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Beitrag zur Publikation

1. Beitrag zur Publikation
1.1 Eigenanteil an “Distinct reduction in relative microglial glucose uptake compared

to astrocytes and neurons upon isolation from the brain environment”
Ausarbeitung des Konzeptes der vorliegenden Studie zum direkten Vergleich der in
vivo und in vitro '®F-FDG-Traceraufnahme gemeinsam mit dem Betreuer Professor
Brendel, basierend auf zuvor generierten Ergebnissen. Mitarbeit bei der Etablierung
des zugrundeliegenden neuartigen Ansatzes zur Quantifizierung und Ruckverfolgung
der zerebralen Radiotraceraufnahme auf zellularer Ebene mit Laura M. Bartos und
dem Betreuer. Erorterung und Evaluierung der Versuchsergebnisse sowie
methodischer Fragestellungen. Planung der Panel- und Gating-Strategie fur die
Durchflusszytometrie sowie Auswertung der Daten. Eigenstandige Durchfuhrung,
Auswertung und statistische Analyse aller Versuche sowie Erstellung der Abbildungen
fur die Publikation. Interpretation der Ergebnisse sowie Verfassen des

Manuskriptentwurfs unter Supervision des Betreuers.



Einleitung

2. Einleitung

Veranderungen des zellularen mitochondrialen Energiestoffwechsels im Gehirn sowie
charakteristische metabolische Muster sind gemeinhin als wichtige Indikatoren
neurodegenerativer Erkrankungen, wie Morbus Alzheimer anerkannt. Diese konnen
den klassischen pathologischen Merkmalen, wie der Anwesenheit seniler Plaques und
neurofibrillaren Bundeln, zeitlich weit vorausgehen [1-6]. Hieraus ergibt sich ein stetig
wachsendes Interesse an der Untersuchung von in der Pathogenese involvierten
zerebralen Stoffwechselvorgangen und eine Vielzahl von Methoden, um diese in vivo

und in vitro nachzuvollziehen und zu quantifizieren.

Morbus Alzheimer ist gemal® der S3-Leitlinie ,Demenzen® als primar
neurodegenerative zerebrale Krankheit klassifiziert und stellt die haufigste Form von
Demenz dar. Im Zuge der chronischen bis progressiven Erkrankung manifestieren sich
Storungen vieler hoherer kortikaler Funktionen, wie beispielsweise Gedachtnis,
Orientierung und Urteilsvermdgen. Die zugrundeliegenden Pathomechanismen
umfassen die Akkumulation extrazellularer Amyloid-B-Plaques und abnormaler
intrazellularer Tau-Proteine sowie schwerwiegende Veranderungen des zerebralen
Metabolismus [7-11]. Insgesamt liegt der Alzheimer Demenz (AD) demnach eine
komplexe Pathogenese zugrunde, die der Diagnostik und Therapie verschiedene

Ansatzmoglichkeiten bietet.

In der klinischen Routinediagnostik ist die Positronen-Emission-Tomographie (PET)
fest etabliert [12-14]. Dabei werden Radioliganden (Tracer) eingesetzt, die an
spezifische Zielmolekiile (Targets) binden oder im Falle von '®F-Fluoro-2-deoxy-2-D-
glucose ('®F-FDG) unspezifisch, in Korrelation mit der metabolischen Aktivitat, in
Zellen aufgenommen werden. '8F-FDG wird nach Aufnahme in die Zelle durch die
Hexokinase Reaktion phosphoryliert. Dies verhindert, dass das Glukosemolekul die
Zelle wieder verlassen kann. Anders als physiologisches Glukose-6-phosphat kann
das verwendete Deoxyglukose-6-phosphat zudem nicht als Substrat in die Glykolyse
einflie®en und akkumuliert daher in der Zelle [15, 16]. Die PET in Kombination mit einer
Computertomographie ('®F-FDG-PET/CT) kann '®F-FDG somit fir die Dauer seiner
Gammaemissionen, raumlich und zeitlich aufgeldst, exakt lokalisieren. Dieses
Bildgebungsverfahren erlaubt die ldentifizierung von Zellverbanden mit gesteigerter
oder reduzierter Glukoseaufnahme und folglich mit verandertem Metabolismus sowie

die Zuordnung einer bestimmten Hirnregion. Infolgedessen lassen sich mit dieser
9



Einleitung

diagnostischen Methode Alzheimer und nicht-Alzheimer Demenzen unterscheiden
[17]. Die Ursache der pathologischen Veranderungen des PET-Signals auf zellularer
Ebene blieb dabei allerdings lange ungeklart, da '®F-FDG unspezifisch von allen Zellen

aufgenommen werden kann [18].

Um dieser Problematik im Rahmen praklinischer Forschung auf den Grund zu gehen,
haben wir und andere Arbeitsgruppen einen neuartigen Workflow (single cell
Radiotracing, scRadiotracing) etabliert und weiterentwickelt, welcher die
Quantifizierung der Traceraufnahme auf zellularer Ebene ermoglicht. Die '®F-FDG-
PET/CT und das scRadiotracing mit '8F-FDG teilen sich den bereits beschriebenen
zellularen Aufnahmemechanismus des Tracers. Beim scRadiotracing wird nach in vivo
Applikation die Glukoseaufnahme jedoch mit der Extraktion der Hirnzellen determiniert
und der Tracer bleibt weiterhin flr die Dauer des Versuchs in den Zellen messbar. Als
Endergebnis des scRadiotracing reflektiert die quantifizierte Radioaktivitat pro
Einzelzelle demnach eine Momentaufnahme der zerebralen Glukoseaufnahme in vivo,
zum Zeitpunkt der Hirnextraktion [19-21]. In zwei unabhangigen Studien zur
Untersuchung der zellularen Tracerzuordnung konnte damit bereits unter Einsatz des
grundlegenden Versuchsansatzes ein Zusammenhang zwischen Veranderungen des
PET-Signals und des Glukosebedarfs wahrend unterschiedlicher Aktivitatszustande

von Mikrogliazellen nachgewiesen werden [19, 20].

Im Hinblick auf das Verstandnis pathophysiologischer Mechanismen bei der
Entstehung und Progression der AD ist die Erforschung des Metabolismus auf
zellularer Ebene in den Fokus geruckt. Dabei konnte bereits nachgewiesen werden,
dass Gliazellen an der Pathogenese der AD beteiligt sind und mafgeblich die
beobachteten PET-Signalveranderungen beeinflussen. Da dies insbesondere mit
Abweichungen des mikroglialen Metabolismus einhergeht, ist es naheliegend,
therapeutische Ansatze in ebendiesen Stoffwechselmechanismen zu ermitteln [20, 22,
23]. Allerdings bleibt die Untersuchung des =zellularen Stoffwechsels in vivo
herausfordernd, weshalb sich die meisten bisherigen Studien auf Zellkulturen und den
Einsatz extrakorporaler, bioenergetischer in vitro Assays fokussierten. Unter
hochkontrollierten Bedingungen erlauben einige dieser Verfahren die Quantifizierung
sensitiver Parameter [24-27]. Jedoch sind gerade Mikrogliazellen dazu in der Lage, in
Abhangigkeit von extrazellularen Signalen in vivo, wie etwa Adenosintriphosphat (ATP)

bei lokaler Schadigung von Hirngewebe [28, 29] oder Apolipoproteine als
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pathologische Rezeptorliganden [30], ihren Aktivitatszustand dynamisch zu
modifizieren [31, 32]. Infolgedessen induzierte Prozesse, wie gesteigerte zellulare
Motilitat  durch  morphologische  Veranderungen [33] wund angeregte
Neurotransmittersynthese [34-36], resultieren in einem erhohten Glukosebedarf fur
den Energiestoffwechsel. Diese Eigenschaft von Mikrogliazellen ist aulRerhalb des
natlirlichen Hirnmilieus kaum gewahrleistet. Infolgedessen ist fraglich, ob die
Ergebnisse reiner in vitro Studien die tatsachliche biologische Komplexitat der in vivo

Situation adaquat widerspiegeln konnen.

Ziel der vorliegenden Dissertationsschrift war es daher, unsere neuartige Methodik des
scRadiotracing zur praklinischen in vivo Erforschung des zellularen
Energiestoffwechsels von Hirnzellen zu erlautern und mit ihr die unmittelbare
Vergleichbarkeit des mikroglialen Energiestoffwechsels in vivo mit in vitro zu
untersuchen. Die vorliegende Arbeit ist im Kontext der Weiterentwicklung und
Evaluierung des scRadiotracing zu verorten. Diese Methodik hat sich bereits in
zahlreichen Studien und Kooperationsprojekten bewahrt und zeichnet sich durch ein

breites Spektrum an Einsatzmaoglichkeiten aus [21, 37-44].

In nachfolgenden Abschnitten wird die der vorliegenden Dissertationsschrift
zugrundeliegende Originalarbeit inhaltlich zusammengefasst. Der Zusammenhang zu
multiplen assoziierten Projekten wird dargelegt und vor einer erweiterten
Literaturtbersicht in den wissenschaftlichen Kontext eingeordnet. Im Ausblick wird
Uberdies die gegenwartige und zukulinftige Relevanz dieser Arbeit diskutiert und liefert
Perspektiven auf die translationale Signifikanz fur die Tiermedizin. Eine
Publikationsliste aller im Rahmen dieser Disseration entstandenen Veroffentlichungen
und Kooperationsprojekte, welche die hier vorgestellte Methodik implementiert haben,

findet sich im Lebenslauf am Ende dieser Arbeit.
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3. Untersuchung der Vergleichbarkeit der zellularen in vivo und in vitro
Glukoseaufnahme mittels scRadiotracing

Kunte, S. T., Gndrich, J., Beumers, P., Bartos, L. M., Wagner, S., Wind-Mark, K., Holzgreve,
A., Pdtter, D., Werner, R. A., Ziegler, S., Albert, N. L., Colombo, A., Tahirovic, S., & Brendel, M.
(2025). Distinct reduction in relative microglial glucose uptake compared to astrocytes and
neurons upon isolation from the brain environment. Frontiers in cellular neuroscience, 19,
1572431. https://doi.org/10.3389/fncel.2025.1572431.

Aktuellen Erkenntnissen zufolge gelten molekulare Pathomechanismen, die eine
Aktivierung von Mikrogliazellen und charakteristische zerebrale
Stoffwechselsignaturen induzieren, als zentrale Marker zur Fraherkennung
neurodegenerativer Erkrankungen [45, 46]. Die Erfassung dieser metabolischen
Alterationen in vivo bleibt bis dato jedoch eine Herausforderung, weshalb viele der
bisherigen Studien auf extrakorporalen Untersuchungen an kultivierten Zellen und dem
Einsatz bioenergetischer in vitro Assays basieren. Wesentlicher Aspekt in diesem
Zusammenhang ist die hohe Anpassungsfahigkeit von Mikroglia, welche einen
dynamischen Ubergang zwischen komplexen Aktivitatszustanden ermoglicht [47, 48].
Dies stellt spezifische Anforderungen an die zellulare Energiebereitstellung und wirft
die Frage auf, ob Ergebnisse reiner in vitro-basierter Studien verlasslich sind. Daher
wurde in dieser Studie, mit Fokus auf Mikrogliazellen, die Vergleichbarkeit der

zellularen in vivo und in vitro '8F-FDG-Traceraufnahme untersucht.

Der neuartige Ansatz des scRadiotracing ermdglichte dabei die Quantifizierung und
Ruckverfolgung des Tracers auf zellularer Ebene als Momentaufnahme, normalisiert
auf die gesamte zerebrale Glukoseaufnahme. Fur diese Studie wurde das bewahrte
Versuchsprotokoll des scRadiotracing [20, 21, 37, 38, 40-43] erweitert. Das Ziel
bestand darin, einen unmittelbaren Vergleich zu erméglichen, indem an die Erfassung
der zellularen Glukoseaufnahme in vivo, ein in vitro Inkubationsversuch mit denselben
Zellen angeschlossen wurde.

Zunachst wurde Wild-typ Mausen dafir in vivo der Radiotracer '8F-FDG intravends
appliziert. Uber Oberflachenmolekiile, CD11b fiir Mikroglia und ACSA-2 flr Astrozyten,
wurden die zerebralen Zellfraktionen mittels ,immunomagnetischem cell sorting*
(MACS) isoliert — sowie die daraus resultierende nicht-Mikroglia-nicht-Astrozyten
Fraktion. In einem unabhangigen Versuch wurde die Qualitat der auf diese Weise
angereicherten Zellfraktionen mittels Durchflusszytometrie (FACS), Uber den Grad der
zellularen Reinheit validiert, wobei jeweils ein Wert von Uber 86% erreicht wurde.

12
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Daruber hinaus konnten Neuronen mit einem Anteil von 79% als dominanter Zelltyp in
der nicht-Mikroglia-nicht-Astrozyten Fraktion nachgewiesen werden. Im Folgenden
wurde die Traceraufnahme pro Zellfraktion durch Messung der y-Emission bestimmt
und auf die Einzelzelle, durch Quantifizierung der absoluten Zellzahl mittels FACS,
normalisiert. Dieses folglich relative System bietet den Vorteil, dass unabhangig von
unter den Zellfraktionen gleichmaRig oder ungleichmafig verteilten Zellverlusten,
wahrend einer selbst zeitintensiven Probenaufbereitung valide Daten generiert werden
konnen. Auch wurde wahrend der Versuche permanent kalter Puffer verwendet, um
die Aktivitat der mesophilen Glukose-6-Phosphatase in Hirnzellen [49-54], welche in
der Lage ware, Glukose-6-Phosphat in geringen Mengen zu hydrolysieren [55], auf ein
Minimum zu limitieren. Anschlie®Bend wurden dieselben zuvor genannten
Zellfraktionen einer exzessiven Inkubation in '8F-FDG unterzogen. Nach
Auswaschung des nicht-zellgebundenen Tracers erfolgte die analoge Quantifizierung

der Glukoseaufnahme pro Einzelzelle.

Aufgrund der Tatsache, dass eine vorausgehende Untersuchung unserer
Arbeitsgruppe eine Dosisabhangigkeit der zellularen '®F-FDG-Aufnahme bewies [20],
war es nicht moglich, die absolute Traceraufnahme nach in vivo Injektion, mit jener
nach in vitro Inkubation zu vergleichen. Fur eine korrekte Interpretation und
Vergleichbarkeit der Daten war es daher notwendig, die Ergebnisse als Verhaltnisse
der Zellfraktionen zueinander zu betrachten. Isolierte Mikroglia zeigten dabei im
Vergleich zu isolierten Astrozyten und nicht-Mikroglia-nicht-Astrozyten die bei Weitem
hochste absolute Glukoseaufnahme nach in vivo Injektion. Auch nach der in vitro
Inkubation wiesen Mikroglia die hochste absolute Traceraufnahme auf, wobei jedoch
von in vivo zu in vitro eine deutliche Reduktion des Verhaltnisses zu Astrozyten (von
50,4-fach auf 5,7-fach) und zu nicht-Mikroglia-nicht-Astrozyten (von 10,6-fach auf 1,7-
fach) zu verzeichnen war.

Eine mdgliche Beeinflussung der Ergebnisse durch die Injektion des Tracers wurde
durch analoge in vitro Inkubation ohne vorausgehende in vivo Tracerinjektion
experimentell Uberprift und ausgeschlossen. Gleichermalien konnte ein verzerrender
Effekt durch Nuchternheit auf Mikroglia durch analoge Reproduktion der Versuche

unter Verwendung von glukosefreiem Puffer ausgeschlossen werden.

AulRerdem wurde ein Zellkulturversuch durchgefihrt, um die relative

Glukoseaufnahme in vivo (scRadiotracing), mit Zellen aus einem reinen in vitro Milieu

13
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zu vergleichen. Im klaren Gegensatz zum scRadiotracing zeigten kultivierte Mikroglia
im Vergleich zu kultivierten Neuronen und Astrozyten eine nur geringe '®F-FDG-
Aufnahme. Dabei Ubertraf die gemal Literatur erwartet hohe Glukoseaufnahme von

Neuronen [56, 57] jene von Astrozyten 8-fach und von Mikroglia 82-fach.

Bei diesem Zellkulturversuch und beim scRadiotracing, wurde der Verbrauch des flr
den Zellstoffwechsel notwendigen Substrats (Glukose) gemessen. Daneben gibt es
viele weitere Methoden, die Uber verschiedene Parameter, wie die Erfassung der
Metabolitenproduktion [27, 58-60], des Sauerstoffverbrauchs [24, 25, 61, 62] oder der
Enzymexpression [63-65] eine Quantifizierung des zellularen Glukosemetabolismus
ermodglichen. Hierbei muss jedoch differenziert werden, ob sich die Zellen zum
Zeitpunkt der Messung noch in ihrem natarlichen Milieu befinden (in vivo), bereits

extrahiert wurden (ex vivo) oder in der Zellkultur (in vitro) untersucht werden.

Die Ergebnisse dieser Studie demonstrieren, dass alleinige in vitro Messungen den
zellularen in vivo Glukosestoffwechsel nicht akkurat widerspiegeln konnen. Relevant
ist dies insbesondere bei der Grundlagenerforschung neurodegenerativer
Erkrankungen wie AD mit multifaktorieller Atiologie [66, 67], da derartige Methoden um
die Nachahmung exakter in vivo Bedingungen limitiert sind [68]. Wie die
vorausgehende Untersuchung unserer Arbeitsgruppe verdeutlichen konnte, werden
Mikroglia im Rahmen von Amyloid-Erkrankungen durch diverse pathologische
Prozesse beeinflusst und weisen daraufhin eine veranderte Rate ihres
Glukosestoffwechsels auf [20]. Die neuartige Methodik des scRadiotracing
komplementiert hingegen die praklinische zerebrale Bildgebung in vivo um eine
suffiziente zellulare Auflosung. Aulderdem ermoglicht sie einfache Kombinierbarkeit mit
anschlieRenden Untersuchungen des ex vivo Hirngewebes, beispielsweise mit

Methoden der Transkriptomik und Proteomik.

Limitiert war unser Versuchsansatz um einige bisher ungeklarte Determinanten des
scRadiotracing. Erstens, die wahrend der mechanischen Homogenisierung des
Gehirns verlorenen Zellfortsatze sind nicht quantifizierbar. Daher wird in dieser Studie
nur die Glukoseaufnahme in Zellkdrpern erfasst, welche zu einer Unterschatzung des
Glukosestoffwechsels, insbesondere der Neuronen [16, 69, 70], fuhren konnte.
Zweitens, '8F-FDG konnte wahrend des Versuchsablaufs aus beschadigten Zellen
entweichen und anschlielBend von intakten Zellen wiederaufgenommen werden.
Drittens, die Traceraufnahme in Hirnzellen ist abhangig von der Passage der Blut-Hirn-
14
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Schranke, welche durch die Dosis-abhangige interindividuelle Hypotension [71] des

verwendeten Inhalationsanasthetikums beeinflusst sein konnte.

Zusammengefasst Iasst sich konstatieren, dass Mikrogliazellen relativ zu den anderen
untersuchten Hirnzellen, im direkten Vergleich in vivo mit in vitro, eine deutlich
reduzierte Glukoseaufnahme zeigen. Im Rahmen einer Erforschung des mikroglialen
Energiestoffwechsels, unter Einsatz reiner in vitro Methode, sollten diese Erkenntnisse
bei der Interpretation der Daten bertcksichtigt werden. Dahingegen erlauben einige
Methoden in vivo und ex vivo Anwendbarkeit. Unter jenen sticht scRadiotracing durch
die Ermdglichung der zuvor nicht vorhandenen zellularen Aufldsung hervor und
vereinfacht die umfangreiche Untersuchung des in vivo Glukosemetabolismus durch

Implementierbarkeit in multimodale Studienkonzepte.
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Department of Nuclear Medicine, LMU University Hospital, Munich, Germany, “Section of Clinical
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Medicine, LMU, Munich, Germany, *Munich Cluster for Systems Neurology (SyNergy), University of
Munich, Munich, Germany, “Russell H. Morgan Department of Radiclogy and Radiological Sciences,
Johns Hopkins School of Medicine, Baltimore, MD, United States, “German Cancer Consortium
(DKTK), Partner Site Munich, German Cancer Research Center (DKFZ), Heidelberg, Germany,
‘Bavarian Cancer Research Center (BZKF), Erlangen, Germany, 'German Center for
Neurodegenerative Diseases (DZNE) Munich, Munich, Germany

Introduction: Microglial energy metabolism has gained attention for the
treatment of neurodegenerative diseases. In vitro methods provide important
insights; however, it remains unclear whether the metabolism of highly motile
microglia is preserved outside their regular environment. Therefore, we directly
compared the microglial glucose uptake in vivo and in vitro in mice.

Methods: Microglia and astrocytes were isolated from the brain using
immunomagnetic cell sorting following [¥FIFDG injection in living mice,
followed by gamma and single-cell radiotracing (scRadiotracing). Enriched cell
fractions were incubated with excess [“FIFDG (50,000-fold) in vivo, washed, and
measured equivalently. For all fractions, radicactivity per cell was normalized
to the injected or incubated radioactivity, and ratios of microglialuptake were
calculated relative to astrocytes and the microglia/astrocyte-negative fraction.
The experiment was repeated using a glucose-free buffer and validated by in
vitro incubation without prior in vivo [*FIFDG injection to exclude the influence
of fasting and glucose injection.

Results: scRadiotracing results were compared against cell culture [*FI-FDG
incubation. The in vivo glucose uptake of microglia was higher when compared
to astrocytes (50.4-fold, p < 0.0001) and non-microglia/ non-astrocyte cells
(10.6-fold, p < 0.0001). Microglia still exhibited the highest glucose uptake
in vitro, but with a distinct reduction in microglia-to-astrocyte (5.7-fold, p <
0.0015) and microglia-to-microglia/astrocyte-negative ratios (1.7 fold, p <
0.0001). Fasting and in vitro incubation were used to validate the results. Cell
culture indicated low microglial uptake compared to that in neurons {(1:100) or
astrocytes (1:10).

Discussion: Compared to astrocytes and other cells, microglia show a distinct
reduction in uptake in vitro compared to in vivo uptake. Our results emphasize
that in vitro experiments should be interpreted with caution when studying
microglial energy metabolism.
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1 Introduction

Microglial activation and characteristic metabolic patterns have
been widely recognized as hallmarks of neurodegenerative diseases
such as Alzheimer's disease (AD) (Cao et al., 2019; Rauchmann et al.,
2022). These alterations may substantially precede the manifestation
of pathognomonic cerebral alterations, ie., the presence of
neurofibrillary tangles or senile plaques (Bubber et al., 2005; Mattson,
20045 Moreira et al., 2007; Wallace, 2005). Therefore, fundamental
knowledge of changes in cellular metabolism is crucial to facilitate the
recognition of disease onset at an early stage (Mosconi, 2005).
Additionally, future investigations on pivotal microglial functions and
metabolic interactions between resident cells of the brain may yield
novel therapeutic approaches (I'umagalli ctal., 2018; Jung etal., 2025).
In this regard, the assessment of in vivo microglial metabolism
remains challenging, thereby hindering the progress in understanding
the observed metabolism-associated biomechanisms. The majority of
studies conducted hitherto, thus, have focused on cultured cells and
Seahorse assay-based bioenergetic analysis. The Seahorse assay
facilitates the quantification of the oxygen consumption rate (OCR)
as a measure of mitochondrial respiration and the extracellular
acidification rate (ECAR), indicating glycolysis (Zhang et al., 2021).
In addition, single-cell RNA sequencing (scRNA-seq} analysis
captures changes in key metabolic enzymes that influence changes in
cellular energy metabolism (I Trovatin et al., 2022). However, microglia
are capable of rapidly shifting between activation states in response to
their environment. Consequently, they need to specialize their
metabolic demands to suit these distinct states, such as resting,
surveillance, or activation {Bernier et al,, 2020; Orihuela et al,, 2016).
Several studies uncovered distinct expression patterns of key
metabolic enzymes and transporters in microglia, dependent on
cellular activation, by scRNA-seq and protein measurements (Xiang
et al,, 2021; Hammond et al., 2019; Hrovatin et al., 2022; Olah et al.,
2020; Zhang et al., 2014).

However, microglial energy metabolism assays that use a snapshot
several hours after isolation of microglia from the regular brain
environment may still experience bias due to changes in cellular
energy demand and gene expression. Thus, although these assays are
highly valuable for comparison of microglial energy metabolism
under different conditions, there is a strong need to investigate
alterations in microglial energy metabolism in vive and in vitro.
Radioactive 2-Fluor-2-desoxy-D-glucose (ie., [®*F]FDG) facilitates
the assessment of cellular glucose uptake at the time of tracer injection
in vivo because FDG is trapped inside the cell upon phosphorylation
and is not further metabolized. Importantly, this methodology can
also be used in conjunction with PET (Minoshima et al.. 2022) or
autoradiography (Sokolofl et al., 1977) to generate a snapshot of
glucose uptake during a certain task. Moreover, we and others recently
established workflows to track this tracer uptake at cellular resolution
(Bartos et al,, 2022; Choi et al, 2021; Xiang et al., 2021). In particular,
two independent studies observed a significant increase in microglial
glucose uptake in mouse models of amyloidosis when compared to
wild-type mice, which indicated an altered energy demand at different
microglial activation states (Xiang ctal, 2021; Choietal, 2021).

To compare glucose uptake by microglia in vivo and in vitro,
we extended our established workflow and performed a head-to-head
comparison of tracer uptake per cell between in vivo [*F]FDG
injection in living mice and subsequent in vitro incubation of the same
ex vivo isolated cells with excessive ["*F]FDG. Furthermore,
we performed cross-validation of our results using a glucose-free
buffer and in vitro application without prior in vive [*F]FDG
injection. Finally, we compared microglial glucose uptake in cell
cultures with that by microglia in a regular brain environment.

2 Materials and methods
2.1 Experimental setup and study design

All animal experiments were performed with the approval of
the local animal care committee of the Government of Upper
Bavaria (Regierung von Oberbayern) and in accordance with the
National Guidelines for the Protection of Animals. The animals
used for the experiments were monitored by a velerinarian.
Experiments were executed in compliance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines
and in accordance with the U. K. Animals (Scientific Procedures)
Act, 1986, and associated guidelines, EU Directive 2010/63/EU
for animal experiments. Animals were kept in a temperature- and
humidity-controlled environment with a 12-h light-dark cycle,
with unrestricted access to food and water. For this study, a total
of female (n = 20) wild-type mice (C57BL6) at an average age of
3.4 + 0.4 months single-cell ~ Radiotracing
(scRadiotracing) (Bartos et al, 2022; Xiang el al., 2021) for direct
comparison of in vive and in vitro glucose uptake of microglia.
Figure 1 illustrates the study design, study groups, and workflow,

underwent

which included tracer injection, brain removal, generation of
single-cell suspension, immunomagnetic cell sorting (MACS),
gamma emission counting, and flow cytometry. Sample sizes were
determined based on previous experience with the workflow
(Bartos et al., 2024a; Dinkel et al., 2024; Gnorich et al., 2023;
Xiang et al., 2021; Slemann et al., 2024; Bartos et al., 2023; Bartos
et al., 2024b).

Tracer uptake upon in vivo [®F]JIDG injection, followed by
incubation with excess ["*F|FDG (50,000-fold), was measured in mice
(n = 16). Using catheters, the tracer was injected into the ventral tail
vein, followed by flushing to ensure complete bolus application
(Table 1). The mice were separated from their access to food for >3 h
before tracer injection. Anesthesia was performed with 1.5%
isoflurane delivered at 1.5 L/min O,. To consider the influence of cell
fasting, a buffer containing glucose (1,000 mg/L) and a glucose-free
buffer were used for each mouse (n = 8).

For cross-validation, another mouse (n = 4) underwent in vifro
["FIFDG incubation without prior in vivo [""F]JFDG injection after the
generation of the single-cell suspension (glucose-free buffer).

Moreover, we measured the glucose uptake of cultured microglia,
astrocytes, and neurons after ["*FJFDG incubation for comparison
with uptake values from scRadiotracing (Bartos et al, 2022).
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FIGURE1

TABLE1 Summary of study groups.

Experimental setup for head-to-head comparison of in vivo and in vitro glucose uptake using a modified scRadiotracing protocol. (A) The experimental
workflow of an extended scRadiotracing protocol enahles direct comparison of in vive and in vitro glucose uptake (study group 1, Table 1). [n vivo [F)
FDG application was followed by brain dissociation in a buffer containing glucose, magnetic-activated cell sorting, and determination of radioactivity
per cell body. Radicactivity per cell body was equivalently determined after subseqguent in vitro incubation with excessive [“FIFDG. To investigate the
influence of strict fasting on cells, a glucose-free buffer was used equally throughout the workflow (study group 2, Table 1). (B) To exclude potential
effects of in vive [FIFDG application prior to in vitro incubation, the scRadiotracing workflow was modified for in vitro incubation without prior in vivo
[“FIFDG injection (study group 3, Table 1), After brain extraction and dissociation, in vitro incubation was performed, followed by magnetic-activated
cell sorting and determination of the radioactivity per cell body. Glucose-free buffer was used throughout the workflow

Method Group Buffer Animals Sex Age Body Injected | Incubation
(n) (months) | weight dose dose
(g) (MBq)

I vive + In 1 glucose wild-type 8 f 4.0 233+ 1.0 150+33 85+0.5
vitro 2 glucose-free wild-type 8 f 35 213+ 1.3 162+16 29+0.5
In vitro

3 glucose-free wild-type 4 [ 3.0 205406 ! 73404
validation
Cell culture 4 glucose-free / 11-12 per cell type f / / / 0.1

Brief overview of key determinants defining the major study groups in the experimental setup of this study. { = female, MBq = megabecquerel.

2.2 Preparation of single-cell suspensions

Using the Adult Brain Dissociation Kit, mouse, and rat (Miltenyi
Biolec, 130-107-677), single-cell suspensions were prepared according
to the manufacturer’s instructions.

After dissection, adult mouse brains were briefly washed in cold
phosphate-buffered saline (PBS) and cut into sagittal slices (n = 8).
Brain dissociation was performed in enzyme mixes 1 and 2 using a
gentleMACS™ Octo Dissociator with Heaters (Miltenyi Biotec,
130-096-427). The resulting brain homogenates were then applied onto
pre-moistened MACS® SmartStrainers (70 pm) and washed by rinsing
with 2 x 10 mL of PBS. After centrifugation at 300 x g for 10 min at
4 °C, the pellets were resuspended in PBS and Debris Removal
Solution. Cold PBS was gently overlaid. After centrifugation at 3,000 x g
for 10 min at 4 °C, the top two phases were discarded. The cell pellets
were washed and resuspended in 1 mL of Red Blood Cell Removal
Solution (10x). After incubation for 10 min in the dark in a refrigerator
at 4 °C, cell pellets were washed with cold PBS-0.5% BSA buffer and
collected for positive isolation of microglia and astrocytes via magnetic-
activated cell sorting (Bartos et al., 2022; Xiang et al., 2021).

"To consider the influence of fasting, this preparation process was
performed with PBS buffer containing glucose for wild-type mice
(i = 8) and with glucose-free buffer for wild-type mice (n =8 + 4).

2.3 Isolation of microglia

The isolation process of microglia was performed by
immunomagnetic cell sorting following the manufacturers
instructions for CD11b (microglia) MicroBeads (Miltenyi Biotec,
130-093-634) for up to 107 cells.

Prepared single-cell pellets were resuspended in 90 pL of cold
PBS-0.5% BSA bufler and labeled with 10 L. of CD11b (Microglia)
MicroBeads (Miltenyi Biotec, 130-093-634). After incubation for
15 min in the dark in a refrigerator at 4 °C, the cells were washed
and resuspended in 500 pL of PBS-0.5% BSA buffer. LS columns
(Miltenyi Biotec, 130-042-401) were prepared by rinsing with 3 mL
of PBS-0.5% BSA bufler, followed by application of the cell
suspensions onto the columns. The columns were washed with
3 x 3 mL of PBS-0.5% BSA buffer. The flow-through containing
unlabeled cells was collected as the microglia-depleted fraction.
Labeled cells were collected by flushing the columns with 5 mL of
PBS-0.5% BSA buffer and were considered microglia-enriched
fractions. Microglia-enriched fractions were analyzed using gamma
emission recording (radioactivity per pellet, see Section 2.6) and
flow cytometry {cell count and purity per pellet, see Section 2.7).
Glucose-enriched or glucose-free buffers were maintained as
described in Section 2.2.
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2.4 Isolation of astrocytes

To isolate astrocytes by immunomagnetic cell sorting, the Anti-
ACSA2 MicroBead Kit (Miltenyi Biotec, 130-097-678) was used
according to the manufacturer's instructions for up to 107 total cells.

The flow-through fractions containing unlabeled cells negative for
CD11b from the microglial isolation process were resuspended in 80 pL
of cold AstroMACS Separation Buffer (Miltenyi Biotec, 130-117-336)
and labeled with 10 pL of FcR Blocking Reagent. After incubation for
10 min in the dark in a refrigerator, 10 uL of Anti-ACSA2 MicroBeads
was added, followed by incubation for 15 min in a refrigerator. The cells
were washed and applied to pre-moistened LS columns. The columns
were washed with 3 x 3 mL of AstroMACS Separation Buffer. The flow-
through containing unlabeled cells was collected as microglia- and
astrocyte-depleted fractions. The predominant proportion of neuronal
cells in this fraction (79.5 + 5.0%) was validated by CD90.2 staining (see
Section 2.7). Labeled cells were collected by flushing the columns with
5 mL of AstroMACS Separation Buffer and were considered as astrocyte-
enriched fractions. Microglia- and astrocyte-depleted fractions, as well
as astrocyte-enriched fractions, were analyzed using gamma emission
recording (radioactivity per pellet, see Section 2.6) and flow cytometry
(cell count and purity per pellet, see Section 2.7). Glucose-enriched or
glucose-free buffers were maintained as described in Section 2.2.
Validation of ACSA-2 sorting of astrocytes was validated via GFAP
elsewhere (Xiang et al, 2021).

2.5 In vitro incubation

For a direct comparison of in vive and in vitro glucose uptake, all
ex vivo isolated cell fractions were resuspended in 1 mL PBS and
incubated in vitro with excess ["*F]FDG (50,000-fold; radioactivity
used for incubation relative to radioactivity in the cell pellet). After
30 min of uptake in the dark, the samples were washed to remove
non-cellular-bound tracers. Then, 5 mL of cold PBS was added,
followed by centrifugation at 400 x g for 5 min at 4 °C. This washing
procedure was repeated five times to ensure the exclusion of
non-cellular ["*F]FDG from the measured probes.

Glucose-enriched and glucose-free buffers were maintained
as described in Section 2.2. To eliminate the confounding effects
of the in vivo injection, the procedure was repeated by in vitro
incubation without prior in vivo ["*F]FDG injection in wild-type
mice (1 = 4). In vifro incubation was performed directly after the
preparation of single-cell suspensions. Non-cellular bound ['*F]
FDG was removed during »>5 washing steps during the isolation
process for microglia and astrocytes.

2.6 Gamma emission measurements

To measure the radioactivity concentrations of the cell pellets,
gamma emission recordings were performed using a highly sensitive
gamma counter (Hidex AMG Automatic Gamma Counter, Mainz,
Germany). Each probe was measured for 1 min. The results of cell
sorting after the in vivo injection were normalized to the activity in
the whole brain, including decay correction to the time of tracer
injection. Results of cell sorting after in vifro incubation were
normalized to the amount of radioactivity used for incubation.

10.3389/fncel 2025.1572431

2.7 Sample analysis by flow cytometry

Flow cytometry was performed to analyze the fraction purity and
cell count after in vivo tracer injection and in vifro incubation.

The cell pellets were resuspended in 100 pL cold PBS. Microglia
were stained with 1.5 uL of CD11b Antibody, linked with VioBlue®
(Miltenyi Biotec, 130-113-810) or APC (BioLegend®, 101,212).
Astrocytes were stained with 1.5 pL. of ACSA2 Antibody, linked
with APC (Miltenyi Biotec, 130-116-142) or PE-Vio® 615 (Miltenyi
Biotec, 130-116-249). After incubation for 10 min in the dark in a
refrigerator, the incubation was terminated by adding 1.5 mL of
PBS. The samples were analyzed by flow cytometry using a
MACSQuant® Analyzer 10 Flow Cytometer (Miltenyi Biotec,
130-096-343; Figure 2A). Cell count represents the number of
singlets per fraction. Purity was defined as the percentage of
CD11b-positive microglia or ACSA2-positive astrocytes per
enriched cell fraction. Purity of the microglia- and astrocyte-
depleted fraction was determined by CDI11b- and ACSA2-
negativity, and the proportion of neurons was cross-validated by
CD90.2 (Thy-1.2 Antibody, Invitrogen, 25-0902-81; ligure 213)
staining using independent samples that underwent equal
processing. CD11b-VioBlue® and APC-ACSA2 are presented
throughout the manuscript.

2.8 Cell culture

Relative ['®F]FDG uptake by cells in an exclusive in vitro
environment was measured to compare the cell culture results
with the uptake of cells isolated from a regular brain environment
(see Sections 2.2-2.6, 2.7) performed in buffer without glucose.
Primary embryonic hippocampal neurons and astrocytes were
isolated from embryonic day 18 CD rats (Charles River), as
previously described (Kacch and Banker, 20065 Montagna et al.,
2019; Willem et al., 2015), and cultured in a humidified 5% CO,
incubator at 37 °C. Hippocampal neurons were plated onto 6-well
plates containing glass coverslips coated with 1 mg/mL poly-L-
lysine and maintained for 10 days in Neurobasal medium
supplemented with 2% B27 and 0.5 mM L-glutamine (all from
Invitrogen). Astrocytes were plated in untreated T-75 tissue
culture flasks {(Nunc) and cultured in minimal essential medium
(Gibco) supplemented with horse serum (MEM-HS) until they
reached approximately 80% confluency, when the cells were
passaged and used 2 days after the first or second passaging.
Postnatal P7 mouse microglia were isolated and cultured as
previously described (Dinkel et al., 2024).

Wells were prepared with either microglia or astrocytes
(1 = 75,000 and 600 pL. DMEM-F12 (Gibco) supplemented with
10% FBS and 1% penicillin/streptomycin (Gibco) medium per well)
ar neurons (n = 75,000 and 600 pL NEUROBASAL medium per
well) and incubated for 60 min at 37 °C. After incubation for
120 min with ["*F]JFDG (100 kBq in 200 pL per well), the medium
and tracers were removed. To eliminate non-cellular-bound tracers,
the wells were washed with 800 uL of PBS. 'The cells were then
incubated twice with 800 ul, NaOH for 10 min and transferred to
collection tubes. Cellular radioactivity was measured by gamma
counting (see Section 2.6). Radioactivity values (counts per minute;
CPM) were normalized to the measured reference activity (CPM/
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FIGURE 2

Quality measures of cell sorting procedures show excellent purity of enriched cell fractions. (A) Following the gating strategy, validation of purity and
cell counting of isolated cell fractions (CD11b+, ACSA2+, CD11b-/ACSA2-) was executed by FACS analysis. As shown in the stagger-offset histograms,
microglial and astrocytic fractions were collected with robust purity. Non-microglia/non-astrocyte cell fraction gates were defined as CD11b and
ACSAZ negative. (B) The high proporticn of neurons in non-microglia/non-astrocyte cell fractions was cross-validated using CD90.2 in independent

samples. A high proportion of neurons was identified after manual microglia and astrocyte depletion and after depletion using an AutoMACS® Pro
Separator
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CPMref), including decay correction to the time of tracer
incubation as a readout of the percentage uptake. Furthermore,
cellular radioactivity was normalized to the cell number as uptake
per cell (CPM/cell).

2.9 Statistical analysis

IBM® SPSS® Statistics (IBM, V28.0) and GraphPad Prism (V9.4)
were used for the statistical analysis and visualization. A p-value of <
0.05 was considered significant.

For all cell fractions, radioactivity per cell was calculated and
normalized to injected or incubated radioactivity, and ratios of glucose
uptake in microglia cells were calculated relative to the uptake in
astrocytes and the microglia/astrocyte-negative fraction.

Kolmogorov-Smirnov and Shapiro-Wilk tests were used to
confirm the data of each group (see Section 2.1; Figure 1) on normal
distribution. A paired Student’s t-test was used to compare the glucose
uptake of microglia-to-astrocyte, microglia-to-microglia/astrocyte-
negative, and astrocyte-to-microglia/astrocyte-negative cell ratios
between in vivo injection and in vitro incubation (see 3.1). Unpaired
Student’s t-tests were used to compare the absolute glucose uptake
values between single microglia, single astrocytes, and non-microglia/
non-astrocyte cells (see Section 3.2). A one-way ANOVA was used to
compare glucose uptake by microglia, astrocytes, and neurons in
Section 3.3. All data are presented as mean + SD. A post hoc power
analysis (two-tailed {-test, o = 0.05, power = 80%) indicated that the
study was sufficiently powered to detect the actual effect sizes (all
Cohen’s d > 1.16) for the comparison of in vivo and in vitro FDG
uptake as well as the influence of fasting (with n = 8 samples per
group). For the cell culture experiment, the required effect size of
Cohen’s d>0.55 (with #=11-12 samples per group) to detect
significant differences at a power of 80% and a = 0.05 (one-way
ANOVA) was met.

3 Results

3.1 Distinct relative reduction of microglial
glucose uptake when isolated from the
brain environment

First, we aimed to compare the glucose uptake of microglia in the
regular brain environment after in vivo tracer injection head-to-head
with the glucose uptake of the same cells in vitro using scRadiotracing.
It was hypothesized that microglia display reduced relative glucose
uptake when comparing in vitro incubation with in vivo glucose
uptake. Enrichment by MACS facilitated the high purity of microglia
(86.4% + 3.3%), astrocytes (94.2% + 2.4%), and microglia- and
astrocyte-depleted fractions (92.6% + 1.5%, igure 2A), Neurons were
the predominant cell type in the CD11b- and ACSA2-negative
fraction, as determined by CD90.2 (79.5% + 5.0%, Uigure 2B). As
expected, the isolation procedure resulted in enrichment of cell
bodies, whereas cell processes, axons, and synapses were lost.

After in vivo ["F]FDG injection, single microglial cell bodies
showed higher glucose uptake than single astrocyte cell bodies (50.4-
fold, p < 0.0001) and single non-microglia/non-astrocyte cell bodies
(10.6-fold, p < 0.0001). Microglial cell bodies still showed the highest

10.3389/fncel 2025.1572431

glucose uptake in vitro, but we observed a distinct reduction in the
microglia-to-astrocyte ratio (5.7 vs. 50.4, p = 0.0015) and microglia-to-
microglia/astrocyte-negative cell ratio (1.7 vs. 10.6, p < 0.0001). Glucose
uptake in vivo was lower per astrocyte cell body than in non-microglia/
non-astrocyte cell bodies (0.2-fold, p < 0.0001), and this ratio did not
change significantly in vifro (0.4 vs. 0.2, p = 0.089, Figure 3).

3.2 Strict fasting does not affect microglial
glucose uptake but increases astrocytic
glucose uptake

To consider the influence of strict fasting on cells, the experiment
was repeated equivalently with a glucose-free buffer (Figure 3). The
mice were fasted for >3 h before tracer injection under both
conditions. Subsequently, to investigate the potential effects of in vivo
["FIFDG injection, the experiment was validated using in vifro
incubation without prior in vivo ["*F]FDG injection. It was presumed
that microglial glucose uptake was not influenced by fasting or prior
in vivo ["*F]FDG injection.

No significant change in glucose uptake per microglial cell body
was observed when comparing glucose-free buffer with buffer
containing glucose in vivo (1.61E-6% vs. 1.33E-6%, p = 0.353) or
in vilro (1.93E-3% vs. 1.83E-3%, p = 0.845; Figure 4). Astrocytic
glucose uptake per cell body was higher in the glucose-free buffer than
in the buffer containing glucose in vivo (3.44E-8% vs. 5.52E-8%,
p=0.0007) and in vitro (6.85E-4% vs. 1.66E-3%, p = 0.0082; Figurc ).
Single non-microglia/non-astrocyte cell bodies showed no significant
change in glucose uptake compared with glucose-free buffer with
buffer containing glucose (in vivo: 1.61E-7% vs. 1.43E-7%, p = 0.369;
in vitro: 1.52E-3% vs. 3.48E-3%, p = 0.081). As a consequence,
glucose-free buffer led to a reduction in the microglia-to-astrocyte
ratio after in vivo injection (ratio 50.4 vs. 24.2, p < 0.0037) and in vitro
(ratio 5.7 vs. 0.9, p = 0.035) compared to the buffer containing glucose.
In contrast, the microglia-to-microglia/astrocyte-negative cell ratio
(in vive: ratio 10.6 vs. 9.1, p = 0.449; in vitro: ratio 1.7 vs. 0.8, p = 0.057)
remained similar, whereas the astrocyte-to-microglia/astrocyte-
negative (in vivo: ratio 0.2 vs. 0.4, p <0.0026; in vitro: ratio 0.4 vs. 1.0,
p =0.0028) increased significantly.

Single microglia (—9%, 1.67E-3% vs. 1.83E-3%, p = 0.784) did not
show significant changes in glucose uptake after in vifro incubation
when compared to in vitro incubation after in vivo injection. In
contrast, single astrocytes (+66%, 2.53E-3% vs. 1.66E-3%, p = 0.0003)
indicated an increase in ["*F]FDG uptake.

In summary, cross-validation experiments confirmed a reduction
in microglial glucose uptake in vitro compared to in vivo applications.
Astrocyte glucose uptake may have a higher sensitivity to low amounts
of glucose than glucose uptake by microglia.

3.3 Relative glucose uptake of neurons,
astrocytes, and microglia in cell culture
differs from relative glucose uptake in the
regular brain environment

Finally, we performed a cell culture experiment to compare the
relative ["F]FDG uptake of cells isolated from the normal brain
environment with that of cells in a pure in vitro environment
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FIGURE3

Microglia exhibit a distinct relative reduction in glucose uptake when isolated from a regular brain envircnment. (A} Direct comparison of in vivo [18F]
FDG uptake among microglia, neurons, and astrocytes after normalization to whole-brain [*FIFDG uptake. (B) Direct comparison of in vitro [“FIFDG
uptake armong microglia, neurons, and astrocytes after normalization to the incubation dose. (C) Cell-type-specific ratios of [“FIFDG uptake in a direct
comparison between in vivo and in vitro environments. After calculating the radioactivity per single cell, in vive and in vitro microglia-to-astrocyte (left
plot), microglia-to-microglia/astrocyte-negative (middle plot), and astrocyte-to-microglia/astrocyte-negative (right plot) cell ratios were compared

(Vigure 5). 'The rationale of this experiment was to compare the
in vitro conditions shortly after brain dissociation (sections 3.1 and
3.2) with a pure in vilro environment. Neurons of the cell culture
indicated the highest [*F]FDG uptake (10.44 + 2.04 CPM/cell; cell
fraction uptake: 21.50 + 4.19%), exceeding astrocytes (1.25 + 0.10
CPM/cell; cell fraction uptake: 2.57 + 0.22%) by 8-fold (p < 0.0001)
and microglia (0.13 +0.02 CPM/cell; cell
0.26 + 0.05%) by 82-fold (p < 0.0001).

fraction uptake:

4 Discussion

To study microglial glucose uptake relative to other cells of
the brain in the comparison of a regular brain environment with
an in vitro environment, we measured cellular glucose uptake in
wild-type mice after in vivo ["*F]FDG injection and subsequent
in vitro incubation by scRadiotracing (Bartos et al., 2022). This
novel approach provides a unique opportunity for direct head-
to-head comparisons of glucose uptake in the same cells in vivo
and in vitro.

Single microglial cell bodies exhibited higher glucose uptake after
in vivo injection when compared to cell bodies of single astrocytes and
cell bodies of single non-microglia/non-astrocyte cells, i.e., neurons,
which was one of the main results of our previous study (Xianget al.,
2021). Despite still showing the highest glucose uptake after excessive
in vitro ["F]JFDG incubation, the microglia-to-astrocyte and
microglia-to-microgliafastrocyte-negative cell ratios decreased
distinctly in this artificial environment compared to glucose uptake in
living organisms. In contrast, we did not observe any significant
change in the glucose uplake ratios between astrocytes and
non-microglia/non-astrocyte cells after in vivo injection or subsequent
in vitro incubation. These results indicate that microglia, which are
known to be highly motile in the brain (Davalos et al. 2005
Nimmerjahn etal., 2005), have reduced energy demand when they do
not act in their regular brain environment. This was likely due to the
lack of diverse extracellular signals. Chemoattractant triggers such as
ADP or ATP (Ohsawa and Kohsaka, 2011; Davalos el al., 2005) or
ligands for microglial triggering receptors, such as apolipoproteins for
TREM2 (Yeh et al., 2016) regarding pathological activation, are
capable of altering microglial activation states (Stence et al., 20013
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Krasemann et al., 20175 Parhizkar ctal., 2019). This increases synthesis
and transport of neurotransmitters, requiring intermediates in the
glycolytic pathway as precursor molecules (Wolosker and Mori, 20125
Dienel, 2019) and induces morphological changes in microglia,
resulting in increased cellular motion (Stence et al., 2001), which also
consumes glucose for ATP synthesis. In line with our previous study,
the elevated ["*F]FDG-PET signals observed in mouse models of
amyloidosis were mainly driven by activated microglia (Xiang et al.,
2021). Hence, supported by our current observations, in vitro glucose
uptake values should be interpreted with caution because of the
reduced cellular energy demand. Furthermore, insulin and insulin-
like growth factors (IGF) are recognized as potent modulators of
cellular glucose uptake. Indeed, emerging evidence indicates that
insulin signaling via IGF substantially regulates microglial
metabolism. In this regard, it has been demonstrated that
hyperinsulinemia can alter microglial energy metabolism by impairing
the membranous expression of GLUT4 (Yang et al., 2022). In addition,
brain glucose metabolism was shown to be modulated by insulin,
which exerts its effects on astrocytes by interacting with IGF-I
(Fernandez et al, 2017). In conjunction with variations in oxygen
availability, a lack of these factors in vitro may substantially contribute
to the observed discrepancies in glucose uptake in the present study
when compared to in vivo.

Accordingly, our results demonstrated strong differences in the
relative [®*F]FDG uptake of cultured neurons, astrocytes, and
microglia in vitro compared to the relative glucose uptake of these cell
types in the regular brain environment. Contrary to our in vivo results,
cultured neurons exhibited by far the highest [*F]JFDG uptake
(Camandola and Mattson, 2017; Harris et al., 2012), whereas microglia
showed the lowest uptake. Although the greater loss of neuronal axons
and astrocytic processes during brain dissociation may partially
explain this finding, the very low uptake of glucose in microglia
relative to that in neurons and astrocytes should still raise awareness
to interpret such results with caution. In this regard, recent data from
our lab showed a strong impact of astroglial glucose uptake on changes
in FDG-PET signals during aging of mice, which cannot be explained
by the 82-fold and 8-fold lower glucose uptake by microglia and
astrocytes compared to neurons {Bartos et al., 2024a).

In the current study, scRadiotracing was used to provide a
snapshot of substrate uptake for energy metabolism (i.e., glucose) at
cellular resolution, but the advantages and limitations of this
methodology need to be considered. Since the results of this method
are expressed as “radioactivity per cell” with normalization to the
whole-brain FDG uptake, the loss of cells during the sorting procedure
does not critically impact the relative analysis endpoint, regardless of
whether they are unequally distributed across cell types. As an internal
validation of the head-to-head comparison (in vivo vs. in vitro),
we used an additional setup without in vivo injection to demonstrate
that in vivo ["*F]JFDG injection prior to in vitro incubation did not
affect microglial glucose uptake. Moreover, a possible effect of glucose-
6-phosphatase activity in brain cells (Broadwell and Cataldo, 1983
Chen et al.,, 2017; Cossu et al.,, 2019; Miiller et al., 2018), which
hydrolyzes FDG-6-phosphate (Welch et al., 2012) and could lead to
tracer washout, was reduced to a minimum by the immediate use of a
cold buffer due to the enzyme temperature optimum of 37.5 °C
(Ababei and Moisiu, 1970; Arcus et al., 2016).

Furthermore, we investigated the influence of strict fasting on
cells during scRadiotracing, which may occur after brain dissection
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and thus arrests hematogenous cellular glucose supply during
radioactivity measurements and brain dissociation until the media
reassures a comprehensive glucose supply in the single-cell suspension.
In this regard, the experiment was repeated equivalently with a
glucose-free buffer, whereas the animals were fastened similarly in
both setups before the tracer injection. In doing so, microglia and
non-microglia/non-astrocyte cells did not show any changes in
glucose uptake, either after in vivo injection or subsequent in vifro
incubation. However, strict fasting appeared to affect astrocytes at
least slightly by increasing their cellular glucose uptake after in vivo
injection and in vifro incubation, thus suggesting a higher sensitivity
to low amounts of glucose. Nevertheless, microglia still showed the
highest glucose uptake in vivo and in vitro in the fasting experiment.
This finding may be related to the closely linked metabolism of
astrocyles and neurons. Because of the upregulation of glucose uptake
and glycolysis, enabled by the protection of toxic byproducts through
their glyoxalase system, astrocytes are able to compensate for their
ATP demand. Simultaneously, this allows them to support neurons via
the astrocyte-neuronal lactate shuttle (ANLS), which substitutes for
the neuronal tricarboxylic acid cycle to maintain cellular functions
and metabolism (Bélanger et al., 2011; Cleland et al., 2021; Patel et al.,
2014). This assumption could be supported by obtaining no significant
difference in neuronal [FJFDG uptake, since neurons have no
glyoxalase system compared to astrocytes (Almeida et al., 2004

Bélanger el al,, 2011; Herrero-Mendez et al,, 2009). However, further
studies are required to elucidate the mechanisms underlying
this finding.

We also considered the possible cellular saturation effects caused
by prior in vive [¥F|FDG injection when performing excessive in vitro
incubation. Qur in vitro experiment without prior in vive [*F][FDG
injection indicated no significant changes in microglia but an increase
in astrocytic glucose uptake. However, according to the literature,
there is no direct evidence of negative feedback mechanisms that may
arise from the phosphorylated product of ["*F]FDG. Furthermore,
because only astrocytes exhibited changes in in vitro glucose uptake
values that were associated with varying glucose levels in the buffer
used during the workflow, saturation effects caused by [*F]FDG-6-
phosphate remain rather unlikely at the concentrations used.

Our approach to cell sorting and glucose uptake measures after
in vivo tracer injection needs to be interpreted together with
established methods of cell metabolism assessment. To understand
cellular physiology, several in vitro methods, such as the Seahorse
assay, allow real-time measurement of cellular metabolism (Caines
etal, 2022; Desousa etal, 2023). The Seahorse assay quantifies cellular
energy consumption using the oxygen consumption rate (OCR},
which is a readout of mitochondrial respiration. Additionally,
glycolysis can be monitored by measuring the extracellular
acidification rate (ECAR), which reflects acidification of the medium
upon lactate secretion (Divakarunictal, 2014). However, the Seahorse
assay acts in a similar in vifro environment as our in vitro FDG uptake
assay. Thus, our head-to-head comparison against in vive glucose
uptake indicates that Seahorse results on microglia may be biased by
a different metabolic state compared to the experimental conditions
in living organisms.

As another method, ex vivo metabolomics using mass
spectrometry is increasingly applied (Jang el al., 2018) to characterize
energy metabolism by measuring the abundance of specific
metabolites. However, to use this readout at cell-type resolution,
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FIGURE 4
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changes in metabolites during the sorting procedure must
be considered, which also accounts for the assessment of glucose
transporters and enzymes by transcriptomics (Saliba et al., 2014).
Interestingly, it was recently shown that cold 2-DG can be detected by
mass spectroscopy (Volland etal., 2022), providing the same snapshot
of the trapped glycolysis substrate as in our procedure. The advantage
of mass spectroscopy is that it is available at centers without a
radioprotective area, whereas scRadiotracing can provide the readout
on the day of the experiment.

An important limitation of our approach using scRadiotracing is
the loss of axons and processes during brain homogenization. Hence,
we assume that by the measurement of cellular bodies solely, glucose
uptake values in neurons and astrocytes may be underestimated. In
line with this, a hypothetical model showed that only ~30% of FDG
uptake in the brains of wild-type mice can be explained by known

M0

factors and cellular uptake (Xiang et al, 2022). This finding is
especially important for neuronal glucose uptake, since synapses are
known as the primary compartment of ["*F|FDG uptake (Solkolofl
et al, 1977; Sokolofl, 1993, 1999) and may also contribute to
significantly different results when comparing scRadiotracing and cell
culture data in this study. In line with this issue, we acknowledge that
differences in the experimental setups between scRadiotracing and
cell culture incubation (i.e., temperature difference, incubation time,
and age of cultured cells) may have further amplified the observed
changes. However, the potential bias is expected to be of a minor
magnitude because these factors are equal to all cell fractions.
Furthermore, the calculation of relative cellular uptake ratios likely
balanced the impact of setup differences. Our previous study verified
the dose dependency of cellular FDG uptake in neurons (Xiang et al.,
2021). Hence, it was not possible to directly compare the absclute
cellular glucose uptake values after in vivo injection with uptake
values after excessive in vifro [®F]FDG incubation. Therefore,
we compared the cellular uptake ratios. ["*FJFDG uptake is also
influenced by altered cellular activation states, as mentioned above. In
this regard, the cell sorting procedure and subsequent cell stress may
account for microglial activation, most likely resulting in increased
glucose uptake during the in vitro incubation. In this regard, in vitro
incubation at different time points after the sorting procedure should
be tested in future investigations to study the impact of cell stress
levels on glucose uptake. In addition, cellular-bound ["*F]FDG may
be released from damaged cells during brain homogenization.
However, the entire workflow of scRadiotracing includes multiple
dilution and washing steps, which minimize non-cellular bound
tracers. Nevertheless, this could contribute to the perceived influence
of fasting on astrocytic glucose uptake when a glucose-free buffer is
used. Moreover, the microglia/astrocyte-negative cell fraction
represents a neuron-enriched fraction with ~80% purity for
comparison with the enriched microglia and astrocyte fractions. This
may not precisely reflect the observed ratios in contrast to purely
isolated neurons. In addition, given that the cellular marker
we utilized for the validation of the neuronal proportion is also
expressed on T-lymphocytes, it is evident that CD90.2 may not
precisely reflect the neuronal proportion. However, since only wild-
type mice were included in this study, the supposed impact of very
limited amounts of T-lymphocytes on the CD90.2-positive fraction is
likely negligible. Additionally, as addressed in a previous study (Bartos
ctal, 20244), sex-related disparities in cellular glucose uptake need to
be considered. In this regard, one study demonstrated significant

10.3389/fncel 2025.1572431

alterations in cerebral GLUT expression during the estrus cycle in
rats, which may affect the in vivo and in vitro uptake of glucose
depending on the estrus stage (Ilarrell et al, 2014). Consequently, the
restriction of our data to female mice limits the interpretability of the
potential sex differences in microglial glucose uptake. In this regard,
estrus-related changes in glucose uptake can be pronounced in living
organisms, supporting the importance of in vivo versus in vifro
considerations. Ultimately, it needs to be considered that isoflurane
used for anesthesia is known to cause dose-dependent hypotension
(Gargiulo et al, 2012), and uptake in brain cells is dependent on
passing the blood-brain barrier and thus on physiological blood
circulation. In this regard, isoflurane could affect relative [*F][FDG
uptake by different cell types to a variable extent. Further studies,
therefore, need to investigate additional determinants of
scRadiotracing to fully understand confounding impacts on cellular
glucose uptake.

In conclusion, this study demonstrated that in vifro measurements
of microglial energy metabolism might be misleading because of the
lack of influence of the in vivo environment. Astrocytes appear to have
a higher sensitivity to low glucose levels than microglia do. For the
investigation of cellular energy metabolism, there are several methods
providing in vive and ex vivo applicability. scRadiotracing facilitates
substantial assessment of in vivo glucose metabolism, allows simple
combination with other methods for extended workflows, and

provides insufficient cellular resolution.
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5. Ausblick

Die Ergebnisse der zugrundeliegenden Publikation dieser Dissertationsschrift zeigen,
dass sich scRadiotracing zukiinftig zu einem wertvollen Hilfsmittel in der Erforschung
neurodegenerativer Erkrankungen etablieren konnte. Zum Verstandnis der zellularen
und molekularen, physiologischen wie pathologischen Veranderungen bietet die
Untersuchung des mikroglialen Energiestoffwechsels eine wesentliche Grundlage. Mit
zunehmendem Wissen Uber mikrogliale Schllsselfunktionen und metabolische
Interaktionen zwischen Hirnzellen, kdnnten sich zudem weitere Ansatze zur Therapie

neurodegenerativer Erkrankungen wie Morbus Alzheimer erschlie3en.

Mit der im groRen Kontext assoziierter Projekte etablierten und weiterentwickelten
Methodik des scRadiotracing, wurden im Rahmen dieser Dissertation die Relevanz der
in vivo Erforschung des mikroglialen Metabolismus aufgezeigt. Vorteile des neuartigen
Workflows konnten durch Implementierung in der praklinischen nuklearmedizinischen

Forschung naher beleuchtet werden.

In diesem Zusammenhang wurde durch Kombination von PET/CT-Bildgebung mit
funktionelle MRT (fMRT) und scRadiotracing, als bisher unbekannte zellulare Quelle
der metabolischen Konnektivitat im Gehirn, die mafRgebliche mikrogliale ®F-FDG-
Aufnahme identifiziert [38]. In einer Folgestudie wurde basierend auf diesen
Erkenntnissen, durch ein ganzheitliches Konzept aus PET-Bildgebung und
scRadiotracing, die astrozytare und mikrogliale Glukoseaufnahme als wesentliche
Einflussfaktoren der metabolischen Konnektivitdt und des zunehmenden zerebralen
Glukosestoffwechsels mit fortschreitendem Alter identifiziert [41]. Weitere Studien
werden die metabolische Synergie zwischen Mikroglia und den anderen Hirnzellen
detaillierter untersuchen muissen. Ungeklart bleibt weiterhin, ob Mikroglia alleine fur
ihren hohen Glukoseverbrauch verantwortlich sind oder ob die Energieaufnahme in
anderen Zellen stattfindet und durch Mechanismen wie ein fragliches Mikroglia-

Neuron-Shuttle verteilt wird.

scRadiotracing kann, neben der Untersuchung des zellularen Glukosemetabolismus
mit '8F-FDG als Radiotracer, vielfaltig eingesetzt werden. Die flexible Anpassung des
Workflows zur Isolation von Zellpopulationen und der Einsatz diverser Radiotracer

bietet die Mdglichkeit der Untersuchung pathophysiologisch differenter
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neurodegenerativer Erkrankungen [42, 43] sowie zerebraler Tumorerkrankungen und

assoziierter Neuroinflammation [21, 37, 39, 40].

Die Methodik des scRadiotracing weist derzeit allerdings noch Limitationen auf. Unter
anderem ist es noch nicht mdglich den Verlust an Zellfortsatzen wahrend der
mechanischen Probenaufbereitung zu bestimmen, was zu potenzieller
Fehleinschatzung der zellularen Tracerzuordnung fuhren kann. Bei Verwendung von
BF-FDG betrifft dies insbesondere Neuronen, bei denen die Literatur vermutet, dass
sich ein grof3er Anteil des Tracers in den Synapsen befindet [16, 69, 70]. Um dies naher
zu evaluieren werden weitere Studien notwendig sein, auch um den Verlust von 8F-
FDG, bei Absterben der Zellen wahrend des Versuchs, Uber beschadigte
Zellmembranen auszuschlieen. Nachdem im Rahmen dieser Promotionsarbeit
bereits ein Effekt der in vivo Tracerinjektion und der zellularen Nuchternheit auf die
Ergebnisse ausgeschlossen wurde, mussen zuklinftig weitere Determinanten des

scRadiotracing untersucht werden.

Insgesamt prasentiert die Kombination von scRadiotracing mit weiteren Methoden wie
PET [72] oder Autoradiographie [16] sowie weiteren molekularbiologischen Methoden
vielfaltige Einsatzmoglichkeiten. Die weitere Entwicklung dieses Verfahrens verfolgt
unter anderem das Ziel einer Anwendung in der klinischen Diagnostik. Aufgrund des
umfangreichen = Workflows  begrenzen sich diese allerdings auf die
Grundlagenforschung und verhindern derzeit noch einen Einsatz in der klinischen
Routine [21].

Mit Bezug auf gegenwartige Forschungsschwerpunkte der neurologischen
Kleintiermedizin konnte die Kombination der beschriebenen Methoden als
multimodaler Ansatz neue Erkenntnisse liefern.

Die kanine idiopathische Epilepsie stellt in diesem Zusammenhang einen
vielversprechenden Kandidaten dar — eine Erkrankung, flr die bis heute keine
zugrundeliegende Atiologie identifiziert werden konnte und die lediglich eine
Ausschlussdiagnose darstellt. Eine kurative Behandlung dieser ist demnach nicht
moglich und die lebenslange, mit schweren Nebenwirkungen behaftete Therapie stellt
fur Patienten und Tierbesitzer eine immense Belastung dar [73-76]. Der
komplementare Einsatz von '"F-FDG-PET/CT koénnte die im Rahmen der
diagnostischen Aufarbeitung durchgefihrte MRT um wertvolle Einblicke in die
zerebrale Stoffwechsellage und mikrostrukturelle Lasionen erganzen [77, 78].
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Daruber hinaus konnte der diagnostische Einsatz von PET/CT die Diagnostik und
Prognostik von Tumorerkrankungen fundamental verbessern. Die klinische Signifikanz
dieser Bildgebungstechnik in der Humanmedizin ist bereits bewiesen, insofern, als das
therapeutische Management bei bis zu 50% der Patienten beeinflusst wurde [79].
Mogliche Ziele hierbei sind die Quantifizierung und Charakterisierung des
therapeutischen Targets mitsamt assoziierter Tumormikroumgebung [37] flr eine
prazise chirurgische Resektion sowie die Einschatzung eines Therapieerfolges [80].

Fur die Evaluation dieser Einsatzmdglichkeiten liefern bereits generierte oder biopsie-
basierte scRadiotracing-Daten die Basis zur Interpretation der Ergebnisse auf

zellularer Ebene [39].

Des Weiteren konnte dieser Ansatz zu einer signifikanten Reduktion praklinischer
Tierversuche durch den Einsatz natirlich erkrankter Individuen als Tiermodelle
beitragen. Die minimal-invasive Untersuchung am lebenden Patienten erlaubt
longitudinale Studien ohne den zusatzlichen Bedarf an Versuchstierkohorten.
Langfristig geplante Projekte konnten derartige klinische Parameter um postmortale
neuropathologische und molekularbiologische Analysen komplementieren. Die
translationale Relevanz derartiger Studien fir die Humanmedizin muss noch genauer

evaluiert werden.

Gegenwartig ist der Einsatz von PET/CT-Bildgebung in der Tiermedizin jedoch
aufgrund eingeschrankter Verfluigbarkeit von Radiotracern und Infrastruktur sowie
strahlungsbedingter MaRnahmen fur den Personenschutz limitiert [81]. Gleichwohl
stellen die simultane Grundlagenforschung und gewinnbringende diagnostische
Erkenntnisse eine vielversprechende Perspektive dar. Die Zusammenarbeit mit
humanmedizinischen Einrichtungen ist daher von grofdter Signifikanz fir die
Implementierung dieser Bildgebungsmethodik in die tiermedizinische Diagnostik und

Forschung.
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Zusammenfassung

7. Zusammenfassung

Die Erforschung der komplexen pathologischen Mechanismen, welche den
Glukosestoffwechsel von Mikroglia im Zusammenhang mit neurodegenerativen
Erkrankungen beeinflussen, erfordert die prazise Erfassung der Gegebenheiten im

regularen Hirnmilieu.

Ziel dieser Arbeit war es daher, durch den neu etablierten Workflow des
scRadiotracing, die Aussagekraft reiner in vitro Messungen des Glukosestoffwechsels
durch einen unmittelbaren Vergleich mit dem in vivo Milieu zu evaluieren. Auf diese
Weise wurde demonstriert, dass Ergebnisse aus alleinigen in vitro Versuchen zur
Erforschung des mikroglialen Metabolismus nicht die tatsachliche komplexe in vivo
Situation widerspiegeln, da sich die Zellen nicht naturgemaf verhalten konnen. Diese
Erkenntnis wird durch die Daten einer Studie unserer Arbeitsgruppe besonders
hervorgehoben, welche die enorme metabolische Aktivierung von Mikroglia in

neurodegenerativen Erkrankungen zeigte [20].

scRadiotracing gewahrleistet in diesem Rahmen die Erfassung des zellularen
Glukosemetabolismus als Momentaufnahme in vivo. Damit kdnnen Zellen in ihrer
natlrlichen Umgebung erforscht werden und auch in pathologischen Modellen reale
Veranderungen anzeigen. Auflerdem kann die Aufnahme des Radiotracers pro
Einzelzelle nachvollzogen werden und bietet sich somit als erganzendes Hilfsmittel bei
der Aufklarung von Tracer-Aufnahmemechanismen und ihrer zugrundeliegenden
Zellbiologie an. Der bisher gangigen Bildgebung gehirnbezogener Erkrankungen fehlt
diese zellulare Auflésung. Zur Optimierung der Methodik werden weitere Studien mit

Fokus auf Determinanten und Limitationen des scRadiotracing notwendig sein.

Insgesamt demonstriert diese Promotionsarbeit, unter Verwendung des neuartigen
scRadiotracing, die eingeschrankte Vergleichbarkeit von in vivo und in vitro
durchgefuhrten Untersuchungen des zerebralen Glukosestoffwechsels von
Mikrogliazellen. Die einfache Kombinierbarkeit mit erganzenden Methoden macht
scRadiotracing zu einem wertvollen Hilfsmittel in der Grundlagenerforschung

neurodegenerativer Erkrankungen.
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8. Abstract

Assessment of relative cellular glucose uptake of microglia cells within the
regular brain environment
The investigation of intricate pathological mechanisms influencing microglial glucose
metabolism requires precise acquisition of conditions prevailing in the regular brain

environment.

Consequently, the objective of this study was to evaluate the reliability of sole in vitro
measurements of glucose metabolism by direct comparison to in vivo on the same
cells, using the novel workflow of scRadiotracing. This approach demonstrated that
results from sole in vitro methods for the investigation of microglial metabolism do not
accurately reflect the complex in vivo situation, due to the cells not being able to act
physiologically. This finding is highlighted by data of our previous study, indicating the

tremendous metabolic activation of microglia in neurodegenerative diseases [20].

In this context, scRadiotracing allows quantification of cellular glucose uptake as
snapshot in vivo. Hence, cells can be studied in their natural environment and may
display actual alterations in disease models. Moreover, it facilitates uptake
measurements of radiotracers per single cell and can be used as complementary tool
for elucidating the mechanisms of radiotracer uptake and their underlying cellular
biology. This cellular resolution is hitherto lacking in the neuroimaging of brain
disorders. In terms of optimization, further studies are required to disclose

determinants and limitations of scRadiotracing.

Taken together, this dissertation demonstrates the limited comparability of in vivo and
in vitro investigations of cerebral metabolism of microglia, employing the novel
scRadiotracing methodology. The straightforward integration with complementary
assays emphasizes scRadiotracing as valuable tool in preclinical research of

neurodegenerative diseases.
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