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Abstract

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation
technique used to induce neuronal plasticity in healthy individuals and patients.
Designing effective and reproducible r'TMS protocols poses a major challenge in the
field as the underlying biomechanisms remain elusive. Current clinical protocol designs
are often based on studies reporting rTMS-induced long-term potentiation or depression
of synaptic transmission. Herein, we employed computational modeling to explore the
effects of r'TMS on long-term structural plasticity and changes in network connectivity.
We simulated a recurrent neuronal network with homeostatic structural plasticity
between excitatory neurons, and demonstrated that this mechanism was sensitive to
specific parameters of the stimulation protocol (i.e., frequency, intensity, and duration of
stimulation). The feedback-inhibition initiated by network stimulation influenced the
net stimulation outcome and hindered the rTMS-induced homeostatic structural
plasticity, highlighting the role of inhibitory networks. These findings suggest a novel
mechanism for the lasting effects of r'TMS, i.e., r'TMS-induced homeostatic structural
plasticity, and highlight the importance of network inhibition in careful protocol design,
standardization, and optimization of stimulation.

Author summary

The cellular and molecular mechanisms of clinically employed repetitive transcranial
magnetic stimulation (rTMS) protocols remain not well understood. However, it is clear
that stimulation outcomes depend heavily on protocol designs. Current protocol designs
are mainly based on experimental studies that explored functional synaptic plasticity,
such as long-term potentiation of excitatory neurotransmission. Using a computational
approach, we sought to address the dose-dependent effects of r'TMS on the structural
remodeling of stimulated and non-stimulated connected networks. Our results suggest a
new mechanism of action—activity-dependent homeostatic structural
remodeling—through which rTMS may assert its lasting effects on neuronal networks.
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We showed that the effect of r'TMS on structural plasticity critically depends on
stimulation intensity, frequency, and duration and that recurrent inhibition can affect
the outcome of r'TMS-induced homeostatic structural plasticity. These findings
emphasize the use of computational approaches for an optimized rTMS protocol design,
which may support the development of more effective rTMS-based therapies.

Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain
stimulation method used in basic and clinical neuroscience(I2I3). Based on the
principle of electromagnetic induction, rTMS induces electric fields that activate cortical
neurons and modulate cortical excitability beyond the stimulation period (4l5lJ6l). This
makes rTMS a suitable tool for studying and modulating brain plasticity in healthy and
disease states [7I8], [9] [TOTI].

Experiments in animal models have shown that rTMS induces specific changes in
excitatory synapses, that are consistent with a long-term potentiation (LTP) of
neurotransmission (12}, [13] 4] [15]). Using animal models (both in vitro and in vivo), we
also previously demonstrated rTMS-induced changes in inhibitory neurotransmission,
wherein a reduction in dendritic but not somatic inhibition was observed (L6]). These
findings provide an explanation of how rTMS may assert its effects—by mediating
disinhibition and priming stimulated networks for the expression of physiological
context-specific plasticity (I7). Nevertheless, it remains unknown how exogenous
electric brain stimulation that is not linked with specific environmental or endogenous
signals asserts therapeutic effects in patients.

In recent years, a considerable degree of variability (or even absence) of rTMS
induced “LTP-like” plasticity—measured as a change in the evoked potential of the
target muscle upon stimulation of the motor cortex (I8} 19 20 2T)— has been reported
in human participants, often leading to difficulties in reproducing results (22)). Efforts to
explain this variability have largely focused on the assessment of possible confounding
factors that may affect the outcome of a given rTMS protocol as well as on prospective
optimization of induced electrical fields for standardization of stimulation protocols and
dosing across participants (23], 24]). This has also led to discussions on alternative
underlying mechanisms, such as the impact of rTMS on glial cells and rTMS-induced
structural remodeling of neuronal networks (25], 26, 27), 28). There has been emerging
evidence of structural plasticity induced by rTMS. Studies have demonstrated that
r'TMS facilitates reorganization of abnormal cortical circuits (L0} [IT]), which may be
pertinent to its therapeutic effects and cognitive benefits (29/30). Moreover, structural
connectivity changes induced by rTMS have been shown to underlie anti-depressant
effects in chronic treatment-resistant depression (31), B2 B3]). Vlachos et al. (12)) also
demonstrated structural remodeling imposed by 10 Hz repetitive magnetic stimulation
on small dendritic spines in an in vitro setting. More recently, structural synaptic
plasticity in response to low-intensity r'TMS was demonstrated using longitudinal
two-photon microscopy in the motor cortex of mice (14). Towards this direction, we
used network simulations to evaluate the dose-dependent effects of rTMS on the
structural remodeling of neuronal networks in this study. We evaluated rTMS-induced
structural changes that may occur even in the absence of changes in synaptic weights
(i.e., LTP-like plasticity). Specifically, we employed an inhibition-dominated recurrent
neuronal network with homeostatic structural plasticity that follows a negative feedback
rule (34135, [36]). In this network, continuous synaptic remodeling takes place in order to
maintain neuronal activity at a stable point. Deviation from this level of activity are
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restored using synaptic formation or deletion at regular intervals. Based on our previous
experimental findings that 10 Hz stimulation induces structural remodeling of excitatory
synapses and dendritic spines (12)), we assessed the effects of stimulation intensity, pulse
number, and frequency—including clinically established intermittent theta burst
stimulation (iTBS)—on rTMS-induced homeostatic structural plasticity.

Materials and methods

Neuron model

All large-scale simulations in the present study were performed using NEST simulator
2.20.0 (37)), using MPI based parallel computation. Single neurons were modeled as
linear current based leaky integrate and fire (LIF) point neurons, having subthreshold
dynamics expressed by the following ordinary differential equation:

dv;
dt

Tm

=—Vi+7m Y JiiS; (t—d) + AVirus, (1)
J

where 7, is the membrane time constant. The membrane potential of neuron 7 is
denoted by V;. The neurons rest at 0mV and have a firing threshold (Vi,) of 20mV.
The spike trains generated by neuron i is given by S;(t) = >, §(t — t¥), where tF gives
the individual spike times. The transmission delay is denoted by d. Individual excitatory
postsynaptic potentials have the amplitude Jg = 0.1 mV, and inhibitory postsynaptic
potentials have the amplitude J; = —0.8 mV. The matrix entry J;; represents the
amplitude of a postsynaptic potential induced in neuron i when a spike from neuron j
arrives. As multiple synapses can exist from neuron j to neuron i, the amplitude J;; is
an integer multiple of Jg or Ji, respectively, depending on the type of the presynaptic
neuron. AV,ryms denotes the membrane potential deviation induced by magnetic
stimulation which will be introduced in the following section. An action potential is
generated when the membrane potential V;(t) of the neuron reaches Viy,, following which
the membrane potential is reset to Vieses = 10mV. All parameters are listed in Table

Table 1. Parameters of neuron model

Parameter Symbol | Value

Membrane time constant Tm 20 ms

Resting potential Viest 0mV

Threshold potential Vin 20mV

Excitatory postsynaptic potential (EPSP) amplitude JE 0.1mV

Inhibitory postsynaptic potential (IPSP) amplitude JI —-0.8mV

Synaptic delay d 2ms

Reset potential Vi 10mV
Refractory period tref 21ms

Network model

We modeled an inhibition-dominated recurrent neuronal network (38), with 10000
excitatory and 2500 inhibitory neurons. To study the effects of rTMS on network
dynamics and network connectivity, we used both static networks and plastic networks.
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Static network

All inhibitory synapses in the static network have a fixed synaptic amplitude of

Jr = —0.8mV and excitatory synapses have a fixed amplitude of Jg = 0.1mV. All
synapses among inhibitory neurons, excitatory neurons, and between excitatory and
inhibitory neurons are static. These synapses are randomly established with a 10%
connection probability. All the neurons in the network receive steady stochastic
background input in the form of Poissonian spike trains of reyt = 30 kHz. This allows
the neurons to have fluctuating subthreshold membrane potential dynamics with
pre-determined stable firing rate of 7.8 Hz. The network parameters have been chosen
to facilitate an asynchronous-irregular resting state. The network parameters have been
listed in Table [l

Table 2. Parameters of network model

Parameter Symbol | Value
Number of excitatory neurons Ng 10000
Number of inhibitory neurons Np 2500
Connection probability Cp 10%
Rate of external input Text 30 kHz

Plastic network

The plastic network has the same network architecture as the static network, except
that the E-E connections were grown from zero following the homeostatic structural
plasticity rule implemented in previous works (35 [36 B9). By setting the target firing
rate to 7.8 Hz, the network will grow into an equilibrium status driven by the external
Poissonian input (rext = 30kHz), where the average connection probability is around

10% and all neurons fire irregularly and asynchronously around the target rate (7.8 Hz).

While using a plastic network, any repetitive magnetic stimulation is only applied after
completion of the growth period. Network parameters can be found in Table

Homeostatic structural plasticity rule

As mentioned above, the connections among excitatory neurons (E-E) followed a

homeostatic structural plasticity (HSP) rule, and were subject to continuous remodeling.

This rule has been inspired by precursor models by Dammasch (40), van Ooyen & van
Pelt (41)) and van Ooyen(42). This specific model was previously employed to show
cortical reorganisation after stroke (43) and lesion(44), emergent properties of
developing neural networks (45]) and neurogenesis in adult dentate gyrus (46}, [47).
However, we use a more recent implementation of this model in NEST (48]) which does
not include a distance-dependent kernel, previously used to demonstrate associative
properties of homeostatic structural plasticity (35, [39). The authors demonstrated that
without the need of an enforced Hebbian plasticity rule, this homeostatic rule can cause
network remodeling which displays emergent properties of Hebbian plasticity. Following
external stimulation, the affected neurons underwent synaptic remodeling that lead to
formation of a cell assembly among these neurons, thus exhibiting activity driven
associativity, a distinctive feature of Hebbian plasticity (49). In the present study, we
follow this line of thought to propose an alternative mechanism of rTMS induced
plasticity.
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Each neuron i in this model has a discrete number of dendritic spines (presynaptic
elements, z{) and axonal buotons (postsynaptic elements, z), which are paired to form
functional synapses. Synapses can only be formed if free synaptic elements are available.
Each synapse has a uniform strength of Jg = 0.1mV. The growth rule we use is a
rate-based rule, as implemented in NEST (48). The rule follows the set-point
hypothesis, which states that there is a set-point of intracellular calcium concentration
that a neuron tries to achieve, in order to maintain stability. Deviations from this
set-point level are met by global (whole neuron) efforts to restore it via synaptic
turnover. This is in line with experimental results that have shown that neurite growth
and deletion are controlled by intracellular calcium concentration (50, 51, 52)).
Therefore, in the model of homeostatic structural plasticity used here, the growth and
deletion of synaptic elements of a neuron i are governed by its intracellular calcium
concentration ¢;(t) = [C’az"’]i. Following each neuronal spike, there is an increase in
intracellular calcium concentration by amount, 8¢, through calcium influx. The
intracellular calcium concentration decays exponentially with time constant 7o, between
spikes. The spike train S;(t) related intracellular calcium dynamics can be expressed as,

de;i(t)
dt

_ —%qbi(t) + BoaSi(t). (2)

The variable ¢;(t) has been shown to be a good indicator of a neuron’s firing rate (53)).

According to the synaptic growth rule we use, each neuron i maintains a time-varying
estimate of its own firing rate, using its intracellular calcium concentration as a
surrogate. This estimate is used by the neuron to control the number of its synaptic
elements. When the firing rate falls below the prescribed set-point, indicated by a
target firing rate, the neuron grows new synaptic elements to form additional synapses.
Following this, freely available pre- and postsynaptic elements are randomly paired with
free synaptic elements of other neurons, forming new synapses. These synapses enable
the neuron to receive additional excitatory inputs, thus bringing the firing rate back to
the set-point. Similarly, when the firing rate rises above the set-point, the neuron
breaks existing synapses in order to limit the net excitatory inputs received. The
elements from these broken synapses are added to the pool of free synaptic elements.
Both the pre- and post-synaptic elements follow this linear growth rule (35, [36),

dzk (1)

=V [1 - 1@5,(75)] k€ {pre, post}, (3)

where 7 is the index of the neuron, v is the growth rate and ¢ is the target level of
calcium. The parameters of the homeostatic structural plasticity rule are listed again in
Table Bl

Table 3. Parameters of structural plasticity model

Parameter Symbol Value
Growth rate v 0.0039s*
Target level of calcium € 0.0078
Time constant for calcium trace TCa 10s
Increment on calcium trace per spike Bca 0.0001

Model of repetitive Transcranial Magnetic Stimulation (rTMS)

The electrical field induced by r'TMS was implemented in the form of current injections
into point neurons via a step-current generator in NEST simulator. For mathematical
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simplification, TMS pulses were modeled as rectangular waves. Each stimulus pulse had
a duration of 0.5 ms, modeled after output of conventional rTMS devices, and was
depolarizing (monophasic) in nature. Following evidence that rTMS causes changes in
spiking behavior of cortical pyramidal neurons (54, [55] 50), we used stimulation
intensities that are suprathreshold in nature. This premise allowed us to simplify the
role of TMS-induced electrical field in neuronal depolarisation in our simulations. The
orientation of the e-field is known to influence the cite of depolarisation in neurons, but
since we use spatially simplistic point neurons, the cite of stimulation does not have a
specific influence, as long as each stimulus causes an action potential. Previously, a
similar approach was taken to model transcranial direct current stimulation (tDCS)
(36)). Similar to rTMS, there is evidence supporting the therapeutic benefits of tDCS in
conditions like major depressive disorder (57, [58)) and chronic pain (59, [60). However,
unlike rTMS, tDCS is a continuous low intensity stimulation technique, typically not
sufficient to cause action potentials. tDCS mainly focuses on modifying the membrane
polarity of neurons in order to manipulate their threshold for action potential
generation (for an overview, see [61).

The effect of r'TMS over networks of neurons has often been described using canonical
cortical microcircuit models (62)) that include cortical layers II, IIT, V and inhibitory
interneurons. Both inhibitory and excitatory interneurons contribute towards the net
effect of TMS, via polysynaptic interactions (63). Accordingly, it has been observed
that TMS-induced depolarisation of superficial pyramidal neurons (L2/3) of the
canonical microcircuit may lead to recruitment of inhibitory interneurons that project
to large pyramidal neurons of layer V (64]) . Such robust effects of TMS on networks of
neurons (54 [65) were observed in our model in the form secondary activation of
inhibitory neurons.

In order to investigate the effects of protocol structure, we modeled repetitive
stimulation protocols (Fig 1D) of different frequencies and intensities. We also modeled
the clinically relevant US FDA approved protocol, namely intermittent theta burst
stimulation (iTBS) with 600 pulses, described in following sections. Parameters of TMS
protocols used throughout this study are summarised in Table [

Numerical experimental protocols
rTMS pulse triggering membrane potential deviation

In order to closely observe the response of individual neurons to single rTMS-like
stimulus, we modeled single excitatory neurons that receive equal net excitatory and
inhibitory Poissonian inputs and therefore maintain subthreshold membrane potential
dynamics. Spiking behavior was disabled in the neuron. A single pulse current injection
of 0.5 ms duration, which represents a magnetic stimulation pulse in our study, was
delivered to the neurons. We observe the membrane potential trace 5 ms before the
pulse onset to about 70 ms post the pulse onset. In order to account for randomness
and variability, we noted membrane potential traces from 500 individually isolated
neurons, all receiving nonidentical but equal net Poisson inputs. The membrane
potential traces were averaged to obtain a robust readout. We repeat this experiment
for different pulse amplitudes.

Theta burst stimulation protocol

Theta burst stimulation delivers bursts of stimuli at a 5 Hz frequency. Each burst
consists of three pulses that occur at a 50 Hz frequency. The US FDA approved
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Table 4. Parameters of Transcranial Magnetic Stimulation (TMS)

Figure | Protocol| Frequency (Hz) | AV(mV) Pulse count E-E
synapses

1B single - multiple! 1 -

TMS
2C rTMS 1,10, 50 0 — 200 900 static
2D rTMS 10 multiple? 100 static
30 rTMS 10,20,30,40,50 | 20 — 140 900 static
3C rTMS 10 68 900 plastic
3D rTMS 10 multiple? 900 plastic
4B rTMS 10 68 900, 3000, 9000, 22500 | plastic
4C rTMS 20, 30, 40,50 68 300 — 3000 plastic
4D rTMS 5,10,15,20 multiple? 600 plastic
5B rTMS iTBS multiple? 600 plastic
5C rTMS iTBS 68 multiple3 plastic
5D rTMS iTBS, ¢TBS, 10 68 multiple? plastic

! The membrane depolarisation caused are 0.98,1.96,2.94,3.93,4.92 mV.
2 The membrane depolarisation applied are: ¢ = 20mV,b = 39mV,c = 68mV,d = 160mV.
3 The pulse numbers used are 300, 600, 900, 1200, 3000 and 9000.

intermittent theta burst stimulation (iTBS) protocol has a more temporally complex 190
structure. The protocol consists of 600 pulses that last a total duration of 192s. The 101
pulses are delivered in the theta burst format for 2, followed by an 8s interval. This 102
cycle is repeated 20 times. The continuous theta burst stimulation (¢cTBS) consists of 10
600 pulses in the theta burst format delivered in 40s. The protocol structures can be 104

found in Fig 5A. 195
Analysis and quantification 106
Estimation of membrane potential deviation using Ohm’s Law 197
The membrane potential deviation in the leaky integrate and fire neurons caused by 108
current injection was estimated using Ohm’s Law. Accordingly, a current pulse of 199
amplitude A yields a membrane potential response, U (t): 200
U(t)= AR|1—exp (—t/T)] ) (4)
where R = 80 M) is the membrane leak resistance, 7 = 20 ms is the membrane time 201
constant of the neuron. In the case of brief pulses, similar to the TMS pulses used in 202
this study, following the current onset, the time course U(t) of the voltage rises 203
approximately linearly with time: 204
t
U(t)~ AR—, (5)
T

where ¢t = 0.5 ms is the duration of the TMS pulse. We used the above formulation to 20
calculate the membrane potential deviation caused by TMS pulses to single neurons. 206
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Firing rate

The spiking activity of individual neurons are read out using a spike-detector, as
available in NEST. The firing rate is calculated as a spike count average, across defined
time-steps of simulation, typically of 1000 ms duration. Mean firing rate of a population
are calculated as the arithmetic mean of firing rates of all the neurons from the group.

Network connectivity

Connectivity among all or subgroups of excitatory neurons is calculated using an n x m
connectivity matrix A;;, where n and m represents the total number of presynaptic and
postsynaptic neurons, respectively. Each entry in this matrix can either be zero or
non-zero positive integers, denoting the total number of synapses from presynaptic
neuron j to the postsynaptic neuron i. The connectivity of the whole network or
subnetworks were used in the present study for any given time-point t. It is thus
calculated as the mean of the whole matrix or corresponding part of it, as follows:

o= 3 Ay (6)

Time constant of connectivity saturation

In order to characterise the stimulation duration required to reach connectivity
saturation during stimulation, we perform a curve-fitting of the data-points using an
exponential function:

ft)=ae™™ + ¢ (7)

where Tgecay = 1 /b represents the time constant of the decay of connectivity during
stimulation.

Results

Changes in single-neuron membrane potential dynamics and
action potential induction in response to transcranial magnetic
stimulation (TMS)-like electric stimulation

Multi-scale compartmental modeling demonstrates that the electric fields induced by
TMS generally cause changes in the membrane potential of individual principal neurons,
eventually resulting in action potential induction and characteristic intracellular calcium
level changes (66, [67) [68). Therefore, we first evaluated the effects of TMS-like electric
stimulation on the membrane potentials at a single neuron level (Fig 1). For this
purpose, single neurons—those receiving balanced excitatory and inhibitory Poissonian
spike trains—were stimulated with 0.5 ms rectangular current pulse injections of
different amplitudes (Fig 1A and B). A linear interrelation between current injections
and membrane potential deviation was observed, consistent with Ohm’s law (Fig 1C).
With this approach, implementation of suprathreshold repeated stimulations, i.e., AV =
68mV at 1, 10 or 50 Hz, induced robust action potentials in the individual
neurons (Fig 1D). We conclude that TMS-like neuronal spiking can be readily induced
in our experimental setting.
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Fig 1. Transcranial magnetic stimulation (TMS) has an immediate effect on
the membrane potential dynamics of single neurons.

(A) Schematic illustration of TMS in humans and neurons. The TMS-induced electric
fields cause depolarization of neurons in the target region. We modeled TMS as
rectangular pulse current injections with a duration of 0.5ms (c.f., standard output
parameters of conventional TMS devices). (B,C) Single stimuli produce changes in the
membrane potential in a dose-dependent linear manner as predicted by Ohm'’s law. (D)
Suprathreshold stimulation at different frequencies elicits spiking responses from the
stimulated neurons. Created with BioRender.com.

Non-linear effects of rTMS intensity on network activity

In realistic applications, TMS activates a network of connected neurons rather than a
single neuron. Therefore, we evaluated the effects of increasing stimulation intensities
on a subpopulation of neurons embedded in a recurrent network of 10000 excitatory and
2500 inhibitory neurons (Fig 2A). We modeled a focal stimulation that directly
affected 10% of the excitatory neurons and studied the network response in terms of the
firing rate changes among the following populations: stimulated excitatory neurons (S),
non-stimulated excitatory neurons (E), and inhibitory interneurons (I). We first
delivered a sample train of rTMS pulses (900 pulses at 10 Hz, c.f., 12} [69, with a pulse

intensity that would cause a 68 mV membrane potential deviation) to the subpopulation.

As shown in the raster plot, the spiking activity in the stimulated subpopulation was
elevated (Fig 2B). We also observed a weaker synchronization throughout the
subpopulations during stimulation, indicative of recurrent connectivity. Once
stimulation ended, the neurons returned to their baseline Poissonian firing patterns.
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Fig 2. Repetitive transcranial magnetic stimulation (rTMS) changes
network activity.

(A) Hlustration of the recurrent neuronal network with sparsely connected excitatory
[E] and inhibitory [I] neurons used in this study. A subset of excitatory neurons [S]
is stimulated. (B) rTMS influences the asynchronous, irregular firing state of the
stimulated neurons [S], causing them to fire in a synchronous manner. (C) Change in
the average firing rate in response to distinct stimulation intensities and frequencies
of 10% of excitatory neurons. Four intensities (a: weak, c: peak, d: strong, and b:
strong-equivalent) were arbitrarily selected to represent different stimulation intensities.
(D) Firing rate histograms for populations E, I, and S at stimulation intensities a, b, ¢,
and d, respectively. (E) Heatmaps summarizing the results of rTMS of 10% (top) and
30% (bottom) of excitatory neurons.
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To examine the impact of distinct stimulation protocols on network activity, we
performed a series of simulations with varying intensities and frequencies (each at 900
pulses). Examples of the firing rates of the defined subpopulations of interest are shown
in Fig 2C. We found that the stimulated population responded at lower stimulation
intensities and frequencies (i.e., 1 Hz and 10 Hz), with a proportional increase in the
firing rates, which peaked at a stimulus-induced depolarization of 68 mV. With stronger
stimulation, the firing rate response of the stimulated subpopulation declined as the
firing rate of the inhibitory neurons increased owing to recurrent inhibition. Eventually,
a plateau was reached. For higher frequencies (i.e., 50 Hz), changes in the firing rate did
not follow the exact same trend as for the lower frequencies (e.g., 1 Hz). This may be
attributed to the strong high-frequency stimulation that forced the network to enter
into a different stable regime. Nevertheless, the impact of recurrent inhibition on the
stimulated neurons was still observable (Fig 2C). The effects of distinct stimulation
intensities on the network firing dynamics were carefully examined by plotting the firing
rate distributions of the respective sub-populations in response to those intensities (Fig
2D). Weak stimulation did not cause noticeable additional activation of the inhibitory
subpopulation. At the peak intensity, the inhibitory neurons were evidently activated.
The strong stimulation significantly activated the inhibitory interneurons. The evoked
recurrent inhibition had a profound effect on the stimulated subpopulation, resulting in
suppression of its firing rate response. The same firing rate of the stimulated neurons
was achieved at much lower stimulation intensities that did not recruit inhibition,
including strong-equivalent intensity (c.f., Fig 2C). Based on these results, we selected

four intensities, characteristic of different states of the network, for further exploration.

The resulting values were expressed in terms of the induced changes in the membrane
potential of the stimulated neurons and categorized as follows: (a) weak, 20mV, (c)
peak 68mV, (d) strong, 160mV and (b) strong-equivalent, 38 mV stimulations.

The results across a wide range of frequencies (10 to 50 Hz) and different stimulation
intensities (20 to 140 mV-induced membrane potential change) are summarized in Fig
2E. The described effects on the inhibitory neurons and recurrent inhibition did not
depend on the stimulation frequency. We also replicated these results in simulations of a
larger subset of excitatory neurons (i.e., when 30% of the principal neurons were
stimulated, Fig 2E, bottom). Herein, we observed lower peak firing rates of the
stimulated neurons, demonstrating that recurrent inhibition was more effectively
recruited when larger populations of neurons were directly stimulated. Taken together,
these simulations suggest that an “optimal” stimulation intensity that effectively
increases the firing rate of stimulated neurons exists. Exceeding this intensity leads to
further recruitment of inhibition, which dampens the activity of the stimulated
excitatory neurons. Lower strong-equivalent stimulation intensities can be determined
at which the same effects on the firing rates of stimulated neurons are observed, without
major effects on network inhibition.

Structural remodeling of network connectivity in response to
rTMS

We switched to a plastic network that remodels its connections in an
activity-dependent homeostatic manner (Fig 3). This network follows a plasticity rule
where an increase in the firing rate of excitatory neurons leads to retraction and
disconnection, while a reduction in the firing rate promotes outgrowth and formation of
new excitatory contacts between principal neurons (Fig 3A; c.f., 35 [36). In this study,
stimulation was performed after an initial growth stage, which allowed the network to
reach a steady state with 10% connectivity between the excitatory neurons and a mean
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firing rate of 7.8 Hz (Fig 3B). We applied a 10 Hz stimulation protocol consisting of 900
pulses at peak intensity to a subset of 10% of excitatory neurons (c.f., Fig 2B). As
described above, the stimulation elicited an instant increase in the firing rates of the
stimulated neurons as well as non-stimulated excitatory and inhibitory neurons (Fig
3C). This sudden increase in the firing rates was accompanied with a homeostatic
structural response where the principal neurons reduced existing input synapses to
restore baseline activity. This disconnection was most prominently observed among the
stimulated neurons, but also occurred between the stimulated and non-stimulated
excitatory neurons (Fig 3C). The end of stimulation, which was also marked by a
sudden drop in the net input received by the non-stimulated excitatory and inhibitory
neurons, led to an instant drop in firing rates. This was followed by the formation of
new connections that compensated for the now reduced network activity. As activity
returned to baseline, a reorganization of network connectivity became evident: The
stimulated neurons showed significantly more connections among each other (S-S), while
the connection between the stimulated and non-stimulated neurons (S-E) was reduced;
The connectivity among the non-stimulated neurons (E-E) remained unaltered. These
simulations suggest, that r'TMS-like electric stimulation can have distinct effects on the
connectivity among and between stimulated and non-stimulated neurons, as reported
before (c.f. Fig 2 of [36]).

Dose-dependent effects of rTMS on structural network
remodeling

We also assessed the outcome of the distinct stimulation intensities on homeostatic
structural plasticity and network connectivity (Fig 3D). The same stimulation protocol
(10 Hz, 900 pulses) was applied with weak, peak, strong, and strong-equivalent
intensities (c.f., Fig 2B and C). As shown in Fig 3D, the largest change in the
connectivity among the stimulated neurons was seen in response to the peak amplitude
(i.e., a 68 mV membrane potential increase). The weak amplitude elicited a small
response in neural activity, and only minor changes in lasting connectivity were
observed (Fig 3D). The strong and strong-equivalent amplitudes yielded different effects
on connectivity. The network receiving strong-amplitude stimulation failed to rapidly
restore its activity to baseline by homeostatic structural plasticity during stimulation,
which was reflected in a weaker overall connectivity change. This may be attributed to
the recurrent inhibition recruited by a strong electric stimulation, which then affected
the stimulated neurons. This phenomenon was not observed in the strong-equivalent
stimulation, while a considerable remodeling of network connectivity was noted (Fig
3D).

Influence of the stimulation duration on network remodeling

We noted that the extent of network connectivity changes after stimulation depended
on the degree of reorganization caused during stimulation. Indeed, a proportional
interrelation was observed between these two parameters (Fig 4A). This observation had
important implications for the stimulation duration, including the number of pulses
applied at a given frequency. The finding suggests that once the increase in the firing
rate is compensated, the application of additional pulses will not have a further effect
on the outcome of intervention, at least not in terms of lasting changes in network
connectivity after stimulation.

To explore this hypothesis, we applied 10 Hz stimulations of different durations to
10% of the excitatory neurons and assessed the trajectories of connectivity among the
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Fig 3. rTMS induces structural remodeling of stimulated networks.

(A) Homeostatic structural plasticity assumes negative feedback of neuronal activity
on its connectivity with other neurons: A high firing rate removes synapses between
excitatory neurons, and a low firing rate promotes synapse formation. (B) Poissonian
input stabilizes the firing rate and connection probability prior to stimulation. (C)
Effects of a 10 Hz stimulation protocol consisting of 900 pulses on the firing rate and
structural remodeling [i.e., connectivity between stimulated neurons (S-S), between
non-stimulated excitatory neurons (E-E), and between stimulated and non-stimulated
neurons (S-E and E-S)]. (D) Effects of the same stimulation protocol on the firing
rate of stimulated neurons and connectivity between stimulated neurons at the four
representative amplitudes from Fig 2C [i.e., weak (a), strong-equivalent (b), peak (c),
and strong (d)].

stimulated neurons (Fig 4B). We observed an increasing post-stimulation peak
connectivity with an increasing stimulation duration. However, this relationship did not
hold beyond a certain point. For 10 Hz stimulation, we found that stimulation beyond
~3000 pulses did not contribute to further changes in the peak connectivity. This
allowed us to conclude that the connectivity change has reached a saturation point, and
10 Hz stimulation for longer durations would not have a stronger effect on network
connectivity (Fig 4B). Indeed, the outcome of a stimulation with 22500 pulses was
comparable to that observed with 3000 and 9000 pulses, as shown in Fig 4B.

We followed up on this observation by extending our simulations to include a range of
frequencies from 10 Hz to 50 Hz, as summarized in Fig 4C. The trend of connectivity
saturation was maintained, with lower frequencies taking larger pulse numbers to reach
the saturation point. Considering that the pulse number is equal to the total
stimulation duration multiplied by the frequency, it is therefore unknown what the role
of stimulation duration is. We thus extracted the time constant of decay (Tdecay) by
fitting exponential curves to connectivity data obtained during stimulation. The Tgecay
values across different frequencies at a fixed stimulation intensity were comparable, with
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Fig 4. rTMS intensity and pulse number affect the structural remodeling of
stimulated networks.

(A) Interrelation between the connectivity drop during stimulation (ACSs,) and connec-
tivity increase post stimulation (ACpest). (B) Stimulation outcomes from different pulse
numbers of 10 Hz stimulation at peak stimulation intensity (c, as defined in Fig 2C). (C)
Saturation points, expressed as the total pulse numbers required, are summarized for a
range of frequencies. (D) Time constants of connectivity decay (Tqecay) Were extracted
by fitting an exponential function to stimulation connectivity drop among stimulated
neurons (S-S).

a trend of inverse proportionality in case of peak stimulation intensity. We deduce that
the total stimulation duration has a major impact on the net stimulation outcome,
irrespective of the frequency.

Effects of the clinically approved iTBS protocol on network
activity and connectivity

Finally, we evaluated the effects of the clinically approved iTBS protocol, which we
found to have a more complex stimulation pattern with inter-train intervals (Fig 5A).
We systematically applied the four relevant stimulation intensities, namely weak, peak,
strong, and strong-equivalent, and assessed the changes in network connectivity (Fig
5B). Similar to what we observed with 10 Hz stimulation, the weak and peak stimulation
intensities led to small and large changes in connectivity, respectively. Comparatively,
the strong-equivalent intensity induced intermediate changes in connectivity, while the
strong stimulation intensity led to only small changes in connectivity.

We then evaluated distinct stimulation durations, including the pulse numbers at
peak stimulation intensity, and found that a plateau was reached between 600 and 1200
pulses, with 900 pulses showing approximately the same effect as 1200 pulses on
network connectivity (Fig 5C). An additional increase in connectivity was evident at
1500 pulses, indicating that unlike the 10 Hz stimulation protocol, the iTBS protocol
may assert additional effects when large numbers of pulses are applied. Indeed, the
simulations with 3000 and 9000 pulses (c.f., Fig 4B) confirmed this suggestion (Fig 5D).
Notably, the effects of the iTBS protocol on structural remodeling were weaker than
those of the pulse-matched 10 Hz stimulation protocol (Fig 5D). This difference may be
attributed to the inter-train interval of the iTBS protocol. Consistent with this
suggestion, pulse-matched continuous TBS (¢TBS) induced structural remodeling that
exceeded the effects of iTBS and 10 Hz stimulation (Fig 5D). Taken together, these
results emphasize the relevance of proper selection of stimulation parameters,
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Fig 5. rTMS leads to duration and intensity dependant overstimulation for
intermittent Theta Burst Stimulation (iTBS).

(A) US FDA approved iTBS protocol consists of 600 pulses distributed across ON times
of 2s and OFF times of 8s. The ON times consist of ten bursts of stimulus pulses at
5 Hz, where each burst consists of 3 pulses occurring at 50 Hz. (B) iTBS applied at peak
amplitude (c, as defined in Fig 2C) resulted in the strongest firing rate response and the
largest network connectivity upshoot. (C) iTBS at increasing stimulation duration (i.e.,
pulse numbers) was found to cause increasing values of post-stimulation connectivity
upshoot among stimulated neurons. This trend was tested for iTBS, ¢TBS and 10 Hz
and is summarised as log-log plots in (D).

specifically the stimulation intensity and pulse number, where “overdosing” may have
negative or at least no additional desired effects.

Discussion

In this study, we explored the effects of rTMS on network dynamics and connectivity
using simulations of an inhibition-dominated recurrent neural network with homeostatic
structural plasticity. r'TMS was found to increase the activity of neurons and induce
characteristic changes in network connectivity. These effects of r'TMS depended on the
stimulation intensity, frequency, and duration. Differential effects of rTMS were
observed in the stimulated and non-stimulated neurons; the connectivity among the
stimulated neurons increased, while disconnection between the stimulated and
non-stimulated neurons was observed. Our simulations suggest that recurrent inhibition,
which is recruited at high stimulation intensities, may counter rTMS-induced neural
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activation and plasticity. We also observed that increasing the number of stimulation
pulses beyond a certain point may saturate the structural network reorganization. Thus,
optimal stimulation protocols where no additional desired effects will be observed by
further increasing the intensity of stimulation or number of TMS pulses may exist.
However, for the FDA-approved iTBS protocol, we observed an additive effect on the
changes in network activity at larger pulse numbers. We attribute this effect to the
complex pattern of the iTBS protocol, specifically the inter-train intervals. iTBS at 900
pulses seems to be more effective than iTBS at 600 pulses in our simulations. Notably,
however, the effects of iTBS on the structural remodeling of the stimulated networks
were weaker than those of pulse-matched 10 Hz stimulation or ¢TBS. Taken together,
our results suggest a new mechanism of rTMS-induced plasticity that does not depend
on LTP-like plasticity and synaptic weight changes. This rTMS-induced homeostatic
structural plasticity is sensitive to specific parameters of the stimulation protocol,
emphasizing the need for a careful standardization and a systematic experimental
assessment of dose-response relationships in r'TMS-based basic and clinical studies.

Although direct experimental evidence on the human neocortex is still lacking, it
seems well established in the field that r'TMS changes cortical excitability by
modulating excitatory and inhibitory neurotransmissions (70} [71], 27). However, the
effects of rTMS on cortical excitability—measured as changes in the amplitudes of
motor evoked potentials—return to baseline within 90 min after stimulation. Therefore,
it is unlikely that rTMS-induced LTP or long-term-depression (LTD) is the major or
sole mechanism underlying the therapeutic effects of rTMS that can last weeks or
months after stimulation (72, [73). Yet, clinical protocol designs are often based on
studies reporting rTMS-induced LTP- or LTD-like plasticity (74, [75], [7). Herein, we
used computational modeling to explore an alternative biomechanism of rTMS that is
based on homeostatic plasticity and structural remodeling of neuronal networks-
homeostatic structural plasticity. Homeostatic plasticity involves activity-dependent
negative-feedback mechanisms that aim at maintaining neuronal networks within a
stable operational range (76l [77, [78)): An increase in network activity leads to
weakening of excitatory synapses, strengthening of inhibitory synapses, and therefore
shifting in the excitability of neurons. Previously, Gallinaro and Rotter demonstrated
emergent associative properties of homeostatic structural plasticity, via activity-driven
formation of neuronal ensembles (35]). Consistent with these previous findings and with
the use of a similar computational approach, the present results suggest that rTMS
triggers an activity-dependent disconnection of neurons that enables the formation of
new excitatory synapses and leads to a profound structural remodeling of stimulated
networks.

While some experimental evidence supports the existence of homeostatic structural
plasticity (79, ROIRT for overview, see [82)), its biological significance and the underlying
molecular mechanisms warrant further investigation. In our previous work, in which we
used live cell microscopy to study the effects of rTMS on dendritic spines of cultured
hippocampal CA1 neurons, we did not find any significant changes in the synapse
numbers, including spine density changes following 10 Hz repetitive magnetic
stimulation (I2)). This is consistent with the finding of a recent in vivo two-photon
imaging study demonstrating subtle structural changes in dendritic spines in response
to repeated sessions of low-intensity rTMS (I4). Synaptic (un)-silencing could be one of
the biological implementations of homeostatic structural plasticity (82 [83, [84]).
Synapses that are typically found on small dendritic spines or filopodia containing
mainly NMDA receptors are referred to as “silent”, as NMDA receptors are blocked by
magnesium ions at resting membrane potential. They can be activated after the
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accumulation of depolarizing AMPA receptors (85, [86l 87, [88]). Indeed, our previous
work revealed that 10 Hz repetitive magnetic stimulation promotes the accumulation of
AMPA receptors at small preexisting spine synapses and triggers the growth of these
presumably silent dendritic spines (I2)). Thus, rTMS may mediate homeostatic
structural plasticity by conveying to neurons the ability to remove or form functional
synaptic connections by regulating the accumulation of AMPA-receptors at preexisting
synapses, without the need to recruit the complete molecular machinery to remove or
form new spines and/or synapses.

In a network without structural plasticity, we observed a non-linear relationship
between the stimulation intensity and neuronal firing rate changes. This non-linearity in
the firing rate response can be attributed to recurrent inhibition. We observed
increasing feedback inhibition in response to higher stimulation intensities. This effect
had a major impact on the outcome of rTMS-induced structural plasticity. Accordingly,
we defined four critical stimulation intensities for closer examination: weak, peak,
strong and strong-equivalent. At amplitudes below the peak value, the inhibitory
subpopulation was not strongly activated. Meanwhile, with stimulation stronger than
the peak amplitude, stronger recurrent activity recruited the inhibitory subpopulation,
which consequently inhibited the stimulated subpopulation, causing a weaker firing rate
response. Indeed, stimulation stronger than the peak amplitudes yielded weaker effects
on structural remodeling than did stimulation at a lower intensity, despite their
comparable effects on the firing rates of the stimulated neurons. In general, this
highlights the important role of inhibitory networks in rTMS-induced plasticity.
Experimental evidence suggests that single pulse TMS inhibits neocortical dendrites by
directly activating axons within the upper cortical layers, which leads to the activation
of dendrite-targeting inhibitory neurons in the neocortex of mice (89). Moreover, our
previous work showed that 10 Hz rTMS remodels inhibitory synapses: Dendritic but not
somatic inhibition as well as the strength, sizes, and numbers of inhibitory synapses
were reduced after stimulation (L6). These findings emphasize that rTMS also induces
structural changes in inhibitory networks. In line with these findings, rTMS has been
shown to trigger the remodeling of visual cortical maps (90, 01]). However, the direct
effect of stimulation on inhibitory neurons and homeostatic structural plasticity of
inhibitory synapses remain elusive. The dose-dependent effects on specific inhibitory
neuron types and their impact on rTMS-induced structural remodeling of excitatory
and inhibitory synapses warrant further investigation (92| 93] [04). Regardless of these
considerations our findings suggest that strong stimulation may lead to less effective
structural remodeling of stimulated networks as compared with weak stimulation that
causes equivalent changes in the firing rates.

Our model also makes predictions relevant for translational applications of rTMS.
Based on our findings, we propose a model of “connectivity saturation”. Stimulating
networks of neurons initiates homeostatic synaptic remodeling that leads to loss in
connectivity among the neurons. The end of stimulation period is followed by further
synaptic remodeling causing increase in connectivity among the affected neurons. We
used an exponential function to fit the trajectory of connectivity during the stimulation
period and extracted time constants of connectivity decay, Tdecay. This value can be
roughly interpreted as the least time required to attain structural equilibrium during
stimulation. This translates to the maximum remodeling that is attainable once
stimulation is turned off. We found that the 7qecay values were comparable for low
stimulation intensities across a wide range of frequencies, emphasizing the relevance of
the stimulation duration rather than the pulse numbers. At the peak stimulation
intensity, we found a slight frequency dependency indicating, that lower frequencies take
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a longer time to achieve connectivity saturation. A similar connectivity saturation was
not observed in the iTBS protocol. However, the effects of iTBS on structural
remodeling were much weaker than those of pulse matched 10 Hz stimulation or ¢TBS.
This effect may be attributed to the inter-train intervals, which enabled the network to
rewire during the stimulation protocol. Translational frameworks that combine
computational models and in vitro and in vivo animal studies with experiments in
healthy individuals are required to confirm and extend the relevant predictions on
dose-response interrelations obtained in our computer simulations. However,
computational models may already help in advising protocol designs, which are currently
mainly based on studies reporting rTMS-induced LTP- (or LTD-) like plasticity.

Acknowledgments

We thank Dr. Julia V. Gallinaro for valuable discussions. We thank Dr. Sandra
Diaz-Pier from the Forschungszentrum Jiilich for support on features of NEST. We
thank the Freiburg University Computing Center for computational resources and
support that contributed to the results of this study. This work was supported by NIH
(IRO1INS109498 to AV) and by the Federal Ministry of Education and Research,
Germany (BMBF, 01GQ2205A to AV).

References

1. Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic stimulation of human
motor cortex. Lancet (London, England). 1985;1(8437):1106-1107.
doi:10.1016/50140-6736(85)92413-4.

2. Hallett M. Transcranial magnetic stimulation: a primer. Neuron.
2007;55(2):187-199. doi:10.1016/j.neuron.2007.06.026.

3. Valero-Cabré A, Amengual JL, Stengel C, Pascual-Leone A, Coubard OA.
Transcranial magnetic stimulation in basic and clinical neuroscience: A
comprehensive review of fundamental principles and novel insights. Neuroscience
& Biobehavioral Reviews. 2017;83:381-404. doi:10.1016/j.neubiorev.2017.10.006.

4. Barker AT. An introduction to the basic principles of magnetic nerve stimulation.

Journal of Clinical Neurophysiology. 1991;8(1):26-37.
doi:10.1097/00004691-199101000-00005.

5. Rothwell JC. Techniques and mechanisms of action of transcranial stimulation of
the human motor cortex. Journal of Neuroscience Methods. 1997;74(2):113-122.
doi:10.1016/S0165-0270(97)02242-5.

6. Terao Y, Ugawa Y. Basic mechanisms of TMS. Journal of Clinical
Neurophysiology. 2002;19(4):322-343. doi:10.1097/00004691-200208000-00006.

7. Pascual-Leone A, Tormos JM, Keenan J, Tarazona F, Canete C, Catald MD.
Study and Modulation of Human Cortical Excitability With Transcranial
Magnetic Stimulation. Journal of Clinical Neurophysiology. 1998;15(4):333-343.

8. Muellbacher W, Ziemann U, Boroojerdi B, Hallett M. Effects of low-frequency

transcranial magnetic stimulation on motor excitability and basic motor behavior.

Clinical Neurophysiology. 2000;111(6):1002-1007.
doi:10.1016/S1388-2457(00)00284-4.

March 14, 2023

18/125

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523


https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Siebner HR, Tormos JM, Ceballos-Baumann AO, Auer C, Catala MD, Conrad B,
et al. Low-frequency repetitive transcranial magnetic stimulation of the motor
cortex in writer’s cramp. Neurology. 1999;52(3):529-529.
doi:10.1212/WNL.52.3.529.

Rodger J, Mo C, Wilks T, Dunlop SA, Sherrard RM. Transcranial pulsed
magnetic field stimulation facilitates reorganization of abnormal neural circuits
and corrects behavioral deficits without disrupting normal connectivity. FASEB
journal: official publication of the Federation of American Societies for
Experimental Biology. 2012;26(4):1593-1606. doi:10.1096/fj.11-194878.

Makowiecki K, Harvey AR, Sherrard RM, Rodger J. Low-intensity repetitive
transcranial magnetic stimulation improves abnormal visual cortical circuit
topography and upregulates BDNF in mice. The Journal of Neuroscience.
2014;34(32):10780-10792. doi:10.1523/INEUROSCI.0723-14.2014.

Vlachos A, Miiller-Dahlhaus F, Rosskopp J, Lenz M, Ziemann U, Deller T.
Repetitive magnetic stimulation induces functional and structural plasticity of
excitatory postsynapses in mouse organotypic hippocampal slice cultures. The
Journal of Neuroscience. 2012;32(48):17514-17523.
doi:10.1523/JNEUROSCI.0409-12.2012.

Lenz M, Platschek S, Priesemann V, Becker D, Willems LM, Ziemann U, et al.
Repetitive magnetic stimulation induces plasticity of excitatory postsynapses on

proximal dendrites of cultured mouse CA1 pyramidal neurons. Brain Structure &
Function. 2015;220(6):3323-3337. doi:10.1007/s00429-014-0859-9.

Tang AD, Bennett W, Bindoff AD, Bolland S, Collins J, Langley RC, et al.
Subthreshold repetitive transcranial magnetic stimulation drives structural
synaptic plasticity in the young and aged motor cortex. Brain Stimulation.
2021;14(6):1498-1507. doi:10.1016/j.brs.2021.10.001.

Thickbroom GW. Transcranial magnetic stimulation and synaptic plasticity:
experimental framework and human models. Experimental Brain Research.
2007;180(4):583-593. doi:10.1007/s00221-007-0991-3.

Lenz M, Galanis C, Miiller-Dahlhaus F, Opitz A, Wierenga CJ, Szab6 G, et al.
Repetitive magnetic stimulation induces plasticity of inhibitory synapses. Nature
Communications. 2016;7(1):10020. doi:10.1038/ncomms10020.

Lenz M, Vlachos A. Releasing the Cortical Brake by Non-Invasive
Electromagnetic Stimulation? rTMS Induces LTD of GABAergic
Neurotransmission. Frontiers in Neural Circuits. 2016;10:96.
d0i:10.3389 /fncir.2016.00096.

Fitzgerald PB, Fountain S, Daskalakis ZJ. A comprehensive review of the effects
of r'TMS on motor cortical excitability and inhibition. Clinical Neurophysiology.
2006;117(12):2584-2596. doi:10.1016/j.clinph.2006.06.712.

Pascual-Leone A, Valls-Solé J, Wassermann EM, Hallett M. Responses to
rapid-rate transcranial magnetic stimulation of the human motor cortex. Brain.
1994;117(4):847-858. d0i:10.1093/brain/117.4.847.

Sommer M, Wu T, Tergau F, Paulus W. Intra- and interindividual variability of
motor responses to repetitive transcranial magnetic stimulation. Clinical
Neurophysiology. 2002;113(2):265-269. doi:10.1016/S1388-2457(01)00726-X.

March 14, 2023

19/125


https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Goldsworthy MR, Hordacre B, Rothwell JC, Ridding MC. Effects of rTMS on
the brain: is there value in variability? Cortex. 2021;139:43-59.
doi:10.1016/j.cortex.2021.02.024.

Turi Z, Lenz M, Paulus W, Mittner M, Vlachos A. Selecting stimulation intensity
in repetitive transcranial magnetic stimulation studies: A systematic review

between 1991 and 2020. European Journal of Neuroscience.
2021;53(10):3404-3415. doi:10.1111/ejn.15195.

Turi Z, Normann C, Domschke K, Vlachos A. Transcranial Magnetic Stimulation
in Psychiatry: Is There a Need for Electric Field Standardization? Frontiers in
Human Neuroscience. 2021;15:639640. doi:10.3389/fnhum.2021.639640.

Turi Z, Hananeia N, Shirinpour S, Opitz A, Jedlicka P, Vlachos A. Dosing
Transcranial Magnetic Stimulation of the Primary Motor and Dorsolateral
Prefrontal Cortices With Multi-Scale Modeling. Frontiers in Neuroscience.
2022;16:929814. doi:10.3389/fnins.2022.929814.

Cullen CL, Young KM. How Does Transcranial Magnetic Stimulation Influence
Glial Cells in the Central Nervous System? Frontiers in Neural Circuits. 2016;10.
d0i:10.3389 /fncir.2016.00026.

Cacace F, Mineo D, Viscomi MT, Latagliata EC, Mancini M, Sasso V, et al.
Intermittent theta-burst stimulation rescues dopamine-dependent corticostriatal
synaptic plasticity and motor behavior in experimental parkinsonism: Possible
role of glial activity. Movement Disorders. 2017;32(7):1035-1046.
do0i:10.1002/mds.26982.

Tang A, Thickbroom G, Rodger J. Repetitive Transcranial Magnetic Stimulation
of the Brain: Mechanisms from Animal and Experimental Models. The
Neuroscientist. 2017;23(1):82-94. doi:10.1177/1073858415618897.

Eichler A, Kleidonas D, Turi Z, Fliegauf M, Kirsch M, Pfeifer D, et al. Microglia
mediate synaptic plasticity induced by 10 Hz repetitive transcranial magnetic
stimulation. 2021;doi:10.1101,/2021.10.03.462905.

Ma J, Zhang Z, Kang L, Geng D, Wang Y, Wang M, et al. Repetitive
transcranial magnetic stimulation (rTMS) influences spatial cognition and
modulates hippocampal structural synaptic plasticity in aging mice.
Experimental Gerontology. 2014;58:256-268. doi:10.1016/j.exger.2014.08.011.

Ma Q, Geng Y, Wang Hl, Han B, Wang Yy, Li XI, et al. High frequency
repetitive transcranial magnetic stimulation alleviates cognitive impairment and
modulates hippocampal synaptic structural plasticity in aged mice. Frontiers in
Aging Neuroscience. 2019;11. doi:10.3389/fnagi.2019.00235.

Nestor SM, Mir-Moghtadaei A, Vila-Rodriguez F, Giacobbe P, Daskalakis ZJ,
Blumberger DM, et al. Large-scale structural network change correlates with
clinical response to rtms in depression. Neuropsychopharmacology.
2022;47(5):1096-1105. doi:10.1038/s41386-021-01256-3.

Schiena G, Franco G, Boscutti A, Delvecchio G, Maggioni E, Brambilla P.
Connectivity changes in major depressive disorder after RTMS: A review of
functional and structural connectivity data. Epidemiology and Psychiatric
Sciences. 2021;30. do0i:10.1017/s2045796021000482.

March 14, 2023

20,25}


https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Dalhuisen I, Ackermans E, Martens L, Mulders P, Bartholomeus J, de Bruijn A,
et al. Longitudinal effects of RTMS on neuroplasticity in chronic
treatment-resistant depression. European Archives of Psychiatry and Clinical
Neuroscience. 2020;271(1):39-47. doi:10.1007/s00406-020-01135-w.

Butz M, Steenbuck ID, van Ooyen A. Homeostatic structural plasticity increases
the efficiency of small-world networks. Frontiers in Synaptic Neuroscience. 2014;6.
doi:10.3389 /fnsyn.2014.00007.

Gallinaro JV, Rotter S. Associative properties of structural plasticity based on

firing rate homeostasis in recurrent neuronal networks. Scientific Reports.
2018;8(1):3754. doi:10.1038/s41598-018-22077-3.

Lu H, Gallinaro JV, Rotter S. Network remodeling induced by transcranial brain
stimulation: A computational model of tDCS-triggered cell assembly formation.
Network Neuroscience. 2019;3(4):924-943. doi:10.1162/netn,o0097.

Fardet T, Vennemo SB, Mitchell J, Mgrk H, Graber S, Hahne J, et al.. NEST
2.20.0; 2020. Available from: https://zenodo.org/record/3605514,

Brunel N. Dynamics of Sparsely Connected Networks of Excitatory and
Inhibitory Spiking Neurons. Journal of Computational Neuroscience.
2000;8(3):183-208. doi:10.1023/A:1008925309027.

Gallinaro JV, Gasparovi¢ N, Rotter S. Homeostatic control of synaptic rewiring
in recurrent networks induces the formation of stable memory engrams. PLOS
Computational Biology. 2022;18(2):€1009836. doi:10.1371/journal.pcbi.1009836.

Dammasch TE, Wagner GP, Wolff JR. Self-stabilization of neuronal networks: I.
The compensation algorithm for synaptogenesis. Biological Cybernetics.
1986;54(4-5):211-222. doi:10.1007/BF00318417.

van Ooyen A, van Pelt J. Activity-dependent Outgrowth of Neurons and
Overshoot Phenomena in Developing Neural Networks. Journal of Theoretical
Biology. 1994;167(1):27-43. doi:10.1006/jtbi.1994.1047.

Van Ooyen A, Van Pelt J, Corner MA. Implications of activity dependent neurite
outgrowth for neuronal morphology and network development. Journal of
Theoretical Biology. 1995;172(1):63-82. d0i:10.1006/jtbi.1995.0005.

Butz M, Van Ooyen A, Worgdtter F. A model for cortical rewiring following
deafferentation and focal stroke. Frontiers in Computational Neuroscience. 2009;3.

Butz-Ostendorf M, van Ooyen A. Chapter 4 - Is Lesion-Induced Synaptic
Rewiring Driven by Activity Homeostasis? In: van Ooyen A, Butz-Ostendorf M,
editors. The Rewiring Brain. San Diego: Academic Press; 2017. p. 71-92.
Available from: https:
//www.sciencedirect.com/science/article/pii/B9780128037843000044.

Tetzlaff C, Okujeni S, Egert U, Worgotter F, Butz M. Self-Organized Criticality
in Developing Neuronal Networks. PLoS Computational Biology.
2010;6(12):€1001013. doi:10.1371/journal.pcbi.1001013.

Butz M, Lehmann K, Dammasch IE, Teuchert-Noodt G. A theoretical network
model to analyse neurogenesis and synaptogenesis in the dentate gyrus. Neural
Networks. 2006;19(10):1490-1505. doi:10.1016/j.neunet.2006.07.007.

March 14, 2023

21/25]


https://zenodo.org/record/3605514
https://www.sciencedirect.com/science/article/pii/B9780128037843000044
https://www.sciencedirect.com/science/article/pii/B9780128037843000044
https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

47.

48.

49.

50.

51.

92.

93.

o4.

95.

56.

57.

58.

99.

Butz M, Teuchert-Noodt G, Grafen K, van Ooyen A. Inverse relationship
between adult hippocampal cell proliferation and synaptic rewiring in the dentate
gyrus. Hippocampus. 2008;18(9):879-898. d0i:10.1002/hipo.20445.

Diaz-Pier S, Naveau M, Butz-Ostendorf M, Morrison A. Automatic Generation of
Connectivity for Large-Scale Neuronal Network Models through Structural
Plasticity. Frontiers in Neuroanatomy. 2016;10. doi:10.3389/fnana.2016.00057.

Hebb, D. O. the organization of behavior: A neuropsychological theory. New
York: John Wiley and Sons, Inc., 1949. 335 p. $4.00. Science Education.
1950;34(5):336-337. doi:10.1002/sce.37303405110.

Zheng JQ, Poo Mm. Calcium signaling in neuronal motility. Annual Review of
Cell and Developmental Biology. 2007;23(1):375-404.
doi:10.1146 /annurev.cellbio.23.090506.123221.

Mattson M, Kater S. Calcium regulation of neurite elongation and growth cone
motility. The Journal of Neuroscience. 1987;7(12):4034-4043.
doi:10.1523 /jneurosci.07-12-04034.1987.

Ramakers GJA, Avci B, van Hulten P, van Ooyen A, van Pelt J, Pool CW, et al.
The role of calcium signaling in early axonal and dendritic morphogenesis of rat
cerebral cortex neurons under non-stimulated growth conditions. Developmental
Brain Research. 2001;126(2):163-172. doi:10.1016/s0165-3806(00)00148-6.

Grewe BF, Langer D, Kasper H, Kampa BM, Helmchen F. High-speed in vivo
calcium imaging reveals neuronal network activity with near-millisecond precision.
Nature Methods. 2010;7(5):399-405. doi:10.1038 /nmeth.1453.

Romero MC, Davare M, Armendariz M, Janssen P. Neural effects of transcranial
magnetic stimulation at the single-cell level. Nature Communications. 2019;10(1).
d0i:10.1038/s41467-019-10638-7.

Pashut T, Magidov D, Ben-Porat H, Wolfus S, Friedman A, Perel E, et al.
Patch-clamp recordings of rat neurons from acute brain slices of the
somatosensory cortex during magnetic stimulation. Frontiers in Cellular

Neuroscience. 2014;8. doi:10.3389/fncel.2014.00145.

Huerta PT, Volpe BT. Transcranial magnetic stimulation, synaptic plasticity and
network oscillations. Journal of NeuroEngineering and Rehabilitation. 2009;6:7.
doi:10.1186/1743-0003-6-7.

Loo CK, Sachdev P, Martin D, Pigot M, Alonzo A, Malhi GS, et al. A
double-blind, sham-controlled trial of transcranial direct current stimulation for
the treatment of depression. The International Journal of
Neuropsychopharmacology. 2009;13(01):61. doi:10.1017/s1461145709990411.

Nitsche MA, Boggio PS, Fregni F, Pascual-Leone A. Treatment of depression
with transcranial direct current stimulation (tDCS): A Review. Experimental
Neurology. 2009;219(1):14-19. doi:10.1016/j.expneurol.2009.03.038.

Garcia-Larrea L. tDCS as a procedure for chronic pain relief. Neurophysiologie
Clinique/Clinical Neurophysiology. 2016;46(3):224.
d0i:10.1016/j.neucli.2016.06.018.

March 14, 2023

2225


https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ngernyam N, Jensen MP, Arayawichanon P, Auvichayapat N, Tiamkao S,
Janjarasjitt S, et al. The effects of transcranial direct current stimulation in
patients with neuropathic pain from spinal cord injury. Clinical Neurophysiology.
2015;126(2):382-390. doi:10.1016/j.clinph.2014.05.034.

Pelletier SJ, Cicchetti F. Cellular and molecular mechanisms of action of
transcranial direct current stimulation: Evidence from in vitro and in vivo
models. International Journal of Neuropsychopharmacology. 2014;18(2).
d0i:10.1093 /ijnp/pyu047.

Douglas RJ, Martin KAC, Whitteridge D. A canonical microcircuit for neocortex.
Neural Computation. 1989;1(4):480-488. doi:10.1162/neco0.1989.1.4.480.

Spampinato D. Dissecting two distinct interneuronal networks in M1 with
transcranial magnetic stimulation. Experimental Brain Research.
2020;238(7-8):1693-1700. do0i:10.1007/s00221-020-05875-y.

Di Lazzaro V, Ziemann U. The contribution of transcranial magnetic stimulation
in the functional evaluation of microcircuits in human motor cortex. Frontiers in
Neural Circuits. 2013;7:18. doi:10.3389/fncir.2013.00018.

Banerjee J, Sorrell ME, Celnik PA, Pelled G. Immediate Effects of Repetitive
Magnetic Stimulation on Single Cortical Pyramidal Neurons. PLOS ONE.
2017;12(1):e0170528. doi:10.1371 /journal.pone.0170528.

Shirinpour S, Hananeia N, Rosado J, Tran H, Galanis C, Vlachos A, et al.
Multi-scale modeling toolbox for single neuron and subcellular activity under
Transcranial Magnetic Stimulation. Brain Stimulation. 2021;14(6):1470-1482.
doi:10.1016/j.brs.2021.09.004.

Aberra AS, Peterchev AV, Grill WM. Biophysically realistic neuron models for
simulation of cortical stimulation. Journal of Neural Engineering.
2018;15(6):066023. doi:10.1088/1741-2552/aadbb].

Aberra AS, Wang B, Grill WM, Peterchev AV. Simulation of transcranial
magnetic stimulation in head model with morphologically-realistic cortical
neurons. Brain Stimulation. 2020;13(1):175-189. doi:10.1016/j.brs.2019.10.002.

Lenz M, Miiller-Dahlhaus F, Vlachos A. Cellular and Molecular Mechanisms of
rTMS-induced Neural Plasticity. In: Platz T, editor. Therapeutic rTMS in
Neurology: Principles, Evidence, and Practice Recommendations. Cham:
Springer International Publishing; 2016. p. 11-22. Available from:
https://doi.org/10.1007/978-3-319-25721-1_2,

Ferro M, Lamanna J, Spadini S, Nespoli A, Sulpizio S, Malgaroli A. Synaptic
plasticity mechanisms behind TMS efficacy: insights from its application to
animal models. Journal of Neural Transmission (Vienna, Austria: 1996).
2022;129(1):25-36. doi:10.1007/s00702-021-02436-7.

Larson J, Munkacsy E. Theta-burst LTP. Brain Research. 2015;1621:38-50.
doi:10.1016/j.brainres.2014.10.034.

Hoogendam JM, Ramakers GMJ, Di Lazzaro V. Physiology of repetitive
transcranial magnetic stimulation of the human brain. Brain Stimulation.

2010;3(2):95-118. d0i:10.1016/j.brs.2009.10.005.

March 14, 2023

23/125)


https://doi.org/10.1007/978-3-319-25721-1_2
https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

73.

74.

75.

76.

e

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Thomson AC, Sack AT. How to Design Optimal Accelerated rTMS Protocols
Capable of Promoting Therapeutically Beneficial Metaplasticity. Frontiers in
Neurology. 2020;11.

Rotenberg A, Horvath JC, Pascual-Leone A, editors. Transcranial magnetic
stimulation. No. 89 in Neuromethods. New York: Humana Press: Springer; 2014.

Jacobs M, Premji A, Nelson AJ. Plasticity-Inducing TMS Protocols to
Investigate Somatosensory Control of Hand Function. Neural Plasticity.
2012;2012:1-12. doi:10.1155/2012/350574.

Keck T, Keller GB, Jacobsen RI, Eysel UT, Bonhoeffer T, Hiibener M. Synaptic
Scaling and Homeostatic Plasticity in the Mouse Visual Cortex In Vivo. Neuron.
2013;80(2):327-334. do0i:10.1016/j.neuron.2013.08.018.

Lee K, Queenan B, Rozeboom A, Bellmore R, Lim S, Vicini S, et al. Mossy
Fiber-CA3 Synapses Mediate Homeostatic Plasticity in Mature Hippocampal
Neurons. Neuron. 2013;77(1):99-114. doi:10.1016/j.neuron.2012.10.033.

Turrigiano GG, Nelson SB. Homeostatic plasticity in the developing nervous
system. Nature Reviews Neuroscience. 2004;5(2):97-107. doi:10.1038/nrn1327.

Rocha M, Sur M. Rapid acquisition of dendritic spines by visual thalamic neurons
after blockade of N-methyl-D-aspartate receptors. Proceedings of the National
Academy of Sciences. 1995;92(17):8026-8030. doi:10.1073/pnas.92.17.8026.

Kirov SA, Harris KM. Dendrites are more spiny on mature hippocampal neurons
when synapses are inactivated. Nature Neuroscience. 1999;2(10):878-883.
doi:10.1038/13178.

Lu H, Gallinaro JV, Normann C, Rotter S, Yalcin I. Time Course of Homeostatic
Structural Plasticity in Response to Optogenetic Stimulation in Mouse Anterior
Cingulate Cortex. Cerebral Cortex. 2022;32(8):1574-1592.
d0i:10.1093 /cercor /bhab281.

Fauth M, Tetzlaff C. Opposing Effects of Neuronal Activity on Structural
Plasticity. Frontiers in Neuroanatomy. 2016;10. doi:10.3389/fnana.2016.00075.

Nakayama K, Kiyosue K, Taguchi T. Diminished Neuronal Activity Increases
Neuron-Neuron Connectivity Underlying Silent Synapse Formation and the Rapid
Conversion of Silent to Functional Synapses. Journal of Neuroscience.
2005;25(16):4040-4051. doi:10.1523/JINEUROSCI.4115-04.2005.

Vardalaki D, Chung K, Harnett MT. Filopodia are a structural substrate for
silent synapses in adult neocortex. Nature. 2022;612(7939):323-327.
d0i:10.1038/s41586-022-05483-6.

Vincent-Lamarre P, Lynn M, Béique JC. The Eloquent Silent Synapse. Trends in
Neurosciences. 2018;41(9):557-559. doi:10.1016/j.tins.2018.07.002.

Kerchner GA, Nicoll RA. Silent synapses and the emergence of a postsynaptic
mechanism for LTP. Nature Reviews Neuroscience. 2008;9(11):813-825.
do0i:10.1038 /nrn2501.

Liao D, Hessler NA, Malinow R. Activation of postsynaptically silent synapses
during pairing-induced LTP in CA1 region of hippocampal slice. Nature.
1995;375(6530):400-404. doi:10.1038/375400a0.

March 14, 2023

24/25]


https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.533396; this version posted March 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

88.

89.

90.

91.

92.

93.

94.

Isaac JTR, Nicoll RA, Malenka RC. Evidence for silent synapses: Implications
for the expression of LTP. Neuron. 1995;15(2):427-434.
doi:10.1016,/0896-6273(95)90046-2.

Murphy SC, Palmer LM, Nyffeler T, Miri RM, Larkum ME. Transcranial
magnetic stimulation (TMS) inhibits cortical dendrites. eLife. 2016;5:¢13598.
doi:10.7554 /eLife.13598.

Kozyrev V, Eysel UT, Jancke D. Voltage-sensitive dye imaging of transcranial
magnetic stimulation-induced intracortical dynamics. Proceedings of the National
Academy of Sciences of the United States of America. 2014;111(37):13553-13558.
doi:10.1073 /pnas.1405508111.

Kozyrev V, Staadt R, Eysel UT, Jancke D. TMS-induced neuronal plasticity
enables targeted remodeling of visual cortical maps. Proceedings of the National
Academy of Sciences. 2018;115(25):6476-6481. doi:10.1073/pnas.1802798115.

Funke K, Benali A. Cortical cellular actions of transcranial magnetic stimulation.
Restorative Neurology and Neuroscience. 2010;28(4):399-417.
doi:10.3233/RNN-2010-0566.

Funke K, Benali A. Modulation of cortical inhibition by rTMS — findings
obtained from animal models. The Journal of Physiology. 2011;589(18):4423-4435.
doi:10.1113 /jphysiol.2011.206573.

Benali A, Trippe J, Weiler E;, Mix A, Petrasch-Parwez E, Girzalsky W, et al.
Theta-Burst Transcranial Magnetic Stimulation Alters Cortical Inhibition.
Journal of Neuroscience. 2011;31(4):1193-1203.
doi:10.1523/JNEUROSCI.1379-10.2011.

March 14, 2023

25/125)


https://doi.org/10.1101/2023.03.20.533396
http://creativecommons.org/licenses/by/4.0/

