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Abstract

Background: Transcranial Magnetic Stimulation (TMS) is a widely used non-invasive brain
stimulation method. However, its mechanism of action and the neural response to TMS are still
poorly understood. Multi-scale modeling can complement experimental research to study the
subcellular neural effects of TMS. At the macroscopic level, sophisticated numerical models exist
to estimate the induced electric fields. However, multi-scale computational modeling approaches
to predict TMS cellular and subcellular responses, crucial to understanding TMS plasticity
inducing protocols, are not available so far.
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Objective: We develop an open-source multi-scale toolbox Neuron Modeling for TMS (NeMo-
TMS) to address this problem.

Methods: NeMo-TMS generates accurate neuron models from morphological reconstructions,
couples them to the external electric fields induced by TMS, and simulates the cellular and
subcellular responses of single-pulse and repetitive TMS.

Results: We provide examples showing some of the capabilities of the toolbox.

Conclusion: NeMo-TMS toolbox allows researchers a previously not available level of detail
and precision in realistically modeling the physical and physiological effects of TMS.

Keywords

transcranial magnetic stimulation; electric field simulation; neuron compartmental modeling;
calcium simulation; three-dimensional reconstructions; synaptic plasticity; dendrites

Introduction

Transcranial Magnetic Stimulation (TMS) is a popular non-invasive brain stimulation
method to safely modulate brain activity in the human brain. TMS generates a strong
magnetic field by passing a transient current through a magnetic coil [1]. This time-varying
magnetic field crosses the skull and induces an electric field which can depolarize neurons
in the underlying brain areas [2]. TMS is used both in research and clinical applications for
neuropsychiatric and neurological disorders [3]. Despite the growing use of TMS, there is
still a lack of understanding of its mechanism of action.

Direct in vivo recordings of neural activity in rodents and non-human primates have led to
key insights into TMS mechanisms [4-8]. However, due to differences in brain structure and
functional neuroanatomy compared to humans, great care has to be taken when translating
findings across species to account for dosing, coil placement and other parameters [9].
Besides /n vivo animal studies, /n vitro experiments in hippocampal slice cultures have been
instrumental for our understanding of cellular and molecular mechanisms of TMS [10-13].
In vitro preparations allow studying the effects of TMS on a single neuron basis in detail,
however, as for animal studies, translating findings to humans needs mindful assessment.

Computational modeling is a key tool to complement experimental studies to investigate
TMS mechanisms. Computational models can provide a framework to understand
experimental results as well as allow efficient screening of a large range of stimulation
parameters. Most TMS modeling studies have focused on the spatial distribution of TMS-
induced electric fields in the brain [14-19]. These studies have been successful in predicting
TMS stimulation regions and guiding TMS targeting for human experiments. However,
they are limited in expanding our understanding of the TMS physiological response which
depends on a variety of factors such as neuron type, electric field orientation, and ongoing
activity [20,21]. Consequently, there has been a growing interest in developing neuron
models to predict the physiological outcome of TMS.
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In early modeling work, the effects of magnetic stimulation on elongated cables representing
axonal tracts were studied [16,22-25]. More recent work [26-32] used more realistic
neuronal geometries. Aberra and colleagues [33] highlighted the need to include realistic
axonal reconstructions and myelination to more accurately predict neuronal responses.
These studies have commonly focused on single-pulse TMS. However, for clinical
applications, TMS is applied repeatedly in specific temporal patterns (repetitive TMS
[rTMS]). Also, these rTMS protocols are designed to induce neural plasticity that is guided
by several subcellular processes including somatic and dendritic calcium accumulation [34—
36]. Despite the importance of rTMS-induced plasticity on intracellular calcium signaling
pathways [10,13,37], subcellular calcium-dependent processes have only been incorporated
in computational models of TMS utilizing mean-field theory [38-40] where volume
averaged effects such as mean calcium concentration are modeled. However, it is important
to spatially resolve the intracellular processes in the models.

To address the limitations of available TMS models, we developed a multi-scale modeling
toolbox coupling TMS electric fields with anatomically and biophysically realistic neuron
models, and their intracellular calcium signaling. TMS multi-scale modeling requires the
detailed knowledge of a broad range of computational tools, and so far, no such toolboxes
exist. Here, we describe a newly developed Neuron Modeling for TMS (NeMo-TMS)
pipeline that allows simulating and visualizing realistic multi-scale models from neuronal
reconstructions without the need for technical expertise in all the related fields. Our
modeling toolbox allows researchers to explore TMS mechanisms computationally and
embed experimental findings in a theoretical framework that can facilitate our understanding
of TMS mechanisms across scales.

Materials and Methods

Overview of Multi-scale Modeling Paradigm

We give an overview of the concept of multi-scale modeling to study the effects of TMS on
neurons at the cellular and subcellular levels as shown in Figure 1. First, we use the Finite
Element Method (FEM) to numerically calculate the electric fields induced in the geometry
of interest (e.g. /n vitro model or head model, Fig. 1A). However, the resulting electric
fields at the macroscopic and mesoscopic scale cannot directly predict the physiological
outcome. Therefore, we model the neuron membrane response to these external electric
fields. To this end, we reconstruct CA1 pyramidal neurons based on microscopic images
of enthorhino-hippocampal tissue cultures prepared from rodent brains (Fig. 1B). Based

on the neuron morphology, we then generate a discretized numerical model of the neuron.
Then, to couple the electric fields from the FEM model to the neuron model, we calculate
quasipotentials (Fig. 1C) across all the neuron compartments [41]. Afterward, the neuron
model is numerically solved to estimate the membrane potential across the whole neuron
over time (Fig. 1D). Based on the calculated voltage traces, we solve the equations
governing the calcium dynamics to calculate the calcium concentrations in the neuron over
time at the subcellular level (Fig. 1E).
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Neuron Modeling for TMS (NeMo-TMS) Toolbox

To facilitate the process of multi-scale modeling, we have developed a new toolbox
(NMeMo-TMS) and share it as an open-source resource with instructions (https://github.com/
OpitzLab/NeMo-TMS) accessible to the research community. We tested the toolbox on
Microsoft Windows 10 and Linux (Ubuntu 18.4/20.04). We have tested all the steps except
the model generation (step 1) on macOS Catalina. Here, we outline the toolbox functionality
and the steps to perform multi-scale simulations. Furthermore, we provide examples to show
how it can be used to investigate TMS-related research questions.

As shown in Figure S1, the pipeline is comprised of multiple steps that allow the user

to run multi-scale models. We have shared all the necessary codes and instructions to run
multi-scale models with minimal prerequisites from the user. Below we summarize typical
steps in the modeling process:

1. Neuron models are generated from realistic neuron reconstructions and the
biophysics of CA1 or neocortical pyramidal cells are automatically added to
these models.

2. Coordinates of the neuron model compartments are exported to be used in later
steps.
3. The macroscopic electric fields are numerically calculated in the geometry

of interest (e.g. /n vitromodel, head model). This accounts for the spatial
distribution of the electric fields.

4, The electric fields computed in step 3 are coupled to the neuron model by
calculating the quasipotentials at the coordinates exported in step 2.

5. The desired rTMS waveform is generated which accounts for the temporal
pattern of the electric fields. User can also select the time step for subsequent
simulations.

6. The membrane voltage of the neuron is simulated based on the spatial and

temporal distribution of the TMS-induced electric fields calculated in the
previous steps. Alternatively, the user can also run this step under the assumption
of a spatially uniform electric field (in this case, steps 2 to 4 can be skipped).

7. The calcium concentration is simulated based on solving the calcium diffusion-
reaction equations with voltage-dependent calcium channels.

8. The simulation results are visualized.

This toolbox is developed by utilizing multiple software packages, methods, and algorithms.
Because of this and to make the toolbox accessible to a broad range of researchers with
varying computational skills, we have simplified and automated the process to a great
degree. For all the steps described above, the user can run the simulations using either
graphical interfaces or through scripting. This feature is useful as it makes the computational
workflow reproducible and gives advanced users the ability to run multiple simulations
programmatically. With the NeMo-TMS toolbox, we provide a set of ten morphologically
accurate neuron reconstructions with detailed dendritic and axonal branches to run example
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simulations. The morphology of these neurons is shown in Figure S2. For further technical
details on the pipeline procedure, see below.

Neuron Reconstructions

Ethics Statement—Animals were maintained in a 12 h light/dark cycle with food

and water available ad libitum. Every effort was made to minimize distress and pain in
animals. All experimental procedures were performed according to German animal welfare
legislation and approved by the local animal welfare officer of Freiburg University.

Tissue Cultures and Imaging—Enthorhino-hippocampal tissue cultures were prepared
at postnatal days 4-5 from Wistar rats of either sex as described previously [37]. Single CAl
pyramidal neurons were identified under a microscope equipped a Dodt-Gradient-Contrast
system. The bath solution contained 126 mM NaCl, 2.5 mM KCI, 26 mM NaHCO3, 1.25
mM 337 NaH2PO4, 2 mM CaCl2, 2 mM MgCI2 and 10 mM glucose and was saturated
with 95% 02 / 5% CO2. Patch pipettes were filled with a solution containing 126 mM
K-gluconate, 4 mM KCI, 4 mM ATP-Mg, 0.3 mM GTP-Na2, 10 mM PO-Creatine, 10 mM
HEPES, and 0.1% Biocytin (pH = 7.25, 290 mOsm). The cells were held at -60 mV and
the whole-cell configuration was maintained for at least 10 min to ensure complete filling
of the cells. Patch pipettes were retracted carefully, and the tissue cultures were fixed in a
solution of 4 % PFA (w/v) and 4 % (w/v) sucrose in 0.01 M PBS for 1 h. The staining and
imaging procedures have been described previously [42]. Briefly, the tissue cultures were
counterstained with Alexa-488 conjugated streptavidin (1:1000) and multiple z-stacks were
obtained using a laser scanning confocal microscope (step size 0.5 um; voxel size x and y =
0.3784 pm).

Neuronal Reconstructions—CAL1 pyramidal cells were reconstructed using Neurolucida
360 (ver. 2019.1.3; MBF Bioscience). Somata were reconstructed using manual contour
tracing, with the contour tracing set to ‘Cell Body’. Dendrites were subsequently
reconstructed in the Neurolucida 3D environment under the ‘User-guided’ tracing option
using the ‘Directional Kernels’ method. The raw reconstructed morphological data with
detailed axonal and dendritic branching were then imported into the TREES toolbox for
additional processing [43]. To correct for diameter overestimation due to fluorescence halo,
a quadratic diameter taper algorithm [44] was applied across the dendritic arbor, with
separate consideration for the basal dendrites, apical tuft, apical oblique projections, and
primary apical dendrite. Parameters for the diameter tapering algorithm were adapted from
[10]. Internodal segments of the axon were assigned a fixed diameter of 1um and 0.8um

for nodes of Ranvier. As abrupt changes in the direction of neurites cause anomalous

local effective electric fields along the neurite, a smoothing algorithm was also applied

to the neurites. Using ProMesh4 (Goethe-Universitat, Germany), we applied a Laplacian
smoothing to all neurites (alpha = 0.25, 20 iterations) as well as manually removing any
remaining anomalous sharp direction changes. These ten sample neuron reconstructions are
shared with the toolbox.
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Neuron Model Generation

We integrated a series of software tools into an automated pipeline for generating NEURON
compartmental models [45]. This pipeline can generate models from commonly used file
formats, i.e., SWC and Neurolucida ASCII files. Note that it is up to the user to ensure

the input morphologies are correct, high-quality and without artifacts, otherwise the model
generation may fail in the process or the simulation results would not be reliable. We tested
the pipeline on the ten reconstructions of rat CA1 pyramidal cells provided here, as well as
other morphology files.

Since the axonal reconstructions do not include myelination, this pipeline allows the user
to myelinate the axon automatically, or to leave the neuron unmyelinated. For this, we
implemented a modified variant of the myelination algorithm used in [46]. Nodes of
Ranvier were placed at all bifurcation points in the axon arbor, as well as regularly at
100um intervals. All internodal segments except terminal segments shorter than 20um were
myelinated. As most publicly available reconstructions of pyramidal neurons do not have
an axon, the pipeline also features a provision for potential automatic addition of a straight
artificial axon; in this case, the axon is a straight line emanating from the basal region of
the soma with the first 10um a hillock segment, the next 15um the axon initial segment,
followed by six 100um long myelinated internodal segments with regularly spaced 1pm long
nodes of Ranvier.

Then, the NEURON compartmental models are generated using the T2N extension of the
TREES Toolbox [47] in MATLAB (Mathworks, Inc., Natick, MA, USA), which translates
the TREES Toolbox morphological data into NEURON’s HOC format and adds biophysics
to the model. Our models implement a generalized version of the Jarsky model of the

CA1 pyramidal cell [48,49]. This includes the passive properties: Cy, = 0.75 pF/cm?2, R, =
200 Q-cm, Rm = 40000 Q/cm?2. Additionally, axon myelinated segments had a significantly
reduced C,, of 0.01 uF/cm”2, while axon nodes had Ry, of 50 Q/cm?. The models included
three voltage-gated conductances: a Na* conductance, a delayed rectifier K* conductance,
and two A-type K* conductances. The values of these conductances are assigned according

to distance from the soma as described in [49]. While the Na* and K}z conductances

are fixed at 0.04 S/cm2, the value of the K7 conductances steadily increases from 0.05
S/cm2 at the soma to 0.3 S/cm2 at 500um from the soma. There is a crossover point
between the two different K7 conductances at 100um from the soma. Furthermore, the
extracellular mechanism [45], which accounts for the extracellular electric potentials, was
inserted into the models by T2N simultaneously with the other biophysics. A synapse is also
automatically placed in the proximal apical dendrite at a user-specified distance from the
soma. Following the generation of the model files by T2N, other necessary files for the next
steps are also generated and automatically placed in the correct location.

Additionally, we implement two human-inspired neocortical pyramidal cell models[46], one
for layer 2/3 and one for layer 5 in the T2N-TREES framework for use with NeMo-TMS.
As myelination is already implemented for these models, the myelination step of model
generation is bypassed. These morphologies are extracted directly from the code provided
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in [46] using the neu_tree function of TREES Toolbox. This process preserves the diameter
scaling and myelination of that model.

FEM Modeling of the TMS induced Electric field

To study the behavior of neurons under non-invasive brain stimulation, we first calculate
the electric field generated at the macro- and mesoscopic scale. This includes computing
the spatial distribution and time course of the TMS electric field. Since the stimulation
frequency is relatively low, we can use the quasi-static approximation to separate the spatial
and temporal components of the electric field [50-52]. For the spatial component, we
calculate TMS-induced electric fields using FEM models implemented in the open-source
software SImNIBS v3.1 [53]. SImNIBS is a versatile simulation platform that can simulate
TMS-induced electric fields for various geometries and a variety of TMS coils.

Furthermore, since the electric field simulation accuracy depends on the resolution of the
FEM mesh, we also provide a refined version of the Ernie head model from SimNIBS [54]
as a sample. This mesh was generated by increasing the number of triangles in the gray
matter (5.8X) and white matter (13.1X) surfaces from the original file first using MeshFix
[55]. Then, the tetrahedral elements were generated from the triangular surfaces in Gmsh
[56]. This refined mesh file can be downloaded from https://zenodo.org/record/5209082
[57].

Under the quasi-static assumption, the time course of the TMS-induced electric field is the
same as that of the TMS stimulation output (rate of change [dI/dt] of the coil current).
Therefore, after determining the spatial distribution of the electric field, the electric field can
be found at any time point by scaling the spatial distribution to the TMS waveform. It is
thus, very important to accurately represent the TMS waveform to investigate the temporal
interaction of the external electric fields with neurons. For repetitive TMS (rTMS) a TMS
pulse train is generated based on the parameters of the rTMS protocol. The user has the
option to choose the TMS pulse type, inter-pulse interval, and the number of pulses. We
included TMS pulse types commonly used in commercial TMS machines i.e. monophasic,
and biphasic pulses [58]. We used the waveforms provided in a previous modeling study
which were recorded from TMS pulses from a MagPro X100 TMS machine with a MCF-
B70 figure-of-8 coil (MagVenture, Denmark) [33]. Based on the specified parameters, the
pulses are concatenated to generate a pulse train and then written in a file that is used later in
the neuron simulation. Note that advanced users can create custom-waveforms e.g. TBS and
cTMS [59] as long as they follow the correct waveform format.

Electric field Coupling to Neuron Models

After calculating the macroscopic TMS-induced electric fields induced in the FEM model

of interest, these external fields need to be coupled with the neuron models. While neurons
are known to generate and affect electric fields around them, these fields are negligible
compared to the strong TMS-induced electric fields. Therefore, it is common to exclude
neurons during electric field modeling and couple the electric fields to neurons afterward
[30,33,41]. In this pipeline, this is performed by: 1) Coordinates of the neuron compartments
from the neuron model in the NEURON environment are exported to a text file. 2) The

Brain Stimul. Author manuscript; available in PMC 2022 November 01.
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FEM model including the electric fields and the neuron coordinate files are imported to
MATLAB. 3) The user enters the desired location and depth (relative to the grey matter
surface) for the neuron placement. Additionally, the user has the option to manually specify
the neuron orientation or choose a default orientation which is perpendicular to the grey
matter surface. [60-62]. 4) The microscopic electric field at the location of neuronal
compartments is interpolated from the mesoscopic TMS-induced electric fields calculated
in the FEM model. 5) In this step, the user can scale the electric field strength if needed.

Since the electric field strength scales linearly with the stimulation intensity, one can easily
scale the electric fields instead of rerunning the FEM simulations at different intensities. 7)
The quasipotentials are computed over all compartments as described in [41] and written in
a file that will be used later in the pipeline for the NEURON simulations. Additionally, the
neuron (transformed to the desired location) and the FEM model are exported as mesh files
for visualization.

To simplify the multi-scale modeling process, we have also enabled an alternative method
to skip the FEM electric field modeling and the corresponding coupling step. In this case,
the electric field is assumed to be spatially uniform over the extent of the neuron. This
allows the user to specify the TMS-induced electric field everywhere using a single scalar
for the amplitude and a vector for orientation. Typically, since neurons are considerably
smaller than the TMS coil and the head model, the electric field distribution confined to a
single neuron region is mostly uniform. Therefore, the uniform electric field approximation
provides sufficiently accurate results in most cases. However, note that the uniform electric
field approximation is not always valid. This occurs mainly in the following cases: 1) The
neuron crosses a tissue boundary e.g. between Grey matter and white matter [16]. Due to
the difference in electrical conductivities between tissues, a difference in the electric fields
can arise between tissues. 2) The neuron is spatially extended (e.g. neurons with long axonal
projections) so that the homogeneity of the electric field over small scales does not apply
anymore. 3) The tissue surrounding the neuron is highly inhomogeneous. It should be noted
that at the microscopic scale, the medium around the neurons is never fully homogeneous.
However, due to computational demand, the electromagnetic characteristics of the grey
matter is typically assumed to be locally homogeneous in modeling studies.

In the case of a uniform electric field, the quasipotentials equation can be simplified to the
following expression:

— —
wy=—- [E-ds=-E-5=—(Ex+Ey+E?Z2) @

Where E is the electric field, 5 is the displacement vector, Ey, Ey, and E; stand for the
Cartesian components of the electric field, and X, y, and z denote the Cartesian coordinates
of each compartment. This step is computed in the NEURON environment.

Regardless of whether the electric field is uniform or based on the FEM model, the
quasipotentials are calculated at each neuron segments (as exported from the NEURON
model) and applied to the neuron simulations by using the extracellular mechanism available
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in the NEURON environment [45,46]. This process accounts for the exogenous fields
induced by TMS.

Neuron Model Simulations

In this step, the simulation is run based on the generated NEURON model, the
quasipotentials and TMS waveform files. During this stage, the user is prompted to choose

to use the quasipotentials file calculated previously or to proceed with a uniform electric
field. In the latter case, the user should enter the intensity of the electric field and its

orientation, either in spherical or Cartesian coordinates. Then, the parameters for the random
and synchronous synaptic inputs are entered by the user. Both of these synaptic inputs

are supplied to the same synapse specified during the model generation. One input is
synchronous with the TMS pulse, differing by a user-specified offset (2 ms default). The
other input is random, with a user-selectable frequency and noise. Both inputs are disabled
by default and can be enabled by setting non-zero synaptic weights. After running the
simulation, the output files are automatically created. This includes voltage traces of all
neuron segments over time and the coordinates of the segments and their connections.

Calcium Simulations

The calcium modeling tool of NeMo-TMS simulates the changes in calcium concentration
based on Ca2* influx via voltage dependent calcium channels (VDCCs). The VDCCs are
simulated using the Borg-Graham model [63] and intracellular changes are modeled by
solving diffusion-reaction equations on a one-dimensional tree geometry. Accordingly, the
effects of the electric field on plasma membrane depolarization, activation of VDCCs and
Ca?* influx can be studied. Calcium mechanisms are either lacking in NEURON models
or are typically simplified models that do not include the detailed calcium dynamics such
as calcium diffusion. Therefore, realistic models of calcium diffusion such as the one
incorporated in NeMo-TMS can provide more accurate results as shown in Fig. S8.

All necessary components were implemented in the simulation toolbox NeuroBox [64].
NeuroBox is a simulation toolbox that combines models of electrical and biochemical
signaling on one- to three-dimensional computational domains. NeuroBox allows the
definition of model equations, typically formulated as ordinary and partial differential
equations, of the cellular computational domain and specification of the mathematical
discretization methods and solvers [65,66]. The user can specify simulation parameters for
the end time, time step size, and load the geometry. The following parameters are set by
default based on previous literature [67]: plasma membrane Ca?* -ATPase pumps (PMCA),
Na+/Ca2* exchangers (NCX), and VDCC densities, initial cytosolic calcium concentration,
and diffusion constant for cytosolic calcium. However advanced users can modify the
variables if necessary (discussed in the tutorial).

Calcium Model Equations—The model equations that are used for the calcium
simulations have been utilized in [67,68]. In particular, the authors of [68] utilize the
plasma membrane model equations in conjunction with intracellular calcium stores to verify
necessary conditions to initiate stable calcium waves. For our simulations we study Ca%*
influx through VDCCs, in [67], this would be analogous to the passive/no-endoplasmic
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reticulum case and the authors concluded that minimal calcium reaches the dendritic
compartments of the neuron. We observe this effect since the calcium remains localized
near the soma and does not diffuse into all the distal dendrites of the neuron. Calcium
mobility in the cytosol is described by the diffusion equation

du
o1 =7 (DVuw), )
where «(x, 9 is the vector quantity of calcium concentration in the cytosol /Ca?*]and
calbindin-D28k. The diffusion constants D are defined using data from (4). The interaction
between cytosolic calcium and calbindin-D28k are described by

Ky

Ca>* + CalB=[CalBCa®* | ®
kb

The rate constants ki and kj are defined in [67]. The calcium dynamics are modeled by a

system of diffusion-reaction equations on a one-dimensional tree geometry with three spatial
coordinates, the equations are as follows:

2+
% =V - (DV[Ca®*]) + kj (b = b) — kj b[Ca® * | @
—a[Ca"t’B] = V- (DV[CalB]) + kj (5 — b) — k{ B[Cal B] ®

where the concentration of the CalB-Ca2* compound is expressed by the difference of the
total concentration of CalB present in the cytosol (/%) and free CalB, the former of which is
assumed to be constant in space and time (this amounts to the assumption that free calcium
and CalB have the same diffusive properties). The parameters used in this study are taken
from [67].

In order to study the influence of the intracellular organization on Ca2* signals, we include
Ca?* exchange mechanisms on the plasma membrane (PM). For the plasma membrane, we
consider PMCA, NCX, Ca?* influx through VDCCs, and a leakage term. This amounts to
the flux equations (number of ions per membrane area and time)

Jpm=—JPpMcA—INCxHJitivdce (6)
with the Hill equations

. Ippcacey?

JPMCA = PPMCA" ——— 5 5 O]
Kpmca™ + Ceyt
INCXCcyt
J =p B e ®
NCX = PNCX " Ry Ty
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The flux equations for the voltage-dependent calcium channels are described in the
Appendix.

Numerical Methods for Calcium Simulations—For numerical simulations, the
equations are discretized in space using a finite volumes method. Current densities,
across the plasma membranes, can be incorporated into the reaction-diffusion process very

naturally and easily this way. Time discretization is realized using a backward Euler scheme,
i.e., for each point in time t, the term % is approximated by
ou u)—ul—1)

ot T ©

where tis the time step size. For the results we present here, the emerging linearized
problems were solved using a Bi-CGSTAB [67] linear solver preconditioned by an
incomplete LU decomposition.

Although the intracellular calcium can affect the membrane potential, the effect on
neuronal spiking is small for isolated neurons in short time scales as shown in Figure
S7. Therefore, due to computational performance, only a feedforward implementation of
calcium simulations based on the membrane potentials is implemented in this pipeline.

Visualization

Examples

Additionally, we have provided a GUI that can visualize the 3D distribution of the
membrane potentials and the calcium concentrations based on the simulated data from the
previous steps. Alternatively, users can visualize the data with Paraview [69].

To demonstrate some of the abilities of NeMo-TMS, we provide a few examples here.

In example 1, we run a full multi-scale simulation on an /n vitro model and show the
membrane potential and calcium activity of the neuron when a TMS pulse is delivered. As
shown in Figure 2A, the /n vitro model consists of a tissue culture placed inside a Petri dish
surrounded by artificial cerebrospinal fluid (aCSF). The Petri dish is modeled as a cylinder
with 30 mm in diameter and 10 mm in height. The tissue culture is 2 x 1.5 x 0.3 mm in

size and is placed at the center of the Petri dish 8 mm above the bottom surface. The mesh
file for this model is available for download (https://zenodo.org/record/4009465) [70]. The
electrical conductivity of the aCSF and the tissue culture are set to those of CSF (1.654
S/m) and grey matter (0.275 S/m) respectively [71]. A dipole-equivalent model of a 70 mm
figure-8 coil (MagVenture MC-B70, Farum, Denmark) was placed 4 mm above the center of
the Petri dish. We ran the FEM electric field simulation with a stimulator output of dl/dt =
240 A/ps. A biphasic TMS pulse was used, and all the simulations were run at a 5 ps time
step. In example 2, we examine the effect of rTMS protocols on calcium accumulation. For
this, we keep all parameters the same as example 1 and only change the rTMS waveform.
We compare a 10 Hz rTMS protocol with a Theta Burst Stimulation (TBS) protocol [72].

In the TBS protocol, a burst of three TMS pulses is delivered at 50 Hz repeated at 5 Hz
(200 ms delay between bursts). The TMS waveform is biphasic for this example, and all the
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simulations were run at a 25 ps time step. In example 3, we show how the orientation of the
TMS electric field can affect the neural activation site and subsequently calcium dynamics.
Since the spatial distribution of the electric field plays a key role in TMS effects [15], we
compared two different electric field directions and their effects on the neuronal response.
For this, we used one of the features of the pipeline to apply a spatially uniform electric
field rather than from FEM modeling. We applied a monophasic TMS pulse in two different
orientations: /) along the somatodendritic axis from the apical dendrite to the longest axon
branch, /i) At 45° relative to the somatodendritic axis, along the second-longest axon branch.
All the simulations were performed at a 5 s time step in this example. In example 4, we run
the pipeline for a human neocortical pyramidal neuron [46] for differing TMS intensities.
The neuron is placed in the hand knob region of the primary motor cortex (M1), normal

to the surface of the grey matter (soma is 1 mm deep). We used the refined Ernie head
model explained in the methods and placed the figure-8 MC-B70 TMS coil (MagVenture,
Denmark) at a 45° angle relative to the midline, at the location of the C3 electrode based

on the international 10-20 system. Then, we apply 10 Hz biphasic rTMS at three stimulus
intensities (d1/dt) and synaptic inputs: 1) 120 A/ us with no synaptic input, 2) 120 A/ ps with
random synaptic input, and 3)100 A/us with synchronous synaptic input. The simulations
were run at a 5 s time step.

Example 1: Effects of TMS on the membrane potential and calcium concentration for an in
vitro neuron model

For the /n vitro model, the resulting electric fields are strongest at the top center of the
model since these regions are closest to the center of the TMS coil (Fig. 2B). Electric fields
are aligned unidirectionally in the tissue culture (Fig. 2C). Due to a conductivity difference
between grey matter and CSF, an increase in the electric field occurs at these border walls
[73]. The morphology of the reconstructed neuron is shown in Figure 2D. We placed the
neuron model inside the tissue culture close to the border of the tissue culture and oriented it
in a way that the electric fields are in the direction of the neuron somatodendritic axis (Fig.
2E). Then, we coupled the electric fields to the neuron by calculating the quasipotentials
across the neuron (Fig. 2F). A gradient of quasipotentials occurs in the direction of the
electric field.

Subsequently, we simulated the membrane dynamics of the neuron compartmental model
using the CA1 pyramidal cell biophysics [48,49] in response to the applied electric field
with the quasipotential mechanism. The resulting membrane voltage traces are then used
as input to the simulation of the calcium dynamics for this neuron. While action potential
initiation occurs on a millisecond timescale, calcium accumulation in the soma occurs with
a delay and can be slower. Figure 3 and the corresponding Video S1 show the membrane
potential of the neuron and its corresponding calcium concentrations over time during a
single biphasic TMS pulse (simulated at 5 ps). Before the TMS pulse delivery, the neuron
is at resting membrane voltage all across the cell (=70 mV). At time 0, the TMS pulse

is delivered. Shortly after the TMS pulse, the axon terminal at the bottom of the cell

is depolarized enough to induce an action potential. Since the axon is myelinated, the
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action potential quickly travels across all axonal branches and reaches the soma around 1
ms later. Afterward, the dendrites slowly depolarize as a result of ionic diffusion. Since
basal dendrites are shorter, they depolarize faster than the apical dendrites. Over time
(approximately 4 ms), the neuron gradually recovers back to the resting potential. Apical
and tuft dendrites are the last neurites to depolarize and therefore the last ones to return to
rest. The bottom panel in Figure 3 shows the calcium densities across the neuron for the
same neuron spike. Once the action potential reaches the soma at around 1 ms after the
TMS pulse, with a short delay of less than 1 ms, calcium accumulation is initiated in the
soma. Then, the calcium levels start to rise slowly at the basal and apical dendrites. For
these simulations, calcium exchange and release mechanisms are not considered in the axon
region of the neuron; therefore, the calcium concentration remains constant in the axon of
the cell. Afterward, the calcium densities in the rest of the neuron decrease and approach the
resting values again (~5 ms). However, it takes longer for the calcium in the soma to fully
restore to the baseline.

Example 2: Effect of rTMS pulse parameters on calcium dynamics

For the comparison of the rTMS pulses, the membrane potential and the calcium
concentration in the soma over several TMS pulses for 10Hz rTMS and TBS protocols

are shown in Figure 4. After each TMS pulse, the neuron spikes, and therefore calcium
accumulation in the soma follows. For the 10 Hz rTMS protocol, after each neuron spike,
there is a rapid increase and then a decrease in the calcium level in the soma. However, after
this initial activity, the decay rate slows dramatically. Since the calcium concentration does
not completely recover to baseline before the subsequent pulse, there is a gradual increase
in the overall calcium level. On the other hand, for the TBS protocol, since TMS pulses are
very close together in each burst, calcium reaches higher concentrations after each burst but
also decays quicker than the 10 Hz protocol. Although, because the bursts are fairly close
together, the calcium level stays higher than the baseline (Fig. 4D). Overall, a buildup of
calcium occurs in the soma over time in both rTMS protocols, but the temporal patterns

are different. The experimental data (refer to supplementary methods) shows that 10 Hz
repetitive magnetic stimulation (rMS) of the hippocampal tissue culture induces a gradual
increase in the somatic CaZ* concentration (Fig. S5). This slow buildup of the calcium is

in line with the simulation results (Fig. 4). In this example, we used a 25 s time step for
the simulations. We also investigated the effect of simulation time steps on neuronal activity.
Figure S4 shows that the results for 5 and 25 ys time steps are consistent. Except for a short
delay (<0.2 ms), we found no difference in the temporal pattern and the thresholds. Thus, we
recommend using a 25 ps time step due to lower computational cost unless the exact timing
of neuronal activity is necessary. The simulation times depend on the model, parameters
and the hardware setup of the computer. On a Microsoft Windows 10 computer (Intel Core
i7-4790 Processor, 32 GB memory), it takes approximately 30 minutes and 24 hours to run
the neuron and calcium simulations of example 2 respectively, performed at a 25 s time
step. Furthermore, to see the effect of neuron morphology on the rTMS response, refer to
Figure S6.
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Example 3: Effect of the electric field orientation on neural activation

In this example, the neuron activation pattern is shown in Figure 5 and Video S2 for

two electric field orientations. In the first case, since the electric field is aligned with the
long axon branch, the action potential is initiated in the terminal of the long axon branch.
However, in the second scenario, the action potential is initiated in the terminal of the
second-longest axon since it is more suitably aligned to the electric field. Additionally, in the
first scenario, the neuron fires at an electric field strength of 275 VV/m, while in the second
case, a slightly higher field strength (280 V/m) is needed for the neuron to fire. Also, there is
a time shift (~0.1 ms) between the action potential initiation and propagation between these
electric field orientations. This time shift causes a delay in calcium accumulation between
these conditions as shown in Video S3. This example shows that the electric field orientation
plays a role not only in the activation thresholds but also in the neuron firing pattern, and
calcium dynamics timing.

Example 4: Effects of TMS on the membrane potential and calcium concentration for a
human neocortical neuron model in a realistic head model

In this example, we examine the behavior of a human neocortical pyramidal neuron in a
realistic head model for multiple stimulus intensities of biphasic 10Hz rTMS. Figure 6A
shows the placement of the coil on the head, targeting the left primary motor cortex. The
electric field induced in the grey matter is strongest in motor and somatosensory areas (Fig.
6B). The white circle denotes the hand knob area of the M1 at the lip of the gyrus. We place
the neuron at the center of this region perpendicular to the grey matter surface (Fig. 6C).
Figure 6D illustrates the morphology of the pyramidal neuron. Somatic membrane potentials
of the neuron at different conditions show that spike activity depends on the TMS intensity
and synaptic inputs (Fig. 6E). For the studied rTMS protocols we observe that the neuron
does not fire with every TMS pulse due to its slow recovery. However, random synaptic
input can increase the neuron recovery to some degree. Furthermore, a synaptic input with
synchronous timing to TMS pulses, can decrease the firing threshold of the neuron. This
example shows that the temporal characteristics of the neuronal activity and synaptic inputs
play a major role in its response to rTMS. Furthermore, we conducted a control analysis
comparing the effect of FEM mesh size on the estimated microscopic electric fields used for
multi-scale modeling. Figure S3 shows that a typical FEM head model used in electric field
modeling, generates similar results to a locally refined mesh. We therefore conclude, that in
most cases, the typical FEM models are accurate, however, depending on the simulation, a
more refined mesh can increase the accuracy of the estimated electric fields. Additionally,
to compare the effect of FEM mesh refinement on the neuronal activity, we ran the same
simulations as in Figure 6, while only altering the FEM head model to the unrefined original
mesh used for electric field calculation (Fig S9). Except for minor shifts in the neuron firing
timing (some action potentials occur one TMS pulse earlier or later, without any change

in overall firing rate pattern) and TMS activation threshold in some conditions (5 A/us

less for the no synaptic and random synaptic inputs in the unrefined case), we do not see
major differences between the original and refined mesh. Thus, the typical mesh size used
for electric field simulations is suitable for most cases of neuron modeling. However, the
user can opt to use a refined FEM model (e.g., the one provided here) to have a higher
accuracy in electric field calculations [74], albeit with additional computational cost. The
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higher accuracy of refined meshes may be more pronounced around the tissue boundaries
which can be important if the axon of the neuron used in the multi-scale modeling crosses
the grey matter/white matter boundary [16].

Discussion

We developed an open-source multi-scale modeling toolbox to enable researchers to model
the effects of ()TMS on single neurons and study their cellular and subcellular behavior.
NeMo-TMS toolbox allows users to simulate the TMS-induced electric fields in geometries
of interest (such as an /n vitro model or a head model), to couple the TMS electric fields to
morphologically accurate neuron models, and to simulate the membrane voltage and calcium
concentration in the neurons. Our pipeline provides a graphical user interface, as well as

an interface to run the process through scripts that will allow researchers with different
computational skill sets to efficiently use our software.

To our knowledge, NeMo-TMS is the first modeling toolbox that enables studying single
neuron behavior under TMS at macro-/mesoscopic, microscopic, and subcellular levels at
the same time. Additionally, our toolbox can incorporate sophisticated neuron geometries
and morphologies. Complementing modeling results with experimental studies can help to
improve our understanding of the basic mechanisms of TMS.

Besides the technical implementation of the pipeline, we discuss several examples to
showcase some of its capabilities. In the first example, we simulate the effect of single-pulse
TMS on a morphologically reconstructed neuron embedded inside a tissue culture as an /in
vitro model. We show how the action potential is initiated at the axon terminal from which it
propagates to the rest of the neuron. The voltage-dependent calcium concentrations increase
after the action potential reaches the soma from which they spread into the dendrites.

Both processes occur at different timescales with the calcium propagation following the
action potential. In the second example, we compare the neuron response to two classical
plasticity-inducing rTMS protocols: a 10 Hz rTMS protocol and a TBS protocol. We show
that calcium induction varies between the protocols and that TBS results in a build-up of
calcium levels. We provide initial experimental evidence for somatic calcium increase in
response to rTMS as would be expected from simulation results. A more comprehensive
experimental validation will be necessary in future studies. In the third example, we examine
how the neuron response to TMS depends on the orientation of the electric field. For this, we
applied a spatially uniform electric field at two orientations and show that the initiation site
of the action potential changes as a result as well as the activation threshold. The site of the
action potential initiation and the overall field intensity to initiate action potentials are in line
with a recent study using morphologically accurate neuron models [33]. The differences in
action potential initiation also resulted in slight delays in calcium accumulation in the soma.
The exact timing between pre- and postsynaptic activity has a major impact on synaptic
plasticity [10,75,76]. It is thus conceivable that in the context of rTMS these effects may add
up over the course of several hundred pulses. However, further work is required to test this
prediction. In the final example, we run the Nemo-TMS pipeline for a human neocortical
pyramidal neuron and show how the neuron spiking pattern is dependent on the stimulus
intensity and synaptic inputs. The electric field intensities reported in this manuscript for
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TMS-induced action potentials are in line with previous realistic neuron modeling studies
[33,46]. Although these examples demonstrate some of the capabilities of this toolbox, its
use is not limited to the examples discussed and researchers have the freedom to apply it to
questions of their interest.

While our toolbox significantly advances the field of TMS multi-scale modeling, future
studies are expected to validate the accuracy of neuronal membrane voltage and calcium
dynamics. Further developments can also be envisioned. Neurons vary drastically in terms of
their biophysics depending on their type. Here, we focused on implementing the biophysics
for CA1 and neocortical pyramidal neurons. Currently, the Ca2* simulations do not
consider internal calcium stores and only simulate the Ca2* influx from voltage-dependent
calcium channels (VDCCs), sodium-calcium exchangers (NCX), and plasma membrane
Ca2* ATPase (PMCA). Future versions of our pipeline can provide biophysics for more
diverse neurons, and allow users to define their own biophysics. Further developments can
also be implemented to incorporate modeling of Ca?* release from intracellular Ca2* stores.
In future work, our framework allows to integrate the models from [67,68], using the 3D
cell generator AnaMorph [77], to extend the current 1D intracellular calcium dynamics

to solve the 3D calcium models in NeMo. Additionally, our toolbox can be expanded to
include other non-invasive or invasive brain stimulation techniques such as transcranial
Alternating Current Stimulation (tACS), transcranial Direct Current Stimulation (tDCS), or
Deep Brain Stimulation (DBS). In the future versions, the pipeline can be streamlined even
more by removing the dependency of the toolbox on multiple software packages. Finally,
many of the behavioral and physiological neural responses to TMS arise from network
interactions between the neurons. Thus, investigating the neural behavior at the population
level will be vital for a fundamental understanding of TMS responses. Future hardware and
software developments will be necessary to implement tools to model networks of neurons
in response to TMS.

In conclusion, NeMo-TMS is a unique tool that provides an easy-to-use platform for
multi-scale TMS modeling and enables researchers to incorporate sophisticated modeling
approaches into their research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The flux equations for the voltage-dependent calcium channels are given by

Brain Stimul. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shirinpour et al.

Page 17

Jodee = GV, DF(V, 4[Ca®* ) @)

where G is the gating function and s the flux function [63]. Both depend on the voltage at
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where R is the gas constant, F is Faraday’s constant, T is in Kelvin, ﬁ[Caz +] is the
permeability of the calcium channel, and z is the valence of the ion [63].

The gating function g is described by a finite product
gV, 0= Y x"V,1) @

where xjis the open probability of the gating particle, in this case, it is only calcium, and nis
the number of particles. The open probability is described by the ODE

ﬂ _ Xeo(V) — x 5

AN (4) ®
where XIS the steady-state value of x, and z, is the time constant for the particular particle
x, formulas are given in [63].
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. We developed a new toolbox (NMeMo-TMS) to simulate the cellular and
subcellular activity of single neurons in response to (repetitive) TMS
. TMS-induced electric fields from the macroscopic models are coupled with

a morphologically realistic neuron model to simulate the membrane potential
and the spiking pattern

. Membrane potentials are used to model the voltage-gated calcium dynamics
important for understating neuronal plasticity

. All necessary codes can be found in an open-source repository (https://
github.com/OpitzLab/NeMo-TMS)
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Figure 1.

Overview of the multi-scale modeling paradigm. (A) Electric field calculation in the FEM
model of interest. (B) Neuron reconstruction of CA1 pyramidal cells from microscopic
images. (C) Coupling the electric fields (E)) to the morphologically accurate neuron model
by calculating quasipotentials (). (D) Simulating the membrane voltage (Vm) using the
quasipotentials and computing the voltage traces of the neuron compartments over time.
(E) Simulating the release of calcium ions from the voltage-dependent calcium channels
(VDCC) over time by solving the calcium diffusion equations.
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Figure 2.
In vitro model of tissue culture in a Petri dish. (A) Geometry of the /n vitro model. Top:

TMS coil is represented through green magnetic dipoles. The Petri dish, shown in blue, is
30 mm in diameter with a height of 10 mm and is filled with aCSF. The figure-8 coil is
placed 4 mm above the center of the Petri dish. Bottom: A cut-through image of the TMS
coil and Petri dish is shown. The tissue culture with a size of 2 x 1.5 x 0.3 mm is placed at
the center of the Petri dish 8 mm above the bottom surface. The tissue culture is modeled
with grey matter conductivity. (B) Electric field magnitude induced in the /n vitro model for
a TMS stimulator output of dl/dt = 240 A/us. (C) Electric field vector induced in the tissue
culture. Electric fields are aligned unidirectionally along the handle of the figure-8 coil. Due
to the conductivity mismatch between the culture and aCSF in the Petri dish, the electric
field is enhanced at the borders along the electric field direction. (D) Reconstructed neuron
morphology. Red, orange, yellow, green, blue, and purple respectively denote soma, basal
dendrites, proximal apical, distal apical, apical tufts, and axon. Line thickness increased for
better visualization. (E) Neuron (green) placement inside the tissue culture (grey mesh). The
arrow shows the orientation of the electric field at the second peak of the biphasic TMS
pulse. (F) The quasipotential distribution across the neuron compartments. In this model, the
electric field is applied along the somatodendritic axis, thus a gradient can be seen from the
apical dendrites to the axon.
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Figure 3.
Action potential and calcium propagation over time in the neuron for the /n vitro model.

Note that time scales of membrane potentials and calcium dynamics differ between the
upper and lower panel. Top: Spatial distribution of membrane potentials over time. The
action potential starts at the axon terminal shortly after the TMS pulse (t = 0) and quickly
propagates to the rest of the neuron. In the following ~4 ms, the neuron recovers back to
its resting potential. Bottom: Distribution of the calcium concentrations displayed for the
same TMS action potential. After the action potential reaches the soma ~1 ms after the
TMS pulse, shortly after < 1 ms), the calcium concentration increases in the soma and then
propagates to the dendrites. After several ms calcium levels resort to baseline. The range
of the color bar for the calcium concentrations was adjusted for improved visualization and
does not represent the maximum values. Also see Video S1.
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Time course of the membrane potential and calcium concentration at the soma in the /in
vitro model for two rTMS protocols. The grey lines indicate the TMS pulses. (A) Membrane
potential at the soma for the 10 Hz biphasic rTMS protocol. The neuron spikes immediately
after each TMS pulse. (B) Membrane potential at the soma for the TBS protocol with a
biphasic TMS pulse. (C) Calcium concentration at the soma for the 10 Hz rTMS protocol
corresponding to (A). Calcium levels rise after each spike and then slowly recover. Over
time, there is a buildup of calcium. (D) Calcium concentration at the soma for the TBS
protocol corresponding to (B). The calcium levels rise after each burst of pulses and then
subside. The calcium levels stay higher than the baseline.
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Figure 5.
Effect of the TMS electric field orientation on membrane dynamics and spiking threshold.

Top: Spiking activity in the neuron for a 275 V/m intensity uniform electric field with

a monophasic TMS pulse oriented along the somatodendritic axis. The action potential
initiates at the bottom-most axon terminal indicated with a grey dashed circle. Bottom:
Spiking activity for a 280 V/m intensity uniform electric field with a monophasic TMS pulse
oriented at 45° relative to the somatodendritic axis. The action potential starts at the axon
terminal on the right. Also see Video S2. For the corresponding calcium concentration, see
Video S3.
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Figure 6.

TMS effects in a human neocortical neuron model in a realistic head model (refined Ernie
model). (A) TMS coil placement over the left primary motor cortex (M1) at 45° relative to

midline. (B) Spatial distribution of the electric field magnitude on the grey matter. The white

circle shows the location of the neocortical neuron in the hand knob area of the M1. (C)
Neuron placement at the center of the white circle (radius =5 mm) at the lip of the gyrus.
The neuron is oriented normal to the grey matter surface. The quasipotentials induced by
the electric fields are overlaid on the neuron. The grey matter surface is made transparent
to visualize the neuron. (D) Neocortical neuron morphology. Soma, apical dendrites, basal
dendrites, and the axon is shown with red, green, orange, and purple, respectively. (E)
Somatic membrane voltage for /eft. dl/dt = 115 A/us and no synaptic input; middle. di/dt
=115 A/us and random synaptic input (weight = 0.05); and right. di/dt = 90 A/us and
synchronous synaptic input (weight = 0.05). The neuron does not fire at every TMS pulse

due to slow recovery period. Neuronal spiking depends on the synaptic input. Synchronous

synaptic input decreases the TMS firing threshold. The grey vertical lines mark the TMS
pulses.
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