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ioelectrical Principles of Neurons: Chemical Gradients

e Jonsare enveloped by water and cannot easily pass the lipid bilayer
plasma membrane

e Jons are unevenly distributed between the cytosol (intracellular fluid)
and the extracellular fluid

°

Na®K®ATPase (Sodium-Potassium Pump)

Ton Type More Abundant

Protein-Anions Intracellular

K® Intracellular
cle Extracellular
Na®

Extracellular

g Neuron image adapted from heps://en wikipedia.org/wiki/Neuron
§

Image from hups://en.wikipedia.org/wiki/Electrochemical gradient

The uneven distribution of ions is actively maintained by the @

The Resting Membrane Potential

® Selective ion channels cause ion specific membrane permeabilities
@® o Atthe equilibrium potential (~ -70mV) electrical and chemical
gradients balance out, this means equally many ions are pushed
out as are attracted in (zero net movement)
°

differences of the ions and the ion-specific permeability

The Resting Membrane Potential is driven by the concentration

Ton Type Membrane Permeability More Abundant
for Ions*

Protein-Anions No permeability Intracellular
avve
resvey (Ke High perme@ Intracellular ) vnae taek velain
e brane For further Interest: Goldman, Hodgkin and Katz Equation:

enk al et L joaos i
® ( C1o High perme@ Extracellular Pra[Na'ls+pk Ko+ p a [Cli
E; = RT/zF In N n
Na® Low Permeability Extracellular pra[Na'li+px [K'li+palClle

* in resting condition
o Image from Freberg, L. A. (2010). Discovering biological psychology. (p. 75, Fig 3.14)

ot
===




e e 'PC’J) SYngphc  Paenkals /’PJ’\DJ)

Postsynaptic . 4
Potentials 7Dendr|tes reclle d l>7 UBC\I\J\ (9&/\&& (on ke \s
ebon nfe * B2pdaiveben  EPSE) @ —> Anode
Cell body Anion . ypupdac ek (1TR) O — heXlode
Action
Potentials

— Axon

I

Presynaptic
() action potential

mv
+40

Summation properties

Excitatory (E1)

Postsynaptic
‘membrane
potential

S A ox o Sine (Godksen)

Threshold

~70J\/_
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e  Action potentials and Postsynaptic potentials have
o different temporal dynamics and therefore
different summation properties

Excitatory (E2)

Why is this so relevant? ®

e Direct measure of the processes that enable
interneuronal communication

Postsynaptic membrane
potential (mV)

Time (ms) ——»

I

14 Image from Kandel ctal, (2012) Principles of Neural Science (Fifth Edition, p.185, Figure -8)
Bigger image from Purves et al, (2004). Neuroscience (3rd Edition, p.123, Figure 5.20)
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EEG: What do we measure? b s
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®  EEG measures voltage differences on thescalp =0 Ulen
o Reference measure: between two electrodes i anuitnd
o (Most often an additionaliground electrode is added)
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Lower right from Luck (2014) An introduction to the event-related potential technique (p. 41, Figure 2.2)
Lower left image adnptud from Kandel et al., (2012) l"rinciplux of Neural Science (Fifth Edition, p-339, Figure 15-2)
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Left image from Purves et al., (2004). Neuroscience (3rd Edition, p.669, Box C)
Right image: https://unsplash.com/de/fotos/mann-mit-stirnlampe-in-der-nacht-8GEgdSc- Wi
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Lower right image from Cohen (2014) Analyzing neural time series data (p. 276, Figure 22.1)
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To achieve high precision in neurostimulation, two aspects
matter:

1. Target Accuracy (or Sensitivity):
We can effectively activate the desired neural circuits or
regions.

Selectivity (or Specificity)
We avoid unintended activation of surrounding or

unrelated neural structures.

Why does precision matter?

e Optimizing treatment response while minimizing side
effects
e Making causal inferences about the role of brain regions in

cognitive, sensory or motor processes

y Nerve cell

[JCentral nervous system
[[] Peripheral nervous system

Control here refers to our ability to bring our target system, e.g.,
the brain, into some state that we desire, using a ‘controller’, in
our case, a neuromodulation system.

ey brawn siede
Lo kviggs

S¥muiaw on

In general, we distinguish two kinds of control:
1. Open-loop control % Todsde  —>
Our stimulation is independent of the neural effects -
whatever is happening in the brain in response to the
stimulation doesn’t change how we stimulate.
Closed-loop control
Our stimulation is modulated by the effects it evokes in the
brain - we change the parameters depending on the
difference between the current state and the target state.
We use feedback from the brain to guide stimulation.
(y Sewlodon s adjeind Ayhonicain - CanbnOw\y

Most current research is open-loop.
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U Modulation of the Cortex

e Plan: We want to stimulate the cortex from the outside
(i.e., ‘noninvasively’).
e Idea:
1. Neurons react to electricity SPOLES Kwk?
2. We can apply a voltage gradient across a pair of electrodes |
on the scalp to induce currents in the brain
3. The currents should be effective, but relatively low (0.5-
2mA). J

o) (J&\\AX»«\
Aomo Ging

This general approach is called transcranial electrical stimulation (tES)

If we use direct current (Gleichstrom) we call the method
transcranial direct current stimulation (¢DCS)

If we use alternating current (Wechselstrom) we call the method
transcranial alternating current stimulation (tACS)

[he issue with the ti

® The conductance of scalp and skull are Electri fied V/m

relatively low, i.e., their resistances to current
. hlgh 02

e This means we need to apply a lot of energy on 0002
the outside to get relatively little energy into the
brain

e Often the loss is one or two orders of
magnitude

®  This limits the amount of current we can apply to
the brain tissue, as we must avoid pain at the
scalp. Currently, 2 maximum of 2mA is
recommended.

e Depending on the montage (i.e, arrangement of
electrodes), the electric field can be quite broad
and unspecific, due to current spread.

Electric field (V/m)

10 0 40
Distance from electrode (mm)

|
. CThonge megnabran Qa\x/vn‘ a\

e  Electric fields induced in the brain are sub-threshold for action potential generation
(<1 V/m, more often around 0.2 V/m) Critsegy

Fields either depolarize or hyperpolarize neuron populations slightly

This changes their excitability

This means we modulate spontaneous activity, rather than inducing it directly
Neurons form intricate interconnected networks, so (we hope) even minor
interventions could shift dynamics substantially

Somatic Doctrine of tES
= h2chorminm far e imbecdale 60\ LAy

The principle of “somatic doctrine” in basic tDCS montage design

. Current flow (electric field) Current flow (electric
outward from brain field) inward to brain
Depolvarized Y Hyper-polarized
apical apical dendrite
] dendrite
(W Depolarized
soma
) Hyper-polarized
soma
Somatic hyperpolarization = Somatic depolarization =
“inhibition” under cathode “excitation” under anode

Anode (+) depolarization of neuron soma
(and apical dendrite hyperpolarization)
Cathode (-) hyperpolarization of neuron soma
(and apical dendrite depolarization)

+ Tmage from Bikson et al. 2012 Cellular and Nerwork Effects of Transcranial Direct Current Stimulation. Fig 3.3a

Monrcgey KD - LPC 3 ((.) N N N N Coneguraden Yo oanicuve e s Locolsed  Sdds



B tACS current

Anodal tDCS current
500pA
L
=
2
=
g
<
Cathodal tDCS current
-500A

Time

Anodal oscillating tDCS current

tRNS current

APhase (EEG-stim.)
1

(A) L

Entraining
stimulus

® tACS is the use of sinusoidal alternating

currents in tES

This means neuron populations go through

regular cycles of enhanced and diminished

excitability (via somatic de- or
hyperpolarization, respectively)

e Itisassumed that this can entrain (im&anen)
frequencies (via constructive or destructive
interference as well as resonance), so that
internal oscillators follow the external
oscillation

e Entrainment effects have been shown in single
neurons in macaques, and are stronger with
higher currents (Johnson et al., 2020)

Neurons

Baseline

B““ﬂ-- e

-1 -05 0 05 1 15 2
Time (sec)

Simulated data from Hanslmavr er al.. 2019. Modulating Human Memorv via Entrainment of Brain Oscillations
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e Idea: We want to induce action potentials in a spatially

limited region of the brain.

Problem: Via scalp electrodes, it is not feasible to

inject enough current to induce localized

suprathreshold depolarizations (If we’d do that, we
would have electroconvulsive treatment)

e Solution: One can Gircdmvent that by inducing a
current via a magnetic field. Magnetic fields are barely
affected by the skin or the skull. This magnetic field in
turn can be generated via a charged coil.

Magnetic ———
Field

Induced
Current

e This allows us to induce currents strong enough to
make neurons fire in a well-circumscribed part of the
brain, depending on the position and geometry of the
magnetic field
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e  There are round coils and figure-eight coils that
produce different electrical fields:
® o The round coil produces an electrical field

that is strongest in a ring shape concentric to
the coil center, in the center, the field is zero

0 The figure-eight coil produces electrical fields
that overlap only in a small area directly under
the center of the coil

0  When using the figure-eight coil with low
intensity, only the small part of the overlap
between the electrical fields with be strong
enough to alter neural activity allowing for
high spatial precision neuromodulation

Rundspule

In the motor domain, it is easy to see a direct measure of

the effect of our stimulation, so called motor evoked

.Eotentials (MEDPs). o
1 +~—MEP
1. MEPs measure the excitability and connectivity of the

motor pathways during TMS.

2. They are recorded using electromyography (EMG) |
after TMS pulses activate motor neurons. EMG
3. MED size reflects cortical and spinal cord
responsiveness to TMS stimulation.

MEDPs can be used to individualize stimulation strength,
e.g. by defining the resting motor thrsabﬁ)kl'g“ge.g., the
intensity needed to achieve a MEP above SOV in 50%

of trials)
MEDPs can also be used as readout of cortical excitability
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Stimulation Frequency (Intraburst frequency)

Train: Biphasic Pulse at 5 Hz

Pulse

Width

o Waveform

Amplitude

Current Strength

Interval

100
Time (s)

Burst Duration
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(A) stimulation can be applied to the muscle,
nerve, or both; MUs are recruited differently
depending on stimulation method

(B) The pulse frequency, intensity and
duration can be altered within trains; pulse
choices affect muscle force and rate of fatigue

YR
1 Current
| |l
: - (ma)

Pulse Pulse
frequency (Hz)

duration (ms)

hugcle e edan



Tergmmey  pevve (E)

mised rewue

Strsakgn Ao Mo shin of dle geooca, Scclp,

— Opthetmse (V1)
S&nseron  from

- Moxtway (VD)
S2rschon  from

- Mandibuar (V)

Sersahon  from  jass, \obw kel cln,  pok ok Aonge (earxoser

L’} CLQL,JIV\S) S\ﬁa(/\wr«\j

¥l on

TW%}J««.IA o\
.k Es

deuize
'Lo)’}o\«cw’c PLA\JL - Gchon  paeral

- ofden ophthaimic  kranch Shmleed Qe
porameter Vorg — CO —AZo Ky

— T -20u4a

Uae

. L«aolac,k&r, graiie, ﬂ.p’\epﬂ/, /*DL\D, l’v\a\')ﬁr

Costy 3 Sfechs

U\o‘jyu./ror\

S msdaoron ) Yyinp aivebic 4 pPlra Sy patehe

Reported Effects of TNS (in humans or in animals):
® Increase in Cerebral Blood Flow
Decrease of Neuroinflammatory Responses
Increase of noradrenaline signalling
Increase in attention
Decrease in depressive symptoms
Modulation of cortical excitability and aberrant synchronization
Peripheral vasoconstriction
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Four Vagal Nuclei in Brainstem

e Nucleus of the solitary tract (NTS) | —> < NS

Visceral sensory information

e Nucleus spinalis nervi trigemini (Sp5 N) | — Eq VAl
Somatic sensory information '

e Dorsal Motor Nucleus of the Vagus (DMNV/DNV)
Parasympathetic motor output 1

e Nucleus Ambiguus (NA) f
Motor control for swallowing and speech
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Neuroanatomical Pathway

o Signals travel preferentially to the Nucleus Tractus Solitarius (NTS) in the brainstem

®  NTS sends projections to \

Locus Coeruleus (LC) > Noradrenaline release /
{
(Other areas like the hypothalamus and cortex) @N
7
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Substantia Nigra (SN) — Dopamine release
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e FDA approval for treatment of

treatment-refractory epilepsy (TRE)

chronic treatment-resistant depression (TRD)
Also used to treat Heart Failures

Implanted on the right cervical branch of the VN
Allows for closed-loop applications
VNS efficacy for many clinical indications is probed
Implantation is costly and has (small) risks
Overstimulation might damage the nerve
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Tries to find stimulation patterns and protocols that can mimic the physiological recruitment
order of nerves and muscles

This can help with better use for instance in neuroprosthetics (i.e., by mimicking natural
stimulation patterns

®  Or less fatigue for neuromuscular stimulation
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