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The brain is one of the major energy consumers of the
human body. Most of the ATP is used by the Na*/K*-ATPase
(NKA; Fig. 1) which sets the Na* and K* gradients across
the plasma membrane and compensates for changes in
intra- and extracellular Na* and K* concentrations occur-
ring upon activation of voltage- and ligand-gated channels
(Sweadner 1989). The inwardly-directed Na* gradient gen-
erated by the NKA also provides the energy for a plethora
of secondary active transporters, e. g. the sodium/calcium
exchanger (NCX) and various transporters that terminate
synaptic transmission via efficient re-uptake of neuro-
transmitters (Rose and Chatton 2016; Somjen 2002) (Fig.
1). Other ATP-consuming ion transporters, such as the
plasma membrane Ca*-ATPase, are vital for intracellular
Ca® homeostasis (Harris et al. 2012). The vacuolar-type
H*-ATPase (v-ATPase) creates the proton gradient neces-
sary for neurotransmitter accumulation in presynaptic
vesicles (Cotter et al. 2015) (Fig. 1).

Despite their considerable energy consumption, neurons
themselves do not contain significant energy stores, but
depend on close metabolic interactions with astrocytes
(Allaman et al. 2011; Rose and Chatton 2016). Astro-
cytes furthermore shape excitatory synaptic transmis-
sion by controlling extracellular ion concentrations and
by taking up glutamate (Rose et al. 2018; Verkhratsky
and Nedergaard 2018) (Fig. 1); again processes directly
or indirectly linked to activation of NKA and ATP con-
sumption. Finally, astrocytes can release neuroactive
substances, among them D-serine, feeding back onto
surrounding neurons (Henneberger et al. 2010) and are
involved in neurovascular coupling (Petzold and Murthy
2011). The term “tripartite” synapse highlights the strong
functional interplay between neurons and astrocytes and
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emphasizes the fact that understanding synaptic func-
tion and dysfunction requires knowledge about pre- and
postsynaptic neurons, as well as the surrounding glia
(Allen and Eroglu 2017).

Conditions under which the brain’s energy demands
exceed its availability, referred to as metabolic stress,
give rise to rapid functional changes. An extreme form
of metabolic stress is caused by brain ischemia, which
can result in tissue damage and severe neurological defi-
cits and which represents one of the leading causes of
disability and death in our ageing population. The main
mechanisms of delayed cell death, including the so-called
“excitotoxic” action of the transmitter glutamate, are well
described. In contrast, there are significant gaps in our
understanding of the early changes in neuronal and glial
function during reduced energy availability. As these syn-
aptic changes are among the earliest and most upstream”
events in the ischemic cascade, a better understanding of
what causes metabolic stress in synapses during ischemia
is translationally relevant.

The Research Unit (RU) “Synapses under stress: Early
events induced by metabolic failure at glutamatergic syn-
apses” will close this gap and will combine molecular
biology, biochemistry, imaging, electrophysiology and
optogenetic approaches together with mathematical sim-
ulations to unravel the dependence of synaptic function
on cellular metabolism. The main scientific goals of the
RU are to gain inclusive knowledge about the energy de-
pendence of glutamatergic synapses of the mouse fore-
brain and to reveal the exact sequence of early events
induced by transient moderate energy depletion. Analys-
ing the main cellular compartments (pre- and postsynap-
tic elements, perisynaptic astrocyte processes) and the
extracellular space will provide a novel integrated view of
synaptic function and involved neuron-glia interactions,
and enable the deciphering of existing feed-back and
feed-forward loops between the different compartments.
Investigating the reversibility of the induced effects will
enable to gain better insight into the processes within the
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Figure 1: lon fluxes and ATP-consuming processes at tripartite gluta-
matergic synapses (summarized from Harris et al., 2012 and Rose &
Chatton, 2016).

ischemic penumbra and to understand the factors driving
cells towards irreversible demise after an ischemic stroke.

The RU will start its work at the beginning of 2019. In its
first funding period, it will receive about 2 million € over
three years. The RU is led by Christine R. Rose at the Hein-
rich Heine University Diisseldorf together with her deputy
Christoph Fahlke at the Forschungszentrum Jiilich. Further
members are Christian Henneberger (Rheinische Frie-
drich-Wilhelms University Bonn), Gabor Petzold (German
Center for Neurodegenerative Diseases and University
Bonn), Jiirgen Klingauf (Westfdlische-Wilhelms Univer-
sity Miinster), Andreas Reiner (Ruhr University Bochum)
and Nadine Erlenhardt (Heinrich Heine University Diis-
seldorf). Moreover, Michel J.A.M. van Putten and Stephan
A. van Gils, two Mercator Fellows from the University of
Twente (The Netherlands) are members of the consortium.

The following main questions will be addressed:

— What are the immediate effects of acute metabolic
stress on ion homeostasis?

— What are the consequences of metabolic stress for as-
troglial function and neuron-glia interaction?

— What are the consequences of metabolic stress on pr-
esynaptic function and glutamate release?

- How do postsynaptic properties and ion signaling
change in response to metabolic stress?

More specifically, the RU will analyse acute changes in ion
concentrations, transmitter homeostasis, as well as the
function and the subcellular distribution of ligand- and
voltage-gated ion channels which control electrical and
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chemical signaling. The consortium will study the major
cellular components of glutamatergic synapses, i.e. pre-
and postsynaptic neuronal compartments as well as peri-
synaptic astrocytes. All groups will focus on glutamatergic
synapses of the mouse cortex as a joint model system and
use a common protocol for induction of transient chemi-
cal ischemia. Adaptive and pathological processes will be
addressed at the molecular, cellular and systems’ level,
employing experimental systems of increasing complexity
that range from primary cell culture to acute and organo-
typic tissue slices to in vivo models of ischemic stroke. Ex-
perimental data generated will be used to develop a math-
ematical model. This should make it possible to simulate
the processes taking place at the synapses “in silico”, i.e.
on the computer, providing a novel, concerted view on
early functional changes of synapses under stress.

Altogether, the research programme will lead to a thorough
understanding of immediate responses of the tripartite
synapse to transient energy shortage, of their functional
consequences, as well as of the potential reversibility of
the induced effects. This will generate a new, integrative
understanding of basic pathomechanisms of metabolic
failure, which is urgently needed to develop better thera-
peutic strategies to combat stroke-induced brain damage.
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German Summary: DFG-Forschungsgruppe
(FOR) 2795: Synapsen unter Stress:

akute Veranderungen durch mangelnde
Energiezufuhr an glutamatergen Synapsen

Das Gehirn des menschlichen Korpers hat einen im Ver-
gleich zu anderen Organen sehr hohen Energieverbrauch.
Wenn sein Bedarf die Menge an bereitstehender Energie
liberschreitet, fiihrt dies zu raschen Verdnderungen in
seiner Funktion. Eine besonders dramatische Form des
Energiemangels tritt bei einem ischdmischen Insult auf.
Dieser kann zu Gewebsuntergang und schwerwiegenden
neurologischen Ausfillen fithren und stellt eine der hau-
figsten Ursachen fiir Behinderungen und Tod in unserer
alternden Gesellschaft dar. Die Griinde fiir den in Folge
eines Schlaganfalls beobachteten verzogerten Zelltod
sind recht gut verstanden, darunter die sog. exzitotoxi-
sche Wirkung des synaptischen Botenstoffs Glutamat. Die
frithen Prozesse, die durch eine mangelnde Energieversor-
gung an Synapsen hervorgerufen werden, sind hingegen
noch weitgehend unbekannt. Ein besseres Verstandnis
ihrer Ursachen und Auswirkungen ist jedoch geboten, da
sie die ersten Ereignisse der ischdmischen Kaskade dar-
stellen.

Die Forschungsgruppe (FOR) 2795 ,.Synapsen unter
Stress: akute Verdnderungen durch mangelnde Energie-
zufuhr an glutamatergen Synapsen“ wird diese Fragen
adressieren und die frithen zelluldaren Antworten nach
Unterbrechung der Energieversorgung an Synapsen des
Grof3hirns der Maus in den Blick nehmen. Dabei wird
eine Kombination von Molekularbiologie, Biochemie,
Elektrophysiologie, Imaging und Optogenetik zur Anwen-
dung kommen, die durch mathematische Simulationen
ergdanzt werden. Die FOR 2795 wird sich insbesondere
auf Anderungen in Ionenkonzentrationen, in der Trans-
mitterhomoostase, sowie in der Funktion und subzellu-
ldren Verteilung von Ionenkandlen fokussieren. Wesent-
lich hierbei ist die Einbeziehung sowohl von neuronalen
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Kompartimenten (Prd- und Postsynapse) als auch von
Gliazellen (Astrozyten) in die funktionelle Betrachtung,
welche eine neue Sichtweise auf Schiadigungsmechanis-
men erdffnen wird. Die einzelnen Teilprojekte der FOR
werden eine gemeinsame Strategie fiir die Induktion von
metabolischem Stress anwenden, jedoch unterschiedlich
komplexe Systeme bearbeiten. Letztere reichen von Zell-
kulturen {iber Gewebeschnitte bis hin zu in vivo-Systemen
und einer computergestiitzten Modellierung. Die FOR
2795 wird somit die molekularen und zelluldaren Prozesse
an Synapsen, die in direkter Abhangigkeit vom zellularen
Energiestatus stehen, entschliisseln. Des Weiteren wird sie
Mechanismen identifizieren, die fiir akute Stérungen der
synaptischen Funktion sowie fiir Zellschddigungen nach
Zusammenbruch der Energieversorgung verantwortlich
sind. Sie wird damit ein neues, ganzheitliches Verstindnis
grundlegender Pathomechanismen generieren, welches
dringend fiir die Entwicklung besserer therapeutischer
Strategien zur Behandlung von Schlaganfall-induzierten
Hirnschadigungen bendtigt wird.
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