, such as “ion channel regulato-
ry activity” and “regulation of membrane potential” These include
genes encoding subunits on sodium voltage-gated channels Scn4b,
potassium voltage-gated channels Kcna2, and the ankyrin B scaf-
folding protein Ank2. Although our findings indicate that cTBS
modulates a wider range of neural plasticity mechanisms, we also
identified processes relating to different aspects of cell death, for ex-
ample, the “cellular response to oxidative stress” and “regulation of
apoptotic signaling pathway, which were enriched in both up-
regulated and down-regulated gene sets across all subcortical regions.

TBS protocols induce distinct plasticity mechanisms that are
specific to the M1 or SS

The use of rodent-specific coils allowed us to focus the peak-induced
electric field strength toward the M1 and SS. Therefore, based solely
on stimulation intensity, it could be expected that rTMS would in-
duce the same gene expression changes in the M1 and SS. Given the
resolution of spatial transcriptomics, we were able to separate the
M1 and SS from one another and investigate this directly. To distin-
guish between the two cortices, we registered each hematoxylin and
eosin (H&E)-stained tissue image to the Allen Mouse Brain Atlas,
creating an anatomical map specific to each sample. Previously an-
notated cortex-specific clusters were then selected, and the corre-
sponding atlas maps were overlaid on the subsetted clusters, allowing
the manual selection of Visium spots that aligned to the M1 or SS
(Fig. 4, A and B). Through comparisons between iTBS and sham-
stimulated tissue, we identified 14 DEGs (4 up-regulated and 10
down-regulated) in the M1 and 20 DEGs (2 up-regulated and 18
down-regulated) in the SS (Fig. 4C). Again, cTBS had a larger effect
on both the M1 and SS compared to iTBS, with 426 DEGs (67 up-
regulated and 359 down-regulated) and 328 DEGs (70 up-regulated
and 258 down-regulated) found in each respective cortical region
(Fig. 4C). Several genes were found to be differentially expressed
across both regions (8 genes shared between the M1 and SS follow-
ing iTBS and 262 genes with c¢TBS), indicating a number of genes
modulated by iTBS and cTBS that are not cortical region-specific
(see full list of DEGs in data S5).

We found changes in notable myelin marker genes (Mbp and
Mobp) that displayed a decrease in expression solely in the M1 fol-
lowing iTBS (Fig. 5A and fig. S3A). Although GO enrichment analy-
sis of genes affected by cTBS also identified the enrichment of genes,
in both the M1 and SS, that were grouped as part of the “myelin
sheath” gene set, many were not directly related to myelin and were
unexpectedly related to various mRNA, DNA, and ribosomal regula-
tory processes (e.g., Rps27a, Gapdh, Enol, etc.; see full lists in data S6).
Instead, following cTBS, we identified changes in well-characterized
markers for excitatory neurons (Camk2a) and inhibitory neurons
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Fig. 3. Differential gene expression analysis of different subcortical regions 3 hours following iTBS and cTBS in the mouse brain. Spatial plots depicting the ana-
tomical location of clusters that were annotated as various subcortical structures: (A) white matter tracts, (B) caudoputamen, (C) lateral septal complex, (D) pallidum,
(E) hypothalamus, and (F) striatum ventral region based on the Allen Mouse Brain Atlas. Venn diagrams display the overlap of significant DEGs (P.adj < 0.05, log,FC > 0.25)
identified in each corresponding brain region 3 hours post-iTBS and cTBS. (G) Significant DEGs within each subcortical region, where possible, were classified into different
neural processes based on their known function. Number of DEGs identified for each neural process, within each brain region following iTBS (n = 4) and cTBS (n = 3), are
shown. Dashes indicate that no DEGs were identified for that functional category. Full list of DEGs can be found in data S4. Reported P.adj values are P values that have
been adjusted for multiple comparisons for genes in each brain region using the Bonferroni correction method.
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the overlap of genes that had a significant change in expression (P.adj < 0.05, log,FC > 0.25) between iTBS (n = 4) and cTBS (n = 3) in the M1 cortex (top) and SS (bottom).
Full list of DEGs can be found in data S5. Reported P.adj values are P values that have been adjusted for multiple comparisons for genes in each brain region using the

Bonferroni correction method.

(Pvalb and Sst) that were seen across both the M1 and SS (Fig. 5, B
and C). Contrastingly, Camk2a was identified to be down-regulated
across both cortical regions whereas Pvalb displayed an increased in
expression within the same regions following cTBS. Sst, a gene ex-
pressed in another subset of inhibitory interneurons, was found to
have a decrease in expression only within the M1 following cTBS. In
line with the neuronal gene changes identified, we found several GO
terms implicated in aspects of synaptic and intrinsic plasticity across
both cortical regions following cTBS, most of which were down-
regulated in expression (Fig. 5, D and E; full lists can be found in
data S6). In particular, cTBS decreased the expression of numerous
genes encoding for proteins involved in neurotransmitter transport
and/or release (e.g., Snap25, Snca, Stxbpl, Synl, etc.; Fig. 5D), syn-
aptic function (e.g., Camk2a, Syngap1, Nrnl, Shankl, etc.), and syn-
apse structure (e.g., App, Pacsinl, Ppplr9b, etc.). These synaptic
plasticity changes were also accompanied by decreases in GO terms
relating to intrinsic plasticity such as “voltage-gated ion channel ac-
tivity” (e.g., Scnla, Scn2a, Ken2a, Cacna2dl, etc.; Fig. 5E), “regula-
tion of postsynaptic membrane potential” (e.g., Slc8a2, Gabra3,
Stx1b, etc.), and “sodium ion transport” (e.g., Slc4al0, Slc6al, Slcla2,
Gria2, etc.).
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Subclustering of the M1 and SS reveals cortical

layer-specific effects of TBS protocols

Expanding on our subset analysis of the M1 and SS, we used the
power of spatial transcriptomics to further discern whether the ef-
fects of rTMS stimulation were occurring within specific layers of
the M1 and SS. To explore this, we individually subsetted the M1-
and SS-specific spots and again performed unbiased clustering anal-
ysis to reveal distinct cortical layers specific to each cortical region
(Figs. 6A and 7A).

In the M1, subclustering analysis identified four clusters that
anatomically corresponded to the various cortical layers (as defined
by the Allen Mouse Brain Reference Atlas). These were annotated as
cortical layer 1, cortical layer 2/3, cortical layer 5, and cortical layer
6 (Fig. 6, A and B). Because of the variable number of cortical layer
1 spots between samples, with some having only four or five spots,
further differential expression analysis was not performed on this
cortical layer (Fig. 6C). As seen previously, both TBS protocols pre-
dominantly induced a down-regulation of gene expression across all
cortical layers (Fig. 6D). Of the M1 layers, iTBS had the greatest in-
fluence on cortical layer 5, whereas cTBS instead had the greatest
influence on cortical layer 2/3 (Fig. 6E). Similar to our analysis of
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Fig. 5. Spatial expression signatures of representative genes relating to various neural structures/processes. Normalized counts were plotted across representative
spatial sections from sham-treated (n = 4), iTBS-treated (n = 4), and cTBS-treated (n = 3) groups for DEGs associated with (A) myelin, (B) excitatory neurons, (C) inhibitory
neurons, (D) neurotransmitter release, and the (E) regulation of membrane potential. All genes were identified to have significant change in expression (P.adj < 0.05,
log,FC > 0.25) in either the M1 or SS 3 hours following iTBS or cTBS. The corresponding log,FC of genes within specific cortical regions are displayed. Volcano plots con-
taining the normalized counts for each gene across all samples can be found in fig. S4. Reported P.adj values are P values that have been adjusted for multiple comparisons
for genes in each brain region using the Bonferroni correction method. N.A., not applicable.
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Fig. 6. Subclustering analysis of the M1 spots. (A) Visium spots corresponding to the M1 cortex were subsetted and reclustered to resolve four distinct cortical layers.
(B) UMAP plots colored by treatment group (left) and subclusters (right) of M1 cortex spots. (C) Bar plot displaying the number of spots per cluster between all samples.
As the number of spots annotated as “cortical layer 1 (Ctx L1)" was sparse in most of the samples, these were not included in the downstream differential expression
analyses. (D) Bar plot of the proportion of up-regulated and down-regulated DEGs in each M1 cortical layer, following iTBS and cTBS. (E) Venn diagram showing the over-
lap of significant DEGs between M1 cortical layers 2/3, 5, and 6, 3 hours following iTBS (left, n = 4) and cTBS (right, n = 3). (F) Examples of genes that display a significant
differential expression, in one or more M1 cortical layers, following either iTBS and/or cTBS stimulation. Genes displayed were identified to be involved in one of six differ-
ent neural processes based on their known function. For each gene, columns display the log,FC of the corresponding gene for each of the M1 cortical layers 2/3, 5, and 6
following iTBS and cTBS. Below, normalized counts for each gene were plotted across the best representative M1 cortex spatial section from a sham, iTBS, and cTBS treat-
ment group. Complete lists of DEGs and GOs affected by iTBS and cTBS for each M1 cortex layer can be found in data S7 and S8. For analysis, DEGs were considered sig-
nificant based on a threshold of P.adj < 0.05 and log,FC > 0.25. Reported P.adj values are P values that have been adjusted for multiple comparisons for genes in each
brain region/cortical layer, using the Bonferroni correction method.
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Fig. 7. Subclustering of SS spots. (A) Visium spots corresponding to the SS were subsetted and reclustered to resolve five distinct cortical layers. (B) UMAP plots colored
by treatment group (left) and subclusters (right) of SS spots. (C) Bar plot displaying the number of spots per cluster between all samples. Spots corresponding to cortical
layer 1 (Ctx L1) were not included in the downstream differential expression analysis due to their sparse distribution across samples. (D) Bar plot of the proportion of up-
regulated and down-regulated significant, DEGs in each SS cortical layer, 3 hours following iTBS (n = 4) and cTBS (n = 3). (E) Venn diagram showing the overlap of DEGs
between SS cortical layers 2/3, 4, 5, and 6, following iTBS (left) and cTBS (right). (F) Examples of genes that display a significant differential expression, in one or more M1
cortical layers, following either iTBS and/or cTBS stimulation. Genes displayed were identified to be involved in one of seven different neural processes based on their known
function. For each gene, columns display the log,FC of the corresponding gene for each of the SS cortical layers 2/3, 4, 5, and 6 following iTBS and cTBS. Below, normalized
counts for each gene were plotted across the best representative SS spatial section from a sham, iTBS, and cTBS treatment group. Complete lists of DEGs and GOs affected
by iTBS and cTBS for each SS layer can be found in data S9 and S10. For analysis, DEGs were considered significant based on a threshold of P.adj < 0.05 and log,FC > 0.25.
Reported P.adj values are P values that have been adjusted for multiple comparisons for genes in each brain region/cortical layer, using the Bonferroni correction method.
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subcortical regions, significant DEGs identified in each of the three
M1 layers were categorized into higher-order functional categories
relating to various neural processes (Table 2 and Fig. 6F; see full list
of DEGs in data S7). Broadly, we found evidence of iTBS inducing
changes in genes relating to synaptic plasticity (e.g., Slcla3 and Pcp4;
Fig. 6F) and myelin (e.g., Mbp and Mobp; Fig. 6F), most of which
were altered within layer 5 of the M1. As ¢TBS induced the greatest
number of gene expression changes across all cortical layers, we
found changes in genes relating to synaptic plasticity (e.g., Camk2a
and Slcla3; Fig. 6F), myelin (e.g., Mobp; Fig. 6F), intrinsic plasticity
(e.g., Ank2, Atpla3, and Kcnh3; Fig. 6F), neurogenesis (e.g., Hes5;
Fig. 6F), neurotrophins (e.g., Nenf; Fig. 6F), and inflammation (e.g.,
Snhg8, Tkbkb, and Jund; Fig. 6F), all of which displayed varying lev-
els of expression change and regulation. Furthermore, GO analysis
identified a considerable number of terms that we manually assigned
into high-order neural plasticity groups to better explore the effects
of each stimulation on the different M1 layers (tables S3 and S4; see
full GO lists in data S8). We found that the aforementioned myelin-
related changes identified in the M1 following iTBS appeared only
in cortical layer 5 (fig. S5 and table S3). A number of gene sets re-
lated to the regulation of apoptosis were enriched among DEGs that
were up-regulated following cTBS, particularly relating to a number
of intrinsic apoptotic pathways [e.g., the p53 pathway involved in
the cellular stress response (17)], which were found across all M1
layers. Gene sets broadly relating to neurogenesis and neurotrophin
functions were found only in cortical layer 2/3 among down-regulated
DEGs following cTBS. Given that ¢cTBS induced the largest number
of gene expression changes in cortical layer 2/3, we identified the
greatest number of GO terms relating to aspects of the synapse and/or
synaptic plasticity and intrinsic plasticity and/or membrane excitabil-
ity within this region (table S4). However, gene sets relating to neu-
rotransmitters were the least enriched within down-regulated DEGs
in M1 layer 2/3, with only 13 GO terms manually assigned to this
group, in comparison to 34 terms in cortical layer 5 and 20 terms in
cortical layer 6 (table S4).

In the SS, we identified five distinct clusters that were annotated
as cortical layer 1, cortical layer 2/3, cortical layer 4, cortical layer 5,
and cortical layer 6 (Fig. 7, A and B), using the Allen Mouse Brain
Atlas as a reference. Notably, our subclustering analysis of the SS was
able to additionally define cortical layer 4, classically found only in
the SS but not the M1 (18, 19) (Fig. 7A). Similar to our assessment

of the M1 subclusters, we excluded cortical layer 1 in our differential
expression analysis due to the low number of spots across all sam-
ples (Fig. 7C). We found that both iTBS and cTBS largely induced a
down-regulation of genes across all layers within the SS (Fig. 7D). In
particular, iTBS had the greatest effect on gene expression within SS
layer 6, with a total of 23/39 genes uniquely differentially expressed
with that region (Fig. 7E). Similarly, cTBS induced changes in the
greatest number of genes within cortical layer 6, although the num-
ber of unique DEGs between all cortical layers were comparable
(54/236 unique DEGs in cortical layer 5 to 62/236 in cortical layer 6;
Fig. 7E). Looking at the known function of DEGs within each SS
layer, we found changes in notable synaptic plasticity-related (e.g.,
Camk2n1), neurotransmitter-related (e.g., Glul), and inflammatory-
related (e.g., Gas5) genes following iTBS (Fig. 7F and Table 3). Little
to no genes relating to intrinsic plasticity-related processes were
identified across the SS following iTBS. Similarly to the M1, cTBS
induced changes across all seven of the different neural processes of
interest, with the greatest number of genes identified to be involved
in synaptic plasticity (e.g., Camk2nl, Snap25, and Mapkl; Fig. 7F).
Although changes to myelin-related genes were also identified fol-
lowing cTBS in the SS (e.g., Cadm4 and Prrc2a; Fig. 7F), these were
distinct from those seen to display a significant change in expression
following iTBS in the M1. Ribosomal-related genes (e.g., Rpl35,
Uba52, Rps29, etc.) were predominant among the genes that had a
down-regulated expression across all SS layers following iTBS, with
GO enrichment analysis identifying terms such as “structural con-
stituent of ribosome” and “cytoplasmic translation” being common
between genes (fig. S6). Unexpectedly, despite the low number of
up-regulated genes following iTBS, GO analysis found an enrich-
ment of genes relating to “glial cell projection” (Glul and Kcnj10)
within cortical layer 2/3 and “myelin sheath” (Gapdh, Tubala, and
Tubb4a) in cortical layer 6 (fig. S6 and table S5). Both Tubala and
Tubb4a are genes whose protein products each encodes for a-
tubulin and B-tubulin, constituents of microtubules that are critical
for neuronal structure (20, 21). Following cTBS, we found numer-
ous ribosomal-related GO terms among up-regulated DEGs, contrary
to iTBS. In addition, GO terms corresponding to different aspects of
the transcription and translation process of RNA, such as “mRNA 5'-
UTR binding” and “tRNA binding;” were also up-regulated following
cTBS across all SS layers (see full GO lists in data S10). Again, adopt-
ing our manual assignment of GO terms into higher-order neural

Table 2. Number of significant DEGs, associated with various neural processes, within the mouse M1 3 hours following a single session of iTBS or cTBS.
Genes that displayed a significant difference in expression following iTBS, and cTBS in each M1 cortical layer (L2/3, L5, and L6) were categorized into different
neural processes based on their known function. Significant genes had a log,FC of > 0.25 and an adjusted P value of < 0.05. Dashes indicate that no DEGs
involved in that neural process were identified. Complete lists of DEGs with the functional class labeled can be found in data S7.

iTBS cTBS
M1L2/3 M1L5 M1L6 M1L2/3 M1L5 M1L6
Synapse/synaptic plasticity 2 4 - 66 54
Inflammation/apoptosis 1 1 = . 21 15 4
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Table 3. Number of significant DEGs, associated with various neural processes, within the mouse SS 3 hours following a single session of iTBS or cTBS.
Genes that displayed a significant difference in expression following iTBS and cTBS in each SS cortical layer (L2/3, L4, L5, and L6) were categorized into different
neural processes based on their known function. Significant genes had a log,FC of > 0.25 and an adjusted P value of < 0.05. Dashes indicate that no DEGs
involved in that neural process were identified. Complete lists of DEGs with the functional class labeled can be found in data S8.

iTBS cTBS
SSL2/3 SSL4 SSL5 SSLé SSL2/3 SS L4 SSL5 SSLé
Synapse/synaptic plasticity 3 2 5 33 26 35
P
Oligddendrocyte/myelin e - . - e e e
Neurogene5|s L e i
N s 1 5 e e s

plasticity groups, we found changes in synaptic and intrinsic plasticity
mechanisms across all SS layers following cTBS that were predomi-
nately enriched in down-regulated DEGs (table S6). The number of
gene sets relating to “intrinsic plasticity and/or membrane excit-
ability” was highest in cortical layers 4 and 5. Similar to the M1, we
also identified several apoptosis-related gene sets that were associated
to up-regulated DEGs in cortical layers 2/3, 4, and 5. GO terms relat-
ing to “neurogenesis” were only identified among down-regulated
DEGs in cortical layer 2/3.

DISCUSSION

In this study, we used a combination of bulk RNA-seq and spatial
transcriptomics to characterize rTMS neuromodulation in mice fol-
lowing targeted stimulation of the M1 and SS. We show that bulk
RNA-seq lacks the spatial resolution to fully characterize the tran-
scriptomic changes induced by rTMS, but this could be overcome
with the use of spatial transcriptomics. Our data revealed that iTBS
and cTBS to the cortex alters gene expression in cortical and subcor-
tical brain regions and that rTMS alters the expression of genes re-
lated to several neural plasticity mechanisms and fundamental
cellular processes. A key finding for both stimulation protocols was
that the effect of rTMS was not uniform across the brain, and within
the cortex, the effect of rTMS varied between the different cortical
regions and their respective cortical layers. Generally, cTBS induced
a greater change in the number of DEGs compared to iTBS, and al-
though there was some overlap in the DEGs and their associated
processes, there were unique transcriptomic changes between the
protocols.

From previous studies in rodents, it is known that single-pulse
TMS activates neurons in a layer-specific manner (22, 23) and that
rTMS induces neuronal and glial plasticity in both superficial and
deep cortical layers (5, 6, 24, 25), which is not uniform across brain
regions. This led us to hypothesize that any transcriptomic changes
in the cortex following rTMS would depend on the unique circuit
and layer composition of the cortical region investigated. We found
that, overall, there was some overlap in the DEGs between the M1
and SS, but most of the changes were dependent on the neural cir-
cuit/cortical layer and protocol of TBS. In the M1, iTBS altered the
expression of genes related to a range of cellular functions across all

Ong and Tang, Sci. Adv. 11, eado6705 (2025) 8 January 2025

layers, oligodendrocyte/myelin plasticity in layers 5 and 6, and syn-
aptic plasticity in layer 6. In contrast, cTBS altered the expression of
genes related to a range of cellular functions and synaptic plasticity
across cortical layers. In the SS, iTBS altered the expression of a
range of cellular functions across all layers and oligodendrocyte/
myelin plasticity in layer 6, whereas cTBS altered the expression of
genes related to a range of cellular functions, neurotransmitter re-
lease, and synaptic plasticity in all layers, as well as intrinsic plastic-
ity in layer 4. These results suggest that iTBS may be more effective
at modulating oligodendrocyte/myelin plasticity in the cortex than
cTBS, which is supported by previous work in mice that has shown
that iTBS but not cTBS up-regulates oligodendrocyte maturation
and survival in the M1 (6), as well as altered myelin structure fol-
lowing iTBS (7). cTBS, on the other hand, appears to have a greater
effect on gene expression related to synaptic and intrinsic plasticity
(i.e., neuronal plasticity mechanisms) at 3 hours after stimulation.
Together, our results show that rTMS acts on neuronal and oligo-
dendrocyte/myelin plasticity mechanisms as well as fundamental
cellular functions simultaneously, which to a large degree, is specific
to the cortical region, cortical layer, and protocol of rTMS applied.
In clinical and nonclinical populations, neuroimaging studies have
shown changes to cortical and subcortical regions outside the target-
ed stimulation site following TBS (26-29). Given that the induced
electric field decreases exponentially from the coil surface, changes
outside the targeted region suggest that rTMS neuromodulation
spreads across neural circuits and networks independent of the in-
duced electric field. Our data confirm that this occurs at the transcrip-
tomic level as cortical stimulation led to changes in gene expression in
both superficial and deep cortical layers, as well as changes in the
underlying white matter tracts and subcortical regions (caudoputa-
men, hypothalamus, lateral septum, pallidum, and ventral striatum).
Unexpectedly, the number of DEGs in these subcortical regions was
similar to the number of DEGs in the cortex, further suggesting
intensity-independent effects of rTMS. This raises the question of
how distant brain regions/circuits undergo neuromodulation. We
speculate that rTMS increases neural excitability within the targeted
site of stimulation (24, 25), which drives activity-dependent plasticity
in downstream circuits through synaptic connectivity (i.e., direct an-
atomical connections). In our data, this is supported by the fact that
all the white matter tracts and subcortical structures we investigated
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are known to receive direct monosynaptic input from the M1 and SS
(30). For example, the striatum is known to receive inputs from the
motor cortex via intratelencephalic and pyramidal tract neurons (31)
and r'TMS modulation of these neurons in the cortex may provide a
direct pathway to drive plasticity subcortically. The specific transcrip-
tomic changes induced in the white matter tracts and subcortical re-
gions were also brain region/circuit- and protocol-specific. Moreover,
the main effect of iTBS was mostly confined to oligodendrocyte/my-
elin plasticity- and synaptic plasticity-related genes in the white mat-
ter tracts with no glial-related changes occurring in the caudoputamen
or ventral striatum, and changes related to neurotransmitter release
only occurring in the lateral septal complex. In contrast, cTBS had
less of an effect on oligodendrocyte/myelin plasticity-related genes
but altered the expression of genes related to synaptic plasticity, neu-
rotransmitter release, and intrinsic plasticity in the white matter tracts
and all the subcortical regions. Therefore, although newer forms of
rTMS, such as temporal interference rTMS (32), may provide a more
efficient way of inducing plasticity in subcortical regions, our data
provide direct evidence that rTMS targeted to the cortex leads to
strong modulation of subcortical circuits and recruits neuronal and
glial plasticity in these synaptically connected subcortical regions with
some degree of protocol specificity.

In addition to identifying the neuronal and glial plasticity mech-
anisms activated by rTMS, an important finding from our whole
transcriptome sequencing was further evidence that rTMS alters the
expression of genes related to a wide range of cellular functions
(10, 14, 33). Specifically, we found that ¢TBS and iTBS altered the
expression of genes related to essential cellular functions including
mitochondrial function, transcription, translation, and cell death.
cTBS in particular led to an up-regulation and down-regulation in
the expression of genes related to cell death, apoptosis, and oxidative
stress. We suspect that this stress response is nonspecific as cTBS is
not known to decrease cell counts relative to sham in the motor or
sensory cortices (6) and we found no changes to other processes
commonly seen with cell death (e.g., inflammation). For the chang-
es to other cellular functions such as mitochondrial function, tran-
scription, and translation, we speculate that these occur in response
and/or are required to support the neuronal and glial plasticity
mechanisms induced [e.g., a change to fundamental transcription
and translation genes is needed to support the synthesis of proteins
required for synaptic plasticity (5)].

Despite major methodological differences between our study
and previous rodent studies that have investigated the mechanisms
of TBS rTMS in the motor and sensory cortices (e.g., species, stimu-
lation intensity, number of TBS sessions, anesthesia, etc.), a general
comparison reveals common plasticity mechanisms affected by
TBS. In particular, our results support previous reports that TBS al-
ters synaptic activity with changes to neurotransmitter synthesis
and release (34-36) as well as synaptic plasticity processes (25, 37).
Outside of the synapse, we provide further evidence that TBS can
alter neuronal excitability through intrinsic plasticity (24, 25, 38),
and to our knowledge, cTBS-induced intrinsic plasticity has not
previously been shown. Another common finding was the action of
cTBS on specific inhibitory neuron subtypes. Previous studies have
suggested that cTBS affects the dendritic integration of pyramidal
neurons by altering the activity of calbindin expressing neurons
(36, 39, 40), a subgroup of somatostatin inhibitory neurons (9, 41)
that inhibit pyramidal neuron dendrites (42). Our data support this
theory as we found decreased expression of the somatostatin gene
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following cTBS in cortical layers 5 and 6. Furthermore, cTBS altered
the expression of the parvalbumin gene in cortical layer 5 that de-
fines another subtype of inhibitory neurons that regulate pyramidal
neuron output through perisomatic inhibition. Although cTBS has
been shown to affect parvalbumin (40, 43, 44) and somatostatin
neurons before, our results suggest that the effect of cTBS on these
inhibitory neurons is more pronounced in deeper cortical layers.

Irrespective of the variability in TBS outcomes (45-47), iTBS is
commonly believed to have a greater effect on neural plasticity mea-
sures compared to cTBS. In rodents, this is reflected by a greater change
to protein markers of neural activity (43, 44), and in humans, a greater
and longer-lasting change to motor-evoked potential amplitudes (48).
In our outcome measure of DEGs, we found that cTBS often led to a
greater number of DEGs and more neural plasticity mechanisms com-
pared to iTBS. From these results, we conclude that at 3 hours post-
stimulation, ¢TBS has a greater and more diverse action on gene
expression within the brain relative to iTBS. We stop short of saying
cTBS has a greater effect on neural plasticity in general as the number
of DEGs is likely to change with time after stimulation. For example, in
long-term potentiation (i.e., synaptic plasticity) induced with electrical
stimulation, gene expression is altered but the number of DEGs does
not peak until 24 hours after stimulation, and the number of DEGs is
not proportional to the amount of synaptic potentiation (49). There-
fore, although our results show which neural plasticity mechanisms
iTBS and cTBS are acting on, we caution against the use of the total
number of DEGs at one time point to generalize which protocol of TBS
has the greatest effect on neural plasticity.

When interpreting our results, it should be noted that we delivered
bilateral stimulation and one concern is that inducing neural plasticity
in both hemispheres could lead to unpredictable effects due to inter-
hemispheric connectivity. This is certainly a possibility; however, it has
been shown in rats that inducing neural plasticity in both SSs with iTBS
and cTBS leads to an expected up-regulation and down-regulation of
neuronal activity, respectively (50), arguing against the idea of unpre-
dictable effects following bilateral stimulation. The other important
consideration is that, despite an established use of bilateral stimulation
to study the mechanisms of rTMS in rodents (6, 7, 25, 34, 35, 39, 50-
52) or as a treatment in humans (53), it may induce different neural
plasticity mechanisms compared to unilateral stimulation. Given that
our transcriptomic datasets are in agreement with the cellular changes
observed in our previous studies that have used bilateral (6, 7) and uni-
lateral stimulation (5, 54) in the mouse motor cortex, our combined
work suggests that there is at least some overlap in the mechanisms of
unilateral and bilateral rTMS. This is further supported by data from
patients with major depressive disorders where bilateral rTMS has the
same antidepressant efficacy as unilateral rTMS (53, 55, 56).

For our study, we were able to mimic human rTMS and target the
maximum induced electric field to a small region of the cortex,
avoiding direct stimulation of the entire cortex, white matter tracts,
and subcortex (5). However, improved stimulation focality can only
be achieved with lower stimulation intensities (8), which, in our ex-
periments, is believed to induce an electric field below the threshold
needed to generate an action potential (>150 V/m) (57) but well
above intensities previously shown to alter motor-evoked potentials
(58), motor learning (54), oligodendrocyte/myelin plasticity (6, 7),
intrinsic plasticity (24), and synaptic plasticity (5, 54) in rodents.
Nevertheless, although we have shown protocol-, brain region-, and
cortical layer-specific transcriptomic changes with subthreshold rTMS
that is more reflective of “medium intensity rTMS,” it is possible that
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higher intensities of rTMS with low stimulation focality that do in-
duce action potentials (“high intensity rTMS”) would lead to differ-
ent transcriptomic changes. It is also important to note that our data
provide a snapshot of the transcriptomic changes that occur 3 hours
poststimulation, and it is highly likely that the transcriptomic and
plasticity mechanisms induced by rTMS vary with time after stimu-
lation. For example, intrinsic plasticity is observed immediately af-
ter stimulation with iTBS in cortical brain slices (24), whereas
functional synaptic plasticity is only observed 2 to 4 hours after
stimulation in organotypic entorhinohippocampal slice cultures
(1, 2). In vivo, iTBS-induced structural synaptic plasticity persists to
at least 45 hours after stimulation in cortical pyramidal neurons (5)
and has previously been suggested to lead to early and late changes
to neural activity (36). Therefore, although we have provided a criti-
cal step to guiding the use of basic and clinical rTMS, it will now be
important that future studies map rTMS neuromodulation using
different rTMS parameters (e.g., the Food and Drug Administra-
tion—approved 10-Hz protocol), brains of different ages and sex, and
at several time points after stimulation. Furthermore, as whole tran-
scriptome spatial platforms become cheaper and continue to im-
prove, future studies using larger capture areas with single-cell
resolution are needed to determine how far rTMS neuromodulation
extends and if the brain region/layer-specific changes of rTMS are
shaped by certain cell subtypes.

In conclusion, we have provided high-resolution maps of the cel-
lular mechanisms induced by rTMS across the brain. Our findings
show that the effect of rTMS is far-reaching and acts on more mo-
lecular mechanisms than previously thought. We show that rTMS
neuromodulation, to some extent, is specific to the protocol of rTMS
used, brain region, and cortical layer. The knowledge gained should
assist in an improved interpretation and use of rTMS to manipulate
neural circuits in clinical and nonclinical populations.

MATERIALS AND METHODS
Experimental design
This laboratory study investigated the transcriptomic changes that oc-
cur after two commonly used protocols of rTMS relative to control/
sham stimulation. Bulk RNA-seq was used to investigate whether gross
transcriptomic changes could be detected in the sensorimotor cortex
and spatial transcriptomics was used to map transcriptomic changes at
a much greater resolution and across an entire hemisphere. We hy-
pothesized that the effect of rTMS across the brain would vary given
the unique cellular and circuit composition of different brain regions.
Similarly, given that previous studies have shown different effects of
r'TMS depending on the protocol used, we hypothesized that the iTBS
protocol would induce different transcriptomic changes to cTBS.
Young adult mice were randomly allocated to receive a single ses-
sion of sham, iTBS, or ¢TBS prior to processing for bulk RNA-seq or
spatial transcriptomics at 3 hours after stimulation. Sham stimula-
tion and rTMS were delivered using a rodent-specific rTMS coil that
replicates the stimulation focality used in human rTMS and has
been shown to induce behavioral and cellular neural plasticity in
rodents. Bulk RNA-seq used dissected cortical tissue comprising the
M1 and SS (i.e., M1 + SS). Spatial transcriptomics used coronal sec-
tions containing the M1 and SS, and the analysis on different brain
regions was done through clustering and in reference to the Allen
Mouse Brain Atlas.
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Animals

Young (n = 27; 12 weeks old) male C57BL/6] mice, supplied by the
Animal Resource Center (Murdoch, Australia), were used for all ex-
periments. Mice were pair-housed upon arrival and given 7 days of
habituation to the facility under a standard 12-hour light/dark cycle
with ad libitum access to food and water. All animal procedures were
performed in accordance with the National Health and Medical Re-
search Council Australia Code of Practice for the Care and Use of
Animals for Scientific purposes following approval by the University
of Western Australia animal ethics committee (RA/3/100/1677).

Stimulation parameters and rTMS delivery
Custom-built rodent-specific circular coils (8 mm in height by 8 mm
in diameter) (58) were used to deliver focal stimulation to freely
moving mice. Stimulation was delivered as monophasic pulses (300-
ps rise time and 100-ps fall time) produced by a waveform generator
(Agilent 33500B, USA) connected to a bipolar operational power
supply (KEPCO BOP 100-4 M, USA). These coils replicate the stimu-
lation focality used in clinical rTMS and have been shown to induce
similar behavioral and functional changes in rodents [e.g., improved
motor learning (54) and altered motor-evoked potentials (58)]. To
reduce the animal’s stress during stimulation and ensure a consistent
position of the coil on the scalp, all mice were handled for a mini-
mum of 5 min/day for seven consecutive days prior to active rTMS or
sham stimulation delivery. During handling, mice were accommo-
dated to the placement of the coil on the surface of the head such that
the strongest region of stimulation (i.e., beneath the coil windings)
overlaid both hemispheres of the M1 and SS. The TMS power supply
(disconnected from the coil) was turned on 3 days into the handling
period to acclimatize mice to the noise produced by the stimulator.
Following the handling period, all mice were given a single ses-
sion of active rTMS or sham stimulation. In both the bulk RNA-seq
and spatial transcriptomics experiments, the coil was placed on the
scalp to focus the maximum electric field strength onto the M1 and
SS cortex. Active rTMS was delivered in the form of TBS (59), com-
prised a pattern of three pulses delivered at 50 Hz repeated in 5-Hz
intervals. Two patterns of TBS were tested, intermittent TBS (iTBS:
2-s train of TBS repeated once every 10 s for a total of 192 s, 600
pulses) and continuous TBS (cTBS: 40-s train of TBS, 600 pulses). An
input voltage of 60.2 V peak to peak was used to produce a peak elec-
tromagnetic field intensity of 210 mT at the base of the coil, as mea-
sured using a gauss meter (Hirst GMO08). Input voltage to the coil was
selected to produce the maximum magnetic field intensity while
maintaining the coil temperature at < 37°C throughout the duration
of stimulation. On the basis of previous electric field modeling of the
rodent-specific coil used, we estimate a peak-induced electric field of
~30 V/m at the cortical surface (5), which is similar to the intensities
shown to induce synaptic and microglial plasticity in vitro (~19 V/m)
(1-4). At this intensity, we believe that the stimulation reflects “me-
dium intensity rTMS” and is subthreshold relative to motor-evoked
potentials as we did not observe any rTMS-induced movements or
change in motor behavior during stimulation. Sham stimulation was
performed for 192 s under all the same conditions, with the coil un-
plugged from the stimulation instrument. All mice were euthanized
using an overdose of sodium pentobarbital and immediately per-
fused with 20 ml of ice-cold saline (0.9%) 3 hours following rTMS
stimulation, a time frame at which neural plasticity changes have
been observed (1-3, 10).
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Bulk RNA-seq sample preparation and whole

transcriptome sequencing

For bulk RNA-seq, right sensorimotor cortices were dissected from
iTBS (n = 5), cIBS (n = 5), and sham-stimulated (n = 5) young
mice. RNA was extracted using the RNeasy Mini Kit (Qiagen) and
RNase-Free DNase Set (Qiagen), following the standard manufac-
turer’s instructions. RNA samples were quantified using a LabChip
GX Touch Nucleic Acid Analyzer, and all were verified to have an
RNA integrity number (RIN) of > 7 required for sequencing.

All RNA samples were submitted to the Australian Genome Re-
search Facility (AGRF; Melbourne, Australia) for library prepara-
tion and RNA-seq. In brief, ribosomal RNAs were depleted from
samples using the Illumina Ribo-Zero Plus rRNA Depletion Kit
prior to the generation of cDNA libraries. Libraries were prepared
using the TruSeq Stranded mRNA Total Library Prep Kit (Illumina)
and pooled prior to sequencing. Whole transcriptome RNA-seq was
performed on the Illumina NovaSeq 6000, generating 50 million,
150-base pair (bp) paired-end reads using the Illumina DRAGEN
BCL Convert 07.021.624.3.10.8 pipeline. Libraries for each animal
were run in quadruplicate (i.e., samples run over four sequenc-
ing lanes).

Bulk RNA-seq data processing

Raw RNA-seq FASTQ files from each sample were quality checked
using FastQC (v.0.11.9) (60) to check for any variability among se-
quencing replicates. Replicates were concatenated, and the first 15 bp
of reads were trimmed, using fastp (61), before being aligned to the
ENSEMBL Mus musculus GRCm39 reference genome, using STAR
aligner (v.2.7.10a) (62).

Visium spatial transcriptomics

A separate group of mice from the bulk RNA-seq experiments were
used for spatial transcriptomics. Brains from sham-stimulated (n = 4),
iTBS (n = 4), and ¢TBS (1 = 4) mice were removed and dissected
along the midline. Right hemispheres from each animal were immedi-
ately placed in a prepared embedding mold (1 cm by 1 cm) containing
a thin layer of an optimal cutting temperature (OCT) embedding me-
dium, and further OCT was added to cover the tissue, ensuring that
no air bubbles were present. Embedded tissues were flash frozen in a
bath of isopentane and cooled by liquid nitrogen.

Using a cryostat (CryoStar NX70, Thermo Fisher Scientific), tissue
blocks were sectioned coronally to 10 pm in thickness. To assess the
RNA quality prior to performing the spatial transcriptomics work-
flow, 10 to 15 sections were collected from each animal and the
RNeasy Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) were
used to extract RNA as per the manufacturer’s instructions. All sam-
ples had a RIN of > 8, quantified using a LabChip GX Touch Nucleic
Acid Analyzer, and were subsequently used for spatial transcriptomics.

During the Visium spatial transcriptomics workflow, an enzy-
matic permeabilization step is required to allow for the release of
RNA from tissue onto the adjacent capture probes on the glass slide.
To determine the optimal permeabilization time, the Visium Spatial
Tissue Optimisation Reagents Kit (10X Genomics) was used ac-
cording to the manufacturer’s guidelines. As tissue permeabilization
times were not expected to vary between mice of the same species
and sex, a separate male C57BL/6] mouse (12 weeks old) was used
for all optimization steps. Flash-frozen coronal tissue sections (right
hemisphere, 10 pm in thickness) were mounted and fixed onto the
eight capture areas of the tissue optimization slide. Various tissue
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permeabilization times were tested: 3, 6, 12, 18, 24, and 30 min. Flu-
orescent cDNA was synthesized on the side from the RNA released
from tissues, and sections were imaged on a Ti2 inverted microscope
(Nikon). Twelve minutes was selected as the optimal permeabiliza-
tion time based on the highest fluorescence intensity detected with
the lowest diffusion signal.

Following assessment of the RNA quality and tissue optimiza-
tion, 10-pm coronal brain sections from each animal, taken from
the same approximate location along the coronal plan (~0.26 to
0.74 mm anterior from bregma), were mounted on the Visium Spatial
Gene Expression Slide (10X Genomics). The spatial gene expression
protocol was performed according to the manufacturer’s instructions.
In brief, mounted sections were methanol fixed and stained with
H&E for morphological analysis and reference for spatial sequencing
data. Stained sections were imaged on a Ti2 inverted microscope
(Nikon) ata X10 magnification (numerical aperture = 0.45, 2424-pixel
by 2424-pixel resolution). Raw bright-field images were processed in
FIJI Image J.

After imaging, Visium Spatial Gene Expression Slides were incu-
bated with a permeabilization enzyme for 12 min, allowing for poly(A)
(polyadenylate) mRNA to be directly captured by spatially barcoded
probes on the slide. Reverse transcription and second-strand synthesis
was performed, generating cDNA strands on the slide that were re-
leased and used to construct a sequencing-ready cDNA library.

All 12 dual-indexed, paired-end cDNA libraries were submitted
to the AGRF (Melbourne, Australia) for sequencing. Libraries were
sequenced on a NovaSeq 6000 instrument (Illumina) using an S1
100-cycle flow cell, at a sequencing depth of ~100 million to 250 million
read pairs per sample. Special sequencing read configurations was per-
formed as described by the Visium protocol: read 1, 28 bp; i7 index,
10 bp; i5 index, 10 bp; and read 2, 90 bp.

Spatial transcriptomics data processing

Raw RNA-seq FASTQ files were aligned to the Mus musculus mm10
reference genome and matched with the corresponding H&E tissue
images using the 10X Genomics SpaceRanger software (v2.0.0). A
summarized count table of genes identified within each spot within
the spatial fiducial frame array [i.e., unique molecular identifier
(UMI) counts] was also generated. Only spots under the tissue were
considered for downstream analysis.

Further processing and analysis were performed using R (v4.1.0).
Raw counts and images of all samples were compiled through the
spatial transcriptomics toolkit, STUtility (v1.1.1) (63), and analyzed
using a combination of functions in the package and Seurat (v4.0.3)
(64). During the quality control assessment of our spatial transcrip-
tomics data, one cTBS-treated sample was flagged with having a
higher proportion of spots with no transcripts (i.e., UMIs) detected
(fig. S1A). Upon further inspection of the distribution of UMISs per
spot across the tissue, cTBS-treated sample number 4 had regions
that were not successfully permeabilized, as measured by low tran-
script numbers, and this sample was therefore omitted from further
analyses (fig. S1B). As a result, the final sample size for cTBS was
n =3 and n = 4 for sham and iTBS. As an extra quality control mea-
sure, spots expressing more than 30% of mitochondrial genes were
also discarded as they typically reflect a large proportion of dead/
lysing cells within the capture area (65). The remaining reads were
subsequently normalized using the SCTransform function in Seurat
to account for heterogeneity in sequencing depth between samples.
To identify the effect of the different stimulation protocols on various
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brain regions and cortical layers, differential gene expression analy-
sis between TBS and sham-stimulated tissue was performed using
the FindMarkers function in Seurat.

Allen Mouse Brain Atlas image registration

Identification of cortical region-specific Visium spots was done us-
ing the Manual Annotation function in STUtility, using the H&E im-
ages registered to the Allen Mouse Brain Atlas as a reference. To
achieve this, annotated outlines of several coronal sections were ob-
tained from the Allen Mouse Brain Reference Atlas (Mouse, P56,
Coronal v.2; images 47, 51, 52, and 53). Outlines were chosen based
on how closely they matched with each individual H&E image on an
anatomical level. Registration of the atlas outline to each H&E sec-
tion was then performed in FIJI Image]J (v.2.14.0) using the BigWarp
plugin (66).

Statistical analysis

Bulk RNA-seq analysis was done in in R (v4.1.0), where reads were
quantified, and a raw count table was generated using GenomicAlig-
nments (v.1.26.0) (67). Differential gene expression analysis was
performed using the standard DESeq2 (v.1.30.1) (68) analysis pipe-
line where iTBS- and cTBS-treated animals were compared against
sham controls. In brief, the Wald test was used to generate P values
that were adjusted for multiple comparisons through the Benjamini-
Hochberg false discovery rate correction (69). From the list of DEGs
relative to sham with P-adjusted values of < 0.05 (data S12), genes of
interest were determined by further filtering for genes that had an
absolute log,FC of > 1. Data visualization plots were generated with
ggplot2 (v.3.3.3) (70).

For spatial transcriptomics data, DEGs were identified using the
Seurat FindMarkers function. From the list of DEGs relative to sham
with P-adjusted values of < 0.05 (data S13 and S14), genes of interest
were determined by further filtering for genes that had an absolute
log,FC of > 0.25 (16). Visium spots corresponding to each brain
region/cortical layer were first subsetted prior to performing differ-
entially expression analysis between treatment groups. Thus, report-
ed P.adj values are P values that have been adjusted for multiple
comparisons for genes in each brain region/cortical layer, using the
Bonferroni correction method. GO enrichment analysis and visual-
ization was performed using the clusterProfiler (v.4.2.2) (71) and the
GO database (72). Data plots were generated with ggplot2 (v.3.3.3)
or visualization tools in STUtility (e.g., ST.FeaturePlot).

The main analysis scripts for this manuscript can be found at
https://github.com/rebecca-ong/rTMS-spatial.
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Figs. S1to S6

Tables S1to S6

Legends for data S1to S14
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