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Editorial

Christine R. Rose* and Frank Kirchhoff*

Neuroforum: vom gedruckten Heft ins
elektronische Zeitalter

https://doi.org/10.1515/nf-2022-0022

Die Zeitschrift Neuroforum dient seit vielen Jahren als
Publikationsorgan der Neurowissenschaftlichen Gesell-
schaft. Neuroforum präsentiert nicht nur neueste Nach-
richten aus der NWG, sondern informiert Sie als Mitglieder
der NWG auch über neu geförderte Forschungskonsortien
in den Neurowissenschaften, über aktuelle Entwicklungen
undüber Perspektiven neurowissenschaftlicher Forschung
in Deutschland.

Ein zweiter Bereich des Journals sind die wissen-
schaftlichen Hauptartikel, die seit vielen Jahren auch in
englischer Sprache verfügbar sind. Sie stellen in Review-
Form die Forschungsschwerpunkte deutscher Neu-
rowissenschaften vor und bieten einen gut verständlichen
Überblick über die verschiedenen Gebiete und aktuellen
Forschungsfelder. Ein Garant für die durchweg hohe
Qualität dieser Übersichtsartikel waren die Haupt-
Editoren von Neuroforum, d. h. zunächst Heiko Luh-
mann, der dieses Amt 2013 von Helmut Kettenmann
übernommen hatte, und ab Oktober 2017 Petra Wahle.
Neben der fachlichen Information unserer Mitglieder war
auch geplant, e-Neuroforum als internationales Review
Journal zu etablieren, wobei das damals ins Leben geru-
fene Editorial Board zur notwendigen Qualitätssicherung
der Artikel beigetragen hat.

Im Zeitalter der fortschreitenden Digitalisierung
möchten wir uns mit Neuroforum nun wieder mehr auf
unsere ursprünglichen Ziele fokussieren. Dazu gehören
laut Satzung die „Bereitstellung, Durchführung und

Verbreitung geeigneter Informationsangebote, z. B. für die
Öffentlichkeit, die Weiterbildung von Lehrern und den
wissenschaftspolitischen Bereich“. Hierzu werden wir
Neuroforum auf das „nächste Level“ heben und die vielen
Vorteile, die die elektronischen Medien für uns und unsere
Mitglieder bieten, nutzen. Neuroforum wird daher ab dem
nächsten Jahr in rein elektronischer Form präsentiert
werden und nicht mehr wie bislang als gedrucktes Heft an
alle Mitglieder versendet. Diese Umstellung bietet nicht
nur wesentlich größere Möglichkeiten in der Gestaltung
und Präsentation der jeweiligen Inhalte, sondern ist auch
ein wichtiger Schritt in Richtung Nachhaltigkeit und
Schonung von Ressourcen.

Die Mitteilungen der Gesellschaft, d. h. die Nachrichten
aus der NWG und weiteren Informationen, werden auf der
Website derNWG ineinemneugestaltetenBereich zu finden
sein. Die regelmäßigen elektronischen Mitteilungen über
Rund-E-Mails werden wie gewohnt beibehalten und mit
Kurz-Hinweisen und Links zu den jeweiligen Beiträgen aus
der Gesellschaft auf der NWG-Website erweitert.

Die wissenschaftlichen Hauptartikel von Neu-
roforum werden ab 2023 in rein elektronischer Form auf
dem Webportal dasGehirn.info (https://www.dasgehirn.
info/) erscheinen. Wie Sie sicher wissen, ist die NWG
Trägerin dieses Portals, auf dem Themen aus der Hirn-
forschung umfassend und anschaulich in Wort, Bild und
Ton erklärt werden. Wissenschaftliche Beiträge werden
also in Zukunft nicht nur auf die reine Schriftform begrenzt
sein, sondern können z. B. durch Animationen und/oder
Video-Interviews ideal ergänzt werden. Die Qualitätskon-
trolle, d. h. insbesondere die Prüfung der wissenschaft-
lichen Korrektheit der Artikel, wird durch Experten auf dem
jeweiligen Gebiet überwiegend aus den Reihen der Gesell-
schaft vorgenommen werden – wie das auch für alle ande-
ren Beiträge auf dasGehirn.info der Fall ist.

Wir bedanken uns dabei ausdrücklich für das bisherige
Engagement der Mitglieder des Editorial Board von Neu-
roforum. Ein ganz großer Dank geht auch an die bisherige
Chefredakteurin, Petra Wahle. Sie wird Ende 2022, d. h. mit
dem Übertritt der wissenschaftlichen Artikel von Neu-
roforum in das rein elektronische Format, nach nunmehr
fünf Jahren ihr Amt als Editor-in-Chief abgeben. Petra

Christine R. Rose and Frank Kirchhoff have contributed equally to this
Editorial.
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Wahle hat in den letzten Jahren ganz hervorragende Arbeit
geleistet und sich mit viel Engagement und Herzblut für
Neuroforum und für die NWG eingesetzt. Dies gilt auch
für Susanne Hannig, die seitens der NWG-Geschäftsstelle in
Berlin die redaktionelle Arbeit für Neuroforumgetragen hat.

Wir freuen uns nun auf weitere spannende wissen-
schaftliche Beiträge für Neuroforum in Schrift, Video und/
oder Audioform und sind gespannt auf Ihre Ideen. Ebenso
freuen wir uns wie bisher auf Ihren kontinuierlichen Input,
d. h. auf allgemeineMitteilungen, sowie auf Nachrichten und
Berichte aus den Neurowissenschaften, die wir für die Mit-
glieder der Gesellschaft auf unserer Website präsentieren
können.

Düsseldorf und Homburg, Oktober 2022
Christine R. Rose (Präsidentin der NWG) und Frank Kirch-
hoff (Vizepräsident)

Prof. Dr. Christine R.
Rose, Präsidentin
(Foto: HHU/C. KAWAN)

Prof. Dr. Frank Kirchhoff,
Vizepräsident
(Foto: R. Koop, UdS)
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Review article

Stefan Dowiasch, Andre Kaminiarz and Frank Bremmer*

The visual representation of space in the primate
brain

https://doi.org/10.1515/nf-2022-0019

Abstract: One of the major functions of our brain is to
process spatial information and to make this information
available to ourmotor systems to interact successfully with
the environment. Numerous studies over the past decades
and even centuries have investigated, how our central
nervous system deals with this challenge. Spatial infor-
mation can be derived from vision. We see, where the cup
of coffee stands at the breakfast table or where the un-
mute-button of our video-conference tool is. However, this
is always just a snapshot, because the location of the
projection of the cup or the un-mute-button shifts across
the retina by each eye movement, i.e., 2–3 times per sec-
ond. So, where exactly in space are objects located? And
what signals guide self-motion and navigation through our
environment? While also other sensory signals (vestibular,
tactile, auditory, even smell) can help us localize objects in
space and guide our navigation, here, we will focus on the
dominant sense in primates: vision. We will review (i) how
visual information is processed to eventually result in
space perception, (ii) how this perception is modulated by
action, especially eye movements, at the behavioral and at
the neural level, and (iii) how spatial representations relate
to other encodings of magnitude, i.e., time and number.

Keywords: eye-movements; non-human primates; parietal
cortex; self-motion; space; vision.

Zusammenfassung: Eine der wichtigsten Aufgaben des
zentralen Nervensystems besteht darin, räumliche senso-
rische Information zu verarbeiten und dem motorischen

System zur Verfügung zu stellen, um erfolgreich mit der
Umwelt zu interagieren. Schon von Helmholtz beschäftigte
sichEndedes 19. Jahrhundertsmit der Frage,wie das Gehirn
diese Aufgabe löst. Rauminformation kann aus visuellen
Signalen abgeleitet werden. Wir sehen, wo vor uns auf dem
Frühstückstisch die Kaffeetasse steht oder sich der Mikro-
fonknopf beim Videokonferenzsystem befindet. Dies ist
jedoch stets nur eine Momentaufnahme, denn die Lage des
Bildes der Tasse oder des Knopfes auf der Retina verschiebt
sich mit jeder Augenbewegung. Wo also genau befinden
sich Objekte in der Welt? Und welche Signale helfen uns,
zielgerichtet in der Umwelt zu navigieren? Auch wenn
andere Sinnessysteme (vestibulär, taktil, auditorisch und
selbst Riechen) ebenfalls zur Raumkodierung beitragen,
konzentrieren wir uns in diesem Übersichtsartikel auf das
dominierende Sinnessystem der Primaten, das Sehen. Wir
werden zusammenfassen, wie visuelle Information verar-
beitet und zu Raumwahrnehmung wird, wie Handlung –
insbesondere Augenbewegungen – diese Wahrnehmung
auf Verhaltensebene und neuronal moduliert und wie die
Verarbeitung von Raum, Zeit- und Mengeninformation
zusammenhängen.

Schlüsselwörter: Sehen; nicht-menschliche Primaten;
Parietalcortex; Raum; Eigenbewegung; Augenbewegungen.

Space and the brain

Vision starts in the retina of the eye, where the energy of
light is transduced into photoreceptor potentials, with the
highest density of photoreceptors marking a region called
fovea. This transduction is followed by a preprocessing
eventually reaching retinal ganglion cells (RGCs), whose
axons leave the eye and send their information centripe-
tally. The major projection zone of RGCs is the lateral
geniculate nucleus of the thalamus (LGN), from where
neurons project into primary visual cortex, also called
striate cortex or area V1 in primates, or area 17. This retino–
geniculo–cortical route reveals an important functional
characteristic called retinotopy: information about neigh-
boring objects in the world is represented by the activity

*Corresponding author: Frank Bremmer, Applied Physics and
Neurophysics, Faculty of Physics, Philipps-Universität Marburg,
Marburg, Germany; and Center for Mind, Brain and Behavior – CMBB,
Philipps-Universität Marburg and Justus-Liebig-Universität Gießen,
Gießen, Germany, E-mail: frank.bremmer@physik.uni-marburg.de
Stefan Dowiasch and Andre Kaminiarz, Applied Physics and
Neurophysics, Faculty of Physics, Philipps-Universität Marburg,
Marburg, Germany; and Center for Mind, Brain and Behavior – CMBB,
Philipps-Universität Marburg and Justus-Liebig-Universität Gießen,
Gießen, Germany
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of neighboring neurons. Importantly, visual information
processing at the cortical level does not end in area V1.
Instead, here processing starts through a network of areas
all dedicated to the analysis of specific features of scenes in
the outside world and tomaking this information available
to our motor systems e.g., to reach for the cup of coffee in
the morning or to avoid an obstacle while navigating
through an environment. Other retinofugal projections
target e.g., the superior colliculus (SC), or the nucleus of
the optic tract (NOT). The functional role of these and other
projections, however, will not be discussed in further detail
in this review.

The human visual cortical system is parcellated into
numerous functionalmodules. Likewise, the visual cortical
system of the macaque monkey, the premium animal
model of human vision and sensorimotor processing,
consists of more than 30 different areas (Markov et al.,
2013). Starting from the work of Hubel and Wiesel (Hubel
and Wiesel, 1959), we know that neurons in area V1 typi-
cally respond to oriented lines or gratings presented to
their visual receptive field (RF). This RF location is the only
part of space “seen” by this neuron; for the rest it is literally
blind. Accordingly, firing of this neuron represents spatial
information implicitly. Yet, it is generally assumed, that
what we call space perception is based on processing in
downstream cortical areas. Notably, space is not repre-
sented equally in areaV1. The largest representationwithin
area V1 comprises the smallest part of visual space, the
foveal and parafoveal region, providing uswith the highest
possible visual resolution. This highly nonuniform repre-
sentation of visual space causes humans and other pri-
mates to move their eyes more often than their heart beats,
typically 2–3 times per second (Hayhoe and Ballard, 2005).

From area V1, visual cortical processing takes two
major routes, the so-called ventral and dorsal pathways
(Ungerleider and Mishkin, 1982). Processing along the
ventral pathway is dedicated to object vision in a wide
sense. A key stage along this route is area V4, where neu-
rons are tuned to certain features of an object, like color,
edges or convex/concave surfaces (Conway, 2009). In
downstream areas of inferior–temporal (IT) cortex many
neurons respond preferably to objects themselves (Arcaro
and Livingstone, 2021). Likewise, studies in patients with
lesions of this part of the brain reveal impairments in object
recognition (Barton, 2011). In addition to objects, the pro-
cessing of faces is key to the visual function of the ventral
pathway, in monkeys (Hesse and Tsao, 2020) and humans
(Khuvis et al., 2021).

The dorsal visual cortical pathway, on the other hand,
is implicated in the processing of (self-)motion and spatial
information. The middle temporal area (area MT) is a key

stage (and bottleneck) of the dorsal pathway (Albright,
1984), with many neurons responding directionally selec-
tive to visual motion. From here, projections target
extrastriate and parietal cortex: the medial–superior tem-
poral area (area MST), the lateral and ventral intraparietal
areas (areas LIP and VIP), and area 7a, defining the highest
stage of the dorsal visual cortical pathway. Projections of
all latter areas are directed towards frontal cortex including
premotor cortex (PM) and the frontal and supplementary
eye fields (FEF and SEF, respectively). In addition to these
neo-cortical areas, another region of the brain has been
shown to be involved in a key aspect of spatial perception,
i.e., navigation: the hippocampal formation in the medial
temporal lobe of the brain (Tukker et al., 2022). The specific
roles of these areas and regions for spatial vision and
perception will be discussed below.

Eye movements and visual
perceptual stability

In order to viewobjectswith the highest possible resolution
at the fovea, we typically perform foveating eye move-
ments. Each such eye movement induces a shift of the
image of the world on the retina. Yet, despite this image
shift, we perceive the outside world as stable. This phe-
nomenon is called visual perceptual stability, and it is
highly remarkable. One class of such foveating eye move-
ments is called saccades. They move the eye with more
than 500°/s towards the next object, thereby lasting only a
few tens of milliseconds (Gibaldi and Sabatini, 2021).
Smooth pursuit eye movements allow to track moving tar-
gets. And even during fixation our eyes do not stand still
(Rucci and Poletti, 2015). Instead, a mixture of micro-
saccades, drifts and tremor keep the fixating eyes in mo-
tion, thereby avoidingwhat is known as fading out, i.e., the
disappearance of the visual image due to a perfectly sta-
bilized retinal image. The next section will describe what is
known about visual perceptual stability and its temporal
dynamics.

Space perception and action:
behavior

Ever since Helmholtz (1867), researchers were fascinated
by the phenomenon of visual perceptual stability, i.e., the
ability to assign the movement of the image of the envi-
ronment on their retina to one’s owneyemovements.While
wewill addressbelow thequestionabout theneural signature

200 S. Dowiasch et al.: Visual space in the primate brain



of visual perceptual stability, progress in measurement
techniques and experimental equipment revealed that visual
perceptual stability is not complete. Instead, it is accompa-
nied by brief, sometimes rather large perceptual distortions,
which gounnoticed in everyday life (for reviews see e.g., Ross
et al., 2001; Binda and Morrone, 2018).

The temporal dynamics of saccades make it experi-
mentally challenging to investigate perisaccadic visual
spatial perception (Bremmer and Krekelberg, 2003). In
such experiments, stimuli typically are presented briefly
before, during or after a saccade, and participants indicate
the perceived location of the flash. Dependent on the exact
experimental conditions, two error patterns are observed
(Lappe et al., 2000). In case of flashed stimuli in otherwise
darkness, results show a bi-phasic pattern of localization
error (shift). Prior to the saccade, when the eyes are still not
moving, perceived stimulus locations are shifted in the
direction of the upcoming saccade. Around saccade onset,
the direction of mislocalization starts to reverse, over-
shooting in the opposite direction and coming back to
veridical around 100 ms after saccade offset. Obviously,
this dynamical pattern can only be tested with stimuli

lasting much shorter (<10 ms) than the saccade itself. Also,
during everyday life within a rather stable visual environ-
ment, this perceptual instability is not visible. Neverthe-
less, it is a robust experimental finding, which allows to
trace back the neural mechanisms for spatial vision (Morris
et al., 2012, see below). Notably, a second pattern emerges
under ambient light conditions. This mislocalization can
be best described as a compression of perceptual space:
regardless of where in the visual field a stimulus is flashed
perisaccadically, it is perceived near the saccade target
(or the landing points of the eyes. Ross et al., 1997). A
neural correlate of this visual illusion has been identified
in the macaque visual cortical system (Krekelberg et al.,
2003, see below).

Saccadic suppression

These are only two of many examples of saccadic misper-
ception. In addition to other modulatory effects (e.g., on
temporal or numerosity perception, see below), vision as
a whole is markedly influenced by saccades. Contrast
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sensitivity is reduced, with the decrease starting to evolve
already prior to saccade onset and lasting until 100 ms
thereafter. This effect is called saccadic suppression (Dia-
mond et al., 2000). Figure 1 illustrates an experimental
approach to investigate saccadic suppression and its time
course. Remarkably, reduced visibility is predominantly
found for information processed in the dorsal (i.e., motion
sensitive) visual cortical pathway (Burr et al., 1994).
Furthermore, the finding that saccadic suppression starts
to evolve already before saccade onset suggests that it is
foremost an active process likely playing a key role in vi-
sual perceptual stability.

Not only saccades, but also smooth pursuit modu-
lates visual spatial perception. Perceived stimulus loca-
tions are shifted in the direction of pursuit, with the error
being dependent on the stimulus location with respect to
the fovea (van Beers et al., 2001; Dowiasch et al., 2020).
Like for saccades (see below), a combined neurophysio-
logical and modeling approach provided an idea about
the underlying neural mechanisms of this perceptual
illusion (Dowiasch et al., 2016).

Self-motion and navigation

Not only foveating, but also reflexive eye movements
like the optokinetic nystagmus (OKN) induce systematic
spatial mislocalization (Kaminiarz et al., 2007). OKN is
induced either by frontoparallel motion or by rotational
movements. During everyday life, however, we often
navigate in full 3D space, dominated by translatory for-
ward self-motion. For successful navigation, we need to

monitor our self-motion direction (heading) and our travel
distance (path integration). Without eye movements,
heading perception is close to veridical. Typical errors are
in the range of 2°. This performance can be well explained
by the readout of populations of neurons being respon-
sive to the direction of (visually simulated) self-motion
(Lappe et al., 1996; Schmitt et al., 2020). Eye movements
introduce distortions of the optic flow field (Matthis et al.,
2022). However, humans can compensate for such spatio-
temporal warping induced by smooth eye movements
during heading judgements (Lappe et al., 1999) and a
neural signature of this ability had been identified in
monkey extrastriate and parietal cortex (Bremmer et al.,
2010; Kaminiarz et al., 2014). It was only recently that also
the effect of saccades on heading perception was inves-
tigated (Figure 2). In these experiments, brief (40 ms) self-
motion stimuli, simulating self-motion across a ground
plane in various directions, were presented perisaccadi-
cally (Bremmer et al., 2017). Indeed, saccades led to a
perceptual compression of heading towards the line of
sight with a time-course very similar to those of the above-
described effects of perisaccadic modulations of vision.
Based on neurophysiological recordings in monkeys and
modeling, we now have a good understanding of the
neural basis of this visual perceptual illusion.

Path integration is another key feature of self-motion
processing and navigation. It is often tested in the context
of homing, i.e., the ability to return to the starting point of a
journey after an outbound route including translations and
rotations. Homing appears to be a universal feature across
the animal kingdom, documented not only in humans
(Warren, 2019), but also in insects, rodents, birds, camels

Sacc. target

Stimulus

Eye Vert.

Eye. Hor.

Fix. Target

Time rel. saccade onset [ms]

(A) (B)

Figure 1: (A) Schematic of the time course of an experimental paradigm to test for saccadic suppression. Across trials, a brief luminant visual
stimulus is shown at various times relative to a saccade. Colored lines indicate the (exemplary) time of stimulus presentation (red), example
horizontal and vertical eye traces (blue), and the timing of the fixation and saccade target (purple and green, respectively). (B) Comparison of
behavioral and physiological measures of saccadic suppression: for the behavioral data (black line. Data from: Diamond et al., 2000), the
horizontal axis shows the time of stimulus presentation relative to saccade onset, and the right vertical axis indicates normalized contrast
sensitivity. Neuronal data, as detailed in the next section,were shiftedalong the timeaxis to correct for response andprocessing latencies and
represent neuronal excitability (left vertical axis) of populations of neurons from macaque areas MT and MST (cyan and blue curves,
respectively) and area VIP (red curve). The time course of neuronal excitability in all three motion areas of the macaque revealed a good
qualitative match with the time course of perceptual loss of sensitivity around saccades in human observers. Adapted and modified from
Bremmer et al., J Neurosci., 2009. Copyright 2009 Society for Neuroscience.
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and elephants (for reviews, see e.g., Heinze et al., 2018;
Poulter et al., 2018).

Space perception and action:
physiology

Saccadic suppression

As discussed above, vision of luminant stimuli is impaired
by saccades. These stimulus features are processed pre-
dominantly along the dorsal visual pathway. In search for a
neural correlate of the behavioral finding, various areas
along this pathway in the macaque have been tested for
their perisaccadic responsiveness (Bremmer et al., 2009.
Figure 1B). As hypothesized, responsiveness of neurons

predominantly in motion sensitive areas MT, MST, and VIP
were affected perisaccadically. The time-course of this
modulation was very similar to human behavioral data.
Notably, functional equivalents of all three areas have
been identified in humans (Areas MT and MST: Huk et al.,
2002; Area VIP: Bremmer et al., 2001), suggesting a func-
tional link between response properties of these areas and
saccadic suppression.

Predictive remapping

While saccadic suppression is thought to facilitate visual
perceptual stability, we are not blind across saccades
(Nicolas et al., 2021). So, the question arises, how we link
images of the world as seen before and after an eye
movement and if and how this link could contribute to

Figure 2: Panels A and B show the temporal sequence (A) and spatial layout (B) of the experiment. Stimuli were presented on a tangent screen
covering the central 81° × 65° of the visual field. Across trials, simulated self-motion was pseudo-randomized in one of five directions: forward
to the left (−30° and −15°), straight ahead (0°), or forward to the right (15° and 30°). Self-motion stimuli consisted of five consecutive frames of
100% coherent dot motion, i.e., lasting 40 ms. Each trial started with presentation of the fixation target and the stationary ground-plane
stimulus. After a randomized time, the fixation target was switched off and the saccade target was switched on (until the end of the trial),
inducing a visually guided upward saccade of 10°. Across trials, the onset of the self-motion stimulus ranged from about 200 ms before to
200 ms after saccade onset. At the end of each trial, the saccade target and the ground plane stimulus were switched off and a ruler with a
randomsequence of numberswas presented on the screen. Subjects had to indicate via keyboard input the number on the ruler that appeared
closest to their perceived heading direction. Panels C and D indicate the time course of compression of perceived heading. Responses from
one example subject are shown in C. Symbols represent data from single trials: upward pointing triangles for heading to the right (magenta:
+15°, red: +30°), downward pointing triangles for heading to the left (dark cyan: −15°, green: −30°), and circles for heading straight ahead
(blue, 0°). Solid lines represent runningmeans of five consecutive samples each, assigned to the central sample value. Dashed lines show the
performance for the same experiment during continuous fixation. Panel D indicates compression of perceived heading, defined as the
normalized standard deviation of the five time-courses of perceived heading for all subjects (colored lines). The robust effect was observed in
all participants. Maximum compression as indicated by the minimum value of the normalized standard deviation was observed just prior to
saccade onset. Adapted and modified from (Bremmer et al., 2017).
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visual perceptual stability. In a seminal study, Duhamel,
Colby and Goldberg provided first evidence for a potential
neural basis of the behavioral effects (Duhamel et al., 1992).
The authors had trained macaque monkeys on a visually
guided saccade task and probed the responsiveness at the
neuron’s current and future receptive field at various times
relative to saccade onset. Remarkably, about 40% of neu-
rons in area LIP started to respond to stimuli presented at
the future RF even before the saccade, i.e., when the eyes
still fixated the initial target, a phenomenon termed pre-
dictive remapping. Neurons of this type anticipate the
sensory consequences of an upcoming saccade. Similar
functional characteristics have also been observed in other
brain structures involved in the control of saccadic eye
movements, especially the frontal eyefields (FEF) in frontal
cortex and the midbrain superior colliculus (SC). It thus
seems that saccadic control areas are also involved in
facilitating visual perceptual stability.

Gain fields

Predictive remapping provides a plausible neural basis
for visual perceptual stability. Yet, it cannot account for
perisaccadic distortions of space perception, i.e., shift and
compression. An alternative hypothesis has been put
forward by Morris, Krekelberg and Bremmer (Morris et al.,
2012). The authors studied the dynamics of so-called gain
fields, i.e., an influence of the position of the eyes in the
orbits on neuronal discharges (Bremmer, 2000; Morris
et al., 2013, 2016). Modeling studies showed that such
response properties are suited to represent visual infor-
mation in a head-centered frame of reference (Bremmer
et al., 1998; Dowiasch et al., 2016). Different from previous
studies, the approach of Morris and colleagues allowed to
probe for the temporal dynamics of eye position effects
across saccades. Results were surprising: average activity
of a population of neurons from parietal cortex (areas MT,
MST, LIP, and VIP) started to change prior to saccade
onset. Yet, the dynamics of this change in activity were
slower than the eye movement itself. This functional
characteristic allows to explain the above described per-
isaccadic shift, thereby suggesting that gain fields play an
important role in spatial perception.

Perisaccadic modulation of visual receptive
fields

A shift of perceived spatial locations is one of two types of
perisaccadic mislocalization. The other is a so-called

perisaccadic compression. Krekelberg and colleagues
(2003) could show that such a compression of visual
perceptual space can be traced to a representation of
retinal position in cortical areas MT and MST of the mon-
key. An alternative explanation was put forward by Gold-
berg and colleagues, demonstrating a perisaccadic
expansion of the visual receptive fields of neurons in ma-
caque area LIP (Wang et al., 2016). Like for area MT and
MST, also for area LIP a functional equivalent has been
identified in human parietal cortex (Konen et al., 2004),
suggesting a leading role of these areas for the perisaccadic
modulation of space perception.

Head-centered encoding of visual space

In all findings described above, there was an implicit
assumption or even explicit statement: except for brief,
perisaccadicmodulations, the location of a visual receptive
field with respect to the fovea does not change. This,
however, is not the case. In another seminal work, Duha-
mel and colleagues could show that about one third of the
neurons in macaque area VIP show head-centered visual
receptive fields (Duhamel et al., 1997). As of today, it is
unclear how neurons in area VIP achieve this remarkable
response behavior. While speculating, this could mean
that these neurons receive input from the whole retina (via
projections through the LGN and visual cortex), but only
part of this input is gated for a given eye position. Follow-
up studies revealed that response latencies of VIP neurons
encoding visual space in head-centered coordinates are on
average longer than response latencies of neurons encod-
ing visual space in an eye centered reference frame (Avillac
et al., 2005; Schlack et al., 2005). This might suggest that it
takes the brain a few 10 milliseconds to transform visual
spatial information from the initial, i.e., eye centered
encoding to a head-centered encoding. More experimental
and computational work, however, is needed to better
understand this remarkable finding.

Self-motion

Today, we have a rather good understanding of the basic
principles of the neural processing of self-motion informa-
tion, especially heading (Noel and Angelaki, 2022). Never-
theless, the control of self-motion can be a challenging task.
Under certain circumstances, immediate adjustments might
be required to keep on track. Hence, it would appear ad-
vantageous if the processing of self-motion information
was predictive and quasi-reflexive, i.e., independent from
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attentional load. Predictive coding is suggested to facilitate
sensory processing by attenuating responses to predictable
sensory information and enhancing responses to unpre-
dicted events like unexpected changes in heading (Friston,
2018). Along the same vein, a preattentive processing of self-
motion direction could accelerate and thereby facilitate
successful navigation irrespective of cognitive load. In this
respect, heading would be different to path integration
whose accuracy has been shown to be modulated by a
secondary task (Glasauer et al., 2009).

A specific electroencephalography (EEG)-component,
the so-called visual mismatch negativity (vMMN), has been
suggested to be indicative of predictive and preattentive
processing of sensory stimuli (Stefanics et al., 2018). The
MMN is typically recorded in an oddball experiment
employing standard and deviant stimuli, presented typi-
cally in 80 and 20% of the trials, respectively, and it is
computed as the difference between two event-related
potentials (ERPs). Deviant stimuli elicit a more negative N2
ERP-component than frequently presented standard stim-
uli, which leads to the MMN (deviant-standard). In the
predictive coding framework, the MMN carries the predic-
tion error signal elicited by themismatch of a sensory event
with the predictions formed by prior experience.

A recent study tested the hypothesis of a predictive
encoding of visual self-motion information in humans and
macaque monkeys with similar experimental protocols
(Schmitt et al., 2021). Participants were presented visually
simulated self-motion (Forward to the left and right) across
a ground plane. Visual evoked potential (VEPs) for iden-
tical self-motion directions showed a visual mismatch
negativity (vMMN) between standard and deviant trials in
both humans and monkeys (Figure 3) thereby suggesting a
predictive encoding of heading.

Navigation

Numerous studies in rodents as well as primates –
including humans – have provided clear evidence for a
causal involvement of the hippocampus and the para-
hippocampal, entorhinal and retrosplenial cortices in
spatial navigation, scene detection and spatial memory
(e.g., Moser et al., 2017). Different functionally defined
classes of neurons are considered to contribute to estab-
lishing of what has been termed a cognitive map, i.e., a
representation of the spatial environment to support
locating oneself and to the guidance of future navigational
action (McNaughton et al., 2006). Especially the role of the
hippocampus has been unveiled by these studies. This
critical involvement in (real or simulated) spatial naviga-
tion also in humans has recently been further substanti-
ated by intracranial recordings in presurgical epileptic
patients (Kunz et al., 2019). While being invasive, only this
approach allows for an understanding of visual spatial
processing at the highest possible spatial and temporal
resolution.

There appears to be a mutual exclusion of research
referring to the (para-)hippocampal formation and related
brain regions and their role for spatial navigation andwork
investigating self-motion responses at the visual cortical
level. This is surprising given that it appears obvious if not
imperative that both sub-systems are functionally linked.
As of today, only very few studies have aimed to unveil
links between both networks. Research on monkeys
showed that a subset of MST neurons exhibits functional
properties similar to hippocampal place-cells (Froehler
and Duffy, 2002). Likewise, fMRI studies in humans aimed
to connect work on self-motion processing and its related
cortical activation with navigational tasks activating the

Figure 3: (A) The experimental paradigm. Each trial started with a stationary ground plane stimulus, followed by a stimulus mimicking self-
motion (blue arrow) into one of two directions. (B) Topographicmaps show themean difference of the ERPs for identical headings as recorded
in deviant and standard trials. The analysis window ranged from 127 to 143ms after self-motion onset. The MMN is indicated by the blue color
over parietal and occipital electrodes. It was slightly lateralized with a stronger MMN for contraversive headings. (Adapted andmodified from
Schmitt et al., 2021).
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hippocampal formation and related structures (Sulpizio
et al., 2020).

Space, time, and number in the
brain

It might come as a surprise to consider space, time, and
number together in a review on spatial perception. Yet,
there is good reason to consider all three terms as being
highly interwoven. Indeed, there is considerable evidence
that space, time, and number are part of a toolkit that
humans share with other non-human animals (Dehaene
and Brannon, 2011). In all three domains, the nervous
systemmust encode and compute quantities. The question
arises if a common set of coding and computational
mechanisms underlie quantity manipulations in all three
domains? And if the different systems share similar or even
the same brain circuitry? Actually, there is evidence that
parietal cortex might be key to answer these questions
(Bueti and Walsh, 2009).

The mental number line

The most frequently used example for the link between
numbers and space is the SNARC effect (spatial numerical
association of response codes). In a SNARC experiment,
human participants show shorter reaction times to the left
for small numbers and to the right for large numbers, when
judging number-parity with button-presses using the left
and right hand. In general, the SNARC effect is seen as an
indication of the concept of a mental number line (MNL),
i.e., a fixed link between space and numbers. More recent
behavioral research even suggested an orientation of this
mental number line in full 3D space, with smaller numbers
being represented left, down, and near, and larger
numbers being represented right, up, and far (Aleotti et al.,
2020; Hesse and Bremmer, 2017).

Eye movements affect spatial, temporal, and
numerical perception

We have detailed above that eye movements induce char-
acteristic misperceptions of space. One of these illusions
was a compression of perceived space. If space, time, and
number were treated similarly at the neural level, saccades
should also modulate temporal and numerical perception.
This is, indeed, what behavioral experiments have shown.

In a first set of studies, participants were asked to compare
the time intervals between twopairs of extended horizontal
bars while they made large horizontal saccades. The first
pair was a test stimulus, with the interval between flashed
bars being fixed at 100 ms, presented at unpredictably
varying times relative to the saccade. The second pair was a
probe stimulus of variable interval, presented 2 s after the
test. Temporal perception during steady fixation was close
to veridical. Briefly before a saccade, however, with the eye
yet not moving, the 100 ms test interval appeared as being
only 50 ms long, suggesting that subjective time had been
compressed by a factor of two (Morrone et al., 2005). A
similar result was found for an abstract concept of quan-
tity. In these experiments, subjects consistently under-
estimated the results of rapidly computedmental additions
and subtractions, when the operands were briefly dis-
played before a saccade (Binda et al., 2012). However, the
recognition of the number symbols was unimpaired. These
results are consistent with the hypothesis of a common,
abstract metric encoding magnitude along multiple di-
mensions: space, time, and number.

Outlook

All above-described studies have been performed with the
head stabilized (in human perceptual experiments) or even
fixed (in animal experiments). As of today, this approach
is the gold-standard, especially in neurophysiological re-
cordings in awake, behaving monkeys. While the obtained
data demonstrated an influence of eye position and eye
movements on spatial perception and encoding, the un-
derlying studieswere far away from studying natural vision,
which also includes head and body movements. Based on
studies e.g., on mice (Stringer et al., 2019), there is good
reason to assume that head and body position (and move-
ments) affect neural activity also in primate visual vortex.
Currently, in monkey neurophysiology, only a few groups
world-wide go beyond the gold-standard and typically re-
cord from the head-unrestrained preparation (Sajad et al.,
2020). This ismainly due to the fact, that it was only recently
thatfirst experimental tools have becomeavailable to record
from freely moving larger animals, especially macaques
(Yin et al., 2014). Obviously, such recordings require to
measure not only eye, but also head and body position in
space at considerable spatial and temporal resolution. Also
here, only latest technical developments made this possible
(Mathis et al., 2018). Overall, these technical (hard- and
software) developments allowed to start a whole new line of
research, i.e., computational neuroethology (Datta et al.,
2019; Robson and Li, 2022). First experiments on macaques
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have been performed (Berger et al., 2020;Mao et al., 2021). It
will be these and related studies in freely moving animals
which eventually will allow to answer the ultimate question
of systems neuroscience: how visual space is encoded in the
primate brain.
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Abstract: “Blindness separates from things; deafness
separates from people.” This quote attributed to the
deaf-blind author and activist Helen Keller (1880–1968)
indicates the importance of proper hearing for social
interaction in our society which is largely driven by
acoustic communication. A major cause for auditory
dysfunction lies in our genome with currently more than
100 genes linked to hearing loss. One example is the
microRNA gene Mir-96 of the microRNA-183 family.
MicroRNAs are small regulatory RNAs involved in the
finetuning of gene expression. Analyses of transgenic
mouse models established this microRNA family as a
major regulator for the function of the inner ear as well
as synaptic transmission in the auditory brainstem. The
microRNA-183 family might therefore play an important
role in coordinating the development of the peripheral
and central auditory system and their specializations.

Keywords: auditory brainstem; deafness; development;
posttranscriptional gene regulation; sensory systems.

Zusammenfassung: „Blindheit trennt von Dingen; Taub-
heit von Menschen.“ Dieses Zitat, das der taubblinden
Autorin und Aktivistin Helen Keller (1880–1968) zuge-
schrieben wird, zeigt die Bedeutung des Hörens für soziale
Interaktion in unserer Gesellschaft auf, die zu einem großen
Teil von akustischer Kommunikation geprägt ist. Eine
Hauptursache von Taubheit liegt in unserem Genom. Mehr
als 100 Gene werden derzeit mit einem Hörverlust in Ver-
bindung gebracht. Ein Beispiel ist das Gen Mir-96 der
microRNA-183-Familie. MicroRNAs sind kleine regulato-
rische RNAs, die an der Feinjustierung der Genexpression

beteiligt sind. Untersuchungen in Mausmodellen, denen
Mitglieder der microRNA-183-Familie fehlen, demonstrier-
ten ihreBedeutung fürdie Funktiondes Innenohrs sowiedie
synaptische Übertragung im auditorischen Hirnstamm. Sie
spielen daher vermutlich eine wichtige Rolle bei der Koor-
dinierung der Entwicklung des peripheren und zentralen
Hörsystems und ihrer Spezialisierungen.

Schlüsselwörter: auditorischer Hirnstamm; Entwicklung;
posttranskriptionelle Genregulation; sensorische Systeme;
Taubheit.

Introduction

MicroRNAs are tiny RNA molecules as short as 20 nucleo-
tides which play an important role in gene regulation. The
expression of genes needs to be tightly regulated in order to
generate RNAs and proteins at levels appropriate to a given
cell´s need. This transcriptional state is not fixed. It can
change over time, which is of special importance during
development when cells differentiate into specific (sub-)
types. In addition, changes in gene expression enable cells
to respond to alterations in their cellular environment.
Regulation of gene expression mainly takes place on two
levels: First, by limiting the amount of messenger RNA
(mRNA) that is produced from a gene; or second, by
regulating the amount of protein that is produced from a
particular mRNA. The latter process involves microRNAs
which are able to bind to mRNAs in the cytoplasm of the
cell and inhibit their translation into protein. Since the first
discovery of microRNAs in the early 1990s in the worm
Caenorhabditis elegans, it became evident that microRNAs
exist in all eukaryotes includingmammals (Lee et al., 1993;
Pasquinelli et al., 2000). Today it is assumed that the ma-
jority (>60%) of human mRNAs is regulated by at least one
microRNA (Bartel, 2018; Friedman et al., 2009). This im-
plies that microRNAs play an important role in essentially
all cellular processes, including development and patho-
genesis. Indeed, many microRNAs are implicated with
human diseases including certain types of cancer and
neurological disorders (Arzhanov et al., 2022; Peng and

*Corresponding author: Lena Ebbers, Division of Neurogenetics,
Department of Neuroscience, School of Medicine and Health
Sciences, Carl von Ossietzky University Oldenburg, 26129 Oldenburg,
Germany, E-mail: lena.ebbers@uni-oldenburg.de
Faiza Altaf and Hans Gerd Nothwang, Division of Neurogenetics,
Department of Neuroscience, School of Medicine and Health
Sciences, Carl von Ossietzky University Oldenburg, 26129 Oldenburg,
Germany

Neuroforum 2022; 28(4): 211–221

https://doi.org/10.1515/nf-2022-0016
mailto:lena.ebbers@uni-oldenburg.de


Croce, 2016). By investigating genetically modified mouse
models it became evident that microRNAs of the
microRNA-183 family cluster, which consists of the three
microRNA genes Mir-183, Mir-96 and Mir-182, is of partic-
ular importance for the development and function of sen-
sory systems, including vision, olfaction and pain
sensation (Banks et al., 2020). In the auditory system, a
single mutation in the microRNA-96 leads to deafness,
representing one of the few examples of a heritable disease
caused by aberrant microRNA function (Mencía et al.,
2009). This article will summarize the current knowledge
about the role of the microRNA-183 family in sensory sys-
tems, with a focus on the auditory system.

Significance of analyzing the
genetic basis of hearing loss

Hearing impairment is the most frequent sensory deficit in
humans.More than 5%of theworld’s population is suffering
from a disabling hearing loss (Sheffield and Smith, 2019).
Our society mainly depends on acoustic communication.
Affected individuals therefore often experience social
isolation and have less educational opportunities, even in
western industrialized countries.

Inmore than 50%of congenital cases, hearing loss has
a genetic cause. The identification and characterization of
genes that ensure correct development of the auditory
system may therefore offer new lines for future diagnostic
and therapeutic approaches (Eshraghi et al., 2020). By
investigating the genetic basis of hearing loss, more than
100 genetic loci have been identified being causative for
auditory dysfunction (Taiber et al., 2022) and the vast
availability of next generation sequencing still leads to a
steadily growing list of genes (van Camp and Smith, 2021).
Defects in the hearing system are not limited to the ear,
which comprises the peripheral auditory system respon-
sible for the detection of soundwaves and their conversion
into neuronal signals. They are also found in the central
auditory system which consists of various brain regions
important for processing and interpretation of these sig-
nals. Currently, there is a lack of knowledge, if and how the
genes that are causative for hearing loss also control the
development and function of the central auditory system
(Willaredt et al., 2014). The identification and character-
ization of those genes might influence auditory rehabili-
tation by prosthetics like the cochlea implant which
bypasses the dysfunctional inner ear. After prosthetic
intervention many patients are still facing severe problems
with auditory processing, like speech-recognition. This

might point to additional defects in the central auditory
system in these patients. MicroRNAs represent one class of
genes that were shown to play a critical role in both the
peripheral and central auditory system. Research on their
function may thus provide new insights into the molecular
basis of central auditory processing that may ultimately
help to improve auditory rehabilitation in patients
(Michalski and Petit, 2019).

MicroRNA biogenesis and
mechanism of action

Mature microRNAs are small single stranded RNA mole-
cules that consist of 20–24 nucleotides. During maturation
they undergo several processing steps starting from a
longer transcript in the nucleus of a cell and ending in the
cytoplasm where they are brought into action (Figure 1).
MicroRNAs are typically transcribed frommicroRNA genes
as long primary transcripts (pri-microRNA)which fold back
on themselves to formahairpin-like structure due to partial
self-complementarity. This unique structure is needed to
be recognized by a so-called microprocessor that cuts off
parts of the stem leaving a shorter stem-loop structure now
called the precursor microRNA (pre-microRNA) (Figure 1).
This stem loop is transported out of the nucleus into the
cytoplasm of the cell, where it is further processed. An
enzyme called Dicer cuts off the loop generating a double
stranded microRNA duplex. One strand of this duplex is
loaded into an argonaut protein (Ago). The microRNA
bound to Ago is also referred to as the RNA induced
silencing complex, or short RISC. The microRNA is now
consideredmature and is able to bind and regulatemRNAs.
To perform this task, the microRNA guides the RISC to
target mRNAs which are recognized and bound through
complementary base pairing by a small only 6 to 8 nucle-
otides long stretch in the sequence of the microRNA called
the seed region (Figure 1). The RISC-bound mRNA is either
cleaved by Ago or it is left intact but destabilized leading to
less efficient translation into protein and eventually to its
decay (Bartel, 2018).

The small size of the microRNA seed region allows
each microRNA to potentially target hundreds of mRNAs,
while one mRNA can be targeted by several microRNAs,
thereby forming a complex regulatory network (Friedman
et al., 2009). Depending on both, the abundance of a
particular microRNA and the availability of mRNA targets
the regulatory effect of microRNAs is quite variable.
MicroRNAs are therefore considered to play a role in
finetuning protein abundancy. The biological relevance
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of such a finetuning becomes evident when microRNAs
are genetically removed from animal models to explore
their individual function. In mice, a large diversity of
defects has been observed after genomic deletion
(knockout) of single or multiple microRNAs ranging from
embryonic lethality or reduced viability to neurological
defects, skeletal alterations and sensory deficits such as
blindness or deafness (Bartel, 2018). The most drastic
example represents the knockout of the microRNA
processing enzyme Dicer. In its absence, no mature
microRNA can be produced. This deficiency leads to
developmental arrest of the early mouse embryo (Bern-
stein et al., 2003). Hence, microRNAs are (i) of general
importance for embryonic development and (ii) individ-
ual microRNAs are crucial for the development and
function of specific organs or sensory systems.

MicroRNAs can be grouped functionally into families
based on their sequence and spatially into clusters based
on their genomic location. MicroRNAs belonging to the
same family all show a high consensus in their seed
sequence, which allows them to target similar sets of
mRNAs. For example, the three microRNAs of the
microRNA-183 family differ in only one nucleotide within
their seed sequence (Banks et al., 2020) (Figure 2A).
Therefore, they have shared mRNA targets, while at the
same time have unique, microRNA specific targets

(Figure 2B). This suggests that microRNAs belonging to the
same family have at least partially redundant functions.

ManymicroRNAgenes canbe found in so called clusters
within the genome. Again, looking at the microRNA-183
family, they are found in the samegenomic location between
two protein coding genes (Figure 2C). In this case, the three
microRNAsmicroRNA-183, microRNA-96 andmicroRNA-182
not only belong to the same family but are also forming a
microRNA cluster (Xu et al., 2007). ClusteredmicroRNAs are
typically transcribed as one large transcript harboring
the individual microRNA hairpins like pearls on a string
(Figure 2C). The transcriptional concept of different func-
tional units being present on one RNA transcript is called
polycistronic. This concept iswidely found inbacteria,while
it is rather uncommon in eukaryotes (Bartel, 2018). Since
microRNAs are transcribed polycistronically, microRNAs
of one cluster are always co-expressed at the same time.
However, the availability of single functionally mature
microRNAs from one cluster can differ at any given time
point, for example during cellular development, due to a
complex stabilization and destabilization processes dur-
ing microRNA maturation (Bartel, 2018). Nevertheless,
microRNAs of the same cluster have been shown to
frequently act synergistically by jointly regulating func-
tionally related genes (Wang et al., 2016). This apparently
holds also true for the auditory system.

Figure 1: MicroRNA biogenesis and function.MicroRNAs are typically transcribed frommicroRNA genes. The primarymicroRNA transcript (pri-
microRNA) forms a hairpin and is processed by the microprocessor, which cuts off parts of the stem, leaving a shorter stem-loop structure,
called the precursor microRNA (pre-microRNA). In the cytoplasm, the pre-microRNA is processed by Dicer, which cuts off the loop, and
generates a shorter microRNA duplex. One strand of this duplex is loaded into the RNA-induced silencing complex (RISC). This complex can
now bind to messenger RNAs (mRNAs) that are transcribed from protein coding genes. Bound mRNAs are destabilized or cleaved, thereby
preventing their translation into protein. Created with BioRender.com.
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Excursion 1. The discovery of microRNAs.

The discovery of microRNAs dates back to a time where the focus
of the scientific community revolved around protein-coding
genes, and it was persistent curiosity, dedication, luck and
open research communication that led to a revolutionary moment
in the history of molecular biology.
Already in themid-70s the gene lin-4was discovered by screening
mutants of the nematode C. elegans to characterize genes that
control temporal developmental patterns of larval stages. Worms
with lin-4 mutations showed remarkable developmental defects
(Chalfie, 1981; Horvitz and Sulston, 1980). In 1984, Ambros and
Horvitz made the interesting observation that worms with null
alleles of another gene, lin-14, had developmental timing defects
opposite to those of the lin-4mutations which led to speculations
that lin-4 could be regulating lin-14 (Ambros and Horvitz, 1984,
1987). To further study the mutant, Lee et al. (1993) cloned and
sequenced the lin-4 gene. They found that the transcript was very
short (∼22 nucleotides) and did not contain conventional
elements of a protein-coding gene. Meanwhile, studies by the
Ruvkun group revealed that lin-14 was downregulated at a
posttranscriptional level. After sharing their unpublished data,
both groups came to the same conclusion that lin-4 binds to a
complementary matching region of lin-14mRNA, thereby causing
its downregulation by inhibiting its translation. This assumption
was based on antisense RNA-RNA interaction studies in the slime
mold Dictyostelium discoideum where a natural antisense RNA
transcript was found to regulate gene expression via control of
mRNA stability (Hildebrandt and Nellen, 1992). In 1993, both
groups published their findings back to back and laid the
foundation of a novel, unexpected mechanism of gene
regulation via non-protein coding genes (Lee et al., 1993;
Wightman et al., 1993). For many years there was no evidence of
any other small regulatory RNA of this kind. In 2000, Reinhart
et al. discovered a second 21 nucleotide small non-protein coding
RNA, let-7, that controls the transition from the larval stage to the
adult stage of C. elegans (Reinhart et al., 2000). Let-7was also the
first regulatory small RNA to be detected in human tissues and
other bilaterian organisms (Pasquinelli et al., 2000). This
prompted the search for similar RNAs, and many were identified
in several species such as worms, flies, humans, mice, and plants
(Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,
2001; Reinhart et al., 2002). Most of these newly identified RNAs
were not specifically expressed during developmental stages but
in a cell-type and tissue specific manner which hinted at their role
in other important biological processes besides development
(Lagos-Quintana et al., 2002). By that time this new class of small
RNAs was termed microRNAs and the field of microRNA biology
was officially born.

Short overview of the auditory
system

The auditory system can be divided into a peripheral part,
comprised of the outer,middle, and inner ear, and a central

part, that consists of distinct regions in the brain. Sounds
from the environment are first collected by the outer ear,
called the pinna. The soundwaves travel along the ear ca-
nal towards the eardrum (tympanic membrane), sepa-
rating the outer from the middle ear. The membrane is set
into motion by the pressure of the soundwaves. Three tiny
bones, the ossicles, situated in the middle ear and con-
nected to the tympanic membrane take up and amplify this
movement to convey it into the inner ear, the cochlea. The
cochlea is a coiled structure made up of three fluid filled
canals. Vibrations transmitted to the cochlea will cause

Figure 2: Sequence, predicted targets and genomic organization of
the microRNA-183 family members. (A) Sequence of the microRNAs-
183, −96 and, 182. Their seed regions (pink) differ from each other
only in one nucleotide (bold). (B) Venn diagram showing the number
of predicted mRNA targets for each microRNA-183 family member
(microRNA-183 (blue),microRNA-96 (red) andmicroRNA-182 (green))
inmice according to themicroRNA target predictiondatabasemiRDB
(Chen andWang, 2020). Overlapping areas represent shared targets
of themicroRNAs. (C) Genomic context of the threemicroRNAs of the
microRNA-183 family. The three family members are situated on the
mouse chromosome 6 between the two protein coding genes Ube2h
and Nrf1. All three microRNAs are jointly transcribed as one poly-
cistronic transcript. Created with BioRender.com.
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traveling waves of the fluid through the canals. This
movement is translated into neuronal signals by the sen-
sory cells of the inner ear, the hair cells. There are two types
of hair cells situated in the inner ear: three rows of outer
hair cells, whose main job is to amplify the traveling wave,
and one row of inner hair cells, which represent the actual
sensory cells that convey the translated information of the
soundwaves via the auditory nerve to the central auditory
system in the brain (Pickles, 2015; Figure 3A). This central
part processes and interprets the signals from the inner ear.
The central auditory system is comprised of several pro-
cessing sites that are located in the brainstem, midbrain,
and cortex. In mammals, all fibers of the auditory nerve
initially synapse onto neurons in the cochlea nucleus
complex in the brainstem, which can be subdivided into a
dorsal and a ventral part. From here, the signal is

distributed to several other auditory processing sites in the
brainstem (Figure 3B).

One of these sites is the superior olivary complex, which
is anatomically and functionally well characterized. It is
comprised of six interconnected nuclei that extract and
evaluate distinct features of the sound information. For
example, these nuclei play an important role in directional
hearing and sound source localization by comparing timing
and intensity of the information from both ears (Grothe et al.,
2010). To perform this task, these neurons have to operate
ultrafast and temporally precise. To speed up the synaptic
transmission, the central auditory system cameupwith some
morphological and molecular specializations. Among them,
the calyx of Held, a giant synapse formed by the terminals of
globular bushy cells of the ventral portion of the cochlear
nucleus complex onto principal neurons of the medial

Figure 3: Schematic overviewof the auditory system. (A) The peripheral auditory system consists of the outer, middle and inner ear. Soundwaves
travel through theear canal and set the tympanicmembrane intomotion that is amplified and transduced to the inner ear by theossicles. The inner
ear contains the spiral-shaped cochlea, which is made up of three fluid filled canals and harbors the sensory hair cells that translate the
mechanical stimulus of the soundwaves into neuronal signals. These signals are conveyed via the auditory nerve to the central auditory system in
thebrain. (B) The central auditory systemcontains several processingsites that are located in thebrainstem,midbrain, andcortex (blue areas). The
rostro-caudal location of the three sections shown is indicated with dashed lines in the mouse brain. (C) Enlargement of the auditory brainstem
area which harbors the cochlear nucleus complex and the superior olivary complex which is comprised of six individual nuclei, among them the
medial nucleus of the trapezoid body. Globular bushy cells of the ventral cochlear nucleus form large axo-somatic calyx of held synapses on
neurons of the medial nucleus of the trapezoid body. Created with BioRender.com.
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nucleus of the trapezoid body located within the superior
olivary complex (Held, 1893; Figure 3C). This large axo-
somatic synapse is characterized by a sophisticated
morphology. The mature calyx of Held is fenestrated by
finger-like stalks and swellings, containing several hundred
active zones at which neurotransmitters can be released.
Moreover, its ion channel composition is optimized for fast
and highly reliable synaptic transmission at several hundred
Hertz during sound presentation (Borst and van Soria Hoeve,
2012; Kopp-Scheinpflug et al., 2008). The speed of fast glu-
tamatergic neurotransmission is dependent on the subunit
composition of the AMPA-type glutamate receptors. In the
mature calyx of Held, the fast AMPA subunit GluA4 is pri-
marily expressed (Yang et al., 2011). Slower glutamate
receptors of the NMDA type are developmentally down-
regulated with only a small residual component remaining in
the mature synapse (Steinert et al., 2010). The highly sophis-
ticatedmorphology and function of the calyx of Held synapse
not only enables the encoding of timing differences at the
microsecond range, its large size and accessibility in labora-
tory animals made it a prime model synapse to investigate
molecular and biophysical aspects of synaptic transmission.

The auditory information processed in the brainstem is
further conveyed via the lateral lemniscus to the inferior
colliculus in themidbrain. Here the auditory information is
combined with input from other sensory domains, such as
somatosensation or vision. The auditory information pro-
cessed in the inferior colliculus is send to the auditory
thalamus (medial geniculate nucleus) and from there
passed on to the auditory cortex, where the acoustic
stimulus is finally transformed to the perceptual repre-
sentation of sound (Pickles, 2015).

The representation of the acoustic environment thus
relies on a complex line of processing steps along the pe-
ripheral and the central auditory system that have to be
tightly regulated to provide meaningful information. This
regulation also includes gene expression. By investigating
genetically modified mouse models it became evident that
the members of the microRNA-183 family are of particular
importance for the regulation of gene expression in both
the peripheral and central auditory system.

The role of microRNA183 family in
the auditory system

First evidence for the importanceof themicroRNA-183 family
in the auditory system came from expression analyses of
microRNAs in zebrafish andmice. ThemicroRNA-183 cluster
was found to be co-expressed in the sensory auditory

epithelium of both species (Weston et al., 2006; Wienholds
et al., 2005).With thediscovery of pointmutationswithin the
seed region of the microRNA-96 in two Spanish families
suffering from hearing loss, it became evident that these
microRNAs are indeed crucial for auditory function (Mencía
et al., 2009). Analysis of a mouse model harboring a point
mutation in the samemicroRNA corroborated thisfinding. In
thismousemodel, hearing losswas due to a profound loss of
sensory hair cells in the cochlea (Kuhn et al., 2011; Lewis
et al., 2009). Due to the progressive nature of the hair cell
loss, this mouse model was named diminuendo (Dmdo)
referring to the musical direction to a gradual decrease in
loudness. Because of the hair cell loss, no auditory infor-
mation is conveyed through the inner ear to the central
auditory system, rendering these mice deaf.

Noticeably, the central auditory system was affected by
the mutation as well, in a deafness-independent manner.
Our analysis of the auditory brainstem of the same mouse
model revealed striking defects on the morphological, mo-
lecular, and functional level. First, the auditory brainstem
nuclei were significantly reduced in size (up to 39% reduc-
tion), whereas non-auditory nuclei situated in the brainstem
were not affected. In addition, the morphology of the giant
calyx of Held synapse was developmentally arrested,
resembling an immature state with less fenestration
(Schlüter et al., 2018; Figure 4A). This developmental arrest
of the presynaptic compartment on the morphological level
was paralleled on the functional level of the postsynaptic
neuron. Mature neurons of the medial nucleus of the trape-
zoid body are known to respond with a single action po-
tential at the beginning of a current injection (Banks and
Smith, 1992). In contrast, neurons of the medial nucleus of
the trapezoid body expressing the mutated microRNA-96,
responded with sustained action potential firing during the
time course of current injection, again resembling an
immature developmental state. In addition, there was an
increase in the NMDA/AMPA ratio of evoked currents
pointing to an arrested downregulation of the NMDA
component typically observed in the mature calyx of Held
(Schlüter et al., 2018; Figure 4A). On the molecular level,
bioinformatic analyses indicated that the mRNAs of two
potassiumchannel subunits, i.e.Kv1.6 and themodulatoryβ2
subunit of the BK channel, became new targets of the
microRNA-96 Dmdo variant due to the mutation in the seed
region. Indeed, an immunohistochemical analysis revealeda
lesser amount of these potassium channels, supporting the
bioinformatic prediction that the mutated microRNA-96
binds to their mRNAs and inhibits their translation into
protein (Schlüter et al., 2018). This dysregulation of potas-
sium channels can at least partially explain the immature
action potential firing behavior in the Dmdo mice.
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Noticeably, these phenotypes were independent of periph-
eral deafness, revealing an on-site function of the mutation
in the central auditory system. The analysis of the Dmdo
mouse demonstrated the importance of themicroRNA-96 for
peripheral and central auditory processing. However, the
analysis of a microRNA with a point mutation in the seed
region comes with a disadvantage. In this case it is not al-
wayspossible to distinguish effects due to a loss-of-function,
i.e., the inability of the mutated microRNA to bind to previ-
ously targeted mRNAs, or gain-of-function, i.e. newmRNAs
being recognized due to the mutation previously not tar-
geted by the unmutated microRNA such as the two potas-
siumchannel subunits in theDmdovariant. Thisknowledge,
however, is important to precisely understand the role of this
microRNA during development. To resolve this issue, a
mousemodelwith a functional loss of themicroRNA-96was
additionally analyzed.Due to the close genomicproximity of
the microRNA genes Mir-96 and Mir-183 (Figure 2C), a sin-
gle knockout is technically challenging. Therefore, a Mir-
183/96 double knockout mouse was generated (Prosser
et al., 2011). Assessment of the hearing ability revealed a
profound hearing loss due to the loss of cochlear hair cells,
paralleling the Dmdomouse phenotype (Lewis et al., 2020).
In the auditory brainstemwe could again detect changes on
the morphological, molecular, and functional level. How-
ever, the phenotypic traitswere not always the same. Similar
toDmdomice, therewas a significant reduction in volume of
the auditory brainstem nuclei and the NMDA component
persisted at the calyx of Held. These similarities, however,
were contrasted by several striking differences between the
two mouse lines. This time, the calyx of Held synapse
showed no morphological alterations, yet, the amplitude of
evoked currents was drastically increased, and the calyces
released almost twice as many synaptic vesicles as in wild-
type controls (Figure 4A). In accordance with this finding
there were more synaptic vesicles close to the presynaptic
active zone ready to be released (Krohs et al., 2021b;
Figure 4A). On the molecular level we analyzed the AMPA
subunit GluA1, whichwas previously identified as a target of
microRNA-96 (Jensen and Covault, 2011). Due to the lack of
its downregulation by the microRNA-96 we observed an
increased abundancy of this subunit at the synapse, which
can at least partially explain the observed increased ampli-
tude of evoked currents (Krohs et al., 2021b; Figure 4A).

Thus, the analysis of the Dmdo and Mir-183/96 double
knockoutmice revealed a critical role for bothmicroRNAs in
the peripheral and central auditory system. They are indis-
pensable for the integrity of hair cells in the cochlea and
critical for the pre- and postsynaptic regulation of synaptic
function in the auditory brainstem. Of note, we observed
both common and distinct phenotypes between the
two mouse models. The overlapping phenotypes, e.g. the

developmental arrest observed in the cochlea or the
increased NMDA/AMPA ratio at the calyx of Held, are best
explained by a loss-of-function of themutatedmicroRNA-96
in Dmdo mice. However, this raises the question how this
loss-of-function can also result in different phenotypes, e.g.
the morphological maturation of the calyx of Held, between
the two models. The answer may lie in the genomic orga-
nizationof themicroRNA-183 family.As a cluster theyare co-
expressed in the auditory system, but the mismatch in their
seed region results in a limited overlap of predicted target
genes (Figure 2B). We propose that their regulatory action
takes place simultaneously and interdependently on func-
tionally related genes. In this scenario, the regulatory effect
of onemicroRNA isdependent on that of theother.Only their
concerted regulatory action will result in the correct level of
target gene expression. For themorphological maturation of
the calyx of Held this will for example mean that the muta-
tion of microRNA-96 in the Dmdo mouse results in a gene
dose too low to trigger the maturation process, whereas a
higher-than-normal output level will not interfere with
normal maturation (Krohs et al., 2021b; Figure 4B). A vali-
dation of thisproposedscenario is onlypossible inmicewith
targeted deletion of the individual microRNAs. These indi-
vidual knockouts, not available at time of our analysis, were
meanwhile generated (Zhang et al., 2020; Sun et al., 2021),
which now enables us to resolve the individual function of
the microRNAs of the microRNA-183 family in the auditory
system in future studies.en

Excursion 2. The importance of the microRNA-183 family in
sensory systems.

Besides hearing, the role of microRNA-183 family has been
implicated in other sensory systems including vision, olfaction
and pain sensation sincemembers of this family were found to be
highly expressed in the retina, nose, and skin (Dambal et al.,
2015).
In the retina, this family plays multiple roles related to retinal
development and function. Depletion ofMir-96 during development
results in abnormal cone photoreceptor development (Xiang et al.,
2022). Several studies in single, double, or triple knockout mouse
models of microRNA-183 family members showed disturbed retinal
activity in response to light indicating their importance in proper
retinal function (Wu et al., 2019; Zhang et al., 2020).
High levels of the microRNA-183, −96, −182 were also reported in
the mouse olfactory epithelium and their knockout resulted in
reduced numbers of mature sensory olfactory neurons (Bak et al.,
2008; Fan et al., 2017). Perception of pain is an important
phenomenon and dysfunctionality of pain receptors can result in
altered pain sensitivity and the development of chronic pain. The
microRNA-183 family controls more than 80% of known
neuropathic pain-related genes and studies have reported that
a knockout of the microRNA-183 cluster or a single knockout of
microRNA-96 leads to abnormal pain perception (Peng et al.,
2017; Sun et al., 2021).
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Outlook

Previous research on the microRNA-183 family has shown its
expression and functional importance in sensory systems,
including the peripheral and central auditory system. How-
ever, their individual role in the maintenance of inner ear
function, central auditory synaptic development and synaptic
transmissionhasyet tobe investigated.With theavailability of
individualknockoutmousemodels thisnowcomes into reach.

Of note, themicroRNAs of themicroRNA-183 family are
by far not the only microRNAs expressed in both the inner

ear and the auditory brainstem (Krohs et al., 2021a; Rud-
nicki et al., 2014), suggesting that additional microRNAs
play a role for their proper development and function. A
recent screen of microRNAs revealed a large overlap of
regulatory active microRNAs in both, the peripheral and
central auditory system (unpublished results). This data
will serve as a resource for the identification of candidate
microRNAs shaping the development and function of both
systems, eventually leading to the characterization of new
deafness genes with functions beyond the cochlea and
thus a broad impact on the auditory system.

Figure 4: Comparison of synaptic changes at the calyx of held synapse in Dmdo and Mir-183/96 double knockout mice. (A) Schematic
comparisonof themorphological,molecular andphysiological features of the calyx of held synapse inwildtype,Dmdo, andMir-183/96 double
knockoutmice. InDmdomice, harboring amutation in the seed region of themicroRNA-96, the calyxmorphology resembles an immature state
lacking its characteristic organization into finger-like stalks. There was a reduction in the pool of synaptic vesicles ready to be released.
Subunits of potassium channels, identified as new targets of the mutated microRNA-96, were downregulated. The action potential firing
behavior of neurons of themedial nucleus of the trapezoid body inDmdomicewas changed to a sustainedfiring pattern during the time course
of a current injection. The ratio of current flow through NMDA and AMPA type glutamate receptors was increased pointing to an arrested
downregulation of NMDA receptors. This was also observed in neurons of the medial nucleus of the trapezoid body in Mir-183/96 double
knockout mice. In addition, the amplitude of evoked currents (synaptic strength) was increased. Abundancy of the AMPA subunit GluA1,
usually targeted by microRNA-96, was increased inMir-183/96 double knockouts compared to wildtype. In contrast to the Dmdomodel, the
pool of readily releasable vesicles was increased inMir-183/96 double knockout mice and themorphology of the calyx of held was not altered
compared to wildtype. (B) Mechanistic model explaining the differential effects in Dmdo andMir-183/96 double knockout mice upon loss of
function of themicroRNA-96. The genomically clusteredmicroRNAsmight act on functionally related genes leading to different output levels of
certain proteins which result in different phenotypic features in the twomousemodels. Arrows describe positive regulations, whereas vertical
bars are standing for negative regulations.
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Review article
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Non-coding repeat expansions associated with
familial adult myoclonic epilepsy: a new paradigm
of gene-independent monogenic disorders
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Abstract: Familial adult myoclonic epilepsy (FAME) is a
rare autosomal dominant disorder characterized by
cortical myoclonic tremor and seizures. FAME has been
mapped to chromosomes (chr) 2, 3, 5 and 8, but the cause
has remained elusive for more than a decade. An expan-
sion of intronic TTTTA and TTTCA repeats in SAMD12 was
identified as the cause of FAME1 in Japanese families
linked to chr 8 in 2018. This discovery triggered the iden-
tification of identical repeat expansions at five additional
loci (FAME2: STARD7; FAME3: MARCHF6; FAME4:
YEATS2; FAME6: TNRC6A and FAME7: RAPGEF2). These
genes encode proteins with different functions and
subcellular localizations and their expression is unaltered
in available peripheral tissues, suggesting that the
expansion is pathogenic independently of the gene itself.
The pathophysiologicalmechanisms are not yet known but
possibly include toxicity at the RNA level or translation of
toxic polypeptides from the repeats, a mechanism known
as repeat-associated non-AUG (RAN) translation. FAME is
a paradigm of human genetic disorder caused by a non-
coding expansion unrelated to the gene where it occurs.

Keywords: epilepsy; myoclonus/tremor; RAN translation;
RNA foci; tandem repeat expansion.

Zusammenfassung: Die familiäre myoklonische Epilepsie
bei Erwachsenen (FAME) ist eine seltene autosomal-
dominante Störung, die durch kortikalen myoklonischen
Tremor und Krampfanfälle gekennzeichnet ist. FAME
wurde auf den Chromosomen (Chr) 2, 3, 5 und 8 kartiert,

aber die Ursache ist seit mehr als einem Jahrzehnt unklar
geblieben. Im Jahr 2018 wurde eine Expansion der intro-
nischen TTTTA-und TTTCA-Wiederholungen in SAMD12
als Ursache von FAME1 in japanischen Familien identifi-
ziert, die mit Chr 8 verbunden sind. Diese Entdeckung löste
die Identifizierung identischer Wiederholungsexpansionen
an fünf weiteren Loci aus (FAME2: STARD7; FAME3:
MARCHF6; FAME4: YEATS2; FAME6: TNRC6A; und FAME7:
RAPGEF2). Diese Gene kodieren für Proteine mit unter-
schiedlichen Funktionen und subzellulären Lokalisierun-
gen, und ihre Expression ist in den verfügbaren peripheren
Geweben unverändert, was darauf hindeutet, dass die
Expansion unabhängig vom Gen selbst pathogen ist. Die
pathophysiologischen Mechanismen sind noch nicht
bekannt, umfassen aber möglicherweise eine Toxizität auf
RNA-Ebene oder die Translation toxischer Polypeptide aus
den Wiederholungen, ein Mechanismus, der als Repeat-
associated non-AUG (RAN)-Translation bekannt ist. FAME
ist ein Beispiel für eine genetische Störung beim Menschen,
die durch eine nicht kodierende Expansion verursacht wird,
die nicht mit dem Gen zusammenhängt, in dem sie auftritt.

Schlüsselwörter: Epilepsie; Myoklonus/Tremor; RAN
Translation; RNA Foci; Tandem Repeat Expansion.

Familial adult myoclonic epilepsy:
a rare autosomal dominant disorder

Familial adult myoclonic epilepsy (FAME; OMIM pheno-
typic series: PS601068) is a rare disorder characterized by
corticalmyoclonic tremor (myoclonus) i.e., rhythmic and/
or arrhythmic jerks of the upper limbs triggered by
movement and posture. Half or more of the individuals
also have epileptic seizures (Striano and Zara, 2016; Van
Den Ende et al., 2018) that are usually generalized,
although focal seizures have also been reported. FAME
was first described in Japan as benign adult familial
myoclonic epilepsy (BAFME; Ikeda et al., 1990; Okino,
1997). Later on it was independently reported under
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different acronyms, including autosomal dominant cortical
myoclonus and epilepsy (ADCME, Guerrini, 2001), and
familial cortical myoclonic tremor with epilepsy (FCMTE,
Van Rootselaar et al., 2005), before being recognized as a
specific clinico-genetic entity (Lagorio et al., 2019; Van
Rootselaar et al., 2005). The mean age at onset is around
30years but it is highly variable, ranging from10 to60years,
with disease expression and severity varying both within
and inbetween families (Henden et al., 2016;VanRootselaar
et al., 2005). The transmission pattern of FAME is usally
consistent with autosomal dominant inheritance (Mikami
et al., 1999; Saint-Martin et al., 2008).

FAME has been mapped by genome-wide linkage
analysis on at least four chromosomes (chr): 2, 3, 5 and 8
(Depienne et al., 2010; Guerrini, 2001; Mikami et al., 1999;
Yeetong et al., 2013). The locus on chr 8 (FAME1) is specific
to families from Asia (Japan, China, India; Sri Lanka;
Bennett et al., 2020), whether loci on chr 2 (FAME2) and 5
(FAME3) are mainly of European descent (Henden et al.,
2016), with a founder haplotype for FAME2 in the Neapol-
itan region of Italy (Licchetta et al., 2013; Madia et al.,
2008). The locus on chr 3 (FAME4)was identified in a single
family from Thailand (Figure 1; Yeetong et al., 2013).
Despite extensive sequencing for more than a decade
(Striano and Zara, 2016), the cause of FAME could not be
found until 2018 (Ishiura et al., 2018).

Tandem repeat expansions

Repeat expansions cause at least 60 genetic disorders,
most of which primarily affect the nervous system (Depi-
enne and Mandel, 2021; Gall-Duncan et al., 2022; Malik
et al., 2021). They arise from highly polymorphic repeats

called short tandem repeats (STRs or microsatellites,
composed of 1–6 bp motifs) or variable number of tandem
repeats (VNTRs,minisatellites; 7–99 bp repeats), which are
distributed throughout the human genome (Paulson,
2018). STRs and VNTRs are mainly scattered in non-coding
regions and altogether represent 3% of human genomes
(Hannan, 2018; Lander et al., 2001; Subramanian et al.,
2003). These repeats are highly unstable and polymorphic
by nature and have the highest mutational rate (Gymrek,
2017). The longer, uninterrupted alleles are the most
instable, and these alleles tend to expand from one gen-
eration to the next, thereby creating expansions that
become pathogenic above a certain threshold. This
threshold depends both on the expanded motif and on the
locus where the expansion occurs.

Two main types of tandem repeats expansions exist:
expansions that affect coding regions, mostly trinucleotide
repeats, and those that affect non-coding regions of genes.
Examples of disorders caused by coding trinucleotide
repeat expansions include Huntington disease (HD) and
spinocerebellar ataxias (SCA) types 1–3, 6, 7, 17. Noncoding
expansions are more diverse and include trinucleotides
(e.g. Fragile X syndrome, myotonic dystrophy), but also
tetra-, penta- and hexanucleotide motifs (e.g. SCA10,
SCA31, SCA37, all caused by repeat expansions of different
pentanucleotides; Depienne and Mandel, 2021).

FAME is a repeat expansion
disorder

In 2018, the group of Prof. Shoji Tsuji in Japan could reduce
the linked interval on chr 8 (FAME1) to a single gene,
SAMD12. In this interval, they discovered a heterozygous

Figure 1: Schematic, cytogenetic ideogram
of all identified FAME loci on chromosomes
2, 3, 4, 5, 8 and 16. Cytogenetic ideogram
was generated on https://www.ncbi.nlm.
nih.gov/genome/tools/gdp/; [22.09.2022;
09:23]. Orange boxes: identified FAME loci
(2p11-2q11, 3q26-q28, 5p15, 8q24) through
genome-wide linkage; red arrow: location
of the gene: STARD7 (chr 2), YEATS2 (chr 3),
RAPGEF2 (chr 4), MARCHF6 (chr 5), SAMD12
(chr 8) and TNRC6A (chr 16).
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pentanucleotide expansion composed of two different
motifs: 5′-(TTTTA)exp(TTTCA)exp-3′ in intron 4 (Ishiura
et al., 2018). This expansion could not be amplified by
standard PCR, leading to allele dropout and apparent non-
Mendelian inheritance. Repeat expansions occurred in all
51 families tested, except two. In these two remaining
families, the same repeat expansion in two different genes
(TNRC6A on chr 16 and RAPGEF2 on chr 4) was identified
(Ishiura et al., 2018). Since this initial discovery, intronic
TTTTA/TTTCA repeat expansions have been identified in
three additional genes: STARD7 on chromosome 2q11.2
(FAME2; Corbett et al., 2019), YEATS2 on chromosome
3q27.1 (FAME4; Yeetong et al., 2019), and MARCHF6 on
chromosome 5p15.2 (FAME3; Florian et al., 2019). In all six
genes, the reference alleles generally consist of variable
TTTTA repeats, ranging from 5 to 35 in number, although
motif variability and benign expansions exists at some loci
(Table 1).

Variability in expansion size and
structure

The number of families with confirmed repeat expansion
reported so far widely varies depending on the FAME
subtype: more than 60 published families with FAME1, 22
with FAME2, 4 families with FAME3, one with FAME4, one
with FAME6 and two families with FAME7. The size of
repeat expansions varies between 2 and 18 kb as follows:
2.2–18.4 kb in SAMD12 (Ishiura et al., 2018); 3.3–4.7 kb in
STARD7 (Corbett et al., 2019); 3.3–14 kb in MARCHF6
(Florian et al., 2019); and 5–8 kb in YEATS2 (Yeetong et al.,
2019).

The repeat expansion also varies in cells of the same
individual, a phenomenon called somatic mosaicism. In-
dividuals with the largest expansions show the highest
variability in expansion size and structure in blood. For

Table : List of pathogenic non-coding expansions in FAME, sorted by year of discovery, informations from https://gnomad.broadinstitute.
org/short-tandem-repeats?dataset = gnomad_r; [..: :].

Disorder Chromosome Gene Non-pathogenic
repeat unita

Other
repeat unit

Normal number
of repeatsb

Pathogenic
repeat unit

Pathological
number of
repeats

References

FAME q. SAMD TTTTA TTTTA –c TTTCA ≥–, Ishiura et al.
()GTTTA

TGTTA TTTGA?
TTGTA Zeng et al.

()GTGTA
FAME q. TNRCA TTTTA TTTTT – TTTCA ≥ Ishiura et al.

()
FAME q. RAPGEF TTTTA TTATG – TTTCA N/A Ishiura et al.

()
TTTTT Lei et al. ()

FAME q. YEATS TTTTA TGTTA –c TTTCA N/A Yeetong et al.
()TTTTT

FAME q. STARD TTTTA TTTTT – TTTCA ≥– Corbett et al.
()TTTTG

GTTTG
GTTTC
GTTTA
AGTTG
AGTTC
TATTG
TATTC
TTATG

FAME p. MARCHF TTTTA TTGTA – TTTCA ≥–, Florian et al.
()TTGAT

TTTTG
TTTTT

FAME, Familial adult myoclonic epilepsy; N/A, not available; amost likely non-pathogenic, as approximately % of healthy individuals have
expansions consisting only of TTTTA repeats in SAMD; bsequence from reference genome (gnomAD browser; hg); cTTTTA expansions at
these sites also exist in healthy individuals.
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instance, in a proband with a mean expansion of 14 kb,
single pathogenic alleles may strikingly vary between 1.7
and 36 kb and harbor different expansion structures, with
the TTTCA being interrupted or located in the middle of
TTTTA repeats. The expansion is so instable that micro-
arrangements, which were always unique, were observed at
the expansion site and represented up to 20% of pathogenic
alleles observed in individuals with expansions larger than
10 kb (Florian et al., 2019).

Previous studies on dominant repeat expansion dis-
orders have revealed inverse correlations between the size
of the expansion and the age at onset and/or severity of the
disease. The longer the expansion is and the earlier and/or
the more severe the disorder becomes. Since large expan-
sions tend to expand in younger generations, the disease
also usually starts at an earlier age, a process known as
anticipation (Paulson, 2018). Clinical anticipation has been
observed in some FAME families, including families with
expansions in SAMD12 and STARD7 (Corbett et al., 2019;
Hitomi et al., 2012, 2013) but the repeat size may also
remain stable in some families (Florian et al., 2019; Ishiura
et al., 2018). An inverse correlation between the length of
the expansion and the age at onset was found (Florian
et al., 2019; Ishiura et al., 2018). This correlation seems
mainly due to the size of TTTCA repeats in FAME3 (Florian
et al., 2019).

Expansions composed of only TTTTA repeats in
SAMD12 exist in approx. 6% of healthy individuals,
which also suggests that TTTCA repeats are the patho-
genic part of the expansion (Figure 2; Ishiura et al., 2018).
In 2019, a Chinese group reported a large family carrying
a SAMD12 expansion consisting of a 3′ TTTGA insertion
instead of TTTCA repeats, suggesting that TTTCA was not
the only possible pathogenic motif (Cen et al., 2019).
However, another study revealed the presence of both
TTTCA and TTTGA repeats in another family and it is
unclear whether TTTCA could also have been missed in
the family reported by Cen et al. The number of TTTCA
repeats necessary and sufficient to lead to disease re-
mains unclear but the smallest TTTCA repeats detected so
far is 14 (Mizuguchi et al., 2021). The methods used,
including Southern blot analysis, PCR electrophoresis or
repeat primed PCR, provide limited information on the
expansion sequence and structure and may lead to false
negative diagnosis as they may miss expansions with
internal or small TTTCA repeat parts. Long-read
sequencing appears the most appropriate technology
that can resolve the complete sequence of FAME repeat
expansions.

Pathological mechanisms
associated with FAME: RNA foci
and/or RAN translation?

Imaging or electrophysiological studies (brain magnetic
resonance imaging (MRI), transcranialmagnetic stimulation
(TMS), electroencephalography (EEG), electromyography
(EMG) and somatosensory evoked potential (SEPs)) are
essential to diagnose FAME and distinguish it from other
more common disorders (e.g. essential tremor, other forms
of epilepsy; Lagorio et al., 2019). The studies, as well as
postmortem analyses, have pointed out toward the alter-
ation of two main brain structures in FAME: the cerebral
cortex and the cerebellum (Buijink et al., 2016; Ishiura et al.,
2018; Van Rootselaar et al., 2004). In particular, a marked
loss and morphologic changes of Purkinje cells has been
observed in post-mortem cerebellum (Ishiura et al., 2018;
Van Rootselaar et al., 2004). In addition, it is likely that the
cerebello-thalamocortical loop,which is a crucial element of
motor control also contributes to FAME pathogenesis
(Latorre et al., 2020; Van Rootselaar et al., 2020).

The six genes harboring FAME-related expansions
described so far have completely different functions and
expression profiles: STARD7 encodes a mitochondrial
protein involved in lipid transport and metabolism.
MARCHF6 encodes an E3 ubiquitin ligase involved in the
degradation of misfolded proteins in the endoplasmic
reticulum. RAPGEF2 codes for a neuronal membrane
protein acting in the Ras-Raf-MEK-ERK pathway. TNRC6A
encodes a subunit of a ribonucleoprotein complex
involved in mRNA silencing and regulation of translation,
highly expressed in the cerebellum. YEATS2 codes for a
nuclear subunit of the ADA2A-containing histone acetyl-
transferase complex. SAMD12 is a gene of unknown func-
tion predominantly expressed in the brain (information
from: https://www.uniprot.org/; [30.09.2022: 11:36]). Some
genes are specifically expressed in the central nervous
system, whereas others are almost ubiquitously expressed,
but all six genes are expressed in the human brain,
including cortex and cerebellum. The occurrence of similar
expansions in genes that share no apparent function
strongly suggests that the underlying pathological mech-
anisms are independent of the subcellular localization
of the gene itself or it function. In this context, FAME
expansions would not cause an alteration of a pathway in
which the genes are involved and they would be patho-
genic without altering the expression or splicing of the
gene. The gene would only serve as a vehicle for repeat
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Figure 2: Schematic representation of genes with pathogenic TTTCA repeat expansions associated with FAME: STARD7, YEATS2, RAPGEF2,
MARCHF6, SAMD12, and TNRC6A, located on different chromosomes. All expansions are located in the non-coding region of the associated
gene. In healthy individuals (left), repeat expansions initially consist of TTTTA motifs (light blue). In affected individuals (right), pathogenic
repeat expansions always contain a TTTCA repeat insertion (orange). Structures with the insertion in a central position have been described in
SAMD12 patients. Blue rectangles: TTTTA repeats; Orange rectangles: TTTCA repeats; yellow boxes: exons; black boxes: Alu repeats.
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expression as intronic repeats should be transcribed as
part of the pre-mRNA.

Conflicting data about expression of the repeats exist
so far. On the one hand, reads filled with UUUUA/UUUCA
repeats were detected and RNA foci associated with abor-
tive transcription following SAMD12 expansions have been
observed in postmortem brains of Japanese patients
(Ishiura et al., 2018). On the other hand, despiteMARCHF6
and STARD7 ubiquitous expression, no reads filled with
UUUUA or UUUCA repeats were detected in lymphoblasts
or fibroblasts of patients with MARCHF6 or STARD7
expansions, and expression and splicing ofMARCHF6 and
STARD7 were unaltered in blood cells and fibroblasts
compared to healthy individuals (Corbett et al., 2019;
Florian et al., 2019). These findings suggest that abnormal
transcription and accumulation of UUUCA repeats
observed in brains of SAMD12 expansion carriers are
possibly restricted to specific tissues or do not exist in other
FAME subtypes, and additional studies are required to
determine whether RNA expanded molecules mediate the
disorder in neurons.

More surprisingly, TTTCA repeat expansions in a
seventh gene, DAB1 on chr 1, cause another repeat
expansion disorder, spinocerebellar ataxia 37 (SCA37;
OMIM: 615945). SCA37 is characterized by adult onset,
dysarthria (speech disorder caused by muscle weakness)
associated with slowly progressive gait and limb ataxia,
dysmetria and abnormal ocular movements. Affected
individuals usually become wheelchair bound between 10
and 30 years after disease onset and they do not present
with either tremor or epilepsy (Seixas et al., 2017). DAB1
encodes a downstream effector of the reelin signaling
pathway, contributing to the correct positioning of neurons
in the developing brain. A study based on post-mortem
brains of expansion carriers revealed that SCA37 expan-
sions increase DAB1 expression and trigger alternative
splicing events favoring the inclusion of two exons absent
from isoforms normally present in the brain (Corral-Juan
et al., 2018). Interestingly biallelic variants inDAB1 cause a
recessive disorder with lissencephaly, cerebellar hypo-
plasia and abnormal foliation of the cerebellar vermis
confirming that DAB1 has a crucial role in cerebellar and
cortical development (Smits et al., 2021). The reason why
similar repeat expansions in DAB1 cause SCA37 and not
FAME, two disorders that are clinically distinct, remains to
be investigated in more details but these observations
suggest that the difference might be related to the alter-
ation ofDAB1 expression in SCA37 while FAME expansions
would not significantly affect the expression of their
recipient gene. Nonpathogenic expansions up to 3 kb
composed of TTTTA repeats only also exist at the DAB1

locus, confirming that TTTTA expansions are also benign,
at this locus.

At least two mechanisms could underline FAME
pathogenesis based on mechanisms previously described
in other repeat expansion disorders (Figure 3).

One of these mechanisms would consist in transcrip-
tion of the repeat expansion in RNA molecules that would
accumulate, aggregate and form RNA foci in the nucleus
(Figure 3A). RNA molecules with repeats may adopt un-
usual secondary structures recognized by RNA-binding
proteins. These RNA-binding proteins accumulate and are
sequestered in the nuclear aggregates, leading to their
progressive loss-of-function and accumulation of splicing
defects (Česnik et al., 2019; Hutten and Dormann, 2019;
Morato Torres et al., 2022; Wojciechowska and Krzyzosiak,
2011; Zhang and Ashizawa, 2017). An example of this pro-
cess is provided bymyotonic dystrophy type 1 (DM1; OMIM:
160900), caused by a CTG repeat expansion in the 3′-un-
translated region (UTR) of the DMPK gene (Botta et al.,
2008; Depienne andMandel, 2021; Mahadevan et al., 1992).
In support of this mechanism in FAME, Ishiura et al.
detected RNA foci in postmortem brains of patients with
SAMD12 expansions by RNA FISH directed against UUUCA
repeats (Ishiura et al., 2018). Moreover, the overexpression
of UUUCA repeats in zebrafish lead to developmental de-
fects and increased lethality (Seixas et al., 2017). However,
the number of foci observed was much lower than that
observed in myotonic dystrophy or other disorders with
nuclear inclusions, and no sign of RNA accumulation and
no obvious RNA foci were observed in fibroblasts from
patients with expansions in MARCHF6 or STARD7. The
possibility that RNA molecules with UUUCA repeats form
RNA foci therefore needs further confirmation.

The second pathogenic mechanism is repeat-
associated non-AUG translation (RAN). This process
involves the expression of toxic polypeptides produced
directly from the pathological repeat expansion, indepen-
dently of theAUG/start codon of the genewhere the repeats
are inserted (Figure 3B). This mechanism was first
described for the expanded CAG/CTG repeat in myotonic
dystrophy type 1 (Mankodi et al., 2001) and spinocerebellar
ataxia type 8 (SCA8; OMIM: 608768; Zu et al., 2011). In
theory, RAN translation does not require an AUG start
codon and can occur in all reading frames both on sense
and antisense DNA strands (Zu et al., 2011), but other ob-
servations rather suggest that only specific peptides
are produced or contribute to the disease pathogenesis
(Asamitsu et al., 2021; Boivin et al., 2021; Heinz et al.,
2021). This mechanism implies that repeats are first tran-
scribed and then translated into polypeptides that accu-
mulate and form aggregates (Buijsen et al., 2016;
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Glineburg et al., 2018). The list of repeat expansion dis-
orders where RAN translation has been shown to occur is
constantly growing. One of the best documented example
is CGG repeat expansions in the 5′ UTR of at least six
different genes (FMR1, NOTCH2NLC, NUTM2B-AS1, LRP12,
GIPC1 and RILPL1), which, respectively, lead to neuro-
muscular and/or neurodegenerative syndromes (fragile
X-associated tremor/ataxia syndrome (FXTAS), neuronal
intranuclear inclusion disease (NIID), oculopharyngeal
myopathy with leukoencephalopathy (OPML1) and ocu-
lopharyngodistal myopathy type 1 to 4 (OPDM1-4)) with
similar histopathological signature (i.e. eosinophilic
intranuclear inclusions) in affected tissues (Deng et al.,
2020; Hagerman et al., 2001; Ishiura et al., 2019; Ishiura
and Tsuji, 2020; Yu et al., 2022). These disorders are asso-
ciated with RAN translation of toxic polyGlycine (polyG)
peptides that can be found in the intranuclear inclusions
(Boivin and Charlet-Berguerand, 2022; Liufu et al., 2022).
So far, there is no evidence that RAN translation occurs in
FAME, but if it does, only two polypeptides, one translated
from TTTTA repeats (polyFYFIL) and the other from TTTCA
repeats (polyFHFIS), would be produced as all other frames
lead to the introduction of termination codons.

Further studies are required to demonstrate that RNA
toxicity and/or RNA translation can contribute to FAME
pathogenesis. Besides, gains-of-function at the RNA and
protein levels are not mutually exclusive and may both

contribute to the pathogenesis of repeat expansion dis-
eases like FAME. One limiting aspect is the access to
affected tissues or cell types. The availability of brain
samples is obviously limited, and the quality of these
samples, which declines rapidly after the patient’s death, is
not optimal. The reprogramming of fibroblasts from FAME
expansion carriers in induced pluripotent stem cells
(iPSCs) that would be derived into neurons represent an
attractive way of modelling the disease. Understanding
the pathological consequences of FAME expansion at
the cellular level is an important step that would allow
developing personalized treatments aiming to reverse or
delay the consequences of the disease.
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Figure 3: Pathophysiological mechanisms possibly underlying FAME pathogenesis. A) RNA toxicity and RNA-binding protein sequestration.
Repeat expansions are transcribed into RNAmolecules that accumulate, aggregate and formRNA foci in the nucleus. These RNA foci sequester
RNA-binding proteins that are depleted from their normal location and become unable to perform that normal function. An example of this
process is the intermediate CGG repeat expansion (50–200 repeats, premutations) in FRM1 causing fragile X-associated tremor ataxia
syndrome (FXTAS). B) Repeat-associated non-AUG (RAN) translation. Repeats are transcribed and then translated into polypeptides that
accumulate and formaggregates. Thismechanism is independent from the AUGof the genewhere the expansion in located. RAN translation is
also a mechanism involved in fragile X-associated tremor ataxia syndrome (50–200 CGG repeats expansions in the 5′ UTR of FRM1) and it also
underlies five other disorders: Neuronal intranuclear inclusion disease (NIID; CGG repeat expansions in the 5′ UTR of NOTCH2NLC), oculo-
pharyngeal myopathy with leukoencephalopathy (OPML1, CGG repeat expansions in the 5′ UTR of NUTM2B-AS1) and oculopharyngodistal
myopathy type 1 to 4 (OPDM1-4, CGG repeat expansions in the 5′ UTR of LRP12, GIPC1, NOTCH2NLC and RILPL1). In all these CGG repeat
expansion disorders, RAN translation is associated with toxic polyGlycine (polyG) peptides that are part of the intranuclear inclusions.The
occurrence of RNA toxicity and/or RAN translation in FAME needs further studies.
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Review article

Tamrat Meshka Mamo and Annette Hammes*

Forebrain development–an intricate balance
decides between health and disease

https://doi.org/10.1515/nf-2022-0023

Abstract: Patients carrying pathogenic gene variants
encoding factors linked to the sonic hedgehog (SHH)
pathway suffer from severe congenital brain malformations
including holoprosencephaly (HPE). A poorly understood
feature of these common anomalies is the highly variable
penetrance, even amongst family members, carrying the
same mutation. Modifier genes–genetic variants that can
affect thephenotypic outcomeof theprimarydisease-causing
gene–contribute to this variability within pedigrees. Modifier
genes can confer resilience or susceptibility to a disease, but
are difficult to identify in humans. Studying the complex
genetic interactions in mouse models of human congenital
disorders can be instrumental in the identification of genes,
that powerfully modulate SHH signaling pathway capacity
and ultimately the penetrance of genetic disturbances.
Understanding the underlying complex molecular mecha-
nisms of disease aetiology and can support directing future
genetic linkage studies in humans.

Keywords: congenital disorder; genetic modifier;
holoprosencephaly; primary cilium; sonic hedgehog
signaling.

Zusammenfassung: Patienten mit pathogenen Gen-
varianten, die in dem Sonic-Hedgehog (SHH) Signalweg
eine Rolle spielen, leiden an schweren angeborenen
Fehlbildungen des Gehirns, einschließlich Holoprosenze-
phalie (HPE). Ein kaum verstandenes Merkmal dieser
häufigenAnomalien ist die sehrunterschiedlichePenetranz,
selbst unter Familienmitgliedern, die dieselbe Mutation
tragen. Modikatorgene – genetische Varianten, die das phä-
notypischeErgebnis desprimärenkrankheitsverursachenden

Gens beeinflussen können – tragen zu dieser Variabilität bei.
Modifikatorgene können Resilienz oder Anfälligkeit für eine
Erkrankung verleihen; diese Gene sind aber beim Menschen
schwer zu identifizieren. Die Untersuchung der komplexen
genetischen Interaktionen in Mausmodellen menschlicher
angeborener Störungen kann zu der Identifizierung von
Genen beitragen, die SHH Signalwegkapazität und letztend-
lich die Penetranz genetischer Störungen stark modulieren.
Das Verständnis der zugrunde liegenden komplexen mole-
kularen Mechanismen der Krankheitsätiologie kann rich-
tungsgebend für zukünftige Studien an den genetischen
Ursachen bestimmter kongenitaler Erkrankungen beim
Menschen sein.

Schlüsselwörter: angeborene Erkrankungen; genetische
Modifikatoren; Holoprosenzephalie; primäres Zilium;
Sonic Hedgehog Signalweg.

Introduction

The adult forebrain is the largest region of the brain and
one of the most complex structures in vertebrates. The

forebrain is subdivided into the rostral telencephalon

and the diencephalon. In mammals, the telencephalon

contains the cerebral cortex, the hippocampus, basal

ganglia and the olfactory bulbs. The diencephalon con-

tains the thalamic and hypothalamic brain regions.
Elucidating how these forebrain structures form during

embryonic development is a challenging task. We are only
beginning to understand how a simple layer of ectodermal
neuroepithelial cells gives rise to the complex network of
cells that ultimately make up the functional forebrain. The
elevation and closure of the neural plate (Figure 1A) precede
further complicated morphogenetic steps. After neural tube
closure, which in humans is completed four weeks after
conception, the forebrain in particular undergoes further
complex formationofdifferent domains.Highly coordinated
cellular movements for example are required to form
the optic vesicles that evaginate from the lateral wall of
the forebrain to later develop into the eyes. Further, the
subdivision into the left and right cerebral hemisphere,
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which arise five weeks after conception in humans as
bilateral invaginations of the telencephalic vesicle, is
particularly emphasized here.

Signaling pathways in forebrain
development

Concerted action of growth factors, such as folic acid,
morphogens–secreted molecules that bestow cell identity
in a concentration dependent manner- and transcription
factors is required for early patterning of the neural plate
and subsequent morphogenesis to achieve the develop-
ment of the highly complex brain.

Cell fate determination and patterning of the neuro-
epithelium along the dorsal–ventral axis occurs during
and after neural tube closure and mainly involves the
action of opposing morphogen signaling pathways
(Figure 1B, C): Sonic Hedgehog (SHH) from the notochord
and floor plate as a ventral signaling center, and bone
morphogenetic protein 4 (BMP4) from the boundary of
neural and non-neural ectoderm and later from the roof
plate as a dorsal signaling center (Sur and Rubenstein,
2005). The commissural plate expressing fibroblast growth
factor 8 (FGF8) forms the rostral signaling center of the
telencephalon. In addition, WNT (wingless-type MMTV
integration site family, members), nodal, retinoic acid and
folic acid signaling pathways have been shown to act in

Figure 1: Morphogen pathways in mouse forebrain development. (A) Scanning electron microscopy micrographs of neural folds from E8.5 wild-
type mouse embryos at four consecutive embryonic stages, frontal views onto the rostral neural folds, that will form the cerebral cortex. Neural
folds are progressively elevated–a precondition for final neural tube closure–and optic evagination is initiated. (B) Indication of themorphogens
crucial for early patterning of the neural folds at E 8.5. SHH (sonic hedgehog) is mainly shaping the ventral midline of the forebrain, BMP (bone
morphogenetic proteins) and WNT (wingless-type MMTV integration site family members) signaling pathways are crucial for dorsolateral
patterning processes. (C) Left panel: Scanning electron image of a mouse embryonic head after neural tube closure indicating the forebrain
hemisphere separation starting at mid-gestation (image adapted from https://syllabus.med.unc.edu/courseware/embryo_images/unit-
nervous/nerv_htms/nervtoc.htm). Right panel: Schematic of the signaling centers guiding forebrain development after neural tube closure.
Dorsoventral patterning of forebrain is regulated by four signaling centers: the dorsal midline (green) secretes WNTs and BMPs, the anterior
center (blue) secretes fibroblast growth factors (FGFs) and the ventral midline (red) secretes SHH. Figure was adapted from Hoch et al. (2009).
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dorsal–ventral patterning (Bertrand and Dahmane, 2006;
Kur et al., 2014).

The crucial role of SHH-, BMP4- and FGF8-signaling
pathways, and associated transcription factors in normal
forebrain patterning is underscored by the fact that several
animal models with aberrant regulation or expression of
these factors suffer from congenital brain defects (Ohkubo
et al., 2002).

Holoprosencephaly, one of the
most common congenital disorders
(birth defect) of the brain

Holoprosencephaly (HPE) is the most common structural
birth defect of the developing human forebrain resulting
from incomplete or no separation of the two forebrain
(prosencephalon) hemispheres (Geng and Oliver, 2009;
Hong and Krauss, 2018; Krauss, 2007; Ming and Muenke,
2002; Muenke and Beachy, 2000). The brain anomalies in
HPE are typically accompanied by a large spectrum of mal-
formations affecting craniofacial structures which is
explained by the fact that the forebrain provides signals that
pattern the face. Craniofacial midline defects include
cyclopia, characterized by a single centrally located eye or
hypotelorism with very close-set eyes, single nostril, cleft
palate, cleft lipandsolitarymedianmaxillary central incisor.

A recent study suggested that HPE arises in one of 32
conceptuses (Shiota, 2021). Due to early in utero lethality,
the incidence of HPE in live birth is rare and occurs only ∼1
in 10,000 (Leoncini et al., 2008).

HPE is classified into three categories based on the
degree of forebrain bifurcation impairment (Muenke

and Beachy, 2000; Tekendo-Ngongang et al., 2020). Alobar
HPE is the most severe form and is characterized by
complete failure to partition the forebrain into left and right
hemispheres, resulting in a single ventricle, the holosphere.
Semilobar and lobar HPE are less severe forms and show
partial, and almost complete forebrain partition, respec-
tively (Figure 2). Whereas alobar and semilobar forms of
HPE are not compatible with life, there are surviving
patients with milder forms of HPE. However, patients with
such mild lobar HPE can present with mental deficits and
locomotion delays as well as epilepsy and other health
complications due to co-morbidities such as heart disease.

HPE is a complex genetic disorder that is often caused
by a combination of genetic predisposition and environ-
mental exposure (Krauss et al., 2016). Environmental risk
factors known so far include ethanol and cannabis con-
sumption during pregnancy. Maternal pregestational
diabetes has also been associated with increased fetal HPE
risk (Lo et al., 2021). The genetic contribution can be either
monogenic or polygenic (Krauss et al., 2016; Roessler and
Muenke, 2010; Solomon et al., 2018). Single mutations
causing monogenic HPE have been identified in mice
and humans (Hayhurst and McConnell, 2003; Roessler
et al., 1996; Roessler and Muenke, 2010).

The impact of mutation in genes
encoding sonic hedgehog and its
receptors in the aetiology of
holoprosencephaly

Mutations in the human sonic hedgehog (SHH) gene and in
SHH downstream effector genes account for a substantial

Figure 2: Schematic indicating the various different forms of holoprosencephaly. Bird’s eye view on the brain hemispheres and the left and
right lateral ventricles, indicated in black, that are located within their respective hemispheres of the cerebrum. Holoprosencephaly has at
least three main subtypes, distinguished by severity of the defect: from left to right: normal brain with separated left and right hemispheres
and a separated left and right ventricular system; lobar holoprosencephaly is characterized by amostly separated right and left cerebral brain
hemispheres in the caudal part but the most rostral aspect of the telencephalon, the anterior (frontal) cortex, fails to separate and is fused;
semilobar holoprosencephaly is the intermediate form of the disorder with partial hemisphere division in the caudal part but extended fusion
of the hemispheres in the frontal cortex; alobar holoprosencephaly is the most severe form with no interhemispheric fissure but a complete
failure of hemisphere division and a single ventricle.
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proportion of autosomal dominant HPE cases (Wallis and
Muenke, 1999; Wallis et al., 1999). Consistent with this,
mice lacking SHH develop forebrain defects resembling
those in human HPE cases (Chiang et al., 1996). under-
scoring the importance of this morphogen in the early
processes of forebrain formation. Another gene recently
implicated in the aetiology of HPE in mice and humans is
LRP2 (low-density lipoprotein receptor-related protein 2)
(Kim et al., 2019; Rosenfeld et al., 2010; Spoelgen et al.,
2005; Willnow et al., 1996).

LRP2 is a member of the LDL receptor gene family
expressed early on during embryonic development in the
apical surface of the neuroepithelium. Loss of receptor
activity in Lrp2−/− mouse embryos results in alobar or
semilobar HPE associated with severe craniofacial defects.
LRP2 deficient mice also suffer from cardiovascular
anomalies including a common arterial trunk as one of the
most penetrant phenotypes on C57BL/6N background
(Baardman et al., 2016; Christ et al., 2020; Li et al., 2015).

We previously elucidated the molecular mechanism
underlying the HPE phenotype in mice by identifying LRP2
as a novel component of the sonic hedgehog (SHH)

signaling machinery (Christ et al., 2012). LRP2 is located at
the base of the primary cilium, the central hub for SHH
signaling, where it cooperates with patched1 to mediate
efficient uptake and recycling of the morphogen (Figure 3).
LRP2 mediated recycling of SHH ensures sufficient SHH
concentrations in the neuroepithelium to trigger down-
stream signaling events during neurulation, which is
a critical time point of forebrain development. LRP2
deficiency in C57BL/6N mice leads to failure of the ventral
forebrain neuroepithelium to sufficiently respond to SHH
and to establish SHH signaling pathway thresholds
required for normal patterning. Consequently, improper
specification of the ventral midline and separation of the
developing forebrain structures occur.

Individuals with autosomal recessive LRP2 gene
defects suffer from Donnai–Barrow syndrome with a
range of clinical features including craniofacial anoma-
lies (ocular hypertelorism, enlarged fontanelle), fore-
brain defects (agenesis of the corpus callosum) (Kantarci
et al., 2007; Ozdemir et al., 2019), microforms of HPE
(Rosenfeld et al., 2010), and heart anomalies such as
persistence of the left canal vein or ventricular septal

Figure 3: LRP2 is part of the SHH signaling pathway in the developing forebrain. Model of LRP2 function in SHH signaling. SHH-Np produced in
the prechordal platemoves to the forebrain organizer region (section plane indicated in the graph of a neurulation stagemouse embryo on the
left) to be sequestered apically by a coreceptor complex of LRP2 and Patched (Ptch1) at the base of the primary cilium. SHH binding induces
uptake of receptor-ligand complexes and triggers Ptch1-dependent activation of smoothened (Smo) in the primary cilium, resulting in target
gene induction through the transcription factor GLI. Internalized SHH is delivered to the cellular recycling pathway by LRP2 to further increase
local SHH concentrations, sufficient to induce transcription of Shh itself and important transcription factors such as Six3. Electronmicroscopy
image on the left, showing immunolabeling for LRP2 (arrowheads) and indicating localization of the receptor in the pocket of the primary
cilium, the central hub for SHH signaling.
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defects (Pober et al., 2009). A recent publication describes
severe forms of HPE in families presenting oligogenic
events involving FAT1 (FAT atypical cadherin 1) and LRP2
(Kim et al., 2019).

Interestingly, many clinical features observed in
Donnai–Barrow patients are also present in the LRP2
deficient mouse model (Hammes et al., 2005; Kozyraki and
Cases, 2017; Spoelgen et al., 2005).

Phenotypic variability of
holoprosencephaly and the role of
modifier genes

In case of the Donnai–Barrow syndrome, both inter- and
intra-familial phenotypic variability are observed (Khalifa
et al., 2015; Longoni et al., 1993; Pober et al., 2009).

High clinical variability is a characteristic feature of
holoprosencephaly. Even within pedigrees, HPE phenotypes
amongst the relatives, carrying for example the same SHH
mutation, can range from alobar HPE through specific facial
features of HPE to asymptomatic appearance of themutation
carrier. So why do some disease gene carriers develop no
symptoms while others suffer from mild to severe brain
malformations? The reason for a lackof genotype–phenotype
correlation and/or intrafamilial variability of HPE expression
can be environmental factors and/or additional unknown
genetic factors. In specific, there are three possible explana-
tions for the partial penetrance and variable expressivity of
HPE in familial cases: (1) multiple hit models, or multifacto-
rial inheritance: heterozygousmutations in twodifferentHPE
driver genes or interaction between the heterozygous
mutation of an HPE gene with one or multiple otherwise
silent modifier genes; (2) stochastic events; (3) gene-
environment interactions (Heussler et al., 2002; Hong and
Krauss, 2018; Ming and Muenke, 2002; Muenke and Beachy,
2000; Muenke and Cohen, 2000; Roessler et al., 1996). It is
therefore hypothesized that HPE is a multifactorial condition
and that at least two genetic alterations, modifier genes or
negative environmental influences are responsible for a se-
vere form of HPE.

Simply described, amodifier is a genewhich expression
levels affect the phenotype produced by another gene.
Genetic modifiers might act in the same or different devel-
opmental pathway of the known mutated target gene. The
effect of amodifier genecanbe subtle or very prominent ona
phenotype. Variants of modifiers can lead to susceptibility
or a variable expression of the HPE spectrum. Genetic
modifiers can also confer resistance to HPE. Dominance,

expressivity, pleiotropy and/or penetrance of a target dis-
ease gene can be affected by modifier genes. Many data on
mouse models of HPE suggest that genes responsible for
modulating the HPE phenotype inmice are also likely to act
as susceptibility or resistance factors in humans (Geng et al.,
2016; Hong and Krauss, 2018; Hong et al., 2017; Seppala
et al., 2007; Zhang et al., 2011). Identification of such genetic
modifiers helps to better understand the complex aetiology
of human HPE, craniofacial midline defects and other
associated anomalies, i.e. of the heart.

However, the systematic analysis and identification of
genetic modifiers in humans is challenging because of the
genetic and environmental complexity and the small
number of patients in pedigrees.

Studies in mouse models of HPE suggest that loss-of-
function mutations in genes relevant for ventral forebrain
development result in brain anomalies and craniofacial
defects that recapitulate very well the HPE phenotype in
patients carrying mutations in the same genes (Geng
and Oliver, 2009; Hayhurst and McConnell, 2003; Heyne
et al., 2016; Hong and Krauss, 2018). Intriguingly, the
variability in HPE expression is also reflected in genetically
engineered mouse models, as the penetrance of the
phenotype often depends on the mouse strain studied.
More specifically, the differences in the genome and
expression profile of different inbred mouse strains have a
significant impact on the penetrance and expressivity of
the phenotype in mouse models of human diseases caused
by specific mutations–strain matters! (Anderson et al.,
2002; Cole and Krauss, 2003; Geng and Oliver, 2009; Geng
et al., 2008; Hong and Krauss, 2018; Petryk et al., 2004;
Schachter and Krauss, 2008). One specific example of the
strain dependent phenotype expressivity in genetically
modified mouse models of HPE comes from the laboratory
of Robert S. Krauss. CDON (cell adhesionmolecule-related/
down-regulated by oncogenes) is a positive regulator of the
SHH pathway; Cdon−/− mice on a C57BL/6 background
show severe HPE but only have mild microforms of HPE on
a 129S6 strain (Hong and Krauss, 2018; Zhang et al., 2006).

The variability between different mouse inbred strains
therefore provides an opportunity to investigate the com-
plex aetiology of human HPE.

Our lab uses the LRP2 deficient mice as an experi-
mental HPE model with the characteristic fusion of the
cortical hemispheres and midfacial clefting. As mentioned
above, LRP2 is a coreceptor for Patched1 and is important
for efficient internalization and recycling of themorphogen
SHH in the neuroepithelium of the ventral forebrain during
early patterning events of the neural tube. We hypothe-
sized that, similar to other gene targeted mouse models for
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HPE, phenotypic outcome might vary depending on the
specific mouse inbred strain that is studied. So far the HPE
phenotype in Lrp2−/−mutants and the underlying impaired

SHH signaling in the ventral midline of the developing
forebrain was investigated on a mixed C57BL/6N; 129/
SvEMS-Ter background (Willnow et al., 1996) and pure

Figure 4: Rescue of craniofacial malformations and SHH-dependent HPE in LRP2 deficient mouse embryos on FVB/N background. From left to
right: Lrp2−/− C57BL/6N embryos at E18.5 with craniofacial defects: underdeveloped or missing eyes, cleft lip and hypertelorism. Brains from
Lrp2−/− embryos, in dorsal view, with alobar HPE (arrowheads) and absent olfactory bulbs (asterisks). Scale bars: 1 mm. Immunohistology for
SHHon coronal sections of anterior neural folds in Lrp2−/−embryosonC57BL/6Nbackgrounds. SHHwasdetected in the prechordal plate below
the neuroepithelium indicated by the dotted line but little to no SHH was present in the neuroepithelium. Scale bar: 25 μm. Lrp2−/− mutant
embryos on FVB/N background however displayed normal skull formation, normal eyes and normal midface structures, comparable with wild
types (not shown). Note, pigmentation of the retina is missing due to albinism in FVB/N. Lrp2−/− FVB/N embryos showed no HPE but normal
forebrain separation and normally developed olfactory bulbs. Scale bars: 1 mm Lrp2−/− FVB/N embryos during neurulation stages displayed
normal SHH protein levels in the neuroepithelium (above the dotted line) comparable to wild types. Scale bar: 25 μm. Model on SHH in the
primary cilium: Candidate genetic modifiers in the FVB/N background that compensate for the loss of LRP2 in the ciliary pocket and ensure
sufficient SHH signaling pathway activation in the ventral forebrain. In the wild-type situation LRP2, as a co-receptor for PTCH1, facilitates the
internalization of SHH morphogen to activate the pathway. In the LRP2-deficient embryos on the C57BL/6N background, SHH is not inter-
nalized efficiently and signaling is impaired. In contrast, the FVB/N background display active SHH signaling despite loss of LRP2, suggesting
the presence of factors–indicated by the question marks–that modulate SHH signaling efficiency and compensate for LRP2 deficiency. LRP2,
low density lipoprotein-related protein 2; SHH, Sonic hedgehog; PTCH1, patched-1; SMO, smoothened; SUFU, suppressor of fused homolog;
GLI, zinc finger protein GLI; GLIA, zinc finger protein GLI activator.
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inbred C57BL/6N background (Christ et al., 2012; Hammes
et al., 2005; Spoelgen et al., 2005). In these Lrp2−/− mouse
strains the HPE phenotype with associated craniofacial
defects showed fully penetrant expression. For the present
study we generated a congenic Lrp2−/− line on the inbred
FVB/N background and observed complete rescue of HPE
in 100% of the mutants. None of the Lrp2−/− mutants on
FVB/N background suffered fromHPE (Figure 4A).We also
demonstrated that impaired SHH activity, a fully penetrant
hallmark of the HPE phenotype in the Lrp2−/− C57BL/6N
embryonic forebrain, is fully rescued in the ventral fore-
brain of Lrp2−/− FVB/N mutants. We hypothesize that the
rescued SHH activity leads to a rescue of the HPE pheno-
type. The difference in HPE penetrance caused by the Lrp2
mutation on C57BL/6N and FVB/N genetic backgrounds
suggests the presence of one or more modifier factors
affecting susceptibility and resistance, respectively.

Novel candidate modifier genes
that modulate SHH signaling
capacity at the primary cilium and
thereby disease penetrance

Now the question is which are the factors that allow the
neuroepithelial cells in FVB/N mice to maintain sufficient
SHH activity and signaling capacity even upon the loss of
LRP2 whereas loss of this receptor has devastating effects
in C57BL/6N mice (Figure 4)?

To identify potential genetic modifiers responsible for
the resistance to HPE in Lrp2−/− FVB/N embryos we applied
the transcriptomics approach. RNA deep sequencing data
allowedus to compare the transcriptome of neuronal tissue
at the stage of forebrain patterning events from Lrp2−/− and
Lrp2+/+ embryos on C57BL/6N and FVB/N background as
well as frommutants andwild types from the F1 generation
(embryos from the Lrp2+/− C57BL/6N x Lrp2+/− FVB/N
mating).

Complex genetic comparisons and filtering analyses
allowed us to identify a number of highly differentially
expressed genes (DEGs). Important to note is that DEGs,
which are common between mutant and wildtype com-
parisons of the different strains, were not a consequence of
LRP2 loss of function but were truly strain specific, and
therefore met our criteria for strain-specific modifier can-
didates that can modulate signaling pathways in the wild-
type situation.

In short, we are only looking at strain specific candi-
date modifiers that are not dependent on the genotype

(Mecklenburg et al., 2021)! Some of these DEGs have been
previously linked to the SHH signaling pathway. Howev-
er, the highest and most significantly regulated DEGs,
Unc-51-like kinase 4 (Ulk4) and pituitary tumor trans-
forming gene 1 (Pttg1), also known as securin, had not
been associated with the SHH pathway before. Ulk4 and
Pttg1 expression levels were 5 times higher in FVB/N
forebrain samples compared to C57BL/6N samples. Most
importantly, we identified PTTG1 and ULK4 as novel
components in primary cilia suggesting a link to the SHH
signaling machinery (Mecklenburg et al., 2021). In func-
tional analyses using cell culture models we could indeed
show that ULK4 and PTTG1 are positive regulators of SHH
signaling and that higher expression levels of these fac-
tors can increase SHH signaling capacity. This suggests
that Ulk4 and Pttg1 are candidate modifier genes and
higher levels of these factors render the FVB/N neuro-
epithelium more resilient to perturbations of the SHH
pathway and therefore less susceptible to congenital
forebrain disorders (Figure 5).

Altogether, our transcriptome and functional studies
identified new candidate modifiers that regulate efficiency
of SHH signaling during ventral neural tube development.

The mechanisms how PTTG1 and ULK4 can modulate
SHH signaling capacity at the primary cilium are currently
investigated in our laboratory.

On the genetic level it should be also stressed that we
are only talking about PTTG1 and Ulk4 as candidate mod-
ifier genes. Our work showed that Ulk4 and Pttg1 are
differentially expressed in vivo and can regulate SHH
signaling in vitro.

To identify these genes as truemodifier genes complex
genetic linkage and mapping analyses, followed by
sequence and functional analyses are required. Further, a
candidate modifier gene would ultimately need to be
confirmed as a true modifier gene by complementation or
knock-in approaches.

Primary cilia–the antennae of the
cell: future perspectives in SHH
signaling research and cilia biology

SHH signaling is intimately linked to the primary cilium in
mammalian cells. Almost all human non dividing cells
have a primary cilium, a thin long microtubule-based
organelle protruding from the cell surface. In case of
mitotic cells, ciliary disassembly beginswith the resorption
of the cilium when cells enter the S phase before cytoki-
nesis. This allows the two centrioles to detach from the
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basal body. The mother and daughter centrioles are
duplicated and can move to the spindle poles where they
become centrosomes and the mitotic spindle. Once cell
division is completed, the paired centrioles act as basal
bodies at the cell surface to re-assemble the primary cilium
in the interphase. Primary cilia are used for receiving and
transmitting essential signals for various cell and organ
functions. Defects in the structure and/or function of the
primary cilium cause a whole range of human diseases
(ciliopathies), including disorders in the development of
the central nervous system, the kidney as well as the
heart. A very recent study demonstrated alterations in
primary cilia morphology and impairment in SHH
signaling in human and mouse models of Parkinson’s
disease (Schmidt et al., 2022). Moreover, defects in cilio-
genesis are often associated with uncontrolled cell divi-
sion, a characteristic feature of cancer cells. In general,
alterations in cilia morphology can have functional con-
sequences and relevant clinical implications considering
the complex signaling function of the primary cilium
(Gigante and Caspary, 2020; Goetz and Anderson, 2010;
Nachury and Mick, 2019; Singla and Reiter, 2006). How-
ever, little is known about the regulation of cilia length/
morphology and the implication of variable cilia length in

health and disease including ciliopathies (Fliegauf et al.,
2007; Gerdes et al., 2009). Further, although much prog-
ress has been made on the understanding of cilia dy-
namics, including regulated trafficking of ciliary
components, many details on how signaling molecules
such as SHH interact with the ciliary environment in a
tissue and developmental stage dependent manner are
still not entirely understood. Simply, the present models
on the SHH signaling pathway have to be revisited and are
certainly more complex and heterogenous than antici-
pated. Therefore, research on the repertoire of ciliary
proteins and their dynamics is biomedically relevant and
will help to understand the aetiology of congenital dis-
orders. In specific, identification and detailed character-
ization of novel ciliary components and modifier genes
affecting ciliogenesis, cilia morphology and ciliary
signaling will provide conceptual insights into far more
general biological problems related to signaling pathway
complexity and heterogeneity.
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In January 2021, the German Research Foundation (DFG)
established the Collaborative Research Centre (CRC 1451,
Sonderforschungsbereich SFB 1451) “Key mechanisms of
motor control in health and disease”. An international and
interdisciplinary team of scientists from neurobiology,
neurophysiology, neurology, neuroscience, psychiatry,
psychology, nuclear medicine, and functional neurosur-
gery collaborates in 19 subprojects. The speaker is Gereon
Fink at the University of Cologne and the University
Hospital Cologne. The CRC comprises scientists from the
Medical Faculty, the Faculty of Natural and Mathematical
Sciences and the Faculty of Human Sciences of the
University of Cologne and the University Hospital Cologne,
the Research Centre Juelich, the Max Planck Institute for
Metabolism Research Cologne, the Universities of Frank-
furt and Muenster, and the Hebrew University Jerusalem
(Figure 1). https://www.crc1451.uni-koeln.de/.

Relevance of the topic

The motor system allows us to interact with the environ-
ment. The variety of motor activity ranges from simple
monosynaptic reflexes to complex behaviors, e.g., tool use,
all of which rely on coordinated interaction between neu-
rons and muscles. Motor control, i.e., the neural mecha-
nisms that enable muscle activation in a coordinated and
meaningful manner, ensures the stability and integrity of
our body in its environment. Compared to sensory, cogni-
tive, or affective-emotional systems, the performance of the
motor system is particularly precisely quantifiable about
the observable motor effect and thus comparable across
species. In studying the neural mechanisms underlying
motor control, comparing motor behavioral parameters
across species offers an exceptional opportunity to bridge
the gap between molecular, cellular, and systemic levels.
This also has enormous clinical relevance: the motor
system is affected in many, if not all, neurological and
psychiatric disorders. Therefore, a more comprehensive
understanding of the motor system will advance our
knowledge of the neural basis of neurological and psy-
chiatric disorders. Neuropsychiatric disorders provide
new insights into the (dys)function of the motor system
and targeted testing of models of motor control.

Aim

The CRC1451 aims to identify the essential mechanisms
underlying motor control in health and disease. This will
be investigated at all levels, from genes andmolecules to
large-scale networks and general motor control mecha-
nisms, to deduce their changes across the lifespan and
their perturbations beyond a single species or specific
pathology. Another important goal is to train (clinical)
neuroscientists who can think and work across the
different levels of processes that contribute to the
complexity of the motor system (Figure 2).
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Expected results and future
perspectives

The CRC1451 will provide new insights into the genetic,
cellular, and systemic mechanisms contributing to motor
precision, coordination, flexibility, and learning (Research
Area A). Research projects will also be conducted on how
these mechanisms develop or change across the lifespan
(Research Area B). Finally, studies on disease-related dis-
ruptions of motor control (Research Area C) will a) allow
validating the models of physiological motor control, b)
improve our understanding of neurological and psychiatric
disorders that lead to impairments of motor control, and c)
provide new perspectives for their treatment.

Contact

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: This work was funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation): Project-ID 431549029 – SFB 1451.
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

Figure 1: Team CRC 1451.

Figure 2: Concept and goals of the CRC 1451.
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Humans and other primates live in complex environ-
ments and social group structures that give rise to multi-
faceted interactions with others. Cognitive functions
like perception, selective attention, action planning, and
decision-makingare fundamentally important for successful
interactive behaviour. These cognitive capacities have been
subject to research for a long time, but were studied neuro-
physiologically predominantly in single animals performing
solo tasks. Since January 2022, the German Research Foun-
dation (Deutsche Forschungsgemeinschaft DFG) is funding
a new Collaborative Research Center (SFB) 1528 “Cognition
of Interaction”, to study cognition in the context of dynamic
interactions between two or more individuals. The SFB
brings together scientists from system and computational
neuroscience, behavioural biology, and psychology to
address the topic at the behavioural and at the neuronal
level. As speaker of the SFB, Alexander Gail, together
with vice-speaker Anne Schacht, coordinates the projects at
the University of Göttingen, the German Primate Center
Göttingen, the University Medical Centers Göttingen and
Hamburg-Eppendorf, theMaxPlanck Institute for Dynamics
and Self-Organization, the Göttinger Gesellschaft für Wis-
senschaftliche Datenverarbeitung (GWDG) and the Weiz-
mann Institute of Sciences in Rehovot, Israel.

The scientific framework

Interactions require us to dynamically coordinate
our behaviour when pursuing shared action goals, to
develop cooperative or competitive strategies, to learn
from others, and to select partners in emerging conflicts
or for solving problems. Navigating successfully in
such complex interactive environments marks one of
the most prominent selective pressures, and hence
must have had a significant impact on how cognition
evolved in primates. To maintain stable relationships,
individual and common interests need to be balanced,
and past experiences, immediate evidence as well as
anticipated short and long-term consequences of our
decisions need to be integrated over a large range of
timescales.

Imagine the situation depicted in Figure 1. Three
monkeys forage together and can target different food
items. The young animal on the left needs to consider
its own preference regarding type or amount of food
(i.e., value or benefit) and also the effort to collect either
of the items (costs). This is the cost-benefit assessment
typical for any decision-making. Additionally, though, the
young animal will have to weigh the risk of the older and
likely higher-ranking animal competing over the preferred
resource, and hence the risk of potentially losing this
competition. To judge this risk, the young animal will have
to assess the older animal’s current interest in feeding, its
food preference, its immediate intention to collect the same
food, as well as its relative social status and acute signs
of emotional state. The young animal will also have to
consider if the older animal has other options available
that are inaccessible for the young animal, and how valu-
able the various options are considered.

System neurosciences in the past mostly had to rely
on static experimental environments with a focus on in-
dividual behaviour. Behavioural scientists and psychol-
ogists, instead, have been studying social interactions for
a long time. With the CRC 1528, we want to unite the
perspectives of the different disciplines to understand
how cognitive capacities support interaction in social
environments.
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Core aims of the Collaborative
Research Center and its
organizational structure

To explore how far core cognitive functions are modulated
by thedynamic adaptive nature of interactive environments,
the following guiding questions structure the CRC research
programme:
(a) How do we perceive others?
(b) How do we assess their competence and intentions?
(c) How does this affect our decisions when we interact

with others?

Eighteen research projects will tackle these questions.
They range from studies of nonhuman primates in their
natural habitats to developmental psychological studies
on the emergence of Theory of Mind and language acqui-
sition, and include investigations of visual perception, face
processing and action planning at the neuronal level.
Computational neuroscientists contribute complementary
theoretical and modelling approaches. The CRC features
two cross-sectional projects: one to develop experimental
platforms for taking a unified approach to dyadic in-
teractions across projects and disciplines, another to
develop advanced machine learning algorithms for action
recognition. Practical outreach activities will be com-
plemented with an empirical research project on science
communication.

In its activities, the CRC can build upon a long history
of joint collaborations, for instance in the Leibniz
ScienceCampus Primate Cognition (funded in 2015),
the Bernstein Center for Computational Neuroscience
Göttingen, and a number of collaborative DFG Research
Training Groups and Research Units.

Outlook and perspective

For the first fundingperiod,we aim tobetter understandhow
individual fundamental cognitive functions are employed in
interactive behaviour and modulated by social context. In
themidterm,wewant to understand how these functions act
in concert to achieve cognitive flexibility, experience-based
decisions, foresight, and strategic behaviour in social in-
teractions. The long-term vision of this CRC is to understand
how the outstanding capacity of cognitive functions and the
large-scale brain networks in primates contribute to and are
shaped by dynamic interactions, which are at the core of
primate social behaviour.

Author contributions: The author has accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: This work was funded by German
Research Foundation (Deutsche Forschungsgemeinschaft
DFG, no. SFB 1528).
Conflict of interest statement: The author declares no
conflicts of interest regarding this article.

Figure 1: Cognitive capacities for dynamic transparent interactions during social foraging as studied in the SFB 1528. (A) Interactions with
other individuals are fundamentally important for group-living primates. During social foraging conspecifics might compete over the same
food, provide hints where to find food, or collaborate for collecting the food. In natural settings, these interactions are transparent, i.e., allow
agents to observe each other’s actions, and therefore can evolve in a highly dynamic and interdependent way. The young Barbery macaque
(Macaca sylvanus) in the example provoked a social conflict by taking food in the vicinity of an older, higher-ranking animal. This emphasizes
the importance of a comprehensive assessment of the situation, incl. the other agent, beyond immediately evident sensory information to
arrive at adequate decisions in a social context. (B) A suite of cognitive processes needs to operate in concert to allow individuals coordinating
their behaviours, developing cooperative or competitive strategies, learning from others, or selecting partners in emerging conflicts or for
solving problems. Core cognitive capacities include, for example, seeing facial and postural cues, assessing intentions, knowledge and
competences of others and adjusting joint decisions dynamically with others.
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The dice are in the air. As we speak, the review panel is
going through the submitted applications and determining
which groups will compose the first round of our SPP. We
are tremendously excited to start workingwithwhat we are
sure will be an enthusiastic and committed group of labs.

The SPP2411 focuses on cortico-subcortical loops and
their role in adaptive sensing. Our brain perceives the
world dynamically, zooming in into relevant stimuli and
fading out irrelevant ones, generating subjective moment-
to-moment snapshots of reality. For example, if you are in
NewYork City in need of a cab, youwill bemore susceptible
to yellow objects, the colour of cabs in NYC (Figure 1), and
might be less aware of white vans going by. Indeed, our
brain constantly extractsmeaningful features fromour rich
and dynamic environments with astonishing ease, so far
unparalleled by the most sophisticated machines. This
ability to subjectively assign value to sensory signals of the
world – “adaptive sensing” depends on a sensory loop: the
interaction between incoming sensory input and the
feedback that can modulate it. By enabling adaptive

sensing, these sensory loops are at the essence of the
flexibility that has allowed mammals to flourish in varying
environmental conditions.

Anatomists have known of feedback projections for
decades (Cajal, 1906). These projections, which can exceed
in number their feedforward counterparts (Sherman and
Guillery, 2006), often arise in the cortex and innervate
numerous subcortical nuclei at various sensory processing
levels, creating cortico-subcortical loops (Shepherd and
Yamawaki, 2021). Despite blatant anatomical evidence for
the importance of feedback, we largely continue to view
sensory processing as a feedforward transformation of in-
formation. It is becoming increasingly clear though that
feedforward networks fail to capture the high sensing
proficiency demonstrated by vertebrates under complex,
real-world conditions, characterized by noisy, cluttered
and dynamic input, and requiring instant and flexible re-
sponses (Kar et al., 2019). A deeper understanding of this
proficiency requires that we study the signal trans-
formations employed by loop-like neural circuits. While
theories on the function of feedback projections have been
postulated (e.g., Heeger, 2017), their investigation has been
limited mostly because existing tools were not sufficiently
refined to selectively target these projections. Thanks to
recent technical advances, this is now possible (Swanson
et al., 2022). Indeed, we can now use genetic tools to un-
precedentedly target and evenmanipulate both the cortical
neurons that send feedback, as well as the subcortical
neurons that receive it. Combined with recent advance-
ments in high density electrophysiology (Jun et al., 2017)
and brain-wide imaging (Berlage et al., 2021), these tech-
niques allow us to sample and manipulate the activity of
cortical and subcortical neurons even in alert behaving
animals during adaptive sensing. The momentum gener-
ated by these technical developments is paralleled at the
theoretical level, ranging from new computational frame-
works for the functional role of feedback (Jaramillo et al.,
2019; Payeur et al., 2021) to the incorporation of these
projections into current artificial network models (Al-
Qaderi and Rad, 2018).

Thus, the core of this SPP is to provide a deeper un-
derstanding of the role of cortico-subcortical loops in
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adaptive sensing, across modalities and in behaving ani-
mals. The central idea of this SPP is that adaptive sensing
arises from the interactions between cortical feedback
pathways and subcortical circuits. Cortex is a relatively late
evolutionary addition to the brain, and subcortical struc-
tures can indeed control behaviors via direct projections to
motor brain areas. Often, these responses are reflexive,
such as startle responses, eye and whisker movements, or
escape responses to both loud sounds and looming visual
stimuli (Shang et al., 2018). Cortico-subcorticalmodulation
is the basis for integrating context, attention and previous
experience into sensory processes according to the specific
behavioral requirements. That cortex provides task-
dependent information to subcortical circuits (Cardin,
2019) can be advantageous to, for example, home in on
those signals which are most informative in a given
context, while filtering out irrelevant ones (“find a cab”,
Figure 1). Cortexmight also help adjust response gain to the
stimulus intensity, as is the case of cortical downregulation
of cochlear gain in loud environments (Saldaña, 2015).
Corticofugal feedback pathways are present in all modal-
ities according to a largely common neuronal circuit ar-
chitecture (Rouiller and Welker, 2000) but with specific
differences that give us insight into their function. Howand
why differences in cortico-subcortical organization trans-
late into similar aswell as distinct functions is currently not
known.

Our aims are to characterize the modulation of cortico-
subcortical projections to sensory inputs, and their influ-
ence on subcortical representations on the level of the
microcircuit, single neurons and populations. Guided by
new theoretical models of cortico-subcortical interactions
(Jaramillo et al., 2019), we will also attempt to derive
common principles and specializations of these circuits
across sensory modalities. Finally, the SPP as a network
will help to improve and distribute tools (optogenetic,
imaging, electrophysiological, behavioral, analysis) for

resolving cortico-subcortical loops at the circuit level
within and beyond the SPP.

The ultimate aim of the SPP will be to formulate gen-
eral theories of sensory processing that go beyond specific
sensory systems. The SPP will contribute to transform this
emerging field into a coordinated research program in
Germany, with the potential to make a true difference not
onlywithin neuroscience but also beyond, e.g. by inspiring
new architectures for deep learning and artificial neural
networks, which are steadily impregnating every aspect of
our life.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: None declared.
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.
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Presentation of scientific institutions

Monika Stengl*, Jenny Aino Plath, Susanne Neupert and Thordis Arnold

Newly DFG-funded research training group at
the University of Kassel: “Biological clocks on
multiple time scales” GRK 2749/1
https://doi.org/10.1515/nf-2022-0014

Since 01/04/22 a new research training group (RTG = GRK)
at the University of Kassel is funded by the DFG until 30/09/
26, with a funding volume of ∼ 5.6 million Euro. The RTG
“Biological clocks at multiple time scales” (GRK 2749/1:
“multiscale clocks”) is an interdisciplinary graduate school
with 12 doctoral-, three qualifying-, and one postdoctoral
DFG-funded fellowships, including additional associated
doctoral candidates andpostdoctoral fellows coveredbyother
funds. 14 participating researchers from different fields of
biology, chemistry, physics, mathematics, and electrical
engineering at the University of Kassel advise the young
researchers of the RTG in teams of experimental and theoret-
ical experts. In addition, international experts are invited to
participate as scientific advisors and mentors in lectures and
courses to provide the best interdisciplinary education
possible within individually customized training programs.

Scientific profile

The RTG’s goal is to gain an understanding of the structure
and organization of biological time. Our novel hypothesis
predicts that biological time is orchestrated via adaptive
endogenous “master clocks” in plasma membrane and
nucleus/cytoplasm, based upon mutually antagonistic
mechanisms/elements. Theygenerate coupledsuperimposed

oscillations of membrane potential and intracellular mole-
cules on multiple time scales, from milliseconds to years
over the respective organism’s lifetime. Different zeitgebers,
such as the 24 h light/dark cycle, or rapidly fluctuating
odors/metabolites advertising availability of food or mates,
are hypothesized to synchronize respective endogenous
oscillations of adaptive master clocks via resonance with
environmental oscillations. Thus, endogenous clocks enroot
the organism into survival-relevant environmental rhythms.
Inmulticellular organisms, especially neuropeptides that are
released via volume transmission can function as intercel-
lular coupling factors synchronizing postsynaptic oscillator
cells all over the brain/body via respective receptors. There-
fore, we hypothesize that coupled multiscale biological
clocks enable interlinked, superimposed endogenous oscil-
lations at respective biologically relevant time scales bridging
milliseconds to even years. Still, it is not knownwhether/how
the organisms’ manifold biological oscillations couple over
time scales of several orders of magnitude to generate a co-
ordinated web of timing in physiology and behavior in
resonance with the environment. It is not known whether a
light-dependent circadian clock is the main reference frame.
It may not be the only “true clock” that is hereditary,
temperature-compensated, and phase-controlled by zeitge-
bers, thereby staying entrained to environmental rhythms
while orchestrating other body clocks. Organized into three
research areas, employing various organisms we focus either
onmultiscale rhythms linked to the cell cycle clock (area 1), or
the plasmamembrane clock (area 2), or on computations and
model-based analysis (area 3). Thus, the RTG combines
experimental with theoretical research to uncover principles
andmechanisms of timing shared across evolution (Figure 1).

Qualification concept

Our research idea touches on fundamental principles of
different areas of natural sciences. It is tackled by the
combined expertise of experimentally working scientists
from diverse fields of biology and chemistry, together with
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scientists from theoretical and experimental physics,
mathematics, and systems theory/electrical engineering.
Innovative ideas, new techniques, and novel concepts
arise from collaborations across disciplines. They pro-
vide excellent education for doctoral candidates and
postdocs in the supportive learning environment at the
University of Kassel. Our RTG encourages ambitious, self-
motivated, dedicated, and honest scientific work, guided
by critical, independent thinking, while working in
collaborating teams. Therefore, cooperativity, not selfish
competition is fostered. Our qualification program
(Figure 2) makes use of the current surge of newly avail-
able online-learning platforms and software that signifi-
cantly simplified reaching out to international experts for
specialized scientific support. Furthermore, online study

programs are available at the University of Kassel to fill
gaps in basics of all research areas. We offer individual
choice of diverse specializations. Nevertheless, all
doctoral candidates are educated in experimental as well
as theoretic techniques, with supervision by one main
mentor and at least one additional expert from a different
discipline. Thereby, our qualification program enables
doctoral candidates to specialize into one aspect of our
central research idea while being strongly rooted in the
basics of theory and experimental practice. Thus, the
RTG’s fellows will become interdisciplinary experts
trained to work in cooperative teams. They are enabled to
link knowledge gained in so far mostly unconnected
scientific areas as promising opportunity for finding new
solutions to big challenges.

Figure 1: The RTG “multiscale clocks”
combines experimental with theoretical
research to reveal the structure and
organization of biological time. Partitioned
into three research areas in different
organisms the RTG focusses either on
multiscale rhythms linked to the cell cycle
clock (area 1), or the plasma membrane
clock (area 2), or on computations and
model-based analysis (area 3).

Figure 2: The interdisciplinary research and
qualification program of the RTG “multiscale
clocks” offers self-elected specialization in
personalized curricula. As focus can be chosen
either experimental research, data analysis, or
development of models or new methods.
Nevertheless, the RTG ensures education in
experimental as well as theoretical disciplines
by interdisciplinary supervisory teams. Further-
more, creativity, individuality, diversity is highly
valued embedded in cooperative, communica-
tive student-mentor networks.
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Nachrichten

Angelina Ruthe and Rebecca Figge-Schlensok*

Catching up in Cologne – 31st Neurobiology
Doctoral Students Workshop in Cologne
https://doi.org/10.1515/nf-2022-0017

The Neurobiology Doctoral Students Workshop (Neuro-
DoWo) has been organised for more than 30 years by
doctoral students, for doctoral students, under the
patronage of theGermanNeuroscience Society. Founded in
1990 by Randolf Menzel, Hans Joachim Pflüger and Joa-
chim Erber, the workshop is aimed at doctoral students
from broad and diverse neuroscientific backgrounds. The
idea is to provide young scientists with a safe and stimu-
lating environment to gain experience in presenting and
discussing their research, and to promote communication
and networking across disciplines. As such, the workshop
is organised by doctoral students from the host university
without any influence from professors or postdocs and the
programme is primarily based on contributions of the
participating doctoral students.

This year, NeuroDoWo took place in Cologne from June
29th to July 1st, andwewelcomed 52 doctoral students from
14 different cities in Germany and the UK. This year’s pro-
gramme included two keynote lectures by Prof. Dr. Gaia
Tavosanis (German Centre for Neurodegenerative Dis-
eases, Bonn, Germany) and Prof. Dr. Albena Jordanova
(VIB-Uantwerp Center for Molecular Neurology, Antwerp

University, Belgium). Prof. Tavosanis gave some inter-
esting insight into her work on cellular mechanisms that
support neuronal dynamics in Drosophila melanogaster.
The capability of neurons to dynamically remodel is crucial
during various stages of life. Her lab investigates cyto-
skeletal regulation of dendritic differentiation, an impor-
tant component of neuronal plasticity which contributes to
the understanding of underlying causes of dendritic
destabilization in human neurodegenerative diseases.
Prof. Jordanova’s research focuses on the identification
and characterization of genes and pathways implicated in
the molecular etiology of inherited neuromuscular disor-
ders. In her lab she applies state-of-the-art research
methods on a variety of model organisms, such as D. mel-
anogaster, yeast or human cells. In her plenary talk she
described how she aims to design strategies for prevention
and treatment of motor and sensory peripheral neuropa-
thies and spastic paraplegias.

While all participants were keen on learning the latest
discoveries in neuroscientific research, there was also a
great interest in the two career talks by Dr. JanAche (Julius-
Maximilians-University, Würzburg, Germany) and Dr.
Christian Pichlo (Bayer Pharmaceuticals, Monheim am
Rhein, Germany). Even though both are working in rather
different areas, they were able to present a wholesome
overview on the various career pathways the field of
neuroscience has to offer. These sessions truly lived up to
their name, generating a flood of questions and lively
discussions. Equally worthwhile was the workshop led by
representatives of the company Proteintech Group Inc. In
this session, Dr. Rebecca Northeast provided the doctoral
students with background and personal information about
job applications from a recruiter’s point of view, and the
general feelingwas that all students left this sessionwith at
least one or two useful tips for future applications, wether
for academia or the industry.

However, the highlight of the programme were student
contributions in the form of talks, pitch talks and poster
presentations. This year’s NeuroDoWo consisted of plenty of
promising and high-level research. We had all participants
voting for the awardees of best talk and best poster in each
session. We were very proud to bestow awards for the best
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talks to Jonas Scherer (Department of Neurobiology, Uni-
versity of Bielefeld, Germany), Svenja Corneliussen (Insti-
tute for Zoology, University of Cologne, Germany) and
Yannik Günzel (Department of Neurobiology, University of
Konstanz, Germany). All having diverse topics, they
managed to captivate the audience and to stimulate fruitful
and lasting discussions. The best poster awards were
handed to Philippe Fischer (Neurobiology of Flight Control,
Max Planck Institute for the Neurobiology of Behavior –
caesar, Bonn, Germany), Sonja Eckel (Department of
Neurobiology, University of Bielefeld, Germany) and Katja
Slangewal (Department of Neurobiology, University of
Konstanz, Konstanz, Germany). Everyone working in sci-
ence or in a related field knows how tough it is to precisely
sum up large amounts of data to present them in a conclu-
siveway.However, these threemastered all of the above and
fascinated listeners, independent of their audience’s own

expertise. Nonetheless, all participants did a great job in
presenting their data, and even more so, enjoyed the
friendly scientific exchange throughout the workshop.

In summary, one of the most important aspects was
probably the fact that it was finally possible to meet in
person again. In addition to the scientific programme, the
get-togethers in form of lunches, a conference dinner and
social activities at the end of the day further promoted
exchange between the doctoral students. It probably
shows how much we were all longing for this personal
contact as doctoral students from all over Germany and
Great Britain already formed a friendly unison after the
conference dinner on the first night.Wewould be excited to
see long lasting collaborations developing from this.

Traditionally, the organisation of the next NeuroDoWo
is handed over– in form of theNeuroDoWohammer– to the
city where most participants came from. Congratulations
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Konstanz for taking the hammer home! Next to the de-
partments of Biology and Neurobiology, Konstanz is also
home to theMax Planck Institute of Animal Behaviour. They
all include extremely interesting research labs. Besides that,

Konstanz is supposed to be a histologically fascinating city
with a vibrant student’s life. We are excited to seewhat your
city has to offer and looking forward to seeing you again
next year at NeuroDoWo 2023.
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Aufruf zur Wahl des NWG-Vorstands

Wie schon mehrfach angekündigt, findet die NWG-Vor-
standswahl für die Amtsperiode 2023–2025 im Zeitraum
1.–31. Januar 2023 statt. Eine Vorstellung aller zur Wahl
stehenden Kandidaten werden Sie ab Anfang Dezember
2022 auf der NWG-Homepage finden.

Die Wahlunterlagen werden dann zu Jahresbeginn
2023 versandt, so dass Sie die Unterlagen Anfang Januar in

der Post vorfinden werden. Dafür muss uns allerdings
Ihre aktuelle Postadresse vorliegen. Sollte sich diese in
letzter Zeit geändert haben, kontaktieren Sie uns bitte
umgehend unter korthals@mdc-berlin.de.

Wir bitten um rege Wahlbeteiligung!

Methodenkursprogramm der NWG 2023

Nach zwei Jahren Pandemie hoffen wir, dass im kommenden
Jahr das Methodenkursprogramm der NWG wieder ohne Ein-
schränkungen durchgeführt werden kann. NWG-Mitglieder
können kostenlos oder zu einem reduzierten Beitrag an diesen
Veranstaltungen teilnehmen. Die Anmeldung erfolgt über die
jeweils angegebene Kontaktadresse.

March 6–8, 2023: Comparative Anatomy and
Pathology of the Rodent and Human Brain

Registration Deadline: February 27, 2023
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 neu-
rodegenerative diseases with the pathology in the human
brain. Participants are encouraged to bring histological sec-
tions from their own experiments and rodent models to the
course for discussion (2 weeks notice required). Overview 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 neu-
roanatomy of neurodegenerative disorders including but not
limited to Alzheimer’s disease, 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 9–10, 2023: Pathoanatomy of the
human central nervous system

Registration Deadline: February 27, 2023
Venue: Section Clinical neuroanatomy, Neurology, Cen-

ter forBiomedicalResearch (ZBF),Helmholtzstr. 8/1,89081Ulm
Topics: Introduction to neuroanatomical techniques

to study the neuroanatomy of the human brain including
hands-on laboratory sessions; pathological anatomy,
histology 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 15–17, 2023: Cellular Models of
Neurodegenerative Diseases

Registration Deadline: December 31, 2022
Venue: Sektion für Translationale Neurodegeneration

“Albrecht Kossel”. Klinik und Poliklinik für Neurologie,
Universitätsmedizin Rostock, Gehlsheimer Straße 20

Topics: Production and culture of patient-derived IPS
cells (including principles of CRISPR/CAS9); Differentia-
tion of IPS cells to cells of the neural lineage: Live Cell
Imaging of mitochondria in iPSC derived motoneurons
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Organization and registration: Prof. Dr. Dr. Andreas
Hermann, Frau Martina Stoof, Sektion für Translationale
Neurodegeneration “Albrecht Kossel”, Klinik und Poliklinik
für Neurologie, Universitätsmedizin Rostock, Gehlsheimer
Straße 20, 18147 Rostock, phone: +49 (0)381 494-9541, Fax:
+49 (0)381 4949542, eMail: sektionsleiter.akos@med.uni-
rostock.de, URL: https://albrecht-kossel-institut.med.uni-
rostock.de/

March 16–17, 2023: Behavioral Testing in
Rodents: from cognition, motor function,
emotion, anxiety to pain. A hands-on course.

Registration Deadline: February 28, 2023
Venue: Interdisciplinary Neurobehavioral Core INBC,

University of Heidelberg INF 515; 69120 Heidelberg
Topics: behavioral testings in rodents for measuring

cognition, motor function, emotion, anxiety and pain: a
hands-on course.

Organization and registration:Dr. Claudia Pitzer, Tel.:
06221 1858504, Claudia.Pitzer@Pharma.uni-Heidelberg.de,
http://www.medizinische-fakultaet-hd.uni-heidelberg.de/
Home.111344.0.html

June 13–16, 2023: Patch-seq: Molecular and
functional profiling of cell identity and
diversity in the CNS

Registration deadline: May 1, 2023
Venue: Stiftung Tierärztliche Hochschule Hannover;

Institut für Zoologie, Bünteweg 17, 30559 Hannover
Topics: Harvesting mRNA from single cells during

whole-cell recordings in acute brain slices, single-cell
RNA-sequencing (scRNA-seq), quantification of gene
expression, identification of highly variable genes,
dimensionality reduction techniques, limiting factors.

The course will combine hands-on experience with the
theoretical framework.

Literature: Cadwell CR, Sandberg R, Jiang X, Tolis AS
(2017) Q&A: using Patch-seq to profile single cells. BMC
Biology 15:58.

Organization and registration: Prof. Felix Felmy
(TiHo Hannover), Tel.: 0511 953-8450, felix.felmy@tiho-
hannover.de, https://www.tiho-hannover.de/kliniken-
institute/institute/institut-fuer-zoologie/arbeitsgruppen/
neurobiologie/ag-felmy

Prof. Eckhard Friauf (TU Kaiserslautern), Tel.: 0631
205-2424, eckhard.friauf@bio.uni-kl.de, https://www.bio.
uni-kl.de/senior-professur-friauf, https://www.bio.uni-kl.
de/tierphysiologie/research/transcriptomics

Oktober 2023: Tübingen Systems
Neuroscience Symposium 2023

Venue: MEG-Zentrum der Universität Tübingen, Otfried-
Müller-Straße 47, 72072 Tübingen

Registration deadline: April 30, 2023
Topics: The 2023 Tübingen Systems Neuroscience

Symposiumbrings together leading international researchers
in the field of systems neuroscience. Topics range from neu-
rophysiological 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 researcherswith profoundprevious knowledge.

Organisation and registration: Prof. Dr. Christoph
Braun, Tel: 07071 29 87706, Fax: 07071 29 5706, E/Mail:
christoph.braun@uni-tuebingen.de
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NEU auf dasGehirn.info

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

Meilensteine der Hirnforschung standen im
September im Mittelpunkt der Webseite:
Natürlich kennt auch die Geschichte der
Hirnforschung so manchen Riesen, und genau
denen ist das Thema „Kopf und Inhalt“
gewidmet. Inzwischenmit fast  Artikeln und
mehreren Videointerviews.

Die Themenpartnerschaft Das Konnektom
mit dem Max-Planck-Institut für
Hirnforschung wurde um das Videointerview
Das Konnektom: Perspektive ergänzt: Das
Konnektom ist eines der heißesten Themen
der Hirnforschung – eine Art Anatomie .,
doch weit jenseits der Grenzen von .. So
wurde erst unlängst beim Menschen ein dop-
peltes Netz hemmender Interneurone ent-
deckt. Moritz Helmstaedter, einer der
führenden Konnektom-Forscher berichtet hier
über Entwicklung, Stand, Perspektive und
Bedeutung.

In dem Format Frage an das Gehirn beant-
worten Experten regelmäßig Fragen unserer
Leser. Zuletzt ging es um die folgenden
Fragen:

Wie verarbeitet das Gehirn vielfältige Spra-
chen? – Auf der Erde gibt es rund  Spra-
chen. Wie verarbeitet das Gehirn diese
Vielfalt, wenn es bei allen Menschen den-
selben Bauplan hat?

Schützt Spermidin vor Alzheimer? – Ich habe
gelesen, dass regelmäßige Spermidin-
Einnahme vor Alzheimer schützen kann.
Stimmt das?

In der Rubrik Neues aus der Wissenschaft
machte dasGehirn.info im September auf die
folgenden Pressemeldungen aus den Insti-
tuten aufmerksam:
Wie neue Strukturen entstehen | Max-Del-
brück-Centrum für Molekulare Medizin
(..)

Wie beeinflusst die Natur das Gehirn? |
Max-Planck-Institut für Bildungsforschung
(..)
Stress im Kinderzimmer: Die Geburt eines
jüngeren Geschwisters löst bei Bonobo-
Kindern dauerhafte Stressreaktionen aus |
Deutsches Primatenzentrum GmbH
(..)
Extreme Temperaturen schüren Hassrede im
Netz | Potsdam-Instituts für Klimafolgenfor-
schung (PIK) (..)
Moderne Menschen bilden mehr Nervenzellen
im Gehirn als Neandertaler | Max-Planck-
Institut für Molekulare Zellbiologie und
Genetik (..)
Schlaue Vögel denken smart und sparsam |
Ruhr-Universität Bochum (..)
Wie visuelle Informationen von der Netzhaut
ins Mittelhirn gelangen | Charit�e – Universi-
tätsmedizin Berlin, Max-Planck-Institut für
biologische Intelligenz, in Gründung
(..)
Das Gen, dem wir unser großes Gehirn ver-
danken | Deutsches Primatenzentrum GmbH,
Max-Planck-Institut für Molekulare Zellbio-
logie und Genetik, Zentralinstitut für See-
lische Gesundheit (..)
Von wegen zwei gleiche Hirnhälften: Warum
das Gehirn nicht symmetrisch ist | For-
schungszentrum Jülich, Max-Planck-Institut
für Kognitions- und Neurowissenschaften
(..)
Maulwürfe schrumpfen ihr Gehirn im Winter |
Max-Planck-Institut für Verhaltensbiologie
(..)
Steinwerkzeugvielfalt bei Schimpansen | Max-
Planck-Institut für evolutionäre Anthropologie
(..)
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Neueintritte

Folgende Kolleginnen und Kollegen dürfen wir als Mitglieder
der Neurowissenschaftlichen Gesellschaft begrüßen:

Isabella Balles (Würzburg)
Jonathan Benichov, PhD (Seewiesen)
Rituja Bisen (Würzburg)
Linda Bistere (Seewiesen)
Svenja Bremshey (Bremen)
Lidia Cantacorps Centellas, Dr. (Nuthetal)
Federico Cascino Milani (Würzburg)
Annika Cichy, Dr. (Bonn)
Stefan Dahlhoff, Dr. (Würzburg)
Sara Eitelmann (Düsseldorf)
Julia Grosse (Bielefeld)
Verena Haas (Langen)
Peter Robin Hiesinger, Prof. (Berlin)
Kevin Jehasse, PhD (Aachen)

Martin Kubitschke (Bremen)
Maike Kittelmann, Dr. (Oxford, UK)
Sander Liessem, Dr. (Würzburg)
Paula Martorell (Bonn)
Andreas Nieder, Prof. (Tübingen)
Kim Renken (Bremen)
Stefanie Schirmeier, Prof. (Dresden)
Victoria Switacz (Aachen)
Dario Tascio (Bonn)
Rebecca Ulshöfer (Berlin)
Lena Veit, Jun.-Prof. (Tübingen)
Carmen Villmann, Prof. (Würzburg)
Yanyan Wang (Berlin)

Der Mitgliedsstand zum 30. September 2022 beträgt 2.089
Mitglieder.
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Jahresbeitrag (bitte ankreuzen): 
100,– €/Jahr Seniors (Prof., PD, PI, etc.) 

80,– €/Jahr Postdocs (PhD, Dr., etc.) 
40,– €/Jahr Studenten, Doktoranden, Mit- 
glieder in Elternzeit oder im Ruhestand, 
Arbeitslose 

Überweisung: 
Bankverbindung: Berliner Bank AG 
IBAN: DE55 1007 0848 0463 8664 05 
BIC: DEUTDEDB110 

 
Einzug über Kreditkarte (VISA/Mastercard): 

Kartennr.:   

gültig bis: Betrag:  

Dreistellige Sicherheitsnr.:     

Karteninhaber:   

Unterschrift:     

oder SEPA-Lastschriftmandat: 
(Gläubiger-IdentNr: DE64NWG00001110437) 

 
Ich ermächtige die Neurowissenschaftliche 
Gesellschaft e.V. von meinem Konto 

bei der Bank:      

IBAN:  

BIC:      

einmaljährlich den Mitgliedsbeitrag in Höhe 
von € einzuziehen und weise mein 
Kreditinstitut an, die von der NWG auf mein 
Konto gezogenen Lastschriften einzulösen. 

 
Ort, Datum:      

Unterschrift:  

Kontoinhaber:  

Anschrift:     

Ich optiere für folgende 2 Sektionen: 
Computational Neuroscience 
Entwicklungsneurobiologie/Neurogenetik 
junge NWG (jNWG) 
Klinische Neurowissenschaften 
Kognitive Neurowissenschaften 
Molekulare Neurobiologie 
Neuropharmakologie und -toxikologie 
Systemneurobiologie 
Verhaltensneurowissenschaften 
Zelluläre Neurobiologie 

 
Neurowissenschaftliche Gesellschaft e.V. (NWG) 
- Beitrittserklärung - 

 
 

 

Hiermit erkläre ich meinen Beitritt zur Neurowissenschaftlichen Gesellschaft e.V. (NWG). 
 

Eintrag in das Mitgliederverzeichnis: 
 

 

Name 

Vorname 

Titel 

Dienstadresse 

Universität/Institut/Firma 

Straße 
 

 

PLZ/Ort Land 

 
Telefon/Email 

 
 

Privatadresse 
 
 

Straße 

PLZ/Ort 

Telefon 

Rechte und Pflichten der Mitgliedschaft siehe Satzung (nwg-info.de/de/ueber_uns/satzung). 
Mit meiner Unterschrift bestätige ich, dass ich die Satzung sowie die Datenschutzrichtlinie 
(nwg-info.de/de/datenschutz) zur Kenntnis genommen habe und diese anerkenne. 

 
 
 

Datum/Unterschrift 
 

Ich unterstütze den Antrag auf Beitritt zur NWG e.V. 
 
 
 

Datum/Unterschrift des Mitglieds Datum/Unterschrift des Mitglieds 
 

Bitte senden Sie Ihren Antrag an die Geschäftsstelle der NWG: 
 

Stefanie Korthals 
Neurowissenschaftliche Gesellschaft e.V. 
MDC 
Robert-Rössle-Str. 10 Email: korthals@mdc-berlin.de 
13092 Berlin Tel.: +49 30 9406 3127 

 

Ich bin Student 
Ich bin weiblich 

ja nein 
männlich divers 

Geburtsjahr      

Ich erkläre mich einverstanden, dass meine 
Daten zum Zwecke wissenschaftlicher Informa- 
tionsvermittlung (z.B. FENS-Mitgliedschaft) 
weitergegeben werden. 
Diese Entscheidung kann jederzeit über die 
Geschäftsstelle oder das Mitgliederportal auf 
der Website widerrufen werden. 

mailto:korthals@mdc-berlin.de
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