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Review article

Raquel Suarez-Grimalt and Davide Raccuglia*

The neural architecture of sleep regulation -

insights from Drosophila

https://doi.org/10.1515/nf-2021-0018

Abstract: The neural mechanisms that balance waking
and sleep to ensure adequate sleep quality in mammals are
highly complex, often eluding functional insight. In the
last two decades, researchers made impressive progress in
studying the less complex brain of the invertebrate model
organism Drosophila melanogaster, which has led to a
deeper understanding of the neural principles of sleep
regulation. Here, we will review these findings to illustrate
that neural networks require sleep to undergo synaptic
reorganization that allows for the incorporation of expe-
riences made during the waking hours. Sleep need, there-
fore, can arise as a consequence of sensory processing,
often signalized by neural networks as they synchronize
their electrical patterns to generate slow-wave activity. The
slow-wave activity provides the neurophysiological basis
to establish a sensory gate that suppresses sensory pro-
cessing to provide a resting phase which promotes synaptic
rescaling and clearance of metabolites from the brain.
Moreover, we demonstrate how neural networks for
homeostatic and circadian sleep regulation interact to
consolidate sleep into a specific daily period. We particu-
larly highlight that the basic functions and physiological
principles of sleep are highly conserved throughout the
phylogenetic spectrum, allowing us to identify the func-
tional components and neural interactions that construct
the neural architecture of sleep regulation.

Keywords: Drosophila; neural oscillations; sensory gating;
slow-wave sleep.

Zusammenfassung: Die neuronalen Mechanismen, die das
Gleichgewicht zwischen Wachheit und Schlaf etablieren,

*Corresponding author: Davide Raccuglia, Institute of
Neurophysiology, Charité — Universitatsmedizin Berlin, Charitéplatz 1,
10117 Berlin, Germany, E-mail: davide.raccuglia@charite.de.
https://orcid.org/0000-0003-1999-1505

Raquel Suarez-Grimalt, Institute of Neurophysiology, Charité -
Universitatsmedizin Berlin, Charitéplatz 1, 10117 Berlin, Germany; and
Charité — Universitatsmedizin Berlin, Einstein Center for
Neurosciences Berlin, 10117 Berlin, Germany

um eine angemessene Schlafqualitit in Sdugetieren zu
gewdhrleisten, sind hochkomplex und entziehen sich
oft funktioneller Einsicht. Mit Hilfe des weniger komplexen
Gehirns des wirbellosen Modellorganismus Drosophila
melanogaster haben Forscher in den letzten zwei Jahrzehn-
ten beeindruckende Fortschritte gemacht und ein tieferes
Verstdndnis der neuronalen Prinzipien der Schlafregulation
erlangt. In dieser Arbeit werden wir diese Erkenntnisse
zusammenfassen, um zu veranschaulichen, dass neuronale
Netzwerke Schlaf benétigen, um synaptische Verkniipfun-
gen zu reorganisieren und somit die am Tag gemachten
Erfahrungen zu verarbeiten. Schlafbediirfnis kann also als
Folge sensorischer Verarbeitung entstehen, was in neuro-
nalen Netzwerken hdufig zur Synchronisierung elektrischer
Muster fithrt und Slow-Wave-Aktivitat erzeugt. Slow-
Wave-Aktivitdt liefert die neurophysiologische Grund-
lage fiir die Etablierung eines sensorischen Tores,
welches die sensorische Verarbeitung unterdriickt und
somit eine Ruhephase schafft, die die Reorganisation
synaptischer Verkniipfungen und den Abtransport von
Stoffwechselprodukten aus dem Gehirn férdert. Dariiber
hinaus zeigen wir, wie neuronale Netzwerke fiir die
homdostatische und zirkadiane Schlafregulation inter-
agieren, um zu gewdhrleisten, dass ein Organismus
immer innerhalb einer festen Periode schlaft. In dieser
Arbeit heben wir besonders hervor, dass die grundle-
genden Funktionen und physiologischen Prinzipien des
Schlafs {iber das gesamte phylogenetische Spektrum
hinweg konserviert sind, was uns ermoglicht, die funk-
tionellen Komponenten und neuronalen Interaktionen
zu identifizieren, die die neuronale Architektur der
Schlafregulation bilden.

Schliisselworter: Oszillationen; Slow-Wave Schlaf; Dro-
sophila; sensory gating.

Introduction

For billions of years, the Earth’s rotation has been creating
a daily biphasic light and dark cycle. Neural networks
across the phylogenetic spectrum evolved to anticipate
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active foraging and hunting in one phase while the other the middle of the night are hallmarks of poor sleep quality,
phase became specialized for sleeping and recuperative which has been linked to excessive inflammatory pro-
processes. The proper balance between waking and sleepis  cesses, hypertension, diabetes, depression, and deficits in
extremely important for our overall health and cognitive attention and learning (Alhola and Polo-Kantola, 2007;
functions, as not being able to fall asleep and waking upin Mullington et al., 2021).

Figure 1: Oscillating circuitries during sleep and wake in vertebrates.

(A) Human sleep stages differ in their electrophysiological signatures, biological functions, and levels of reactivity to environmental stimuli.
During NREM sleep (stage N3 in particular), slow-wave activity (SWA), resulting from large-scale synchronizations of cortical areas, reduces the
functional connectivity within the brain, resulting in the low arousability characteristic for deep sleep. (B) In contrast to deep sleep in humans,
some birds and marine mammals exhibit unihemispheric sleep, during which one half of the brain generates SWA while the other half remains
more easily arousable, allowing the sleeping animal to maintain a certain level of alertness. (C) In sleep-deprived but awake rats, specific
networks that were intensely engaged in a task can display sleep-like periods of synchronized inactivity, which reduces the excitability of this
network, leading to task-specific impairments (network 3). During subsequent NREM sleep, the same network exhibits stronger slow-wave
sleep, demonstrating that synchronized SWA is a use-dependent mechanism to promote sleep and synaptic plasticity. All depicted
electrophysiological traces are representative. Animal images in C adapted with permission from SciDraw.io.


http://SciDraw.io
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In this review, we will shed light on the conserved
neural mechanisms that make us sleepy and address how
neural networks in our brain keep us asleep during the
night. Some answers to these questions can be found in
the neural activity patterns our brains exhibit during our
sleep. The major sleep phases to be distinguished are
called REM (Rapid Eye Movement) and NREM (non-REM)
sleep (Figure 1A) (Aserinsky and Kleitman, 1953). REM
sleep, during which we experience most of our dreams, is
characterized by high-frequency activity that is similar to
the waking state (Figure 1A). In contrast, deep sleep
occurring during NREM sleep is characterized by a parti-
cularly high arousal threshold and slow-wave activity
(SWA, up to 4.5 Hz) resulting from cortical neurons
synchronizing their electrical patterns (Figure 1A) (Bonnet
et al., 1978; Buzsaki and Draguhn, 2004). During SWA,
cortical neurons alternate between a depolarized state
(“upstate”) during which they may fire action potentials
and a hyperpolarized state (“downstate”) during which
neurons are silent and less likely to be excited. This
so-called slow-wave sleep has been shown to be immensely
important for memory consolidation (Klinzing et al., 2019)
and the clearance of metabolites (Fultz et al., 2019), which
would otherwise accumulate and increase the susceptibility
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for neurodegenerative diseases. While both REM and NREM
sleep are capable of cognitively isolating us from our
environment, the neural representations of sensory stimuli
such as tones remain surprisingly intact within the primary
sensory cortices (Andrillon and Kouider, 2020). However,
during slow-wave sleep these neural representations fail to
engage higher-level cortical areas, reducing the functional
connectivity within the cortex and establishing the low
arousability that characterizes deep sleep (Tononi and
Massimini, 2008).

While this provides a clue why poor sleep quality has a
negative impact on our health, it should be noted that the
degree of unconsciousness that accompanies deep sleep
can make an organism vulnerable to predatory attacks.
Therefore, mechanisms must exist for specific sensory
signatures to awaken us even from our deepest slumber.
How neural networks can differentiate sensory stimuli and
mediate awakening from deep sleep is very complex and
far from understood. However, looking across the animal
kingdom, we find that in all mammals, reptiles as well as
birds, SWA is linked to deeper sleep, demonstrating that a
deep sleep phase must have an immense evolutionary
advantage that outweighs the risks of being eaten during
your sleep (Joiner, 2016).




192 —— R. Suérez-Grimalt and D. Raccuglia: Neural architecture of sleep regulation

How did SWA evolve to become such a crucial factor
for deep sleep and the associated recuperative processes?
At a neurophysiological level, the question arises, how
SWA reduces the functional connectivity to promote deep
sleep? We here follow the hypothesis that the occurrence of
SWA is more ancient than anticipated. Moreover, we argue
that with the advent of optogenetic tools we have reached a
level of precision that allows us to look at simpler, evolu-
tionarily distant brains, to probe for fundamental pro-
cesses regulating sleep and wakefulness.

Sleep as an inherent property of
neural networks

We mostly think of our brains as either fully awake or
fully asleep. However, the sight of a sleepwalking child
should challenge this view and ask whether different
neural networks within the same brain can be simulta-
neously “awake” and “asleep” (Singh et al., 2018). In
fact, recent evidence indicates that specific neural net-
works can exhibit a sleep-like state independent of the
rest of the brain, a phenomenon that has been termed
“local sleep” (Krueger et al., 2019). Cognitive impair-
ments in sleep-deprived humans have been linked to
local synchronizations of SWA, indicating a role for SWA
in shutting down sensory processing and signaling sleep
need to undergo synaptic plasticity (Quercia et al., 2018).
The idea that SWA is a network-specific marker of sleep
need becomes particularly clear when looking at marine
mammals and birds, in which only one brain hemisphere ata
time exhibits slow-wave sleep while the other hemisphere is
more easily arousable and ready to process sensory infor-
mation (Figure 1B) (Mascetti, 2016). Depriving specifically
one hemisphere of slow-wave sleep leads to unilateral sleep
rebound with increased SWA (Mascetti, 2016), demon-
strating that sleep need is in fact not necessarily experienced
by the whole brain, but by specific neural networks.
Experiments in sleep-deprived humans and rats have
shown that the local occurrence of a sleep-like state in
an awake individual is highly task-specific and therefore
correlates with the intensity and complexity of sensory pro-
cessing (Krueger et al., 2019; Quercia et al., 2018; Vya-
zovskiy et al., 2011). Sleep-deprived but awake rats exhibit
synchronized silent periods in specific networks strongly
involved in the task, while “unused” cortical networks
remain “awake” and arousable (Figure 1C) (Rector et al.,
2009; Rector et al., 2005). Moreover, cortical networks that
are intensely engaged in sensory processing when awake
exhibit stronger SWA during subsequent NREM sleep
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(Figure 1C) (Huber et al., 2006; Kattler et al., 1994; Mascetti
et al., 2013; Vyazovskiy et al., 2011). The observation that
specific neural networks exhibit use-dependent homeostatic
regulation of a sleep-like state indicates that slow-wave sleep
might be an inherent property of neural networks (Krueger
et al., 2008). In fact, even isolated cortical slices retain the
ability to generate synchronized SWA (Sanchez-Vives, 2020).

SWA associated with sleep-regulation has also been
observed in crustacea and zebrafish, animals that are
evolutionarily older than reptiles (Leung et al., 2019;
Ramon et al., 2004). We have recently shown that even in
the vinegar fly Drosophila melanogaster (colloquially
referred to as fruit flies), synchronized SWA in specific
sleep-regulating neurons does not only mediate sleep
need but also facilitates consolidated sleep phases and
decreases arousability during the night (Raccuglia et al.,
2019). Therefore, network synchronizations generating
SWA might have evolved as an optimized strategy to
facilitate a quiescent state by suppressing sensory pro-
cessing and simultaneously promoting repair mecha-
nisms and synaptic plasticity.

In the next chapters, we will highlight the basic
principles and functional analogies revealed by sleep
research in Drosophila. Due to its simpler brain, we can
aim at identifying the essential neural components and
interactions that provide the neural architecture of sleep
regulation.

A vinegar nightcap for some fly
folks

Recent years have witnessed rapid progress in our
understanding of the circuit and molecular mechanisms
underlying sleep control in Drosophila. Over the decades,
research in Drosophila has created unprecedented genetic
accessibility as well as a huge and easily usable neural
toolbox. The much simpler fly brain (~200,000 neurons)
and the functional analogies in the neural networks
involved in sleep offer the opportunity to understand the
neural architecture of sleep regulation. In 2017, the Nobel
Prize in Physiology was awarded to the Drosophila res-
earchers that made significant contributions to under-
standing the molecular clockwork of circadian rhythms
(Hardin et al., 1990; Zehring et al., 1984). Intriguingly, the
transcriptional and translational feedback loops that
represent the mechanistic basis for generating circadian
rhythms at the cellular level are found in all animals and
plants. The neuronal regulation of circadian rhythms and
sleep are inevitably interwoven with each other as they
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likely coevolved, ensuring that sleep always occurs during
the same phase of the day.

Sleep in Drosophila is primarily defined as a state of
prolonged inactivity. Fruit flies are mostly active during
dusk and dawn, having an extended period of rest in the
middle of the day and exhibiting deeper sleep throughout
the night (Shaw et al., 2000). Importantly, sleep in fruit flies
underlies homeostatic regulation as sleep loss leads to a
subsequent compensatory increase in sleep duration and
facilitation of uninterrupted sleep phases (Shaw et al.,
2000). Similar to human sleep, sleep in Drosophila is cha-
racterized by an overall decrease in brain activity and has
been shown to be a dynamic process consisting of deeper
and lighter sleep stages (van Alphen et al., 2013). Inter-
estingly, the transition from waking to sleep has been
associated with an increase in oscillatory activity (7-10 Hz)
in the central brain (Yap et al., 2017). While flies can survive
long stretches of sleep deprivation (Geissmann et al., 2019),
sleep is critical for normal cognitive functions. As in
humans, sleep deprivation leads to deficits in selective
visual attention (Kirszenblat et al., 2018) and memory
performance (Donlea, 2019) as well as to the accumulation
of metabolites in the brain (van Alphen et al., 2021),
demonstrating that functions of sleep are evolutionarily
conserved. Moreover, recent evidence has shown that sleep
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deprivation leads to a build-up of reactive oxygen species
(ROS) in the guts of mice and flies, which eventually can
lead to the organism’s premature demise (Vaccaro et al.,
2020).

Sleep research in Drosophila has shown how various
neural networks with different functions affect sleep beha-
vior. For example, neural networks involved in mediating
hunger and sexual arousal reduce sleep (Beckwith et al.,
2017; Keene et al., 2010) while neural networks processing
visual information and social cues have been shown to be
sleep-promoting (Ganguly-Fitzgerald et al., 2006; Kirszen-
blat et al., 2019). The mushroom bodies, a higher-order brain
network crucially involved in olfactory memory in Droso-
phila, have also been implicated in sleep regulation (Donlea,
2019). Demonstrating how complex sleep regulation is,
some mushroom body neurons have been shown to be
wake-promoting while others seem sleep-promoting (Sita-
raman et al., 2015).

A special focus has however been on the networks of
the central complex, where the integration of navigation,
locomotion control, and sleep regulation demonstrates
how tightly interwoven sensory processing and sleep need
are (Pfeiffer and Homberg, 2014; Strauss and Heisenberg,
1993). Indeed, it is within the central complex that we find
an oscillatory activity that is tightly linked to sleep need




194 —— R. Suérez-Grimalt and D. Raccuglia: Neural architecture of sleep regulation

and sleep quality (Guo et al., 2018; Raccuglia et al., 2019;
Yap et al., 2017). In the following chapters, we will there-
fore dig deeper into the neural interactions that provide
circadian and homeostatic sleep regulation in the central
complex of Drosophila.

Sensory gates for homeostatic
sleep regulation

Homeostatic sleep regulation refers to the process that
sleep depth, as well as our subjective tiredness, depends on
the amount of time spent in wakefulness (Borbely, 1982). A
crucial factor of homeostatic sleep regulation in humans is
the activity-dependent build-up of adenosine in our brains
which activates sleep-promoting neurons, eventually
making us feel sleepy (Lazarus et al., 2019). To combat
sleepiness we consume caffeine, which antagonistically
blocks adenosine receptors and increases levels of wake-
promoting dopamine (Jagannath et al., 2021; Lazarus et al.,
2019). In fruit flies, caffeine promotes wakefulness by
directly activating dopaminergic neurons (Nall et al., 2016),
impressively demonstrating that humans and flies must
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share ancient neural mechanisms for homeostatic sleep
regulation.

Of particular interest for homeostatic sleep regulation
in Drosophila is a neural circuitry within the central
complex in which R5 ring neurons are recurrently
connected to sleep-promoting dorsal fan-shaped-body
neurons (dFSB) via the so-called helicon cells (Figure 2)
(Donlea et al., 2018). The dFSB is often referred to as
“master sleep switch” because its optogenetic activation
has been tightly linked to reducing arousability (Troup
et al., 2018) and inducing sleep (Donlea et al., 2009;
Pimentel et al., 2016). During the course of a day, activity-
dependent build-up of ROS in dFSB neurons increases
their excitability (Kempf et al., 2019), leading to increased
inhibition of the helicon cells during the night (Donlea
et al., 2018). Helicon cells process light cues to induce
locomotion and their inhibition, therefore, reduces the
flow of visual information and suppresses locomotion
(Donlea et al., 2018). Here, R5 ring neurons, which have
reciprocal synaptic connections to the helicon cells
(Figure 2), provide another layer of homeostatic sleep
regulation that is directly linked to processing complex
visual stimuli and orientation behavior (see next chapter
for more details).

Figure 2: Network interactions mediating homeostatic and circadian sleep regulation in the central complex of Drosophila.

At the center of this neural architecture is an interconnected circuitry composed of the dFSB, helicon cells, and R5 neurons. Daily ROS build-up
in dFSB increases excitability to mediate homeostatic sleep need. This sleep need is modulated via circadian input from DN1p clock neurons to
visually sensitive TuBu neurons, which themselves mediate visual information to helicon cells and R5 neurons. Interactions between dFSB and
helicon cells modulate visually evoked arousal dependent on homeostatic sleep need. R5 neurons, which also receive heading information
from E-PG neurons, provide the neural basis for navigation during the day. At night, R5 neurons generate synchronized slow-wave activity to
establish a sensory gate, reducing arousability and promoting synaptic plasticity. Depicted SWA is a representative trace. Fly and brain are

adapted with permission from SciDraw.io.
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Interestingly, R5 neurons display intriguing functional
and physiological analogies to the mammalian thalamus,
which often is pictured as “the gate to our consciousness”
(McCormick and Bal, 1994). Since almost all sensory
information must pass through the thalamus before rea-
ching cortical areas, the thalamus can filter sensory infor-
mation, essentially acting as a sensory gate that regulates
sleep/wake transitions (Gent et al., 2018). As sleep need
increases, thalamic reticular neurons switch from tonic
firing to bursting and promote network synchronization
that generates SWA and facilitates the transition to sleep
(Llinas and Steriade, 2006). Similarly, with increasing
sleep need, R5 neurons start bursting and synchronize their
electrical patterns, generating NMDA receptor-dependent
compound SWA (Liu et al., 2016; Raccuglia et al., 2019).
Perturbing NMDA receptor functioning abolishes SWA in
R5 neurons, which leads to sleep fragmentation and
increases arousability at night (Raccuglia et al., 2019).

Thus, similar to the thalamus or the local sleep phe-
nomenon, network-specific slow-wave synchronizations in
Drosophila can establish a gate at the level of neural net-
works that suppresses sensory processing and mediates
sleep need (Figure 2). More widespread synchronizations
within the central complex could lock neural populations
into a neurophysiological state that is directly linked to the
time spent awake and therefore to the intensity of sleep
need. Moreover, reciprocal interactions between the dFSB
and R5 neurons could integrate sleep need to be mediated
by the daily build-up of ROS with sleep need that comes
with processing complex visual stimuli necessary for
orientation behavior (Figure 2) (see next chapter).

Importantly, sleep need and subjective tiredness also
need to be regulated by other internal drives such as
hunger and sexual arousal, which generally are wake-
promoting. The neural representation of such internal
states could modulate the neural interactions within the
recurrent circuitry, potentially inhibiting network syn-
chronization to temporarily overwrite homeostatic sleep
need. Taken together, the functional units represented by
specific networks in Drosophila and their interactions
illustrate how basic neurophysiological principles and
properties establish sensory gates to adequately balance
wake and sleep.

Balancing sensory processing and
synaptic rescaling

As explained before, generating SWA might be an inhe-
rent property of neural networks which directly links
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sensory processing to network-autonomous homeostatic
regulation of sleep need (Krueger et al., 2008). Accor-
dingly, Drosophila ring neurons capable of generating
SWA are most likely also involved in processing visual
cues (Seelig and Jayaraman, 2013) and orientation beha-
vior (Kim et al., 2017; Turner-Evans et al., 2017). Visual
information is mediated to R5 neurons and helicon cells
via tubercular-bulbar (TuBu) neurons (Figure 2) (Omoto
et al., 2017), which are sensitive to polarized light (Hard-
castle et al., 2021) and thus enable flies to use the sun as a
navigational cue even when it is hidden behind clouds.
Considering the dual role of navigation and sleep regu-
lation inherent to R5 neurons, it raises the question of how
these seemingly different functions can be integrated and
properly regulated at the level of neural networks (Flores-
Valle et al., 2021).

Homeostatic sleep need in mammals and flies is
generated by an accumulation of byproducts of neural
activity, which often correlates with the amount and com-
plexity of sensory information. Therefore, engaging in new
or complex tasks requiring more elaborate neural pro-
cessing should have a more profound effect on sleep need
than engaging in familiar or simple tasks. In fact, the day-
time visual load has been shown to increase slow-wave
sleep in humans (Horne and Walmsley, 1976) and time spent
sleeping in flies (Kirszenblat et al., 2019). Moreover, as in
flies, there is a peculiar link between SWA and navigation in
mammals. The mammalian hippocampus is not only the
center of our spatial memories but is also crucially involved
in the consolidation of declarative memories, which, among
other things, entail our personal experiences (Klinzing et al.,
2019). The consolidation of our declarative memories, as
well as spatial memories, crucially depends on the power of
SWA during deep sleep, which promotes synaptic reorga-
nization to implement experiences made during the waking
hours (Marshall et al., 2006).

In Drosophila, spatial learning depending on ring
neurons has been shown to deteriorate in sleep-deprived
flies (Melnattur et al., 2020; Neuser et al., 2008). Analogous
to what has been demonstrated in cortical columns in
mammals, spatial information could “accumulate” in ring
neurons to the point where they switch from processing
sensory information to mediating sleep need which might
require R5 neurons to start bursting and synchronize their
electrical patterns (Liu et al., 2016; Raccuglia et al., 2019).
In fact, prolonged optogenetic activation of visually sen-
sitive TuBu neurons leads to synchronized SWA in R5
neurons and dramatically increases sleep (Guo et al., 2018;
Lamaze et al., 2018; Raccuglia et al., 2019), illustrating the
link between visual processing, network-synchronization
and sleep need.
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According to Hebbian principles, synchronized acti-
vity can promote synaptic rescaling and thus provide
the mechanistic basis for memory consolidation during
sleep (Bocchio et al., 2017). Indeed, modulating the
molecular machinery at the presynaptic zones of R5
neurons affects sleep behavior as well as associative
olfactory memory (Huang et al., 2020). Moreover, sleep
provides the necessary rest to not only promote synaptic
plasticity but also clear out metabolites which potentially
induced sleep need in the first place. The necessary
alleviation of sleep need might have evolved into an
elaborate neural clearing that is linked to SWA during
deep sleep in humans (Fultz et al., 2019).

The link between sleep and spatial navigation in
Drosophila illustrates how sensory information can be used
to generate homeostatic sleep need and promote synaptic
plasticity. While it remains elusive how specific sensory
signatures can break up a sensory gate to awaken an
organism, our knowledge about these circuits might one
day provide an answer to this question.

Integration of homeostatic and
circadian sleep regulation

Circadian sleep regulation refers to the process that we live
and sleep in a ~24 h cycle that is driven by our internal
molecular clocks and determined by alternating light and
dark phases (Borbely, 1982). As our molecular clocks are
not precisely running on a 24 h cycle, so-called clock
neurons need light input to constantly reset the molecular
clocks (Dunlap, 1999). Therefore, light is not only essential
for processing visual information but also light per se is
needed to constantly fine-tune the activity patterns of clock
neurons to maintain stable physiological periodicity and
adjust to seasonal changes of the light/dark cycle.

In mammalian brains, the suprachiasmatic nucleus
(SCN) is considered the master circadian pacemaker since
it receives direct light input from the retina and informs all
other neural circuits whether it is light or dark outside the
skull (Hastings et al., 2018). While the SCN activates wake-
promoting neurons during the day, the onset of darkness
leads to the production of melatonin, which facilitates the
activation of sleep-promoting neurons in diurnal animals
and also acts as an antioxidant to eliminate ROS accumu-
lated during the day (Aulinas, 2000).

In Drosophila, various clock neurons receive light
information from other neural networks to regulate circa-
dian behaviors (Helfrich-Forster, 2005). Most interestingly,
specific dorso-posterior clock neurons (DN1p) provide
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circadian information to the TuBu neurons, illustrating two
important aspects of circadian regulation (Figure 2) (Guo
et al., 2018). Firstly, circadian time influences sensory pro-
cessing. This is for example important for migrating
monarch butterflies to adjust their sun-compass to seasonal
changes (Heinze and Reppert, 2011; Pfeiffer and Homberg,
2007). Secondly, the circadian time could determine when
and to what extent sensory processing leads to the accu-
mulation of sleep need or subjective tiredness, illustrating
that circadian and homeostatic sleep regulation have co-
evolved and are thus inexorably linked to each other. In fact,
optogenetic activation of DN1p clock neurons leads to
oscillatory activity in ring neurons, demonstrating the cir-
cadian influence of generating sleep need at the level of
neural networks (Guo et al., 2018).

Circadian input to visually sensitive TuBu neurons
might promote sensory processing during the day while
facilitating the switch of R5 neurons from tonic firing to
bursting in the night. Moreover, light information mediated
by TuBu neurons might “charge” the circuitry and mediate
sleep need that correlates with the amount and intensity of
light perceived (Donlea et al., 2018; Mazzotta et al., 2020).
Interestingly, TuBu neurons provide parallel synaptic
input to helicon cells and R5 neurons (Hulse et al., 2020).
While R5 neurons might use this visual information for
navigation, light information in helicon cells might be
decisive whether locomotion is induced or not. Interactions
between the helicon cells and R5 neurons could therefore
integrate use-dependent sleep need, the presence or
absence of light, and the circadian time. These interactions
in Drosophila are representative of more complex interac-
tions in mammals that have ultimately co-evolved to
ensure that sleep occurs during a predetermined and
consolidated phase of the day. While deep sleep makes an
animal potentially vulnerable to predatory attacks, the
ability to promote synaptic plasticity across widely distri-
buted neural networks as well as perform a brain-wide
clearance of metabolites could have improved cognitive
abilities and therefore brought about an immense evolu-
tionary advantage.

Abbreviations

dFSB dorsal fan shaped body

DN1p dorso-posterior clock neurons

EEG electroencephalogramm

E-PG ellipsoid body-protocerebral bridge-gall neurons
LFP local field potential

N-REM non-rapid eye movement

REM rapid eye movement
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ROS reactive oxygen species
SCN suprachiasmatic nucleus
SWA slow-wave activity

TUBU tubercular-bulbar neurons
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Abstract: Exposure to environmental pollutants like chem-
icals or air pollution is major health concern for the human
population. Especially the nervous system is a sensitive target
for environmental toxins with exposures leading to life stage-
dependent neurotoxicity. Developmental and adult neuro-
toxicity are characterized by specific adverse outcomes
ranging from neurodevelopmental disorders to neurodegen-
erative diseases like Alzheimer’s and Parkinson’s disease.
The risk assessment process for human health protection is
currently undergoing a paradigm change toward new
approach methods that allow mechanism-based toxicity
assessment. As a flagship project, an in vitro battery of test
methods for developmental neurotoxicity evaluation is
currently supported by the Organization for Economic Co-
operation and Development (OECD). A plethora of stem cell-
based methods including brain spheres and organoids are
currently further developed to achieve time- and cost-saving
tools for linking MoA-based hazards to adverse health effects
observed in humans.

Keywords: brain organoids; developmental neurotoxicity;
epidemiology; neurosphere; risk assessment.

Zusammenfassung: Die Exposition gegeniiber Umwelt-
schadstoffen wie Chemikalien oder Luftverschmutzung fiihrt
zu gesundheitlichen Problemen in der menschlichen Bevol-
kerung. Insbesondere das Nervensystem ist ein emp-
findliches Ziel fiir Umweltschadstoffe, wobei die Exposition
zu Lebensphasen-abhdngiger Neurotoxizitdt fiihrt. Die
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Neurotoxizitdat wahrend der friihkindlichen Entwicklung und
im Erwachsenenalter ist durch spezifische negative Folgen
gekennzeichnet, die von Storungen der Hirnentwicklung bis
hin zu neurodegenerativen Erkrankungen wie der Alzhei-
mer’schen und Parkinson’schen Erkrankung reichen. Bei der
Risikobewertung zum Schutz der menschlichen Gesundheit
vollzieht sich derzeit ein Paradigmenwechsel hin zu neuen
Methoden, die eine auf Mechanismen basierte Toxizitits-
bewertung ermdglichen. Als Vorzeigeprojekt wird derzeit von
der OECD eine In-vitro-Batterie von Testmethoden fiir die
Erfassung der Entwicklungsneurotoxizitdt unterstiitzt. Eine
Vielzahl von Stammzell-basierten Methoden, darunter
Gehirn Sphéroide und Organoide, werden derzeit weiter-
entwickelt, um zeit-und kostensparende Instrumente fiir die
Verkniipfung des auf Mechanismen basierten Gefdhr-
dungspotentials von Umweltschadstoffen mit beim Men-
schen beobachteten Erkrankungen zu schaffen.

Schliisselworter: Entwicklungsneurotoxizitdt; Gehirn Orga-
noide; Gehirn Sphéroide; Epidemiologie; Risikobewertung.

Introduction

During our lifespan, from the embryo to the aged human, our
nervous system is crucial for body homeostasis. Besides
cognitive brain function, nerve cells are involved in a plethora
of sensory, motor, and visceral processes allowing func-
tioning, orientation, and survival in the environment. When
the neuronal function is disturbed due to neurotoxicity,
consequences are neurochemical, anatomical, or physiolog-
ical changes which might cause behavioral adversities and
can be immediate or delayed, as well as transient or persistent
(EPA, 1996). While neuropathological effects are structural
changes in the nervous system, neurochemical, neurophysi-
ological, or behavioral changes imply functional effects and
include adverse changes in somatic/autonomic, sensory,
motor, and cognitive functions (EPA, 1996; WHO, 2004).
Neurotoxicity caused by environmental pollutants is
strongly life stage-specific (Figure 1). This is due to the high
plasticity of the developing and the very low regenerative
capacity of the adult brain (Rice and Barone, 2000; Rodier,
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1995). In addition, genetic interindividual variability
determining responses to chemical stressors might alter
the predisposition to neurologic diseases (Zeise et al.,
2013). While a plethora of neurotoxic mechanisms is
already well understood (Chang, 1995; Fritsche et al.,
2021a), there are still large gaps in comprehension of how
environmental exposure to a large variety of noxae con-
tributes to neurological adversities ranging from neuro-
developmental disorders to neurodegenerative diseases.
The next paragraphs will sum up a current understanding
of life stage-specific, environmentally induced neurotox-
icity and introduce novel methods that will facilitate
studying causal relationships between environmental
pollutants and adverse outcomes relating to the nervous
system.

Developmental neurotoxicity

Neurotoxicity during the developmental period, known as
developmental neurotoxicity (DNT) has been defined ‘as
potentially functional and morphological hazards to the
nervous system which may arise in the offspring from
exposure of the mother during pregnancy and lactation’
(EPA, 1996), yet due to the protracted nature of nervous
system development, this can encompass toxic insults in
utero through early adolescence (Maghby and Richardson,
2018). Hence, developmentally neurotoxic chemicals have
the potential to interfere with the normal development of
the nervous system, which, if perturbed without compen-
sation, may lead to adverse effects on the normal devel-
opment of nervous system structures and/or functions
(EPA, 1998; Mileson and Ferenc 2001). From the perspec-
tive of environmental health, attention has recently been
focusing on DNT as the effects of environmental contami-
nants on the development of the human brain are consid-
ered a public health concern (Bal-Price et al., 2018;
Sachana et al., 2019). Poisoning disasters with e.g. Mer-
cury, lead or polychlorinated biphenyls revealed that
chemicals can interfere with developmental processes of
the human brain (Grandjean and Landrigan, 2006). How-
ever, not only poisoning accidents with high chemical
exposure raise concerns for children’s brain development
but also low dose exposure especially to a mixture of
compounds is thought to contribute to the increasing in-
cidences of neurodevelopmental disorders currently
observed (Bennett et al., 2016; Grandjean & Landrigan,
2014). One consequence of impaired brain development is
a loss in cognitive function measured by the intelligence
quotient (IQ). A reduction in mean IQ of a population by
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only five points, e.g. owed to lead background exposure,
leads to a decrease in the number of gifted and simulta-
neously an increase of less gifted by 57% each (Schmidt,
2013). Hence, there is an individual as well as the societal
impact of neurodevelopmental toxicity.

According to the World Health Organization (WHO),
5% of the world’s children under 15 years of age have some
type of moderate to severe neurophysical or cognitive-
developmental disability (WHO, 2008). In industrialized
countries like the United States, one out of six children
between 3 and 17 years of age suffers from developmental
disabilities (Boyle et al., 2011; Grandjean and Landrigan,
2006). These include attention deficit hyperactivity disor-
der, intellectual disability, hearing or vision loss, cerebral
palsy, autism, seizures, stuttering or stammering, and
learning disorders (Boyle et al., 2011). In most cases, the
etiology of such disorders is largely unknown, yet in many
cases, multifactorial mechanisms involving genetic, as
well as environmental factors, are proposed (De Felice
et al., 2016). Strong causative links between chemicals and
specific neurodevelopmental health outcomes are pro-
posed, but still have to be established (De Felice et al.,
2016; Grandjean and Landrigan, 2006). Specifically, so far
only a very limited number of human DNT compounds
related to the environment have been identified. These
include lead, methylmercury, polychlorinated biphenyls,
arsenic, toluene, manganese, fluoride, chlorpyrifos, dichlor-
odiphenyltrichloroethane, tetrachloroethylene, and the pol-
ybrominated diphenyl ethers (Grandjean and Landrigan,
2014).

The largest concern, therefore, is currently the lack of
data on DNT for most of the environmental pollutants that
humans, including pregnant women and young children,
are exposed to (Egeghy et al., 2016; Ring et al., 2017). Of the
approximately 100.000 chemicals in our everyday envi-
ronment (Hartung et al., 2011) only 100-140 have been
tested for their adverse effects on the developing brain so
far (Makris et al., 2009; Paparella et al., 2020). The reason
for this data gap lies in the current regulatory DNT testing.
Environmental Protection Agency of the US (EPA) or Or-
ganization for Economic Co-operation and Development
(OECD) test guidelines (OECD, 2007; US EPA, 1998) use in
vivo rodent models that require high costs and very long
times. Therefore, they are not suited for screening large
numbers of chemicals (Crofton et al., 2011). Currently, the
international consensus is that alternative strategies are
needed to fill the knowledge gap on the DNT potential of
thousands of chemicals in our environment to protect
children’s health. Hence, there is currently a paradigm
shift for DNT evaluation that moves from solely testing for
DNT in vivo in animals to DNT in vitro evaluation followed
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by invivo testing when necessary. This procedure will allow
testing of large numbers of chemicals thereby reducing the
data gap on a plethora of compounds and is thus strongly
supported by the different stakeholders, academia, regu-
lators, and industry (Behl et al., 2019; Fritsche et al., 2018;
Sachana et al., 2019). To finally implement these actions
into practice, the OECD provides a forum to develop
internationally harmonized guidance on the use and
interpretation of the DNT IVB by preparing an OECD
guidance document on its application and interpretation of
data (Sachana et al., 2021).

Alternative strategies for DNT
evaluation

Due to the demand for testing environmental hazards for
their potential to be developmentally neurotoxic, a variety
of in vitro test methods have been set up for DNT evaluation
(Bal-Price et al., 2018) following defined criteria (Crofton
et al., 2011). These in vitro tests form a DNT in vitro battery
(DNT IVB) that covers a variety of neurodevelopmental
processes that are fundamental for brain development
(Bal-Price et al., 2015, 2018; Fritsche et al., 2018; Masjos-
thusmann et al., 2020). Such include neural progenitor cell
(NPC) proliferation, NPC differentiation into neurons and
oligodendrocytes, neurite outgrowth, migration of neural
crest cells, radial glia, neurons, and oligodendrocytes as
well as neuronal network formation (Bal-Price et al., 2018;
Masjosthusmann et al., 2020). These test methods of the
DNT IVB are primarily based on human stem/progenitor
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cells and mainly utilize high content imaging analyses
(HCA) for endpoint evaluation. This allows medium-
throughput testing of compounds (Masjosthusmann
et al., 2020). Examples of such images for endpoint eval-
uation are shown in Figure 2(A-E). Here, primary human
NPC growing as neurospheres were plated onto laminin-
coated surfaces for inducing NPC migration and differen-
tiation. From these differentiated neurospheres, a large
variety of endpoints can be assessed simultaneously due to
multiple immunocytochemical stainings (Baumann et al.,
2016; Nimtz et al., 2020) and a self-made software using
artificial intelligence that was created in close collabora-
tion with Axel Mosig (Ruhr-University Bochum) (Forster
et al., unpublished data; Schmuck et al., 2017). Further-
more, hiPSC-derived neurons, neural crest cells (NCC), and
LUHMES cells for assessing compound effects on neuronal
network formation on MEAs, NCC migration, and neurite
outgrowth of central and peripheral neurons complete the
current battery (Figure 2(F-I)). As science evolves, also the
DNT IVB will be expanded to cover the most crucial key
processes in neurodevelopment (Masjosthusmann et al.,
2020). However, results from the current DNT IVB have
already been used for hazard assessment by the European
Food Safety Authority (EFSA). Here an adverse outcome
pathway (AOP)-informed Integrated Approach to Testing
and Assessment (IATA) was applied for the first time for
DNT hazard assessment. In this case study, the pesticide
deltamethrin was reported to impact oligodendrocyte dif-
ferentiation and neuronal network formation at nanomolar
concentrations, an order of magnitude, which corresponds
to fetal brain concentrations producing adverse effects in
vivo (EFSA PPR Panel, 2021).

Figure 1: Overview of different human real-
life exposures impacting the central ner-
vous system (CNS). Exposures increase the
risk of disease leading to an adverse
outcome in a life stage-dependent manner.
Exposure scenarios are divided into general
external exposure (e.g. exhaust particles
from industrial plants, motor vehicles/
aircraft, and chemicals in the environment),
specific external exposure (e.g. dietary
factors, physical activity, drugs, alcohol, or
tobacco consumption), and internal expo-
sure due to e.g. inter-individual differences
in gene expression concerning metabolism
or resilience and hormonal signaling.
Created with BioRender.com.
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Figure 2: The current DNTIVB as described in Masjosthusmann et al., 2020. Due to the high developmental dynamic of human neurospheres
(Mashosthusmann et al. 2018a), cell type composition differs due to differentiation time point (A-E). A: A representative image of a 5 days
differentiated primary human neurosphere immunocytochemically stained with anti-Blll-Tubulin (neurons, green), anti-O4 (oligodendrocytes,
pink), and Hoechst (nuclei, blue). Image was taken with high content imaging using the Cellomics ArrayScan. B: Binary representative image of
5 days differentiated primary human neurosphere. Hoechst + nuclei are shown in white and are used to measure migration distances from the
sphere core to the edges of the migration area via a self-made software algorithm (Schmuck et al. 2017). C: Representative image of
S100B + radial glia cells (red) of 24 h differentiated primary human neurosphere. D: Representative image of GFAP + astrocytes (red) and
BlI-Tubulin + neurons (yellow) in the migration area of 5 days differentiated primary human neurosphere. E: Representative image of
BlIl-Tubulin + neurons (green) and 04+ oligodendrocytes (pink) in the migration area of 5 days differentiated primary human neurosphere. F:
SynFire® cells consisting of hiPSC-derived neurons and human primary astrocytes (SynFire® Co-Culture Kit (MEA), NeuCyte, USA), which are
plated on multi electrode arrays (MEAs) to assess the effects of compounds on the electrical activity of the cells. G: Representative images of
neural crest cells (NCC) labeled in green (calcein-AM), nuclei are shown in red. These cells are used in the cMINC (UKN2) assay for measuring
NCC migration (Nyffeler et al., 2017). H: Representative image of 24 h differentiated LUHMES cells (neurites marked in red, nuclei in white).
These cells are used in the NeuriTox (UKN4) assay to evaluate CNS neurite outgrowth (Krug et al., 2013a; Stiegler et al., 2011). I: Representative
image of hiPSC-derived sensory neurons (neurites marked in red, nuclei in white). These cells are used in the PeriTox (UKN5) assay to evaluate
peripheral nervous system neurite outgrowth (Hoelting et al., 2016). Assays presented in A-F and G-l were developed at the IUF and at the
University of Konstanz, Germany, respectively.

In addition to the utilization for screening, we have
been studying modes-of-action (MoA) of a variety of envi-
ronmental contaminants in the human neurospheres
(Figure 2(A-E)). For example, phenomics and transcriptome
analyses of neurospheres exposed to flame retardants dur-
ing differentiation revealed that different substances of this

important to understand their potential and even more
importantly their weaknesses.

Adult neurotoxicity

compound class affected oligodendrocyte development by
distinct MoA, including generation of oxidative stress and
disruption of thyroid hormone signaling (Klose et al., 2021).
Also, the food supplement epigallocatechin gallate inhibits
the adhesion and migration of human NPC by interfering
with cellular integrin-laminin binding (Barenys et al., 2017).
Such studies describe the applicability domains of in vitro
assays by understanding their power of detecting distinct
MoA. As stem cell-based assays will be the basis for toxicity
testing in the 2ist century (Fritsche et al., 2021b), it is

When adults are exposed to environmental pollutants, ef-
fects are largely different from developmental exposure
because the processes that take place in the developing
brain, like e.g. proliferation of NPC or neurogenesis, are
found only as a fraction in the adult brain (Eriksson et al.,
1998; Spalding et al., 2013). Hence, adult neurotoxicity
plays by different rules than DNT primarily disrupting or
even killing neurons or the surrounding glial cells, influ-
encing the transmission and processing of signals in the
brain and other parts of the nervous system (Fritsche and
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Hogberg, 2020; Masjosthusmann et al.,, 2018b). Adult
neurotoxicity can be acute as in poisoning incidents, yet
currently, more and more attention is given toward long-
term effects of low-dose exposure to environmental pol-
lutants. Here, especially the aged brain is of relevance as
brain cells show signs of compromised bioenergetics,
impaired adaptive neuroplasticity and resilience, aberrant
neuronal network activity, dysregulation of neuronal Ca®*
homeostasis, the accrual of oxidatively modified molecules
and organelles like mitochondria, as well as inflammation.
These render the aged brain more susceptible to Alz-
heimer’s (AD) and Parkinson’s diseases (PD) as well as
stroke (Mattson et al., 2018). A special emphasis should be
placed on mitochondrial dysfunction, which is involved in
the pathologies of neurodegenerative disorders (Rey et al.,
2022). This per se higher vulnerability of aged brain cells for
disease compared to younger tissue also increases their
sensitivity toward pollutant exposure and hence for envi-
ronmental contribution to neurodegenerative diseases.
Neurodegenerative diseases are a heterogeneous group
of disorders that are characterized by the progressive
degeneration of the structure and function of the central
nervous system or the peripheral nervous system with un-
known etiology. These conditions, which are characterized
by cognitive and functional decline, include amongst
others mild cognitive impairment, dementia, AD, PD, and
amyotrophic lateral sclerosis. The onset of neurodegener-
ative diseases can occur at any stage throughout life but the
risk of being affected increases as a function of age,
particularly after the third decade of life. It is predicted that
this prevalence will continue to grow with changing age
demographics toward an aged population, the growth of
the global population, and increasing exposure to envi-
ronmental toxins (Dugger et al., 2017; Feigin et al., 2020). A
recent workshop report of the US-National Academies of
Sciences, Engineering, and Medicine (2020) also clearly
points out that a complex combination of genetic and
environmental factors is thought to contribute to the
pathogenesis of neurodegenerative disorders.

Alzheimer’s disease

Exposure to air pollution has been linked to a variety of
health outcomes, including cardiovascular and respiratory
disease, however, in recent years the evidence has accu-
mulated that air pollution exposure is associated with
impaired cognitive function (Ailshire et al., 2017; Mar-
agakis et al., 2006), accelerated cognitive decline (Schi-
kowskKi et al., 2015; Tzivian et al., 2015), AD and all-cause
dementia (Calderon-Garciduenas et al., 2019; Chen et al.,
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2017; Lelieveld et al., 2015; Peters et al., 2019; Shi, 2020;
Tham and Schikowski, 2021). Exposure to particulate
matter (PM) from air pollution was associated with accel-
erated loss of both gray and white matter as well as with a
decline in episodic memory (Casanova et al., 2016; Younan
et al., 2020). It is even suggested that half of the individual
AD risk may be environmental (Gatz et al., 2006). The two
fractions of PM predominantly implicated in neurodegen-
erative effects have sizes <2.5 pm (PM,5) and <0.1 pm (ul-
trafine particles; UFP) and are mostly derived from tailpipe
and brake emissions from motor vehicles, aircraft, and
marine vessels (Karagulian et al., 2015). Size matters as
different sizes of PM from air pollution induce variable
effects on different aspects of episodic memory. PM, s, for
example, seems to be more strongly associated with the
encoding aspect of episodic memory compared to retrieval
and long-term recall aspects, suggesting that it may be
impacting brain regions associated with learning new
material versus long-term recall (Petkus et al., 2020).

Air pollution triggers oxidative stress and inflamma-
tion (Arias-Pérez et al., 2020; Costa et al., 2020), both
contributing to the accumulation of hallmark neuropa-
thologies associated with AD, including amyloid 8 and tau
tangles, brain atrophy, cognitive decline, and eventually
dementia (Berr et al., 2000; Calderon-Garciduenas et al.,
2019; Cervellati et al., 2014; Costa et al., 2020; Levesque
et al., 2011). Lately, signs of tau pathology, i.e. hyper-
phosphorylated tau (P-Tau), were even found in infants of
Mexico City. These were detected at portals of entry of
particulate material, the lower medulla, and the olfactory
bulb (Calderon-Garciduenas et al., 2019). Also, P-Tau
neurites were found in the dorsal motor nucleus of the
vagus nerve and spinal trigeminal nucleus in the lower
medulla sections of these infants. The nasal pathway via
the olfactory bulb is also a potential portal for the direct
transport of particles to the brainstem. In adults, the ol-
factory bulb has been found to be loaded with particulate
matter and impaired olfactory function is a precursor of
Alzheimer’s disease (Sun et al., 2012). However, the expo-
sure to particulate matter strongly depends on geographic
location and the source of particulate matter. Urbanized
areas with high exposures to the combustion-derived par-
ticulate matter have more detrimental effects on the brains
of young people. These data support the notion that direct
particle effects in the brain might contribute to AD
pathologies.

In addition, there are more systemic approaches for
explaining the pathophysiology of AD. For example, the
same risk factors associated with cardiovascular and res-
piratory diseases are possible mediators for the association
between air pollutants and neurological disorders (Hiils
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etal., 2018; Saito et al., 2016). Global cortical AB deposition
has also been associated with different cardiovascular risk
factors such as diabetes and hypertension (Gottesman
et al., 2017). As the health effects of PM on the cardiovas-
cular system have been well described (Al-Kindi et al.,
2020), one can envision the cardiovascular system as a
possible link between particle exposure and AD. More
research is clearly needed that enlightens the adverse
outcome pathway(s) for air pollution exposure and the
development of AD.

Gene-environment interactions also seem to play a role
in environmentally induced AD. Higher concentrations of
air pollution are associated with more rapid cognitive
decline, particularly in carriers of the APOE4 allele, which
is the strongest genetic risk factor for AD (Kulick et al.,
2020). Animal studies supported this interplay between
particle exposure, APOE4 genotype, and pathognomonic
signs of AD (Cacciottolo et al., 2020; Haghani et al., 2020).

Parkinson’s disease

Environmental exposure also increases the risk for PD.
Recently, a meta-analysis found an association between
pesticide exposure in general or paraquat specifically and
the development of PD (Ntzani et al., 2013). Combined
exposure, e.g. of the two pesticides paraquat and maneb,
was associated with an approximately 75% increase in the
risk of developing PD (Costello et al., 2009). These epide-
miological observations were further mechanistically
substantiated by the EFSA linking exposure toward the
pesticides rotenone and paraquat to the adverse outcome.
Mitochondrial dysfunction, impaired proteostasis, and
degeneration of dopaminergic neurons of the nigrostriatal
pathway were identified as key events in the adverse
outcome pathways (Ockleford et al., 2017; Terron et al.,
2018). Similar to AD, gene-environment interaction seems
to increase the risk for developing PD. Carriers of a PON1
mutant genotype, that codes for a slow metabolizer
phenotype, exerted a higher risk of PD when exposed to
organophosphate pesticides compared to a nonexposed
group (Lee et al., 2013; Narayan et al., 2013). Here, the
genotype itself is not only a risk factor but also needs
pesticide exposure for its disease contribution.

Besides pesticides, there is ample evidence that people
highly exposed to traffic have an increased risk of PD
(National Academy of Science, 2020). The risk for devel-
oping PD upon exposure to traffic pollutants is also
elevated by a certain genetic predisposition. Carriers of a
mutant interleukin-1 gene, which increases inflammatory
responses in the brain, have an increased risk for
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developing PD when highly exposed to traffic pollution
(Lee et al., 2016).

Alternative strategies for studying
neurotoxicity

Neurotoxicity studies are generally performed in iterative
tiered approaches in animals (Legradi et al., 2018). Besides
the high resources that they require (time, money, ani-
mals), translation of results from animals to humans is
often insufficient, e.g. leading to high attrition rates in the
central nervous system (CNS) drug development (Fritsche
and Hogberg, 2020). In addition, disease models truly
representing human CNS disease are sparse. Therefore,
there has been an effort to establish human-based in vitro
models for studying the adverse effects of environmental
pollutants on human physiology (Masjosthusmann et al.,
2018b). While two-dimensional (2D) cultures using human
cells have been relatively common, research of the last
years focussed on generating three-dimensional (3D) cell
systems based on human stem cells, i.e. human embryonic
or lately mainly human-induced pluripotent stem cells
(hiPSC; Fritsche et al., 2020; Pasca, 2018). If one wants to
grow such 3D CNS models, one has at least two different
options. Producing neural spheroids, also known as brain
spheres, which are 3D aggregate cultures of stem cell-
based NPC; or manufacturing 3D brain organoids. Brain
spheres have the advantage that they contain the crucial
cell types of the brain, i.e. neurons, astrocytes, and oligo-
dendrocytes and can be produced in large numbers in a
uniform manner (Pamies et al., 2017). It is even possible to
add microglia to such systems (Abreu et al., 2018), a
cell type transporting neuroprotection and neuro-
inflammation, which is therefore highly relevant for hu-
man disease (Harry, 2021). Despite their highly relevant cell
type composition and dimensionality, they lack anatom-
ical structures of the brain (Figure 3(A)). However, 3D brain
spheres reach a degree of maturation that allows
measuring neuronal activity, e.g. on microelectrode arrays
(Figure 3(B)), and thus allows testing of compounds in a
highly relevant, functional assay. In contrast, brain orga-
noids contain much more complexity than brain spheroids
as they form anatomical structures like cortices (Lancaster
et al., 2013) and protocols are available for also including
microglia (Bodnar et al., 2021; Xu et al., 2021). Due to their
increased complexity and long culture periods, they render
suitable for disease modeling and have so far been used
e.g. generating AD (Cordella et al., 2022), PD (Kim et al.,
2021), stroke (Song et al., 2021), as well as models for other
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Figure 3: Example of a 3D in vitro model and one of its readouts for
neurotoxicity evaluation. A: Brain sphere differentiated in 3D from
hiPSC as described in Kapr et al., 2021. B: Neuronal activity of such a
brain sphere measured after growing for 21 days on a multi electrode
array (MEA). A representative spike raster plot indicates black bars
as spikes and blue bars as bursts, which represent neuronal
network maturity. Rows represent individual electrodes.

psychiatric disorders (Unterholzner et al., 2021). Due to
rapid advances in the biotechnological and stem cell fields,
brain organoids combined with genome editing and
possibly 3D bioprinting are likely to shape toxicity testing
and disease modeling in the future (Fritsche et al., 2020).

Conclusions

Neurotoxicity induced by environmental pollutants across
different human life stages from the embryo to the elderly is
of high societal relevance as diseases associated with
neurodevelopmental as well as neurodegenerative disor-
ders place heavy burdens on individuals, families, and
society. Hence, knowledge of the hazards of pollutants that
impact mental health is crucial for the protection of the
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brain. Novel technologies are already in place and are
currently further developed to achieve time- and cost-
saving tools for linking MoA-based hazards to adverse
health effects observed in humans.

Owed to the multiple exposures of humans to a
plethora of substances in our every-day-environment, e.g.
pesticides, flame retardants, air pollution, and potential
disease-modifying factors like socioeconomic status,
physical fitness, psychological health, and subjective
feeling of happiness, it is rather difficult to causally link
background exposure to a single chemical with a disease.
Therefore, the adverse outcome pathway concept as
exemplified for pesticide exposure linked to parkinsonian
motor deficits (Ockleford et al., 2017) will strongly support
and is a novel way forward for unraveling hazards and risks
of pollutant exposure for mental health in the future.

Emerging issues like challenging viral infections or
climate change and their direct and indirect adverse effects
on the brain are challenges that lie ahead of us to tackle.
Interdisciplinary research embracing researchers from the
fields of chemistry, medicine, cell biology, toxicology,
biotechnology, biostatistics, bioinformatics, and epidemi-
ology will be needed for future brain protection.
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Abstract: Neuroscientific discoveries and the development
of recording and stimulation tools are deeply connected.
Over the past decades, the progress in seamlessly inte-
grating such tools in the form of neuroelectronic devices has
been tremendous. Here, we review recent advances and key
aspects of this goal. Firstly, we illustrate improvements with
respect to the coupling between cells/tissue and recording/
stimulation electrodes. Thereafter, we cover attempts to
mitigate the foreign body response by reducing the devices’
invasiveness. We follow up with a description of specialized
electronic hardware aimed at the needs of bioelectronic
applications. Lastly, we outline how additional modalities
such as optical techniques or ultrasound could in the future
be integrated into neuroelectronic implants.

Keywords: electrical recording; electrical stimulation;
implants; microfabrication; neuroelectronics.

Zusammenfassung: Neurowissenschaftliche Entdeckungen
und die Entwicklung von Ableitungs- und Stimulations-
methoden sind stark verkniipft. Im Laufe der letzten Jahr-
zehnte hat sich ein immenser Fortschritt im Hinblick auf die
nahtlose Integration solcher Methoden in Form von neu-
roelektronischen Schnittstellen ergeben. In diesem Artikel
geben wir einen Uberblick iiber aktuelle Entwicklungen in
diesem Feld. Wir beleuchten zuerst Verbesserungen der
Kopplung zwischen Zellen/Gewebe und Ableitungs- bzw. Sti-
mulationselektroden. Danach betrachten wir Ansdtze zur
Vermeidung von Fremdkorperreaktionen durch eine redu-
zierte Invasivitat der Schnittstellen. Anschliefiend beschreiben
wir spezialisierte elektronische Hardware fiir bioelektronische
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Anwendungen. Zuletzt zeigen wir auf, wie neue Modalititen
z.B. durch optische Techniken oder Ultraschall zukiinftig in
neuroelektronische Implantate integriert werden kénnten.

Schliisselworter: Elektrische Ableitung; elektrische Sti-
mulation; Implantate; Mikrofabrikation; Neuroelektronik.

Introduction

Since its very beginning, neuroscience has been deeply
intertwined with methods and technologies of measuring or
controlling the electrical activity in biological tissue. Ulti-
mately, this intricate connection can be traced back to the
founding experiments of Luigi Galvani on frog legs (Galvani,
1791). In the 1950s, the development of tungsten micro-
electrodes enabled recordings from single neurons in living
animals (Hubel, 1957). Continuing the push toward higher
resolution, Neher and Sakmann introduced the patch-clamp
technique in the 1970s, which allowed characterizing indi-
vidual ion channels (Neher and Sakmann, 1976). These
developments have reshaped neuroscience since the middle
of the 20th century triggering an ever-accelerating tech-
nological development. In particular over the past decades,
new microfabrication approaches, as well as dedicated
efforts on merging biology and artificial probes, haveled toa
cornucopia of new tools. Probes to interrogate the nervous
systems are constantly improving in terms of signal quality,
number of channels, and seamlessness of their integration
(Won et al., 2018). At the same time, the accompanying
electronics are becoming smaller and require less energy
(van Dongen and Serdijn, 2016) while additional modalities
such as optical or chemical stimulation are added.

This review aims to provide an overview of recent
developments as well as the core challenges met when
integrating artificial devices with the nervous system or
biological systems in general. While the main focus is on
technologies to be used in in vivo applications, a few
examples for in vitro applications are discussed as well to
demonstrate specific approaches in this domain. In doing
so, we do not aim for a complete historical overview.
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Instead, we hope to provide the reader with an insight into
the central aspects and most recent advances in the field of
bio- and neuroelectronics. Overall, the review is structured
in four sections that mirror the key aspects toward which
efforts have been directed over the past years (compare
Figure 1). First, we will illustrate improvements in the
coupling between the electrode and the tissue. Thereafter,
approaches to reduce the devices’ invasiveness for better
long-term applicability will be described. Next, we will
outline technological progress with regards to detection
principles and the underlying electronics of the devices.
The last section will shortly highlight novel approaches to
include other-than-electrical principles (e.g. optical or
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fluidic technologies) into neuroelectronic devices before
we conclude the review.

Electrode-tissue coupling

The vast majority of techniques are concerned with recor-
ding or eliciting electrical signals, which is rooted in the
critical role that electrical activity plays in the nervous
system. In this context, the interface between an electrode
and the cells or tissue of interest takes a central place. The
properties of this interface are dominated by several fac-
tors. In particular, the interface impedance contributes to
the attenuation of signals that are supposed to be recorded

Figure1: Schematicillustrating the four sectors in which neuroelectronic devices have advanced over the past years. Improvements in tissue—
electrode coupling (top left; scale bars correspond to 2, 250, 500, and 200 pm, top-left to bottom-right, respectively) yield better signal
transduction. A reduction in the devices’ invasiveness (top right; scale bars correspond to 25 pm, approx. 10 mm, and 200 pm, top-left to
bottom-right, respectively) mitigates the foreign body response. Specialized hardware (bottom left) delivers higher sensitivity and reduced
power and spatial requirements for the accompanying electronics. The introduction of new modalities for recording and stimulation (bottom
right) expands the neuroelectronic toolset. Details and copyright information for all four subpanels can be found in Figures 2, 3, 4, and 5.
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by the electrode or likewise to be elicited in the tissue. At
the same time, the impedance is a crucial factor in the
voltage noise observed when recording with the electrode.
On a general level, a lower impedance will mean better
signal transduction and lower noise. Another factor is the
so-called seal or junction resistance. This resistance
represents undesired electrical pathways between the
electrode and the ground. Increasing the seal resistance by
tightening the tissue—electrode connection will generally
result in improved signal fidelity.

Modifying the interface impedance

In the simplest case, the interface impedance can be
approximated as an RC element. As such, the majority of
interface modifications target either an increase in capa-
citance (e.g. by increasing the effective interface area) or a
decrease in the interface resistance (e.g. by facilitating
Faradaic charge transfer). A typical example is the func-
tionalization of electrodes with platinum black. Since
improvements in the adhesion of platinum black were
made in the late 1980s (Marrese, 1987), it has been a pre-
dominant method to decrease the interface impedance by
roughening the surface. Even despite known cytotoxic side
effects (Schuettler et al., 2005), improvements in platinum

Figure 2: Improvements in tissue—electrode coupling. a) and b)
Platinum nanograss functionalized electrodes and cross-sectional
electron micrograph, respectively (Scale bars correspond to 200 and
2 um, respectively; adapted from Boehler et al., Copyright (2015),
with permission from Elsevier). ¢) and d) Microfabricated clips can
be used to ensure a tight seal between peripheral nerves and
recording/stimulation electrodes (c adapted from Otchy et al., 2020,
d adapted from Lissandrello et al., 2017, © IOP Publishing. Repro-
duced with permission. All rights reserved).
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black coating continue to pose a viable alternative for
impedance reduction (Boehler et al., 2015; compare Figure
2a and b). Similar to the deposition of platinum black,
electroplated gold was shown to be able to decrease the
interface impedance by increased surface roughness
(Briiggemann et al., 2011; Cui and Martin, 2003a). Aside
from modifications to the surface geometry, chemical
modifications have also been shown to bear great benefit in
optimizing the interface for signal transduction and noise
reduction (Bettinger, 2018; Ferro and Melosh, 2018).
Among these, the application of conductive polymers
takes a special place. The charge transport in such mate-
rials is often a mixture of electron/hole and ionic mecha-
nisms. Applied to the electrodes of a neuroelectronic
device, they can greatly improve the interface properties
(Inal et al., 2018; Liang et al., 2021). Consequently, con-
ductive polymers have found numerous applications in
bioelectronic settings (Bettucci et al., 2021) with a conti-
nuously increasing toolset for structuring them on the
microscale (Zhang and Travas-Sejdic, 2021).

While a number of conductive polymers have been
applied in modifying bioelectronic interfaces, poly(3,4--
ethylenedioxythiophene) (PEDOT), in particular when doped
with polystyrene sulfonate (PSS), is considered by many to be
the gold standard in this context (Liang et al., 2021). Already
early on, the fuzzy nature of electrodeposited PEDOT:PSS
films was not only shown to be beneficial for the
electrode impedance but also for cell growth in vitro (Cui and
Martin, 2003b). In addition to its benefits in a recording
context, PEDOT was also shown to be an excellent choice for
modifying stimulation electrodes. Similar to recording sce-
narios, the low interfacial impedance is beneficial for signal
transduction across the interface. In this context, it was found
that PEDOT-modified electrodes exhibit excellent charge
storage capacities (Wilks et al., 2009). This property describes
the amount of charge that can be applied through an elec-
trode before undesired electrochemical reactions take place.
As such, an increased charge storage capacity helps mitigate
the increased current density requirements resulting from
electrode miniaturization. Despite its long-standing history in
this field, PEDOT:PSS has not lost its relevance as demon-
strated by its recent application in conjunction with
conductive hydrogels (Ferlauto et al., 2018) or in the realiza-
tion of stretchable peripheral nerve interfaces (Decataldo
et al., 2019).

Naturally, both approaches of impedance reduction can
be combined, i.e. the application of conductive polymers can
be tuned in order to increase their surface area to ultimately
lower the overall impedance. Specifically, conductive poly-
mers can be deposited in ways that render them porous
(Yang and Martin, 2004a, b) or in the form of nanotubes that
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offer an increased surface area due to their low dimensio-
nality (Abidian and Martin, 2008; Abidian et al., 2009). Such
nanotube-decorated electrodes have been shown to also
promote improved adhesion of cells to the electrode (Abidian
et al., 2010), an effect that was also observed when coating
electrodes with blends of conductive polymers and bio-
molecules (Cui et al., 2001; Kim et al., 2007).

Tightening the tissue—electrode connection

As illustrated by these last examples, the degree of contact
between the tissue and the electrode plays a similarly
crucial role when probing biological tissue. Conceptually,
a tighter coupling to the target tissue results in a higher
seal or junction resistance and thereby more efficient
transduction of signals both when recording or stimula-
ting. Consequently, an interface as described above with
cells closely interacting with the electrode’s pores or
nanostructures is expected to improve the electrode per-
formance. However, the modification of the interface does
not have to be performed before the addition of the cells.
Instead, a tight interface can also be created by elec-
tropolymerizing PEDOT directly in the intercellular space
both in cell culture studies and in living tissue explants
(Richardsony-Burns et al., 2007a, b). Effectively, such
approaches try to integrate the electrode directly into the
target tissue’s natural structure. Vice versa, a variety of
methods use structural motives that the cells sponta-
neously engulf, i.e. they result in the tissue integrating
more tightly with the electrode. Since the nanotechnology
boom of the 2000s a large toolset to generate structures
similar in size to those naturally encountered by cells is
available. Numerous examples of how such structures can
be used to create a tight tissue—electrode connection have
been presented ranging from nanoparticles over nano-
pillars to nanocones and nanomushrooms (Angle et al.,
2015; Spira and Hai, 2013). The majority of these techniques
aim at tightening the contact between the electrode and the
cell body. As such, they are to a certain degree focussed on
applications in the central nervous system (CNS). While a
number of these approaches will also bear advantage in
applications involving the peripheral nervous system
(PNS), there are also dedicated techniques that capitalize
on properties specific to the PNS. One such property is
given by the cylindrical nature of most structures found in
the PNS. Exploiting this symmetry to create a more intricate
tissue—electrode seal, microfabricated clip systems that
embed electrodes for recording and stimulation have
recently been presented (Lissandrello et al., 2017; Otchy
et al., 2020; see Figure 2c and d). Other approaches make
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use of, for instance, adhesive hydrogel patches that wrap
around the electrode and the nerve (Forssell et al., 2019;
Horn et al., 2021; Ong et al., 2018).

Reduced invasiveness

The previous section highlighted the crucial importance of
a tight coupling between the neuroelectronic device and
the tissue of interest. In most cases, however, this coupling
is required to last over days, if not months, in order to
conduct biologically or clinically meaningful studies. Such
timescales open up a new challenge as they allow activa-
tion of the body’s defense mechanisms — the ‘foreign body
response’ (FBR). Two of the main drivers of the FBR are
suspected to be adsorption-related conformation changes
in proteins (Hu et al., 2001) and a mechanical mismatch
between the implanted materials and the target tissue
(Moshayedi et al., 2014). The result is a cascade of events
that attacks and encapsulates the implant leading to device
failure (Barrese et al., 2013; Xie et al., 2014) or loss of
neurons in the implant’s vicinity (Biran et al., 2005). To
counteract the FBR, neuroprobes are required to smoothly
integrate into the soft, wet, and constantly moving envi-
ronment of the body (Renz et al., 2018). The following
section will thus illustrate strategies to mitigate
FBR-related decreases in probe performance. In doing so,
we will describe approaches that use modifications of the
probe surface, soft materials to reduce mechanical mis-
match, and overall reduced size to cause as little trauma in
the target tissue as possible.

Surface modification

As described above, the probe surface can have a strong
influence on the degree of FBR observed upon device
implantation. Thus, modification of the device surface is an
attractive candidate for effective mitigation strategies. In
this context, not only a variety of both chemical but also
structural approaches allow tuning of the cell-surface
interaction (Stevens and George, 2005). Due to their soft and
biologically inspired nature, hydrogels lend themselves to
this application (Kim et al., 2010). Recent developments
even yielded photostructurable gelatin systems that could
be integrated into standard fabrication processes (Kang
et al., 2020). While beneficial for cell adhesion, such coa-
tings increase the electrode—cell distance and thereby lower
the seal resistance. To mitigate this aspect, conducting
polymers can be electropolymerized inside of the hydrogel.
The thereby obtained structure of the conducting polymers



DE GRUYTER

even decreases the electrode impedance potentially making
up for the loss in seal resistance (Kim et al., 2004). Besides
hydrogels, a number of bio-derived materials such as
silk, collagen, chitin, or cellulose have already been
demonstrated as viable substrates for bioelectronic inter-
faces (Pradhan et al., 2020; see Figure 3b). Increasingly,
progress in the processability of these materials is blurring
the line between classical microfabrication and bio-derived
materials (Ju et al., 2020; compare Figure 3a). An approach
that renders this line even less clear is based on so-called
biohybrid interfaces. Early examples of this approach
demonstrated that stem cell-seeded implants show lower
neuron loss and glial encapsulation immediately after
implantation (Purcell et al., 2009). Since then, the use of
cells to relay or amplify artificial electronic signals has been
realized in numerous studies in vitro and in vivo targeting
both the PNS and the CNS (Rochford et al., 2019).

Addressing the mechanical mismatch

As highlighted by Moshayedi et al. (2014), the mechanical
properties of neuroelectronic devices are another impor-
tant factor in how well they fare in long-term applications.
In this context, two strategies are commonly applied. The
first employs materials that exhibit low Young’s moduli,
i.e. show mechanical properties closer to those of bio-
logical tissue than classic silicon or metal materials. Here,
bio-friendly or bio-derived substrate materials have been
demonstrated (compare Figure 3c; Adly et al., 2018; Maiolo
et al., 2019). A common problem, however, is posed by the
fact that metals usually suffer from a strong dependence of
their conductivity on the applied strain, i.e. bending or
stretching of the device results in a strong increase in the
resistance. To mitigate this aspect, mesh-like conductor
networks made from e.g. metal nanowires or carbon
nanotubes can be applied (Lienemann et al., 2021; Terkan
et al.,, 2020; Tybrandt et al., 2018). Alternatively, the
microstructure of gold films can be engineered so that they
remain conductive even when exposed to notable strain
rates (Lacour et al., 2003, 2006). Both approaches have
been successfully implemented in the recording and sti-
mulation of nerve activity (Lienemann et al., 2021; Minev
et al., 2015). Another approach is represented by using
elastic conductive materials (Giagka and Serdijn, 2018;
Jeong et al., 2015; Rogers et al., 2010; Sunwoo et al., 2020),
such as composites of PEDOT:PSS and polyurethane (Cuttaz
et al., 2019) or liquid metal conductors (Dong et al., 2021).
Recent advances in this context cover rapid prototyping of
soft bioelectronic implants (Afanasenkau et al., 2020) and
ultrasoft mesh structures that seem to pose no hindrance to
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the mechanical activity of cardiac cells (Lee et al., 2018; see
Figure 3d).

The second strategy is based on the fact that absolute
mechanical stiffness is not only dependent on a material’s
bulk properties but also on its size and geometry. Similar to
how both fingernails and hair consist of keratin, thinning
down a macroscopically “stiff” material can result in highly
pliable structures. As device thicknesses in the range of only
a few micrometers are not uncommon in this area, materials
that are sufficiently robust to allow handling and insertion
are needed. Two of the most common examples in this
category are polyimide (Borda et al., 2020; Kireev et al., 2019;
Sperry et al., 2018) and parylene (Khodagholy et al., 2011,
2013, 2015), both of which offer additional benefits in terms
of chemical inertness and biocompatibility. To increase the
number of channels while maintaining a small form factor,
multilayered and multiplexed devices have been proposed
(Leccardi et al., 2019; Viventi et al., 2011). Overall, tech-
nological progress in this context has achieved a stage
where even signals of individual cells can be detected
(Almasri et al., 2020; Khodagholy et al., 2015), and trans-
parent devices allowing parallel optogenetic modulation
(Lee et al., 2017) have become possible. In terms of overall
technology readiness, NeuraLink has recently presented a

Figure 3: Reducing the invasiveness of neuroelectronic devices
using novel materials. @) Scanning electron micrograph of a
cardiomyocyte-like cell (pink) on an electrode (light yellow)
insulated with photostructurable silk fibroin (dark yellow; scale
bar corresponds to 25 pm; adapted from Ju et al., 2020). b) Sour-
ces and structures of silk fibroin and chitin (left and right, res-
pectively; adapted from Pradhan et al., 2020). c) Electrode
arrays printed on soft gelatin from gummy bears (scale bar
correspond to approx. 10 mm; adapted from Adly et al., 2018).
d) Ultrasoft polyurethane meshes with gold electrodes to record
cardiac activity without disturbing mechanical activity (scale bar
corresponds to 200 pm; adapted by permission from Lee et al.,
© Springer Nature 2018).
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Figure 4: Specialized hardware for neuroelectronic devices. a) A
graphene-based transistor array is used to record neuronal activity
from the surface of the brain (adapted with permission from Garcia-
Cortadella et al., © 2020 American Chemical Society). b) Comple-
mentary metal-oxide-semiconductor fabrication can be used to
fabricate implantable electrode arrays with dense electrode spacing
(scale bars in the main image and the inlay correspond to 100 and
20 pm, respectively; © 2018 IEEE. Adapted, with permission, from
Sayed Herbawi et al., 2018). ) A specialized analog to digital con-
verter consuming as little as 0.5 pW (© 2013 IEEE. Adapted, with
permission, from Li et al., 2013). d) Circuit diagram for safe (i.e.
charge-balanced) and power-efficient stimulation hardware (© 2020
IEEE. Adapted, with permission, from Guan et al., 2020).

platform that performs robotic implantation of and wireless
recordings from thousands of channels in living animals
(Musk and Neuralink, 2019). In particular, recordings from
pigs and proof-of-concept brain-computer interface scena-
rios using monkeys have been demonstrated. Lastly, apart
from thin probes, the importance of probe geometry in
reducing glial scaring was shown early on (Seymour and
Kipke, 2007). Since then, this approach has been heavily
explored to yield shuttle techniques that only leave thin
implants within the tissue (Williamson et al., 2015),
injectable micron-scale meshes (Zhou et al., 2017), car-
bon fiber arrays (Jiman et al., 2020), and highly paral-
lelized microwire bundles coupled to complementary
metal-oxide semiconductor (CMOS) chips (Kollo et al.,
2020; Obaid et al., 2020).

Hardware developments

So far, we have covered the progress neuroelectronic
devices have made in increasing the efficiency of signal
transduction as well as preventing the body from rejecting
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them. However, before such signals can be interpreted by a
researcher they have to be both amplified and digitized.
Here, several aspects of importance will be illustrated in
the following section. Firstly, principles of local amplifi-
cation to prevent long leads from introducing noise will be
described. Subsequently, we will briefly dive into specia-
lized electronics that aim to keep both spatial and energy
requirements at a minimum. Lastly, wireless approaches to
minimize constraints during e.g. behavioral studies will be
introduced.

Local amplification

Despite the aforementioned advances in improving trans-
duction, biological signals remain low in amplitude in the
majority of scenarios. At the same time, they commonly
have to be routed over significant lengths before they can be
captured by recording electronics. For the most part, this
combination results in challenging signal-to-noise ratios at
the point of digitization. To address this challenge, different
approaches aim to amplify the signal before routing — and
thereby before the introduction of noise. A prominent
approach to achieve such a local amplification is to use field-
effect transistors (FETs) as recording elements. Bioelectronic
applications of FETs have been presented not only on the
basis of both PEDOT:PSS (Leleux et al., 2015) but also two-
dimensional materials such as graphene (compare Figure
4a; Garcia-Cortadella et al., 2020; Schaefer et al., 2020).
Alternatively, it was shown that it is even possible to directly
integrate the necessary amplification circuitry within the
recording device (Frey et al., 2009). The fabrication com-
plexity needed to accomplish this is currently only mana-
geable with CMOS fabrication. At the same time, however,
CMOS allows ultra-dense electrode arrays that enable trak-
king action potentials down to a subcellular resolution
(Bakkum et al., 2013; Lewandowska et al., 2015). More
recently, CMOS fabricated shank electrodes that bring a
similar electrode density to in vivo applications have been
presented (Boi et al., 2020; Sayed Herbawi et al., 2018; see
Figure 4b).

Specialized electronics

Despite the sizeable challenges of detecting biological
signals, the electronic backend needed to digitize and record
the data often represents a major bottleneck. This can have a
number of reasons starting from the sheer amount of data to
be handled to size or energy constraints when considering
wireless, implantable systems. Driven by these constraints
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and the increasing demand in terms of the functionality of
neuroelectronic devices, the development of specialized
hardware for bioelectronic recordings is a vivid field of res-
earch. In particular, the combined demands of recording,
stimulation, and ideally pre-processing of the signals are of
central interest (Liu et al., 2020; Rincén Montes et al., 2019).
Especially when considering non-tethered, mobile applica-
tions, power consumption is a crucial factor. Here, digitiza-
tion elements requiring only pW of power (Li et al., 2013; see
Figure 4d), low-energy signal processing elements (Haddad
and Serdijn, 2009; Hiseni et al., 2009), or efficient stimulation
circuitry (compare Figure 4c; van Dongen and Serdijn, 2016;
Guan et al., 2020; Kolovou Kouri et al., 2021) have been pro-
posed. In particular for the latter, development has reached a
point where even syringe-injectable stimulation hardware is
within reach (Li et al., 2015).

New recording/stimulation
modalities

Up to this point, the main focus of most applications we
discussed revolved around purely electrical recording and
stimulation. While electrical signals are — particularly with
respect to the nervous system — of unquestionable impor-
tance, a range of other physical phenomena can be recor-
ded from biological systems or used to elicit biological
signals (Rivnay et al., 2017). Examples of such multimodal
recordings include, for instance, the detection of strain
and/or temperature in biological tissue (Xu et al., 2014;
Yokota et al., 2015). Apart from the measurement of such
physical quantities within the tissue, chemical signals
belong to the body’s own communication system. Here,
protocols that counteract the common problem of elec-
trode fouling have recently been presented to allow long-
term monitoring of biologically relevant electroactive
species in vivo (Weltin et al., 2019). In order to deliver
chemical stimuli, passive release from the aforementioned
conductive polymer nanotubes was investigated (Abidian
and Martin, 2009). In applications that require a more
discrete delivery of chemicals, electrophoretic (Proctor
et al., 2019; Simon et al., 2009), electrochemical (Boehler
et al., 2017), or microfluidic (Guo et al., 2021) delivery were
shown to be viable options. In order to directly measure the
tissue response to the stimulus, even chemical stimulation
and electrical sensing with the very same electrode were
demonstrated (Jonsson et al., 2016; compare Figure 5b).
The spread of optogenetics over the past two decades
has demonstrated how versatile of a tool optical light can
be. Naturally, implantable optoelectronic devices that
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Figure 5: New modalities to broaden the neuroelectronic toolset. a)
Tapered fibers can be used in depth-resolved photometric recor-
dings (adpated by permission from Pisano et al., 2019). b) Sche-
matic of a bioelectronic neural pixel, a device that can record
electrically and deliver chemical stimuli in the same position
(Jonsson et al., 2016). ¢) Image sequence of the insertion of an
injectable, cellular scale optoelectronic device (From Kim et al.,
2013. Reprinted with permission from AAAS). d) Schematic of direct
photocapacitive stimulation. Shining light onto the stimulation site
results in polarization of the photocapacitor, which in turn depola-
rizes adjacent cells (Rand et al., 2018).

allow coupling between the techniques described above
and the potential of optogenetics are thus of great interest
(Pisanello, 2019; Pisanello et al., 2016). But apart from
delivering stimuli, optical tools can also be used to record
photometric data in freely behaving animals (Pisano et al.,
2019; refer to Figure 5a). Similar to electrical devices,
optical technology was also advanced to reach wireless
(Park et al., 2015; Samineni et al., 2017) or injectable (Kim
et al., 2013; see Figure 5c) levels. Even without genetic
modification, the use of photocapacitive or photofaradaic
(i.e. materials that convert light into electricity) allows
harnessing the tether-free nature of optical stimulation
(Ghezzi et al., 2011; Paltrinieri et al., 2021; Rand et al., 2018;
compare Figure 5d). Similarly, even ultrasonic or magne-
toelectric signal transduction has been discussed (Seo
et al., 2016; Singer et al., 2020).

Conclusions

Over the past 20 years, the key barriers for efficient multi-
modal recording and seamless integration of neu-
roelectronics devices have been identified and put under
scrutinous investigation. Although some of these barriers
have proven tougher than expected, immense progress was
made to the point where clinical applications of more
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sophisticated bioelectric approaches are within reach.
Minev et al., for instance, were able to use soft neu-
roelectronic implants to restore locomotion after paraly-
zing injury in rats (Minev et al., 2015). They were able to
demonstrate that their thin, soft implant not only limits
inflammation but also results in a more natural gait after
recovery. Similarly, the improved device-tissue coupling
offered by hydrogel-supported electrode arrays allows
fiber-selective stimulation of the vagus nerve in rats while
presumably limiting compression (Forssell et al., 2019;
Horn et al., 2021). In the CNS, organic electrochemical
transistor arrays can record dopamine levels in different
positions over time. Such recordings recently revealed a
complex cross-talk between mesolimbic and nigrostriatal
pathways in the rat brain (Xie et al., 2020).

We believe that in particular the concerted efforts from
different fields such as electronic engineering, bio-
chemistry, material science, and microfabrication ensure
steady progress toward further blurring the line between
technology and biology. Once this line is passed, neu-
roelectronic devices will deliver on their promise for many
applications in prosthetic, diagnostic, and therapeutic
applications.
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Abstract: The nervous system with its complex organiza-
tional features and functions is well-known for its impressive
ability to process information and drive countless biological
processes. It has come to the surprise of many that the ner-
vous system can also be intimately involved in an unwelcome
area of human life: the initiation and progression of cancer.
For brain tumors, the parallels to neurodevelopment and
nervous system function can be found on multiple levels.
First, cancer cells of incurable gliomas interconnect with long
cellular extensions to a large communicating multicellular
network. Second, indirect and direct neuronal input can
generate, activate, and control brain tumor growth. Third, it is
becoming increasingly clear that those features not only drive
brain tumor progression but also the notorious resistance of
these tumors against standard antitumor therapies.
Remarkably, these recent insights have already generated
novel ideas for better antitumor therapies.
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verarbeitung und zur Steuerung unzdhliger biologischer
Vorgdnge. Zum Erstaunen vieler ist das Nervensystem aber
offenbar auch sehr intensiv an einem weniger erwiinschten
Prozess beteiligt: der Initiierung und dem Fortschreiten von
Krebserkrankungen. Bei Hirntumoren kénnen die Parallelen
zur neuronalen Entwicklung und neuralen Funktion
auf vielen Ebenen gefunden werden. Zundchst bilden
Tumorzellen von unheilbaren Gliomen mittels sehr langer
Membrantunnel Verbindungen zu anderen Tumorzellen
aus, die zusammen ein kommunizierendes Netzwerk bilden.
Nervenzellen stimulieren diese Netzwerke, und neuronale
Aktivitdt kann Himtumore generieren und im Wachstum
antreiben, indirekt und direkt. Diese Verbindungen zum
Nervensystem auf vielen Ebenen begiinstigen auch
die Therapieresistenz. Die hier vorgestellten jiingsten
Erkenntnisse fiihrten bereits zu neuen Ansatzen fiir Anti-
Tumor-Therapien.

Schliisselwdrter: Cancer Neuroscience; Neuron-Tumor-Syn-
apsen; Tumorzellnetzwerke; Glioblastom; Hirnmetastasen.

Cancer is not a disease of isolated cells that have just gone
mad. It is a disease where multiple malignant and
nonmalignant cells collaborate to drive cancer initiation
and progression. That makes tumors to “organs”, where
cancer cells interact with a complex microenvironment
that is crucial for tumor growth (Hanahan and Weinberg,
2011). Remarkably, this also applies to the nervous sys-
tem. Cancer can appear anywhere in the body - and
together the central (CNS) and peripheral nervous systems
(PNS) cover our entire organism, controlling its myriad
functions. However, it has only recently been discovered
that close and reciprocal interactions of the CNS and PNS
on one side with cancer cells on the other can govern
tumor initiation and growth. Multiple neuron-tumor in-
teractions have been described so far. They can be of an
unexpectedly direct nature involving neuron-tumor syn-
aptic connections (see below) or consist of paracrine
(Venkatesh et al., 2015, 2017) or systemic (including
immunological and hormonal) interactions (Monje et al.,
2020). Finally, anticancer therapies can also influence the
nervous system in many, mostly unwanted ways.
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Together this has led to the generation of a new research
field, “Cancer Neuroscience” (Faulkner et al., 2019; Jung
et al.,, 2020; Monje et al.,, 2020; Venkataramani and
Winkler, 2021). Of note, it has become increasingly clear
that cancer cells themselves can harbor multiple neuro-
developmental (including stem cell-like) and other neuronal
features which are an important feature of successful tumor
growth, making science at the crossroads of Neuroscience
and Cancer an exciting and rewarding endeavor with the
potential to cross-inform both research areas alike (Jung
et al., 2019). In this short review, we will provide an overview
of this emerging field of science, with a focus on brain tumors.
The neuronal features of cancer covered here extend our
understanding of diseases that are among the most difficult to
treat today — and at the same time inspire completely novel
ideas on how to treat them better in the future (Dolgin, 2020).
The ultimate aim is to develop a new area of “Neuroscience-
instructed Cancer Therapy” (Venkataramani and Winkler,
2021). On the other hand, basic discoveries that are made in
Cancer Neuroscience might help neuroscientists to better
understand the development and functionality of the normal
nervous system.

Malignant cellular networks in the
brain and other tumors

In 2015, we published a discovery that changed the way we
think about brain tumors, inspiring a new field of basic and
translational research. As it is often the case in science, the
development of new technologies was instrumental for this
step forward; here, it was the combination of intravital two-
photon microscopy, a technology that allows imaging the
live mouse brain until a depth of many hundreds of mi-
crons, with a chronic cranial window technology, and
implantation of patient-derived brain tumor cells that were
strictly kept under nondifferentiating, floating, “stem-like”
conditions outside the body. We focused on tumor cells
from glioblastomas, particularly aggressive and incurable
brain tumors that develop in the brain and colonize it
rapidly, making glioblastoma a whole-brain disease from
early on. Thus, the first question we asked was: how does
the tumor achieve that? When following those glioblas-
toma cells — that were genetically modified to express
various fluorescent proteins making them easily detect-
able — over months in the same brain region, it became
apparent that tumor cells rapidly extended and retracted
very long cell processes in a brain-scanning behavior,
which fostered brain invasion and colonization by new
tumor cells (Osswald et al., 2015). These membrane tubes
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can reach hundreds of microns, even millimeters (if not
centimeters) in length, and can be found throughout the
brain in mouse and human samples even in the macro-
scopically nonaffected brain hemisphere. We called these
new cellular processes “Tumor Microtubes”, or TMs, and
demonstrated that they are highly reminiscent of neurites,
neuronal cell processes that are formed during neuro-
development, plasticity and repair in the normal brain, and
that are the basis for the generation of axons and dendrites,
the crucial cell-cell connections that our nervous system
depends on. Remarkably, glioblastoma cells used their
TMs to connect with each other to a large multicellular
network, too (Figure 1). In this functional syncytium, single
tumor cells were able to communicate with each other via
intercellular calcium waves and were able to reach a high
level of cellular resilience by improved homeostasis, e.g.
with respect to intracellular calcium concentrations.
Figure 2 summarizes the current knowledge of the
basic functions of these malignant brain tumor networks.
The main molecular drivers known so far include: the
neuronal growth-associated protein 43 (GAP-43) that
drives neurite formation in neurons, and likewise the
generation and extension of TMs in glioblastoma cells, is
important for all known biological functions of TMs: in-
vasion, proliferation with the distribution of tumor cell
nuclei throughout the brain, interconnection, and stable

Figure 1: Many tumor cells of incurable brain tumors (here,
glioblastoma cells) are connected with long membrane protrusions
with each other. This generates a multicellular malignant network.
Shown here is a 3D rendering of a confocal microscopy imaging
stack from resected material of a human glioblastoma patient
stained with an antibody against nestin.

Image: Varun Venkataramani.



DE GRUYTER

network formation; the neurodevelopmental protein
Tweety-homologue 1 (Ttyh1) which has been shown to be
crucial for TM invasion and TM-dependent tumor prolif-
eration only (Jung et al., 2017); and finally the gap junction
protein connexin 43 (Cx43) which is not only important for
normal brain astrocyte communication but also for the
communication in brain tumor cell networks. It is located
in and at TMs, forms connexons that may assemble to form
intercellular channels that allow the exchange of smaller
molecules between tumor cells (Osswald et al., 2015). The
tumor cell network itself might also be involved in brain
scanning and brain invasion (Gritsenko et al., 2020).
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Resilience in tumor networks, and
how to break it

Integration into TM-connected tumor cell networks can be
very beneficial for the entire tumor organism; the first in-
dications for this increasing body of knowledge were
already published in 2015. When a laser beam was used to
kill one single glioblastoma cell that was network-
integrated, the network reacted, and perfectly replaced
the killed comrade within 60 h. When a tumor cell that was
not part of the malignant network (about 40-60% of all

Figure 2: Glioblastoma cells with highly heterogeneous cell morphologies can be identified in the glioblastoma network as shown by the
different colored cells in the glioma network. Connected cells are shown in pink/red, unconnected cells in purple. These subpopulations can
be differentiated on their basis to form long membrane protrusions, or tumor microtubes (TMs). TMs are crucial cellular factors of brain tumor
invasion, proliferation, brain colonization, and network formation. The network formation of glioblastoma cells connected to each other via
gap junctions formed by connexin 43 (Cx43) has been shown to form a functional network characterized by intercellular calcium waves (ICW).
This network contributes to the self-repair of the network and therapeutic resistance. It was shown that the ablation of single cells could be
substituted by other cells of the network in a coordinated manner. Thus, the network is characterized by peer perception and fate detection of
the members of the network. Furthermore, it is characterized by increased cellular homeostasis, potentially mediated by the exchange of
molecules via the gap junctions, as compared to tumor-unconnected glioblastoma cells contributing to therapeutic resistance. GAP-43 and
Ttyh1are key molecular drivers of TM formation and shown to drive glioblastoma progression. These molecular factors are also drivers for the
formation of neuronal cell processes during development and depend on an intact 1p/19q chromosome status. It could be seen that the intact
1p/19q chromosome status is associated with a worse clinical outcome for patients further connecting TM formation with clinical relevance for
the human disease.

ICW, intercellular calcium wave; ER, endoplasmatic reticulum; MV, microvesicles; MT, microtubules; mito, mitochondrium; Cx43, the gap
junction protein connexin 43. Modified from: Osswald et al., Nature 2015.
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tumor cells in the regions studied) was killed, this tumor
self-repair response was only rarely observed (Osswald
et al., 2015). This was in line with the study of more than
100 samples from human glioma types where increasing
TM and TM network formation was seen with increasing
malignancy: lowest in low-grade oligodendrogliomas,
which are associated with patient survival for decades,
and highest in glioblastomas, where patients usually die
within 1-2 years. Most importantly for clinical translation,
the genetic reduction of GAP-43, the crucial neuro-
developmental factor that drives TM formation and func-
tion, not only deprived glioblastoma cells of the ability to
form functional tumor networks but also made radio-
therapy much more effective, by and large eradicating
experimental tumors from the mouse brain, which is typi-
cally not possible with radiotherapy alone (Osswald et al.,
2015). Consistent with the concept of tumor cell resilience by
network integration, radiotherapy, and also chemotherapy
(Weil et al., 2017) preferentially killed the unconnected
glioblastoma cells, leaving the tumor cell networks largely
intact. Even more, when surgical tumor resection was
applied, the brain tumor network detected damage to itself,
and answered with an overshooting self-repair response,
such as that after single-cell ablation as described above.
This can explain why so many glioma patients experience
tumor recurrences directly at the resection cavity.

Taken together, integration into multicellular, highly
functional, communicating, and resilient networks is not
only a feature of the nervous system but also of incurable,
most aggressive brain tumors. The tumor cell network is
increasingly seen as the highly resistant backbone of the
disease that resists the detrimental effects of radio-
chemotherapy, and that can apparently detect damage to
itself, and execute highly complex self-repair responses.
Future decoding of the complex intercellular calcium
communication patterns that appear even hierarchical,
with some tumor cells taking the lead and others following
(Osswald et al., 2015), will tell us more about the organi-
zation of the network, and might ultimately even allow us
to understand what the tumor cells are talking with each
other. It is remarkable that these paradigmatic basic dis-
coveries have already led to new ideas for better antitumor
treatments in glioblastoma. Recent studies of Schneider
et al. demonstrate how the TM networks can be pharma-
cologically silenced with the gap junction inhibitor
meclofenamate (MFA) (Schneider et al., 2021a,b). Impor-
tantly, these studies also show a clear road for the intro-
duction of TM-network targeting therapies into clinical
concepts that aim to overcome the notorious treatment
resistance of glioblastomas. MFA is an FDA-approved drug
(for its NSAID actions against pain, fever, and
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inflammation), and is considerably well-tolerated by pa-
tients. Thus, MFA is currently tested in the German MecMeth
trial (EudraCT2021-000708-39) in recurrent glioblastoma in
combination with chemotherapy in patients. Other concepts
of how to disconnect tumor cells for improved antitumor
activities are currently pushed forward, too, partly already
in drug development pipelines (Dolgin, 2020; Osswald et al.,
2016). Last but not least, since cells of many other cancers
can connect with each other via ultra-thin membrane tubes,
too, we might even reach a situation in the future where this
field of research in Neuro-Oncology can inspire other on-
cologists and cancer researchers to vigorously test dis-
connecting strategies (Winkler and Wick, 2018).

Neuron-tumor cell synapses
activate brain tumors

Neurons of the normal brain constantly communicate with
each other in a highly ordered, meaningful manner, using
various classes of neurotransmitters and their receptors to
fine-tune their network communication. Together this makes
our neurological functions and is the foundation of our per-
sonality. The point-of-contact between single neuronal pro-
cesses is called synapses, and synapse formation is a finely
tuned process involving pre- and postsynaptic partners. It
seems that synapses are something very stable; however,
during brain development, and probably also in adult life,
oligodendrocyte precursor cells (OPCs), a highly proliferative
cell population in the brain and a likely cell of origin for
various brain tumor types, form new synapses with more
mature neurons, which seems to influence their biological
behavior in a dynamic way (Bergles et al., 2000).
Remarkably, these “noncanonical synaptic contacts”
between neurons and OPCs are not limited to normal ner-
vous system functionality. Interestingly, excitatory synap-
ses that use glutamate as neurotransmitters are also formed
between neurons and cancer cells of various particularly
aggressive, incurable brain tumor types, including glio-
blastoma, astrocytoma, and diffuse midline gliomas. This
work of three different research groups was published in two
articles in 2019, with striking overlaps and cross-validations
in both of them (Venkataramani et al., 2019; Venkatesh
et al., 2019). In short, presynaptic neuronal activity, both,
physiological and pathological (as seen in epilepsy), leads
to activation of glutamatergic neuron-glioma synapses
(Figure 3). The AMPARSs expressed by glioma cells are closer
to those expressed during neurodevelopment than in the
adult brain: they are calcium-permeable. Synaptic activa-
tion generates calcium waves which travel through the
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glioma cell networks. All in all, some TMs of this network
appear to have dendrite-like functions, whilst those con-
necting a tumor cell with others in the malignant network
conduct the input of the neuronal stimulation to wider areas
of the cancer cell network. Finally, this leads to increased
invasion and proliferation of tumor cells, which means an
accelerated tumor progression. In other words: neuronal
activity drives tumor growth, not only via the indirect
paracrine mechanisms described before (Venkatesh et al.,
2015, 2017) but also via direct synaptic contacts between
neurons (always pre-synaptic) and brain tumor cells (always
post-synaptic). Great efforts were undertaken to prove the
existence of these highly functional neuron-tumor synapses
in resected material from human incurable brain tumors
(Venkataramani et al., 2019; Venkatesh et al., 2019).

The existence of this direct and harmful neuron-cancer
communication channel is highly uncomforting. At the same
time, its discovery generated new ideas on how to better treat
brain tumor types that are hitherto incurable. The approved
antiepileptic drug perampanel, an AMPAR inhibitor with
good anti-epileptic effectivity in glioma patients (Coppola
et al., 2020), showed marked antitumor activity in various
preclinical glioma models (Venkataramani et al., 2019; Ven-
katesh et al., 2019), as predicted by the discovery of gluta-
matergic neuron-glioma synapses. Currently, several
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international trial concepts aim to test perampanel in recur-
rent glioblastoma. Finally, neuron-tumor synapses can also
be of another, rather an indirect type: tumor cells of brain-
metastatic breast cancer cells can wrap around existing
neuro-neuron synapses (like done by astrocytes in the normal
brain), and receive growth-stimulatory glutamate from the
synaptic cleft, mediated by NMDA (and not AMPA) receptors
(Zeng et al., 2019). Since similar “pseudo-tripartite” synapses
can also be found in gliomas (Venkataramani et al., 2019), it
remains to be seen how many more functional neuron-cancer
synaptic contacts will be identified in the future, and whether
they can be the target for novel anticancer therapies, too
(Venkataramani et al., 2021).

Summary and outlook

It is becoming increasingly clear that brain and other
cancers can hijack neuronal stimulation and neuro-
developmental mechanisms to grow. That is concerning,
but the important improvement of our understanding of
key functions of the tumor organ allows for new ideas on
how to better treat various cancer types in the future. A
recent paper even found stimulation of the optic nerve by
light-induced stimulation of retinal ganglion cells a key

Figure 3: Bona-fide glutamatergic synapses bearing AMPAR between unidirectional presynaptic neurons and postsynaptic brain tumor

(glioblastoma) cells. Synaptic stimulation by neuronal activity activates the tumor cell network, which drives brain tumor progression. These
contacts are ultrastructurally comparable to physiological synapses formed in the healthy brain. Two types of electrophysiological responses
can be recorded from glioblastoma cells that receive neuronal input in the form of short excitatory, postsynaptic currents, and slow inward
currents. Both current types can induce calcium transients in the glioma network. Neuronal input can subsequently increase the proliferation

and invasion of glioblastoma cells.
From: Venkataramani et al., Nature 2019.



230 —— V. Venkataramani et al.: Neuroscience meets cancer

factor for the initiation of optic nerve tumors in a tumor
predisposition syndrome (Pan et al., 2021; Venkataramani
and Winkler, 2021), confirming earlier reports for similar
neuronal tumor-generation mechanisms outside the brain
(Mauffrey et al., 2019; Saloman et al., 2016).

Neuronal activity can cause cancer, and also stimulate
the growth of existing tumors. While we are still struggling
to digest this information, it will be exciting to witness the
development of the field in the next years — and to learn
whether Neuroscience-instructed Cancer Therapy will
emerge as one additional treatment pillar in Oncology not
only for brain tumors but also for various tumors that are
challenging to treat today. Technological hurdles need to
be mastered, among them the mapping and mechanistic
studies of nerve-tumor interactions outside the brain, and
also with respect to the complexity of nerve-tumor in-
teractions and the changes the tumor exerts to the normal
nervous system (Monije et al., 2020). In the end, it is likely
that the discoveries arising from this research will similarly
cross-inform neuroscience and neuromedicine on one side,
and cancer therapy and oncology on the other. In other
words, it should be worth the effort.
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Presentation of scientific institutions

Matthias Brand*, Rudolf Stark and Tim Klucken

DFG-Research Unit (FOR) 2974 “Affective and
cognitive mechanisms of specific Internet-use

disorders (ACSID)”

https://doi.org/10.1515/nf-2021-0024

In Mai 2021 the transregional Research Unit FOR 2974
entitled “Affective and cognitive mechanisms of specific
Internet-use disorders (ACSID)”, funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foun-
dation), has started work. Eleven principal investigators
(PI) from nine different sites in Germany will investigate
mechanisms potentially involved in the development and
maintenance of specific Internet-use disorders. The
Research Unit will be funded for up to six years (first
funding period is three years). The 11 principal in-
vestigators are: Matthias Brand, Duisburg-Essen (Speaker),
Martin Diers, Bochum, Tim Klucken, Siegen, Christian
Montag, Ulm, Astrid Miiller, Hannover, Hans-Jiirgen
Rumpf, Liibeck, Rudolf Stark, Giessen, Sabine Steins-
Lober, Bamberg, Elisa Wegmann, Duisburg-Essen, Oliver
Wolf, Bochum, Klaus Woélfling, Mainz. The group repre-
sents various disciplines necessary for studying neurobi-
ological and psychological processes that may explain
mental disorders, such as biological, cognitive, clinical,
and personality psychology, neuropsychology, psycho-
therapy, and medicine, which will guarantee a high level of
interdisciplinarity within the Research Unit.

The Research Unit focuses on the investigation of the
fundamental affective and cognitive mechanisms, which
are involved in the development and the maintenance
of predominantly online addictive behaviors, namely

*Corresponding author: Matthias Brand, General Psychology:
Cognition and Center for Behavioral Addiction Research (CeBAR),
University of Duisburg-Essen, Forsthausweg 2, 47057 Duisburg,
Germany; and Erwin L. Hahn Institute for Magnetic Resonance
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Rudolf Stark, Department of Psychotherapy and Systems
Neuroscience, Justus Liebig University of Giessen, Giessen, Germany;
Bender Institute of Neuroimaging, Justus Liebig University of Giessen,
Giessen, Germany; and Center of Mind, Brain and Behavior,
Universities of Marburg and Giessen, Giessen, Germany

Tim Klucken, Clinical Psychology and Psychotherapy, University of
Siegen, Siegen, Germany

pathological gaming, pornography use, buying-shopping,
and social-networks use. The overall goal of the Research
Unit is to contribute to a better understanding of the
common and differential psychological and neurobiolog-
ical processes underlying different types of specific
Internet-use disorders. Gaming, pornography use, buying-
shopping, social-networks use are usually unproblematic
for most users and represent every-day behaviors. How-
ever, in some people the voluntary control over these be-
haviors may become diminished, the behaviors are given
increasing priority in daily life, and the behaviors are
continued or even escalated despite the occurrence of
negative consequences resulting in significant impairment
in personal, family, social, educational, occupational or
other important areas of functioning and/or marked
distress (see diagnostic characteristics of gaming disorder
in the 11th revision of the International Classification of
Diseases, ICD-11) (World-Health-Organization, 2019). The
ICD-11 provides the category “disorders due to addictive
behaviors” which includes gaming disorder as an own
entity and which might be the appropriate diagnostic
classification for the other specific Internet-use disorders
as well (Brand et al., 2020).

The overall hypotheses are based on the theoretical
framework of the Interaction of Person-Affect-Cognition-
Execution (I-PACE) model (Brand et al., 2019), which in-
tegrates contemporary models of addiction research (e.g.,
Berridge and Robinson, 2016; Blum et al., 2012; Dong and
Potenza, 2014; Everitt and Robbins, 2016; Goldstein and
Volkow, 2011; Koob, 2015). In short, this model in-
corporates affective, cognitive, and executive processes to
explain alterations in reinforcement and gratification
mechanisms, which significantly contribute to the etiology
of specific Internet-use disorders. Moreover, the I-PACE
model allows to develop clear (neurobiological and psy-
chological) hypotheses for the underlying processes and
their alterations in the course of the development and
maintenance of behavioral addictions.

The Research Unit will investigate various affective and
cognitive mechanisms in different clinical samples. Clinical
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samples of patients with gaming disorder, patients with
pathological use of pornography, patients with buying-
shopping disorder, and patients with pathological social-
networks use will be contrasted with respective samples
with subclinical problems (problematic/risky use) and those
with unproblematic use. Further comparison groups are
patients with substance-use disorders (nicotine, alcohol)
and (offline) gambling disorder. This approach will allow us
to study the transition from unproblematic behaviors to
risky behaviors, and finally from risky behaviors to patho-
logical behaviors and across different types of addictive
behaviors. A more comprehensive overview about the
theoretical foundation, the challenges and goals of the
Research Unit as well as the synergies across the research
projects can be found in a current article, which has recently
been published in Addiction Biology (Brand et al., 2021).
Figure 1 summarizes the different research projects of the
Research Unit. In the following, the seven projects are
described briefly with a specific focus on two projects, which
will use fMRI.

Central to the overall aims of the Research Unit is the
Research Project led by PI Brand. All participants from the
specific other projects of the Research Unit will be examined
with a core battery, which includes diagnostic instruments
and questionnaires related to Internet use, well-established
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experimental addiction-related paradigms, standard neu-
ropsychological tasks, personality assessment, addiction-
related questionnaires, and biological markers. Addition-
ally, all participants will take part in a 14-day ambulatory
assessment to investigate personal use in their natural en-
vironments, followed by a six-month follow-up measure-
ment to identify variables potentially predicting the course
of the disorder within this period. The collected data will
allow us to test the overall hypotheses about mechanisms,
including predictors, mediators, and moderators, derived
from the I-PACE model. Another project (RP Steins-Loeber/
Miiller) will address aspects of appetitive conditioning
and habitual responses using a Pavlovian-to-Instrumental-
Transfer (PIT)-paradigm in combination with stress induc-
tion. The groups of interest in this project are participants
with risky use of games and risky buying-shopping, which
will be compared with non-problematic users of games and
individuals with non-problematic buying-shopping behav-
iors. The project by PI Miiller, P Wegmann, and PI Wolf
will examine cue-reactivity and implicit cognitions in buying-
shopping disorder and social-networks-use disorder. They
will also investigate effects of acute stress on these affective
and cognitive processes. The RP by PI Wolfling and
PI Steins-Lober will study implicit associations and cue-
induced diminished impulse control in samples with

Figure 1: Summary of the research projects of the Research Unit FOR 2974 ACSID.
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individuals with gaming disorder, (offline) gambling disor-
der, and alcohol-use disorder. A further project (RP Rumpf/
Wegmann/Montag) will investigate reinforcement experi-
ences in participants with pathological social-networks use
and participants with tobacco-use disorder. This project will
also include samples of individuals with risky use and non-
problematic use of social networks and tobacco as compari-
son groups.

Neural correlates of specific Internet-use disorders
will be exemplified by two fMRI projects. Both projects
will investigate users of games and pornography with
either unproblematic, risky, or pathological use. PI
Klucken and PI Stark will focus on altered appetitive
conditioning and extinction processes in patients with
pornography-use disorder and gaming disorder (and the
aforementioned comparison groups). During appetitive
conditioning, a formerly neutral stimulus turns into a
salient cue that announces a monetary reward or the
addiction-related behavior. During extinction, this
(new) salient cue will lose its significance by unpairing
with the reward. Therefore, the participants have to
learn, re-learn, and change contingency expectations
between the stimuli and the rewards during the experi-
ment. The project investigates whether individuals with
a pornography-use disorder or gaming disorder (and the
risky groups related to these disorders) show facilitated
conditioning and/or deficits in extinction processes.
Consistent with the proposed theoretical framework, a
multifactorial approach will be conducted to measure
the learning and re-learning processes on different
response levels, i.e. subjective/cognitive level (e.g.,
stimulus evaluation), psychophysiological level (e.g., skin
conductance responses), and neural level (e.g., amygdala
and/or striatal reactivity). On the neural level, we expect
differences in specific regions of interest (ventral stria-
tum, amygdala, ventromedial prefrontal cortex) depend-
ing on whether the groups respond to their specific cues
(e.g., pornography versus gaming) and whether they are
classified as risky or pathological users of pornography or
games, respectively.

The other fMRI project (RP Brand/Wolf/Diers) aims
at investigating behavioral and neural correlates of cue
reactivity and craving in gaming disorder compared to
pornography-use disorder (also including groups of risky
use and unproblematic use as comparisons). Effects of
acute stress on cue reactivity and craving as well as in-
teractions between cue reactivity and craving, acute
stress, and measures of executive functions and inhibi-
tory control will also be examined. The study includes a
two-day assessment: On the first day, different behavioral
experiments related to cue reactivity, and craving as well
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as decision making will be conducted after a stress in-
duction as compared to a non-stressful placebo condition.
At day 2, an fMRI study with a focus on cue reactivity will
take place. The stimuli that will be used to induce cue
reactivity during the fMRI investigation are either distal or
proximal cues related to gaming and pornography use.
Using this paradigm, we aim at testing whether a transi-
tion from risky to pathological behaviors is accompanied
by a shift from ventral to dorsal striatum as neural
correlate of cue processing and whether the neural re-
sponses to proximal and distal addiction-related cues
differ for individuals with risky versus pathological use of
games or pornography, respectively.

We hope that the Research Unit will contribute to a
better and more detailed understanding of the underly-
ing neural, cognitive, and affective processes of behav-
ioral addictions, which may inspire future research. We
also hope that our findings will pave the way for the
development of new treatment options of such disorders
by identifying crucial underlying processes and vari-
ables, which may be targeted more specifically in future
treatment approaches.

Homepage of the Research Unit FOR 2974 ACSID:
https://www.uni-due.de/for2974/.
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Methodenkursprogramm der NWG 2022

Nachdem in diesem und im letzten Jahr die meisten Kurse
Corona-bedingt nicht stattfinden konnten, hoffen wir, dass
im kommenden Jahr das Methodenkursprogramm der NWG
wieder ohne Einschrankungen durchgefiihrt werden kann.
NWG-Mitglieder konnen kostenlos oder zu einem redu-
zierten Beitrag an diesen Veranstaltungen teilnehmen.
Die Anmeldung erfolgt iiber die jeweils angegebene
Kontaktadresse.

March 7-9, 2022: Comparative Anatomy and Pathology
of the Rodent and Human Brain

Registration deadline: February 27, 2022

Venue: Section Clinical Neuroanatomy, Neurology, Center
for Biomedical Research (ZBF), Helmholtzstr. 8/1, 89081
Ulm

Topics: The goal of the course is to compare pathologic
alterations found in experimental rodent models of neuro-
degenerative diseases with the pathology in the human
brain. Participants are encouraged to bring histological
sections from their own experiments and rodent models to
the course for discussion (2 weeks notice required). Over-
view of the anatomy of the rodent and human brain and
spinal cord; hands-on-lab sessions for introduction into
neuroanatomical techniques to study the human brain;
pathological neuroanatomy of neurodegenerative disorders
including but not limited to Alzheimer’s disease, Parkin-
son’s disease and amyotrophic lateral sclerosis.
Organization and registration: Prof. Dr. Deniz Yilmazer-
Hanke, phone (office): +49 (0)731 500 63157, phone (lab):
+49 (0)731/500 63158, email: deniz.yilmazer-hanke@uni-
ulm.de

March 10-11, 2022: Pathoanatomy of the Human Cen-
tral Nervous System

Registration deadline: February 27, 2022

Venue: Section Clinical Neuroanatomy, Neurology, Center
for Biomedical Research (ZBF), Helmholtzstr. 8/1, 89081 Ulm
Topics: Introduction to neuroanatomical techniques to
study the neuroanatomy of the human brain including
hands-on laboratory sessions; pathological anatomy, his-
tology and histopathology of the human brain and spinal

cord in neurodegenerative diseases; staging of pathological
changes in Alzheimer’s and Parkinson’s Disease and
Amyotrophic Lateral Sclerosis.

Organization and registration: Prof. Dr. Deniz Yilmazer-
Hanke, phone (office): +49 (0)731 500 63157, phone (lab): +49
(0)731/500 63158, email: deniz.yilmazer-hanke@uni-ulm.de

March 17-18, 2022: Behavioral Testing in Rodents: from
Cognition, Motor Function, Emotion, Anxiety to Pain
Registration deadline: March 4, 2022

Venue: Interdisciplinary Neurobehavioral Core INBC,
University of Heidelberg INF 515; 69120 Heidelberg
Topics: Behavioral testing in rodents: from cognition, motor
function, emotion, anxiety to pain. A hands-on course.
Organization and registration: Dr. Claudia Pitzer, Tel.:
06221 1858504, email: claudia.pitzer@pharma.uni-
heidelberg.de, http://www.medizinische-fakultaet-hd.
uni-heidelberg.de/Home.111344.0.html

July 25-29, 2022: Transcranial Brain Stimulation in
Research and Clinic: Best Practice

Venue: 1) Universitdt Mainz, Langenbeckstr. 1, Gebdude.
308c, 55131 Mainz and Neuroimaging Center (NIC) der
Universitatsmedizin der Johannes Gutenberg Universitét
(July 25 — 27, 2022; bus transfer from Mainz to Gottingen will
be provided on July 27)

2) Klinik fiir Neurologie, Universititsmedizin Gottingen,
Robert-Koch-Str. 40, 37075 Gottingen (July 27 - 29, 2022)
Registration deadline: July 1, 2022

Topics: transcranial magnetic-, direct current-, alternating
current, random noise, and ultrasound stimulation, combi-
nation of brain stimulation and neuroimaging (EEG, fMRI),
theoretical background of the stimulation, animal models,
modelling of current flow in the brain, research and clinical
applications; neuronavigation, neuronal oscillations, cogni-
tion, ethical aspects of transcranial stimulation.
Organisation and registration: apl. Prof. Andrea Antal,
Tel.: 0551 398461, Fax: 0551 398126, email: AAntal@gwdg.de;
Prof. Til Ole Bergmann, Tel.: 06131-17-7720, Fax: 06131-17-
8346, email: tobergmann@uni-mainz.de
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September 26-30, 2022: Imaging Techniques in
Neuroscience

Venue: Leibniz Institute for Neurobiology (LIN),
Brenneckestraf3e 6, 39118 Magdeburg

Registration deadline: July 31, 2022

Topics: Hands-on introduction into advanced imaging
techniques to study neuronal function: super-resolution
STED, lightsheet microscopy (including clearing methods),
2photon microscopy, calcium imaging, FLIM/FRET, label-
free metabolic imaging (NADH/FAD), image analysis.
Organisation: Leibniz Institute for Neurobiology, Combi-
natorial Neurolmaging Core Facility (CNI)

Registration: Torsten Stéter, Combinatorial Neurolmaging
Core Facility (CNI), Leibniz Institute for Neurobiology, Tel.:
0391 6263 92171, email: cni-reg@lin-magdeburg.de

NEU auf dasGehirn.info

Im September 2021 hat sich das Por-
tal um den Themenschwerpunkt
Sport gekiimmert, wofiir drei Artikel
entstanden

Allround-Wundermittel fiirs Gehirn:
Klar, Sport ist gesund. Aber nicht nur
fiir den Korper, er hilt auch Geist und
Gehimn fit — auf vielfdltige und auch
iiberraschende Weise.

Wer tanzt, bleibt jung: Bewegung
schiitzt das Gehirn in vielfdltiger
Weise — iiber Botenstoffe, Hormone
sowie Gefaf3- und Nervenzellwachs-
tum. Sogar Herz und Leber senden bei
sportlicher Betdtigung eine gute Bot-
schaft ans Oberstiibchen.

Sport: Rundum-gliicklich-Paket fiir
Korper und Geist: Dass Sport gesund
ist, wissen wir alle. Trotzdem kriegen
wir den Hintern oft nicht hoch. Viel-
leicht hilft es, sich nochmals klarzu-
machen, welche vielfaltigen positiven
Effekte regelmifliige Bewegung hat —
nicht zuletzt auf das Gehirn.

DE GRUYTER

October 2022: Tiibingen Systems Neuroscience Sym-
posium 2022

Venue: MEG-Zentrum der Universitdt Tiibingen, Otfried-
Miiller-Straf3e 47, 72072 Tiibingen

Registration deadline: April 30, 2022

Topics: The 2022 Tiibingen Systems Neuroscience Sympo-
sium brings together leading international researchers in the
field of systems neuroscience. Topics range from neuro-
physiological testing in animals to functional imaging in
humans (MEG, EEG, fMRI). One focus of the symposium is the
presentation of state of the art methods. The talks target
students and researchers with profound previous knowledge.
Organisation and registration: Prof. Dr. Christoph
Braun, Tel: 07071 29 87706, Fax: 07071 29 5706,
email: christoph.braun@uni-tuebingen.de

Das Schwerpunktthema Struktur und
Funktion neuronaler Netzwerke,
eine Themenpartnerschaft mit dem SFB
870, wurde um ein Videointerview
erganzt:

Struktur und Funktion: Regenera-
tion: Der grofite Teil unseres Korpers
heilt, indem er neue Zellen bildet: Haut,
Knochen, Blut ... Nur das Gehirn muss
mit dem leben, was es hat — es kann
sich nicht regenerieren. Doch auch hier
lasst sich die Stammzellbildung anre-
gen. Uber diese neuen Erkenntnisse sprechen wir mit den
Profs. Benedikt Grothe und Magdalena Gétz.

In dem Format Frage an das Gehirn
beantworten Experten regelmiflig
Fragen unserer Leser. Zuletzt ging es
um die folgenden Fragen:

Wie kann ich mich besser konzen-
trieren? — Beim Arbeiten schweife ich
ofter mal ab. Was kann ich dagegen tun?

Kann man Angstlichkeit im Gehirn

erkennen? — Lisst sich aus der Hirnstruktur oder anhand
von biologischen Markern erkennen, ob ein Mensch dngst-
lich oder mutig ist?

Machen Walniisse schlau? — Walniisse gelten als
besonders gute Nahrung fiirs Gehirn. Ist da was dran?


mailto:cni-reg@lin-magdeburg.de
mailto:christoph.braun@uni-tuebingen.de

DE GRUYTER

In der Rubrik Neues aus der Wis-
senschaft macht dasGehirn.info im
September 2021 auf die folgenden
Pressemeldungen aus den Instituten
aufmerksam:
Warum uns mit dem Alter Wérter
schlechter einfallen | Max-Planck-
Institut fiir Kognitions- und Neuro-
wissenschaften (02.09.2021)
Wie das motorische System im Gehirm beim Fremd-
sprachenlernen helfen kann | Technische Universitdt Dresden
(09.09.2021)

Neueintritte

Folgende Kolleginnen und Kollegen diirfen wir als Mitglieder
der Neurowissenschaftlichen Gesellschaft begriif3en:

Marcos Caetano (K&ln)

Umberto Calleri (Diisseldorf)

Felix Fiederling, Dr. (New York, USA)
Johanna Hallenberger (Diisseldorf)
Laura Jiménez Barrén (Miinchen)
Moritz Lindner, Dr. (Marburg)

Gerit Linneweber, Dr. (Berlin)

Jacobo Lopez Carballo (Berlin)
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Wie Diifte eine Bedeutung bekommen | Ruhr-Universitat
Bochum (16.09.2021)

Lokale Lieferketten in Neuronen: Wer kommt an
die Ware? | Max-Planck-Institut fiir Hirnforschung
(20.09.2021)

Mochten Sie eine Pressemeldung an dasGehirn.info
weitergeben oder Ihr Institut vorstellen, wenden Sie sich
bitte an Arvid Leyh (email: a.leyh@dasgehirn.info).

Yangfan Peng, Dr. (Oxford, UK)

Natalie Schieferstein (Berlin)

Anna Josefine Torner (Hildesheim)

Linda Weiss, Dr. (Bochum)

Dieter Willbold, Prof. Dr. (Jiilich)

Emile Wogram, Dr. med (Cambridge, USA)
Alfred Yamoah (Aachen)

Der Mitgliedsstand zum 30. September 2021 betrdgt 2.062
Mitglieder.

We thank all colleagues who reviewed Neuroforum articles in 2021.
We really appreciate your cooperation

Brandner, Sebastian
Deller, Thomas

Distler, Claudia
Engelhardt, Maren
Helfrich-Foerster, Charlotte

Ausblick

Jutta Schopfer
Is the natural distribution of Lithium in brain tissue a hint
for essentiality?

Linda Weif3
The neurobiology of phenotypic plasticity in the light of
human stressors

Katrin Franke
What the eye tells the brain: Retinal feature extraction

Luhmann, Heiko
Steinh&duser, Christian
Wahle, Petra
Wegener, Christian

Julijana Gjorgjieva
Emergence of organization and computation in dendrites

Marietta Zille
Brain-body communication in stroke

Geraldine Zimmer-Bensch
Epigenetic function in neurodevelopment and cognitive
impairment
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13125 Berlin
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NEURO
WISSEN

Schuljahr

2021
2022

SCHAFTEN

> PROGRAMMUBERSICHT

8.SEPTEMBER 2021 | BERLIN via Zoom
LEARNING TO FLY: WHAT THE FRUIT FLY
BRAIN CAN TEACH US ABOUT HUMAN
NEURODEGENERATIVE DISEASES
Kontakt: Dr. Luiza Bengtsson

Telefon: 030 94892931

E-Mail: LaborTrifftLehrer@mdc-berlin.de

7.0KTOBER 2021 | FREIBURG
SENSORISCHE WAHRNEHMUNG
UND GEDACHTNIS

Kontakt: Fiona Siegfried

Telefon: 0761 203-9549

E-Mail: siegfried@bcf.uni-freiburg.de

21.0KTOBER 2021 | HEILBRONN

UBER DAS VERGESSEN LERNEN -
ALZHEIMER IM BIOLOGIE-UNTERRICHT
Kontakt: Prof. Dr. Stefan Kins

Telefon: 0631 2052106/2107

E-Mail: Lhanke@biologie.uni-kl.de

29.0KTOBER 2021 | SPEYER

UBER DAS VERGESSEN LERNEN -
ALZHEIMER IM BIOLOGIE-UNTERRICHT
Kontakt: Prof. Dr. Stefan Kins

Telefon: 0631 2052106/2107

E-Mail: Lhanke@biologie.uni-kl.de

24.NOVEMBER 2021 | BERLIN
NEUES AUS DER HIRNFORSCHUNG

Kontakt: Prof. Dr. Helmut Kettenmann/Helga Fenz

Telefon: 030 94892931
E-Mail: h.fenz@campusberlinbuch.de

12.JANUAR 2022 | BERLIN via Zoom
MASCHINELLES LERNEN UND KI

IN DER BIOMEDIZIN

Kontakt: Dr. Luiza Bengtsson

Telefon: 030 94892931

E-Mail: LaborTrifftLehrer@mdc-berlin.de

NWG

NEUROWISSENSCHAFTLICHE
GESELLSCHAFT

9.FEBRUAR 2022 | BERLIN via Zoom
ORGANOIDE DES MENSCHLICHEN GEHIRNS
ALIAS »MINI-GEHIRNE« ALS WERKZEUGE
ZUR ERFORSCHUNG VON KRANKHEITEN
DES NERVENSYSTEMS

Kontakt: Dr. Luiza Bengtsson

Telefon: 030 94892931

E-Mail: LaborTrifftLehrer@mdc-berlin.de

18.FEBRUAR 2022 | HEIDELBERG
GROSSHIRN AN NEBENNIERE - WAS SIE SCHON
IMMER UBER STRESS WISSEN WOLLTEN

Kontakt: Prof. Dr.Andreas Draguhn/Susanne Bechtel
Telefon: 06221 544056
E-Mail: susanne.bechtel@physiologie.uni-heidelberg.de

24.FEBRUAR 2022 | TUBINGEN
NEUROWISSENSCHAFTEN UND IMMUNOLOGIE
Kontakt: Prof. Dr. Uwe Ilg
Telefon: 07071 2980464 (Hertie-Institut)

07071 2982377 (Schiilerlabor)
E-Mail: uwe.ilg@uni-tuebingen.de

16.MARZ 2022 ODER
17.MARZ 2022 | GOTTINGEN
NEUROWISSENSCHAFTEN

Kontakt: Dr.Sylvia Ranneberg
Telefon: 0551 3851163
E-Mail: sranneberg(@dpz.eu

16.MARZ 2022 | LEIPZIG

NEUE ENTWICKLUNGEN IN DER MIKROSKOPIE

Kontakt: Prof. Dr.Steffen Rossner/Dr. Max Holzer

Tel.: 0341 9725758 / 0341 9725759

E-Mail: rossn@medizin.uni-leipzig.de oder
holm@medizin.uni-leipzig.de

Informationsmaterial
fiir Lehrer finden

Sie auf der Homepage
der NWG.
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