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1. Deutsche Zusammenfassung

Untersuchung von ,grid cell“-basierten Reprasentationen des entorhinalen

Kortex in Erwachsenen mit genetisch erhohtem Risiko fur Morbus Alzheimer

1.1 Einleitung

Die Alzheimer-Erkrankung (Morbus Alzheimer) ist die haufigste Form der Demenz, an
der im Jahr 2010 weltweit mehr als 35 Millionen Menschen litten und die innerhalb von
drei bis neun Jahren nach Diagnosestellung zum Tod fihrt (Querfurth & LaFerla,
2010). Die Alzheimer-Erkrankung lasst sich in eine familiare, friih beginnende Form
(Eintrittsalter 50-65 Jahre) und eine sporadische, spat beginnende Form
(Erkrankungsbeginn typischerweise nach dem 65. Lebensjahr) untergliedern.
Wahrend die familiare, frih beginnende Form vorrangig durch Mutationen in drei
bestimmten Genen verursacht wird (APP, PSEN1 und PSENZ2; Blennow et al., 2006),
handelt es sich bei der sporadischen, spat beginnenden Alzheimer-Erkrankung um
eine multifaktoriell bedingte Erkrankung. Die vorliegende Arbeit bezieht sich
grundsatzlich auf die sporadische, spat beginnende Alzheimer-Erkrankung, die den
Grofteil (ca. 95 %) der Alzheimer-Erkrankungen ausmacht. Klinisch zeigen sich
kognitive =~ Symptome  wie Gedachtnisstorungen,  Wortfindungsstorungen,
Orientierungsstorungen und Werkzeugstdorungen, sowie nicht-kognitive Symptome
wie Depressivitat, Aggressivitat und paranoide Ideen. Zu den diagnostischen Kriterien
der Alzheimer-Erkrankung gehdren auf der einen Seite eine Beeintrachtigung des
Gedachtnisses sowie auf der anderen Seite eine kognitive Dysfunktion in einem der
Bereiche Sprache, Motorik, Aufmerksamkeit, Personlichkeit und Objekterkennnung
(Burns & lliffe, 2009). Die Erkrankung beginnt schleichend und verlauft progredient.
Zusatzlich kénnen fir die Diagnostik eine Liquorpunktion (erhdhtes Gesamt-Tau,
vermindertes Amyloid ), CT und MRT (Atrophie insbesondere des Temporallappens),
PET (temporoparietaler Hypometabolismus) und neuropsychologische Testungen
(verminderter Punktewert im Mini-Mental-Status-Test und im Uhrentest)
herangezogen werden. Eine definitive Diagnose der Alzheimer-Erkrankung lasst sich
aktuell allerdings erst post mortem durch eine neuropathologische Untersuchung
stellen. Zwei neuropathologische Veranderungen sind hierbei von entscheidender

Bedeutung: Amyloid-Plaques und neurofibrillare Tangles (Ballard et al., 2011).



Neurofibrillare Tangles beinhalten gepaarte helikale Filamente, die aus
hyperphosphorylierten Mikrotubulus-assoziierten tau-Proteinen gebildet werden
(Strittmatter et al., 1994). Kurative Therapiemdglichkeiten der Alzheimer-Erkrankung
stehen bislang aus (Citron, 2010), modglicherweise da potenziell wirksame
Therapeutika erst zu spat im Verlauf der Erkrankung verabreicht werden (Sperling et
al., 2011), wobei die frihen Stadien der Alzheimer-Erkrankung nur schwer zu

diagnostizieren sind.

Daraus folgend war das Ziel der vorliegenden Arbeit, einen Beitrag zur Etablierung
madglicher Friherkennungsmerkmale der Alzheimer-Erkrankung zu liefern. Um einen
mdglichst frihen Biomarker der Alzheimer-Erkrankung ausfindig zu machen, wurde
von den etablierten Forschungserkenntnissen Gebrauch gemacht, dass (i) das €4-Allel
des APOE-Gens die wichtigste genetische Determinante der Alzheimer-Erkrankung ist
(Corder et al., 1993), (ii) frihe neuropathologische Veranderungen der Alzheimer-
Erkrankung sich im entorhinalen Kortex zeigen (Braak & Braak, 1991; Braak & Del
Tredici, 2011), und zwar insbesondere in Tragern des €4-Allels des APOE-Gens
(Ghebremedhin et al., 1998), und (iii) der entorhinale Kortex einen Zelltyp (sogenannte
,grid cells®) beherbergt, der wichtig flr rdumliche Navigation ist (Hafting et al., 2005)
und dessen Summensignal mittels funktioneller Magnetresonanztomographie (fMRT)
gemessen werden kann (Doeller et al., 2010). Dieses Summensignal wird nachfolgend
als ,grid cell“-basierte Reprasentationen bezeichnet. Aus (i) bis (iii) folgte die
Forschungshypothese der vorliegenden Arbeit, dass junge Erwachsene, die Trager
des APOE ¢4-Allels sind, eine verminderte Starke ,grid cell“-basierter

Reprasentationen im entorhinalen Kortex zeigen.

Im Folgenden werden detailliertere  Hintergrundinformationen  Uber die
unterschiedlichen Anteile der Forschungshypothese gegeben. Die Allelauspragung
des APOE-Gens gilt als die wichtigste genetische Determinante der Alzheimer-
Erkrankung (wie bereits oben dargestellt bezieht sich die vorliegende Arbeit
grundsatzlich auf die sporadische, spat beginnende Alzheimer-Erkrankung, die
multifaktoriell bedingt ist). Drei Hauptallelvarianten des menschlichen APOE-Gens
existieren: €2, €3 und €4. Diese kdnnen in allen sechs moglichen Genotypen auftreten
(die Haufigkeiten der Genotypen entsprechend Raber et al. (2004) werden in runden
Klammern genannt): €2/€2 (1 %), €2/€3 (12 %), €2/€4 (4 %), €3/€3 (60 %), €3/e4 (21 %),

€d/ed (2 %). Trager eines €4-Allels haben im Vergleich zu Nichttragern des €4-Allels



ein ca. vierfach erhdhtes Risiko, mit 75 Jahren an Morbus Alzheimer zu erkranken,
und Trager zweier €4-Allele haben ein sogar mehr als zehnfach erhohtes
Erkrankungsrisiko (Liu et al., 2013). Das €2-Allel hingegen vermindert das Risiko flur
Morbus Alzheimer (Suri et al., 2013).

Expressionsprodukt des APOE-Gens ist das Apolipoprotein E (ApoE). Im zentralen
Nervensystem wird ApoE hauptsachlich von Astrozyten produziert und dient als
Transportprotein von Cholesterol, welches mittels ApoE-Rezeptoren in die Neurone
aufgenommen wird (Liu et al., 2013). Die sich aus den unterschiedlichen APOE-Allelen
ergebenden ApoE-Isoformen (ApoE2, ApoE3 und ApoE4) unterscheiden sich in ihrer
Struktur und ihrer Fahigkeit, Lipide zu binden. Entscheidenderweise differieren sie
zudem hinsichtlich ihrer Interaktion mit Amyloid § und dem tau-Protein. In Bezug auf
Amyloid B scheint ApoE4 den Abbau nicht so effektiv wie die anderen Isoformen zu
katalysieren, wodurch es zu einer verstarkten Amyloid B-Ablagerung und nachfolgend
zu einer verstarkten Plaquebildung kommt (Schmechel et al., 1993; Polvikoski et al.,
1995; Castellano et al., 2011). In Bezug auf tau zeigt ApoE4 eine verminderte
Bindungsaffinitat, was eine Hyperphosphorylierung von tau und somit die Entstehung
von neurofibrillaren  Tangles beglnstigt (Strittmatter et al.,, 1994).
Zusammengenommen ist das APOE ¢4-Allel und sein Expressionsprodukt ApoE4 mit
negativen Konsequenzen auf die beiden entscheidenden neuropathologischen

Faktoren der Alzheimer-Erkrankung assoziiert.

Entsprechend der sequentiellen topographischen Ausbreitung neurofibrillarer Tangles
im Gehirn untergliedern die Braak-Stadien die Progression der Alzheimer-Erkrankung
in sechs Stadien (Braak und Braak, 1991). In den frihen Stadien 1 und 2 ist die Bildung
von neurofibrillaren Tangles nahezu auf den entorhinalen Kortex beschrankt. In den
Stadien 3 und 4 sind diese auch in den limbischen Regionen, z.B. dem Hippokampus,
nachweisbar und in den Stadien 5 und 6 liegt eine ausgedehnte Beteiligung des
Neokortex vor. Abnormale Depositionen neurofibrillarer Tangles im entorhinalen
Kortex vergleichbar mit dem frihen Stadium 1 lassen sich bereits in jungen
Erwachsenen mit einem Alter von unter 30 Jahren nachweisen (Braak & Del Tredici,
2011), insbesondere in Tragern des APOE €4-Allels (Ghebremedhin et al., 1998). In
der strukturellen Magnetresonanztomographie (MRT) wurde bereits gezeigt, dass

junge APOE ¢4-Trager eine verminderte kortikale Dicke des entorhinalen Kortex



aufweisen, wobei der Zusammenhang mit mdglichen frihen neuropathologischen

Veranderungen noch nicht aufgeklart ist (Shaw et al., 2007).

Funktionell scheint der entorhinale Kortex eine wichtige Rolle bei raumlicher
Navigation einzunehmen, wobei ein bestimmter Neuronentyp — sogenannte ,grid cells”
— besonders prominent ist (Hafting et al., 2005). ,,Grid cells® feuern immer dann, wenn
sich ein Tier (oder Mensch) Uber die Eckpunkte eines aus gleichseitigen Dreiecken
aufgebauten Gitters bewegt, welches auf die gesamte raumliche Umgebung projiziert
werden kann. Dieser Zelltyp wird als neuronale Grundlage der sogenannten
Pfadintegration angesehen, bei der es sich um eine bestimmte Art der Navigation
handelt, die die aktuelle Position mittels Informationen Uber die vorherige raumliche
Position, Bewegungsrichtung, Bewegungsdauer und Bewegungsgeschwindigkeit
berechnet (McNaughton et al., 2006). Zum neuronalen Substrat raumlicher Navigation
gehoren weitere Zelltypen, die vorzugsweise in der hippokampalen Formation zu
finden sind: u.a. (i) ,place cells“, die an einer bestimmten Stelle im Raum feuern
(O’Keefe & Dostrovsky, 1971; O’Keefe, 1976; Ekstrom et al., 2003), (ii) ,border cells®,
die in einem gewissen Abstand zu einer raumlichen Grenze feuern (Solstad et al.,
2008), und (iii) ,head direction cells“, deren Feuerrate durch die angulare Ausrichtung
des Tieres moduliert wird (Taube et al., 1990). Ergebnisse von Computermodellen
weisen darauf hin, dass die Aktivitat von ,grid cells” fur die Bildung von ,place cells®

relevant ist (Moser et al., 2008).

Auch im Menschen lieBen sich ,grid cells* mittels intrakranieller
Elektroenzephalographie (EEG)-Messungen in Epilepsie-Patienten nachweisen
(Jacobs et al., 2013). Ein indirektes Korrelat von ,grid cells“ (sogenannte ,grid cell“-
basierte Reprasentationen) kann zudem mittels fMRT detektiert werden, wenn sich
gesunde Probanden wie bei einem Computerspiel in einer virtuellen Umgebung
bewegen (Doeller et al., 2010). Hierzu wird das ,blood oxygenation level dependent
(BOLD)“-Signal, welches Messgegenstand der fMRT ist, auf sechsfache
Rotationssymmetrie in Abhangigkeit von der Bewegungsrichtung des Probanden in
der virtuellen Umgebung untersucht (die Analyse wird unter ,Material und Methoden*
und in den ,Supplementary Materials“ der wissenschaftlichen Veroffentlichung

genauer beschrieben).

Zusammengenommen ergab sich als Forschungshypothese der vorliegenden Arbeit,

dass die Starke der ,grid cell“-basierten Reprasentationen bei jungen Erwachsenen,



die Trager eines APOE €4-Allels sind, vermindert ist. Eine solche Verminderung konnte
als Biomarker der Alzheimer-Erkrankung dienen. Das Forschungsvorhaben wurde von

der Ethikkommission des Universitatsklinikums Bonn beflrwortet (Ref.-Nr. 218/13).

1.2 Material und Methoden

Die Untersuchungen in dieser Arbeit wurden an einer finalen Stichprobe von 75 jungen
Erwachsenen in einem Alter von 18-30 Jahren durchgefuhrt (18 mannliche APOE
€3/e3-Trager, 19 weibliche APOE £3/¢3-Trager, 18 mannliche APOE €3/e4-Trager und
20 weibliche APOE ¢€3/e4-Trager). Detaillierte Informationen zu allen methodischen
Aspekten, welche hier nur gekirzt dargestellt werden, finden sich in den
»~oupplementary Materials“ der wissenschaftlichen Veroffentlichung (s. unten). Alle
Probanden unterzogen sich einer APOE-Genotypisierung, einem strukturellen MRT-
Scan und einem funktionellen MRT-Scan. Die MRT-Scans wurden am Deutschen
Zentrum fir Neurodegenerative Erkrankungen (DZNE), Bonn, durchgeflhrt. Die
Datenerhebung erfolgte unter doppelter Verblindung, sodass weder Proband noch
Versuchsleiter zu irgendeinem Zeitpunkt Kenntnis tUber den APOE-Genotyp des
Probanden hatte. Zudem konnte zu keinem Zeitpunkt der wirkliche Name eines

Probanden mit seinen experimentellen Daten in Verbindung gebracht werden.

Wahrend der fMRT-Messung absolvierten die Probanden ein kognitives Paradigma,
bei welchem sie sich wie bei einem Computerspiel in einer virtuellen Umgebung
bewegten. Zu Beginn des Paradigmas wurden acht unterschiedliche Objekte an acht
unterschiedlichen Positionen innerhalb der virtuellen Umgebung prasentiert und von
dem jeweiligen Probanden aufgesammelt. Nachfolgend wurden Uber ca. 75 Minuten
die Objektpositionen der unterschiedlichen Objekte wiederholt abgefragt (pro Objekt
ca. 40 Abfragerunden, aufgeteilt auf sechs experimentelle Sessions a 13 Minuten).
Jede einzelne Abfragerunde beinhaltete (i) die Objektprasentation, in der der Proband
Uber das zu erinnernde Objekt informiert wurde, (ii) die eigentliche Abfragephase, in
welcher der Proband die Position des zuvor angezeigten Objekts erinnern und
innerhalb der virtuellen Umgebung durch Navigation an die entsprechende Stelle
anzeigen musste, (iii) das Feedback, welches in Form von funf unterschiedlichen
Smileys je nach Genauigkeit der raumlichen Gedachtnisleistung gegeben wurde, und

(iv) die Re-Enkodierungsphase, wahrend der das Objekt an seiner korrekten Stelle



angezeigt und von dieser durch den Probanden aufgesammelt werden musste, sodass
eine stete Verbesserung des raumlichen Gedachtnisses Uber die Dauer des

Experiments moglich war.

Das Navigationsverhalten der Probanden innerhalb der virtuellen Umgebung wurde
mittels Matlab (2014a, TheMathWorks Inc., Massachusetts) hinsichtlich (i) der
raumlichen Gedachtnisleistung (durchschnittlicher Abstand zwischen korrekter
Objektposition und erinnerter Objektposition), (ii) der zentralen Navigationspraferenz
(Anzahl der Bewegungszeitpunkte innerhalb des Zentrums der virtuellen Umgebung
dividiert durch die Anzahl der Bewegungszeitpunkte innerhalb der Peripherie der
virtuellen Umgebung), (iii) der Lernkurve Uber die Zeit, und (iv) mehrerer
grundlegender Verhaltensmarker (Anzahl der Bewegungszeitpunkte, Cut-off-
Geschwindigkeit, insgesamte Wegstrecke, insgesamte Anzahl an absolvierten
Abfragerunden, durchschnittliche Dauer der Abfragephasen, durchschnittliche Dauer

der Re-Enkodierungsphasen) untersucht.

Die strukturellen MRT-Daten wurden mittels der Software FreeSurfer
(https://surfer.nmr.mgh.harvard.edu/) segmentiert und hierdurch sogenannte ,regions
of interest (ROIs)" erhalten, die eine gezielte Untersuchung bestimmter Hirnregionen
erlauben. In der vorliegenden Arbeit stand insbesondere der rechte entorhinale Kortex
im Vordergrund, da zuvor vorzugsweise in dieser Hirnregion ,grid cell“-basierte

Reprasentationen gefunden worden waren (Doeller et al., 2010).

Die fMRT-Daten wurden mithilfe der Software SPM (http://www_fil.ion.ucl.ac.uk/spm/)
zunachst praprozessiert. Hierzu gehorte (1) das ,realignment®, bei welchem die
einzelnen fMRT-Volumina (alle 2,6 Sekunden wurde wahrend der fMRT-Messung ein
solches fMRT-Volumen akquiriert) aneinander ausgerichtet werden und somit fur
Kopfbewegungen des Probanden wahrend der fMRT-Messung korrigiert wird, (2) die
,slice time correction®, bei der flr die unterschiedlichen Akquisitionszeitpunkte der
einzelnen 2D-Bilder innerhalb eines 3D-fMRT-Volumens korrigiert wird, (3) die
Koregistrierung der fMRT-Volumina auf das strukturelle MRT-Volumen, wodurch die
strukturellen ROIs auf die fMRT-Daten angewendet werden kénnen, und (4) das
»,smoothing“ mittels eines Gaul3-Kernels der Halbwertsbreite 6 mm, wodurch das
Signal-Rausch-Verhaltnis der fMRT-Daten gesteigert wird. Zum Teil wurden die fMRT-

Daten in den Standardraum des Montreal Neurological Institute (MNI) normalisiert, um
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neben den ROI-Analysen inferentielle Statistik Uber die Probanden in SPM zu

ermoglichen.

Nach der Praprozessierung wurden die fMRT-Daten mittels einer Reihe sogenannter
.general linear models (GLMs)“ modelliert. Grundprinzip dieser GLMs ist es, durch
ausgewahlte Regressoren (Pradiktoren) den Aktivitatsverlauf (im Sinne von BOLD-
Signal) einzelner 3D-Bildelemente der fMRT-Volumina (Voxel) tUber das Experiment
hinweg zu erklaren. Den einzelnen Regressoren werden wahrend der statistischen
Auswertung durch die Software SPM sogenannte (B-Werte zugeordnet, welche
ausdrucken, in welchem Male ein bestimmter Regressor den Aktivitatsverlauf eines
bestimmten Voxels Uber das Experiment hinweg erklart. An dieser Stelle soll nur naher
auf die Analyse der ,grid cell“-basierten Reprasentationen eingegangen werden — in
den ,Supplementary Materials“ der wissenschaftlichen Publikation (s. unten) sind

hingegen alle Analysen detailliert dargelegt.

FUr die Analyse der ,grid cell“-basierten Reprasentationen werden die fMRT-Daten in
zwei Halften aufgeteilt. Der eine Teil der fMRT-Daten (Sessions 1, 3 und 5) wird daflr
verwendet, die probandenspezifische angulare Ausrichtung der Achsen der ,grid cell*-
basierten Reprasentationen zu bestimmen, da diese fur jeden Probanden
unterschiedlich und dementsprechend nicht a priori bekannt ist. Der zweite Teil der
fMRT-Daten (Sessions 2, 4 und 6) wird anschlieBend dazu verwendet, die zuvor
geschatzte angulare Ausrichtung der Achsen der ,grid cell*-basierten
Reprasentationen zu testen. Ergibt dieser Test einen positiven Wert, so |asst sich dies
als Vorhandensein von ,grid cell“-basierten Reprasentationen in dem jeweiligen

Probanden interpretieren.

Das GLM zur Modellierung des ersten Teils der Daten umfasste folgende
Regressoren: (i) Bewegung innerhalb der virtuellen Umgebung (oberhalb der Cut-off-
Geschwindigkeit) mit den beiden parametrischen Modulatoren sin(a; * 6) und cos(a: *
6), wobei a:die Bewegungsrichtung zum Zeitpunkt t ist und die Multiplikation mit 6 far
die Detektion der sechsfachen Rotationssymmetrie der potenziellen ,grid cell-
basierten Reprasentationen nétig ist, (i) Objektprasentation zu Beginn einer jeden
Abfragerunde, (iii) eigentliche Abfragephase, (iv) Feedback, nachdem der Proband an
die erinnerte Objektposition innerhalb der virtuellen Umgebung gelaufen ist, (v) Re-
Enkodierungsphase, (vi) Scanner-Drift, (vii) durchschnittliche Aktivierung pro Session

und (viii) Kopfbewegungen des Probanden. Aus den B-Werten flr die beiden
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parametrischen Modulatoren sin(a; * 6) und cos(a: * 6) lasst sich anschlieRend die
angulare Ausrichtung der Achsen der probandenspezifischen ,grid cell*-basierten
Reprasentationen anhand von ¢ = atan2(1, 2)/6 berechnen, wobei 31 der Uber alle
Voxel des rechten entorhinalen Kortex gemittelte B-Wert fur sin(a: * 6), B2 der Uber alle
Voxel des rechten entorhinalen Kortex gemittelte B-Wert fur cos(a; * 6) und atan2 die

Matlab-Funktion fur den Arkustangens ist.

Das GLM zur Modellierung des zweiten Teils der Daten umfasste folgende
Regressoren: (i) Bewegung entlang einer der Achsen der ,grid cell*-basierten
Reprasentationen (innerhalb +15° einer der Achsen der ,grid cell“-basierten
Reprasentationen), (i) Bewegung nicht entlang einer der Achsen der ,grid cell“-
basierten Reprasentationen (mehr als £15° von allen Achsen der ,grid cell“-basierten
Reprasentationen abweichend), (iii) Objektprasentation zu Beginn einer jeden
Abfragephase, (iv) eigentliche Abfragephase, (v) Feedback, nachdem der Proband an
die erinnerte Objektposition innerhalb der virtuellen Umgebung gelaufen ist, (vi) Re-
Enkodierungsphase, (vii) Scanner-Drift, (viii) durchschnittliche Aktivierung pro Session
und (ix) Kopfbewegungen des Probanden. Die probandenspezifischen ,grid cell“-
basierten Reprasentationen ergeben sich nachfolgend aus den Uber alle Voxel im
rechten entorhinalen Kortex gemittelten Differenzen der B-Werte fir Bewegung
entlang einer der Achsen der ,grid cell*-basierten Reprasentationen und der 3-Werte
fur Bewegung nicht entlang einer der Achsen der ,grid cell“-basierten

Reprasentationen.

An diese Hauptanalyse schlossen sich einige weitere Analysen an, die hier nur
summarisch aufgelistet werden, in den ,Supplementary Materials“ der

wissenschaftlichen Publikation jedoch detailliert dargestellt sind.

(1)  Kontrollanalysen bezlglich der ,grid cell“-basierten Reprasentationen. Zur
Kontrolle der Spezifitat der sechsfachen Rotationssymmetrie der ,grid cell“-basierten
Reprasentationen wurde drei-, vier-, finf-, sieben- und achtfache Rotationssymmetrie
untersucht. Zur Kontrolle der Spezifitat des rechten entorhinalen Kortex wurden auch
der rechte Hippokampus und die rechte Amygdala auf sechsfache Rotationssymmetrie
hin getestet.

(2) Analyse der ,grid cell“-basierten Reprasentationen mittels kulrzerer

Datenabschnitte, i.e. anhand von jeweils zwei aufeinanderfolgenden Sessions. Diese
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Analyse wurde durchgefuhrt, um zu zeigen, dass es nicht nur aufgrund einer zeitlichen
Instabilitat der Achsen der ,grid cell“-basierten Reprasentationen (s. unten) zu einer
Verminderung der ,grid cell“-basierten Reprasentationen in APOE ¢€3/e4-Tragern
kommt, sondern auch zu einer Verminderung der Starke der ,grid cell“-basierten
Reprasentationen per se (in Datenabschnitten, in denen eine zeitliche Stabilitat der

,grid cell*-basierten Reprasentationen gegeben ist).

(3) Lineare multiple Regressionsanalyse, um Determinanten der raumlichen
Gedachtnisleistung zu bestimmen. Dementsprechend wurde als abhangige Variable
der durchschnittliche Abstand zwischen korrekter Objektposition und erinnerter
Objektposition verwendet. Als Pradiktoren wurden in das Regressionsmodell (a) die
Starke der ,grid cell“-basierten  Reprasentationen, (b) die zentrale
Navigationspraferenz, (c) APOE-Genotyp, (d) Geschlecht und (e) Alter
eingeschlossen. Fur die Starke der ,grid cell“-basierten Reprasentationen wurde ein
positiver Zusammenhang angenommen (umso starker die ,grid cell“-basierten
Reprasentationen, desto besser die raumliche Gedachtnisleistung), was bereits

gezeigt worden war (Doeller et al., 2010).

(4) Analyse von Aufgaben-bezogener Aktivitat. Dies wurde mit einem separaten
GLM insbesondere im Hinblick auf den Hippokampus untersucht, da mehrere
vorherige Studien erhdhte hippokampale Aktivitat in APOE €4-Tragern gezeigt hatten
und angenommen wird, dass eine erhohte neuronale Aktivitat mit einer verstarkten

Ablagerung von Amyloid 3 zusammenhangt (Jagust et al., 2011).

(5) Analyse potenziell kompensatorischer Mechanismen. Da sich ein negativer
Zusammenhang zwischen hippokampaler Aktivitat und ,grid cell“-basierter
Reprasentationen zeigte, untersuchten wir in weiteren Analysen, ob sich durch einen
positiven Zusammenhang zwischen hippokampaler Aktivitat und raumlicher
Gedachtnisleitung Indizien fur erhdhte hippokampale Aktivitat als einem
kompensatorischen Mechanismus reduzierter ,grid cell“-basierter Reprasentationen
finden lieen. Dies wurde zum einen anhand weiterer linearer multipler

Regressionsmodelle als auch anhand eines separaten GLMs genauer untersucht.

(6) Analyse der zeitlichen und rdumlichen Stabilitdt der Achsen der ,grid cell-
basierten Reprasentationen. Fur die zeitliche Stabilitat wurde die anguléare Ausrichtung

der Achsen der ,grid cell“-basierten Reprasentationen aus beiden Datenhalften
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bestimmt und der prozentuale Anteil derjenigen Voxel berechnet, deren zweite
angulare Ausrichtung der Achsen innerhalb eines Bereichs von +15° in Bezug auf die
erste angulare Ausrichtung der Achsen lokalisiert war. Fur die raumliche Stabilitat
wurden die angularen Ausrichtungen der Achsen der ,grid cell“-basierten
Reprasentationen des ersten Teils der Daten mittels Rayleigh-Test auf zirkulare Nicht-
Uniformitat Uber die Voxel des rechten entorhinalen Kortex untersucht. Beide Metriken
(zeitliche und raumliche Stabilitat) wurden auf eine mogliche Assoziation mit den ,grid

cell“-basierten Reprasentationen getestet.

(7) Funktionelle Konnektivitat zwischen rechtem entorhinalen Kortex und rechtem,

linkem sowie bilateralem Hippokampus.

An die probandenspezifischen Analysen schloss sich die jeweilige inferentielle Statistik
uber alle Probanden an (zum Teil in Abhangigkeit vom APOE-Genotyp, zum Teil
unabhangig vom APOE-Genotyp), welche in SPSS (Version 22.0, IBM Corp., NY) oder
in SPM durchgefuhrt wurde.

1.3 Ergebnisse

Auch die Ergebnisse werden im Folgenden gekurzt wiedergegeben. Eine detaillierte
Darlegung mit den genauen statistischen Angaben findet sich in der
wissenschaftlichen Veroffentlichung sowie den zugehdérigen ,Supplementary

Materials®.

Hinsichtlich der Gedachtnisleistung, der Lernkurven sowie der grundlegenden
Verhaltensmarker war kein Unterschied zwischen beiden APOE-Genotypgruppen
feststellbar. In Bezug auf die zentrale Navigationspraferenz wiesen APOE €3/e4-

Trager jedoch verminderte Werte im Vergleich zu APOE €3/¢3-Tragern auf.

Wahrend APOE €3/e3-Trager signifikante ,grid cell*-basierte Reprasentationen im
rechten entorhinalen Kortex zeigten, waren diese in APOE ¢€3/e4-Trager nicht
vorhanden. Zudem war die Starke der ,grid cell“-basierten Reprasentationen in APOE
€3/e4-Tragern im Vergleich zu APOE €3/e3-Tragern stark vermindert. Die weiteren
Ergebnisse werden parallel zu der Auflistung im Methodenteil hier summarisch

dargestellt.
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(1) Die Kontrollanalysen in APOE ¢€3/e3-Tragern ergaben wie erwartet eine
Spezifitat der sechsfachen Rotationssymmetrie, da weder eine dreifache, noch eine
vier-, funf-, sieben- oder achtfache Rotationssymmetrie zu einer signifikanten Aktivitat
des rechten entorhinalen Kortex flhrte. Zudem wurde die Spezifitdt des rechten
entorhinalen Kortex bestatigt, da weder flr den rechten Hippokampus noch flr die

rechte Amygdala signifikante ,grid cell“-basierte Reprasentationen gefunden wurden.

(2) Die Analyse der ,grid cell“-basierten Reprasentationen mittels kurzerer
Datenabschnitte, i.e. anhand von jeweils zwei aufeinanderfolgenden Sessions,
bestatigte das Hauptergebnis verminderter ,grid cell“-basierter Reprasentationen in
APOE ¢3/e4-Tragern im Vergleich zu APOE €3/e3-Tragern und zeigte gleichzeitig,
dass die verminderte zeitliche Stabilitdt der Achsen der ,grid cell“-basierten
Reprasentationen (s. unten) nicht alleiniger Grund fur die Verminderung der ,grid cell*-

basierten Reprasentationen war.

(3) Die lineare multiple Regressionsanalyse ergab einen positiven Zusammenhang
zwischen ,grid cell“-basierten Reprasentationen und raumlicher Gedachtnisleistung
(umso starker die ,grid cell“-basierten Reprasentationen, desto besser die raumliche
Gedachtnisleistung), einen positiven Zusammenhang zwischen zentraler
Navigationspraferenz und raumlicher Gedachtnisleistung, besseres raumliches
Gedachtnis in mannlichen Probanden im Vergleich zu weiblichen Probanden und

einen negativen Zusammenhang zwischen Alter und raumlicher Gedachtnisleistung.

(4) Die Analyse der Aufgaben-bezogenen Aktivitat des Hippokampus ergab einen
negativen Zusammenhang zur Starke der ,grid cell“-basierten Reprasentationen
(umso geringer die Starke der ,grid cell“-basierten Reprasentationen, desto hoher die

hippokampale Aufgaben-bezogene Aktivitat).

(5) Die Analyse der potenziell kompensatorischen Mechanismen zeigte, dass eine
erhohte Aktivitat insbesondere des linken posterioren Hippokampus mit verbesserter

raumlicher Gedachtnisleistung assoziiert war.

(6)  Bei der Untersuchung der zeitlichen und raumlichen Stabilitdt der Achsen der
,grid cell“-basierten Reprasentationen wurde manifest, dass die zeitlichen
Stabilitatswerte in APOE ¢€3/e4-Tragern im Vergleich zu APOE €3/e3-Tragern
vermindert waren und nicht Uber Zufallslevel lagen (entsprechend der nicht

vorhandenen ,grid cell“-basierten Reprasentationen in APOE €3/¢4-Tragern). Ebenso
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war die Starke der ,grid cell“-basierten Reprasentationen hoch mit den zeitlichen
Stabilitatswerten korreliert. Hingegen gab es keinen Genotypunterschied hinsichtlich
der raumlichen Stabilitat der Achsen der ,grid cell“-basierten Reprasentationen und die
raumlichen Stabilitdtswerte waren nicht mit der Starke der ,grid cell“-basierten

Reprasentationen korreliert.

(7)  Bezuglich der funktionellen Konnektivitat ergab sich Uber alle Probanden eine
hohe Konnektivitat zwischen rechtem entorhinalen Kortex und rechtem, linkem sowie
bilateralem Hippokampus. Zudem ergab sich eine negative Korrelation zwischen den

Konnektivitatswerten und den zeitlichen Stabilitatswerten Uber alle Probanden.

1.4 Diskussion

Die vorliegende Arbeit untersuchte den Einfluss des €4-Allels des APOE-Gens, bei
welchem es sich um die starkste genetische Determinante der sporadischen, spat
beginnenden Alzheimer-Erkrankung handelt, auf ,grid cell“-basierte Reprasentationen
des rechten entorhinalen Kortex. In der folgenden Diskussion werden die
unterschiedlichen Ergebnisse der vorliegenden Arbeit reflektiert und in den

wissenschaftlichen Kontext eingebettet.

,Grid cells® stellen einen bestimmten Typ von Neuronen dar, welcher sich
vorzugsweise im entorhinalen Kortex findet und der mit rdumlicher Navigation in
Verbindung gebracht wird: ,Grid cells“ feuern immer dann, wenn sich ein Tier (oder
Mensch) Uber die Eckpunkte eines intern generierten Gitters bewegt, welches die
gesamte raumliche Umgebung in gleichseitige Dreiecke untergliedert (Hafting et al.,
2005). Sie zeigen somit multiple Feuerfelder, welche in einem sehr spezifischen
Muster angeordnet sind, wohingegen hippokampale ,place cells“ nur ein Feuerfeld
besitzen (Ekstrom et al., 2003). Wahrend ,place cells® als neuronales Korrelat
allozentrischer Navigation angesehen werden, handelt es sich bei ,grid cells®
mdglicherweise um das neuronale Substrat egozentrischer Pfadintegration, bei
welcher die aktuelle raumliche Position vermittels Informationen Uber eine vorherige
Position, Bewegungsrichtung, Bewegungsgeschwindigkeit und Bewegungsdauer
errechnet wird. ,Grid cell“-basierte Reprasentationen sind vermutlich die mittels fMRT
messbare Summenaktivitat von ,grid cells (Doeller et al., 2010). In gangigen fMRT-
Experimenten ist es nicht modglich, bestimmte Zellpopulationen zu detektieren —
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stattdessen wird zumeist die generelle Aktivitat einer Hirnregion gemessen, die aus
dem Feuerverhalten ganz verschiedener Zelltypen resultiert. Dementsprechend lasst
sich eine vermehrte oder verminderte Aktivierung sowie eine vermehrte oder
verminderte Deaktivierung einer Hirnregion basierend auf fMRT-Daten meist nicht
eindeutig interpretieren. Die in der vorliegenden Arbeit durchgeflihrte Untersuchung
von ,grid cell“-basierten Reprasentationen bietet hingegen den Vorteil, dass deren
Verminderung in APOE €3/e4-Tragern unzweideutig als nachteilig eingeordnet werden
kann — insbesondere, da eine positive Assoziation zwischen der Starke der ,grid cell*-
basierten Reprasentationen und der raumlichen Gedachtnisleistung gezeigt werden
konnte. Der Nachweis signifikant positiver ,grid cell“-basierter Reprasentationen in
APOE ¢€3/e3-Tragern stellt zudem eine Replikation der Ergebnisse von Doeller et al.
dar, welche bekraftigt, dass ,grid cell‘-basierte Reprasentationen mittels fMRT
gemessen werden kénnen (Doeller et al., 2010). Kirzlich wurden ,grid cell“-basierte
Reprasentationen auch mit der Imagination von raumlicher Navigation sowie der
Exploration eines konzeptuellen Raumes in Verbindung gebracht (Horner et al., 2016;
Bellmund et al., 2016; Constantinescu et al., 2016).

Die Verminderung der ,grid cell*-basierten Reprasentationen in APOE €3/¢4-Tragern
bietet zum einen eine mdgliche Erklarung flir das Symptom raumlicher
Desorientiertheit in Alzheimer-Patienten, zum anderen stellt sie einen potenziellen
Biomarker fur die Alzheimer-Erkrankung dar. Ersteres ist grundsatzlich plausibel, da
,grid cells“ als Teil des neuronalen Substrats raumlicher Navigation angesehen werden
und Alzheimer-Patienten u.a. das Symptom der raumlichen Desorientiertheit
aufweisen. Uberraschend ist jedoch, dass das neuronale Korrelat (eines bestimmten
Typs) raumlicher Navigation (i.e. Pfadintegration) bereits Jahrzehnte vor dem
klinischen Beginn der Alzheimer-Erkrankung beeintrachtigt zu sein scheint. Dass diese
Beeintrachtigung nicht bereits in jungen Erwachsenen zu einem sichtbaren
Verhaltensdefizit fuhrt, erklaren wir mit kompensatorischen Mehraktivierungen
anderen Hirnregionen (wie beispielsweise des Hippokampus), die weiter unten
ausfuhrlicher diskutiert werden. In Bezug auf das Potenzial unseres Ergebnisses
verminderter ,grid cell*-basierter Reprasentationen in APOE e4-Tragern als Biomarker
der Alzheimer-Erkrankung gilt es, Follow-ups unserer Probanden uber die nachsten

Jahrzehnte abzuwarten.
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Die Dysfunktion des entorhinalen Kortex (im Sinne verminderter ,grid cell*-basierter
Reprasentationen) stellt zudem einen moglichen Erklarungsansatz fur die in
vorherigen APOE-fMRT-Studien gefundene Mehraktivierung bestimmter Hirnregionen
dar. Seitdem das APOE ¢4-Allel 1993 als wichtigste genetische Determinante der
Alzheimer-Erkrankung identifiziert wurde (Corder et al., 1993), wurden zahlreiche
Studien zu den Effekten unterschiedlicher APOE-Allelkombinationen auf mittels fMRT
gemessene Hirnaktivierungen durchgefuhrt. Hierbei ist insbesondere Bookheimer et
al. hervorzuheben, welche vermehrte Aktivitat in mehreren Hirnregionen (linker
Hippokampus, parietale und frontale Regionen) in alteren APOE ¢€4-Tragern im
Vergleich zu APOE €3-Tragern zeigten (Bookheimer et al., 2000). Zudem fand sich
eine Korrelation zwischen der Anzahl aktivierter Hirnregionen und der kognitiven
Leistungsabnahme im Rahmen eines Follow-ups zwei Jahre nach der fMRT-Messung.
Solche Mehraktivierungen in APOE €4-Tragern wurden in weiteren Studien bestatigt
und als kompensatorische Aktivierungen interpretiert, um bereits bestehende kognitive
Defizite auszugleichen (Bondi et al., 2005; Mondadori et al., 2006; Han et al., 2007;
Filippini et al., 2009; Wierenga et al., 2010; Suthana et al., 2010). Zunehmend wird
angenommen, dass diese kompensatorische Mehraktivierung langfristig jedoch zu
einer Zunahme der neuropathologischen Veranderungen beitragt. So konnte
beispielsweise kurzlich gezeigt werden, dass erhohte hippokampale Aktivitat
nachfolgend zu starkerer Akkumulation von Amyloid B fuhrt (Leal et al., 2017). Auch
im Mausmodell konnte ein Zusammenhang zwischen neuronaler Mehraktivitat und
nachfolgender Aggregation von Amyloid 8 festgestellt werden (Bero et al., 2011). Die
vorliegende Arbeit schlagt als Grund fur die vermehrte hippokampale Aktivierung in
APOE ¢€4-Tragern eine entorhinale Dysfunktion vor, die der hippokampalen

Mehraktivierung initial vorausgeht.

Unser Ergebnis verminderter ,grid cell“-basierter Reprasentationen in APOE ¢4-
Tragern ist des Weiteren im Einklang mit neuropathologischen Studien, die
neurofibrillare Tangles bereits in jungen Probanden — insbesondere in APOE ¢4-
Tragern — zeigen (Braak et al., 2011; Ghebremedhin et al., 1998). Hier besitzt auch
unser Ergebnis verminderter zeitlicher Stabilitat der Achsen der ,grid-cell“-basierten
Reprasentationen eine gewisse Aussagekraft: Die verminderte zeitliche Stabilitat (bei
erhaltener raumlicher Stabilitdt) ist mdglicherweise eher auf eine intrazellulare
Schadigung der ,grid cells“ — im Sinne initialer neurofibrillarer Tangles — als auf eine

extrazellulare Schadigung — im Sinne von Amyloid-Plaques — zurtickzuflhren. Ein
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Zusammenhang zwischen neurofibrillaren Tangles und verminderter ,grid cell“-
Funktion konnte vor kurzem auch in einem Alzheimer-Mausmodell gezeigt werden (Fu
et al., 2017). In zukunftigen Studien konnte untersucht werden, wie verminderte ,grid
cell“-basierte Reprasentationen mit Positronen-Emissions-Tomographie (PET)-
Markern der tau-Pathologie zusammenhangen (z. B. mittels 18F-AV-1451 tau-PET,;
Smith et al., 2016). Fur diesen Ansatz spricht auch, dass neurofibrillare Tangles (und
nicht Amyloid-Plaques) mit der Dauer und Schwere der Alzheimer-Erkrankung
korrelieren (Arriagada et al., 1992; Guillozet et al., 2003).

Die vorliegende Arbeit zeigte keinen generellen Einfluss des APOE €4-Allels auf die
raumliche Gedachtnisleistung in jungen Erwachsenen. Dieses Ergebnis steht in
partiellem Gegensatz zu dem Ergebnis, dass APOE €3/¢4-Trager verminderte ,grid
cell“-basierte Reprasentationen zeigen, da die Datenanalysen ebenfalls eine positive
Korrelation zwischen der Starke der ,grid cell“-basierten Reprasentationen und der
raumlichen Gedachtnisleistung ergaben. Wir erklaren diesen partiellen Gegensatz
damit, dass es in APOE €4-Tragern kompensatorische Hirnaktivierungen gibt, die die
entorhinale Dysfunktion kaschieren. Vorherige Studien, die den Einfluss des APOE €4-
Allels auf kognitive Leistung untersuchten, ergaben gemischte Ergebnisse. Zum einen
konnten in der Tat kognitive Leistungsdefizite in APOE e4-Tragern im Vergleich zu
APOE €3-Tragern gefunden werden (Berteau-Pavy et al., 2007). Zum anderen konnten
jedoch auch kognitive Vorteile von APOE ¢€4-Tragern gezeigt werden, die zur
Hypothese flhrten, dass das APOE €4-Allel einen Fall von antagonistischer Pleiotropie
darstellt (Alexander et al., 2007; Han & Bondi, 2008; Stening et al.,, 2015). Bei
antagonistischer Pleiotropie handelt es sich um die Eigenschaft gewisser Gene,
Vorteile in jungen Individuen, jedoch Nachteile in alteren Individuen zu bewirken.
Andere Studien wiederum zeigten keinerlei Einfluss des APOE ¢4-Allels auf die
kognitive Leistungsfahigkeit (z.B. Jorm et al., 2007). Mdéglicherweise differieren die
Verhaltenseffekte des APOE €4-Allels nicht nur in Abhangigkeit vom Alter, sondern
auch in Abhangigkeit vom jeweiligen kognitiven Unterbereich. In einer aktuellen Studie
untersuchen wir deshalb, ob es einen spezifischen Effekt des APOE ¢4-Allels auf

unterschiedliche Arten von raumlicher Navigation gibt.

In der vorliegenden Arbeit konnte dennoch ein anderer Verhaltenseffekt beim
Vergleich von APOE €3/e4-Tragern und APOE €3/¢3-Tragern nachgewiesen werden:

APOE ¢€3/e4-Trager zeigten eine geringere Praferenz, sich in der Mitte der virtuellen
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Umgebung zu bewegen. Fir diesen Befund kommen mehrere potenzielle Erklarungen
in Frage: (i) APOE ¢4-Trager koénnten durch diese verminderte zentrale
Navigationspraferenz ~ versuchen, Instabilitaten der ,grid  cell*-basierten
Reprasentationen durch einen starkeren Einfluss der die virtuelle Umgebung
einschlie®Benden Mauer zu Korrigieren, (ii) die verminderte zentrale
Navigationspraferenz konnte eine gewisse Unsicherheit der APOE ¢€4-Trager
widerspiegeln, sich der Pfadintegration als Navigationstyp zu bedienen, die eventuell
in der Mitte der virtuellen Umgebung von groRRerer Relevanz ist, (iii) die von den APOE
e4-Tragern verwendete Navigationsstrategie konnte sich hin zu einer Antwort-
basierten Navigationsstrategie verlagern, die bestimmte Assoziationen zwischen der
Mauer und den in der Ferne zu sehenden Bergen verwendet, und (iv) die verminderte
zentrale Navigationspraferenz kénnte durch inakkurate Feuerfelder der ,place cells® in
der Mitte der virtuellen Umgebung aufgrund von beeintrachtigtem ,grid cell“-Input auf
.place cells“ entstehen (Muessig et al., 2015). Es bedarf allerdings zukunftiger Studien,

um diese potenziellen Erklarungsansatze genauer zu evaluieren.

1.5 Zusammenfassung

Die Ergebnisse der vorliegenden Arbeit zeigen, dass junge Erwachsene mit genetisch
erhdhtem Risiko fur die Alzheimer-Erkrankung verminderte ,grid cell*-basierte
Reprasentationen des rechten entorhinalen Kortex und Veranderungen im raumlichen
Navigationsverhalten (verminderte zentrale Navigationspraferenz) aufweisen. Des
Weiteren ergab die Arbeit, dass beide Veranderungen (verminderte ,grid cell*-basierte
Reprasentationen sowie verminderte zentrale Navigationspraferenz) mit schlechterem
raumlichem Gedachtnis assoziiert sind. Allerdings war die Starke der ,grid cell“-
basierten Reprasentationen invers mit hippokampaler Aktivitat assoziiert, weshalb ein
direkter Effekt des genetisch erhdhten Alzheimer-Risikos auf die raumliche
Gedachtnisleistung vermutlich verborgen bleibt. Zusammengenommen legen die
Ergebnisse der vorliegenden Arbeit eine Dysfunktion des entorhinalen Kortex nahe,
die verhaltensrelevant ist und Jahrzehnte vor dem potenziellen Beginn der Alzheimer-

Erkrankung auftritt.
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2. Wissenschaftliche Veroffentlichung

Nachfolgend ist die wissenschaftliche Veroffentlichung, die 2015 in der Fachzeitschrift

»ocience” publiziert wurde, angehangt.
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background, SHR generated additional ground
tissue layers, as previously described (7, 9). How-
ever, when expressed in combinations of mutants
involving blj jkd and scr, SHR failed to rescue the
formative cell divisions within the ground tissue.
These results indicate that BLJ, JKD, and SCR are
essential for SHR to carry out ground tissue pat-
terning. Furthermore, analysis of the contribution
of the BIRDs and SCR to generate specific gene
expression patterns showed that these transcrip-
tion factors were able to activate expression of
endodermis and cortex genes (Fig. 4C). Staining
for endodermis-specific attributes (the Casparian
strip) in the shr JO571XUAS lines showed that
BLJ (Fig. 4, D to F), along with the other BIRDs
and SCR (fig. S7, M to Q), could induce Casparian
strip formation subsequent to periclinal divisions
of the ground tissue. Expression of cortex-specific
markers required at least JKD, MGP, and NUC
(Fig. 4, G and H). SCZ, which is required for ex-
pression of some cortex-specific markers (15), is
also a target in the network. Our analysis suggests
that cortex identity requires multiple inputs from
the BIRDs. Therefore, the BIRDs and SCR, in ad-
dition to mediating SHR transcriptional compe-
tence (7), are endogenous effectors of ground tissue
patterning and can provide all the necessary in-
formation for the asymmetric divisions that are
activated by SHR to pattern the ground tissue.
Cell fate choices in all multicellular organisms
are governed by transcription factors. Their com-
binatorial expression and interactions are key to
tissue identity. The BIRDs and SCR play critical
roles in maintaining ground tissue identity in
postembryonic roots by specifying the CEI stem
cells that generate the ground tissue lineage (Fig.
4I). In addition, they are effectors of asymmetric
divisions that pattern the progeny of the CEIs
(Fig. 4J). The continuous control of multiple steps
of tissue formation by the same set of transcrip-
tion factors, independently of and dependent on
positional cues, is a sophisticated mechanism en-
suring plasticity in the regulation of cell fate.

REFERENCES AND NOTES

1. J. J. Petricka, J. M. Van Norman, P. N. Benfey, Cold Spring

Harb. Perspect. Biol. 1, 2000497 (2009).

D. Welch et al., Genes Dev. 21, 2196-2204 (2007).

H. Cui et al., Science 316, 421-425 (2007).

A. Cruz-Ramirez et al., Cell 150, 1002-1015 (2012).

R. Sozzani et al., Nature 466, 128-132 (2010).

M. P. Levesque et al., PLOS Biol. 4, €143 (2006).

Y. Long et al., Plant Cell 27, 1185-1199 (2015).

R. Zhou, L. M. Benavente, A. N. Stepanova, J. M. Alonso,

Plant J. 66, 712-723 (2011).

9. Y. Helariutta et al., Cell 101, 555-567 (2000).

10. M. Pernas, E. Ryan, L. Dolan, Curr. Biol. 20, 818-823 (2010).

11. M. Aida et al., Cell 119, 109-120 (2004).

12. V. Willemsen et al., Dev. Cell 15, 913-922 (2008).

13. Materials and methods are available as supplementary
materials on Science Online.

14. S. M. Brady et al., Science 318, 801-806 (2007).

15. C. A. ten Hove et al., Curr. Biol. 20, 452-457 (2010).

PN O W

ACKNOWLEDGMENTS

This work was supported by grants from the NIH (R01-GM043778)
and the Gordon and Betty Moore Foundation (GBMF3405) to
P.N.B.; from the NSF (10S-1021619-002) to U.O. and P.N.B.; and
from MINECO, FEDER/EFDR (BFU2013-41160-P), and FP7
(PCIG11-GA-2012-322082) to M.AM.-R. M.AM.-R is supported

by the Ramon y Cajal program (MINECO), C.M.W. by a NRSA
F32 GM106690-01 fellowship, I.B. by a NWO VIDI grant, and

430 23 OCTOBER 2015 « VOL 350 ISSUE 6259

B.S. by an ERC Advanced Grant SysArc. J.J.P. was supported
by a NIH Ruth L. Kirschstein NRSA F32 GM086976 fellowship
I.B. by a NWO VIDI grant, and B.S. by an ERC Advanced Grant
SysArc. We thank D. R. McClay, D. M. Pernas, and Y. Long for
critical reading of the manuscript. Additional data are in the
supplementary materials. The National Center for Biotechnology
Information Gene Expression Omnibus accession numbers are
GSE60157 (microarrays) and GSE60011 (ChIP-Seq). The authors
declare that they have no competing interests.

SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/350/6259/426/suppl/DC1
Materials and Methods

Figs. Sl to S7

Table S1 to S6

References (16-30)

30 July 2015; accepted 22 September 2015
10.1126/science.aad1171

ALZHEIMER'S DISEASE

Reduced grid-cell-like representations
in adults at genetic risk for

Alzheimer’s disease
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Alzheimer’s disease (AD) manifests with memory loss and spatial disorientation. AD pathology
starts in the entorhinal cortex, making it likely that local neural correlates of spatial navigation,
particularly grid cells, are impaired. Grid-cell-like representations in humans can be measured
using functional magnetic resonance imaging. We found that young adults at genetic risk for AD
(APOE-£4 carriers) exhibit reduced grid-cell-like representations and altered navigational
behavior in a virtual arena. Both changes were associated with impaired spatial memory
performance. Reduced grid-cell-like representations were also related to increased hippocampal
activity, potentially reflecting compensatory mechanisms that prevent overt spatial memory
impairment in APOE-€4 carriers. Our results provide evidence of behaviorally relevant entorhinal
dysfunction in humans at genetic risk for AD, decades before potential disease onset.

ate-onset AD is the most common form of

dementia and one of the most challenging

diseases of modern society (7). Curative ther-

apies are still lacking, presumably because

they start too late (2). Therefore, the elu-
cidation of early pathomechanisms underlying
symptoms of AD is of high interest. We aimed at
identifying one of the potentially earliest neuro-
cognitive pathomechanisms in the development
of AD symptoms: We hypothesized entorhinal
dysfunction in young APOE-e4 carriers. Our hy-
pothesis was built on three previous findings:
First, the e4 allele of the APOE gene is the strongest
genetic risk factor for late-onset AD (3). Individ-
uals carrying one APOE-¢4 allele are at threefold
increased risk of AD, and those carrying two
APOE-e4 alleles are at more than 10-fold increased
risk (4). Second, early AD histopathology appears in
the entorhinal cortex (EC) (5), where tau abnormal-
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ities can already be observed in adults under the
age of 30 (6), especially in APOE-€4: carriers (7).
Third, the EC contains grid cells, a cell type in-
volved in spatial navigation. Grid cells fire when-
ever animals (8) or humans (9) traverse the vertices
of an internally generated grid tiling the spatial
environment into equilateral triangles. Their func-
tion has been linked to path integration (10, 11),
error correction (12), and the maintenance of place
cells (13), which exhibit only a singular firing field
(14). Hence, a possible dysfunction of grid cells
may provide an explanation for the symptom of
spatial disorientation in patients suffering from
AD. Proxies for grid cells, termed grid-cell-like
representations, are detectable in humans by
functional magnetic resonance imaging (fMRI).
The blood oxygenation level-dependent signal
of the EC depends on movement direction with
sixfold rotational symmetry. More specifically,
the contrast of brain activity during movements
aligned versus misaligned to the main axes of
a putative grid in a virtual arena leads to a
macroscopically visible fMRI signal in the right
EC (15).

We examined the effect of APOE-e4 on grid-
cell-like representations by comparing two groups
of healthy young adults (n = 38 APOE-g4/€3
carriers, termed “risk participants” from now on;
n = 37 €3/e3 carriers, “control participants”; table
S1). Participants completed a previously established
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paradigm for the detection of grid-cell-like rep-
resentations (75), during which they performed an
object-location memory task while navigating
freely in a virtual environment (Fig. 1 and figs. S1
and S2). Briefly, the analysis split the fMRI data
into two halves (Fig. 2 and tables S4 and S5): The
first half served to identify the angular orienta-
tion of the putative grid axes (separated by
angles of 60°, which is equivalent to the sixfold ro-
tational symmetry of the grid) relative to the en-
vironment in each participant’s right EC (16). The
second half of the data was then used to contrast
brain activity during movements aligned with
these grid axes versus brain activity during mis-
aligned movements. The averaged contrast val-
ues of aligned versus misaligned movements
across all voxels in the right EC reflect the mag-
nitude of grid-cell-like representations [exem-
plary participant-specific EC region of interest
(ROI); Fig. 2D]. We found significant grid-cell-
like representations in control participants (55 =
2.318, P = 0.026) but not in risk participants (¢3; =
-1.730, P = 0.092). In fact, the magnitude of grid-
cell-like representations was strongly reduced in
risk participants as compared to control partic-
ipants [#;3 = 2.875, P = 0.005; Fig. 2; two-way
genotype x sex analysis of variance (ANOVA):
main effect of genotype, F; ; = 8.695, P = 0.004;
no main effect of sex, ;7 = 0.709, P = 0.403; no
interaction, F; ; = 1.838, P = 0.179]. Control analy-
ses showed that our finding in control partic-
ipants was specific for sixfold rotational symmetry
and specific for the right EC (fig. S3). No struc-
tural changes of the right EC, which could po-
tentially account for the functional changes, were
observed (fig. S4).

In contrast to the genotype effect on grid-
cell-like representations, both genetic subgroups
showed similar spatial memory performance
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Fig. 1. Paradigm and behavioral results. (A) Participants performed an
object-location memory task while navigating freely in a circular virtual arena.
At the beginning of each trial, an everyday object was presented (“cue”) which
had to be placed as accurately as possible at its correct location during retrieval
("retrieval”). Participants received feedback via smiley faces (“feedback™) and

re-encoded the object position afterward (“re-encoding™). At, time for specific
trial phase. (B) For each participant, the drop error was calculated as the difference between response locations and correct locations averaged across trials. To
improve readability, drop error values were transformed into spatial memory performance values (methods). (C) Spatial memory performance does not differ
between control (APOE-€3/£3; n = 37) and risk (APOE-e4/£3; n = 38) participants. (D) Risk participants show a reduced preference to navigate within the arena
center as compared to control participants. All bars show mean and standard error of the mean (SEM) across participants. *P < 0.05.

(t;3 = -0.109, P = 0.913; Fig. 1) as well as similar
basic behavioral characteristics (table S2). We as-
sume that the detrimental effect of APOE-e4 on
spatial memory becomes apparent only at older
age (17), when histopathological changes due to
presymptomatic AD have reached adjacent lim-
bic regions such as the hippocampus. However,
risk participants exhibited altered navigational
behavior. They showed a reduced preference to
navigate in the center of the arena (“central navi-
gational preference”; methods) as compared to
control participants (t;3 = 2.551, P = 0.014; Fig.
1 and fig. S1; two-way genotype x sex ANOVA:
main effect of genotype, F;; = 6.293, P = 0.014;
no main effect of sex, F; ; = 0.094, P = 0.761; no
interaction, Fy ; = 1.978, P = 0.164). This finding
was also reflected in a greater mean distance of
all virtual positions relative to the arena center in
risk participants (t;3 = -3.003, P = 0.004; fig. S5).
Next, we examined whether the APOE-dependent
changes of grid-cell-like representations and cen-
tral navigational preference were related to spa-
tial memory performance. Using linear multiple
regression (Table 1), we found that greater grid-
cell-like representations (in addition to higher
values of central navigational preference, younger
age and male sex) were positively related to spa-
tial memory performance (supplementary text
and fig. S6). This result strengthens the hypothesis
that EC-specific representations of space guide
behavior in humans (15, 18). Nevertheless, this
result also seemed paradoxical to us: Given that
APOE-e4 reduces grid-cell-like representations
and that reduced grid-cell-like representations
are associated with impaired spatial memory per-
formance, how can we explain similar perform-
ance between both genetic subgroups? Therefore,
we hypothesized that there are compensatory
mechanisms in risk participants (19).

We anticipated hippocampal task-related ac-
tivity to be a compelling option for a potential
compensatory mechanism because the importance
of the hippocampus for spatial memory is well
established (20), and hippocampal activity is al-
tered in APOE-g4 carriers (2I). Hippocampal
task-related activity (contrast of task versus im-
plicit baseline; methods and table S6) was nega-
tively correlated with grid-cell-like representations
across all participants (bilateral hippocampus:
Pearson’s 7 = -0.317, P = 0.006; Fig. 2; right hippo-
campus: 7 = -0.292, P = 0.011; left hippo-
campus: 7 = -0.320, P = 0.005). Particularly in
the posterior hippocampus, which is especially
relevant for spatial navigation [the bilateral
posterior third; see (22)], this relationship was
significantly more pronounced in risk partic-
ipants than in control participants (risk partic-
ipants: 7 = -0.545, P < 0.001; control participants:
r = -0.064, P = 0.707; difference between cor-
relation coefficients, & = -2.27, P = 0.023; fig. S7).
Because reduced grid-cell-like representations
were also correlated with increased task-related
activity of the EC and amygdala (fig. S8), we
then examined the behavioral relevance of hip-
pocampal task-related activity. Detailed analyses
revealed that increased task-related activity, par-
ticularly in the left posterior hippocampus, was
associated with better spatial memory perfor-
mance (supplementary text, tables S3 and S7,
and fig. S9). In short, increased hippocampal
activity could serve as a behaviorally relevant
compensatory mechanism for reduced grid-
cell-like representations. Nevertheless, increased
hippocampal activity may also indicate a broader
disruption of medial temporal lobe computa-
tions promoting pathological processes [(23, 24);
for further discussion, see the supplementary
text].
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Next, we aimed at understanding the reduc-
tion of grid-cell-like representations in risk par-
ticipants in greater detail. In principle, reduced
grid-cell-like representations in fMRI could be
due to (i) temporal instability of the putative grid
axes across the entire experiment, (ii) spatial in-
stability of the putative grid axes within each half
of the experiment, or—similar temporal and spa-
tial stability between genetic subgroups in smaller
data segments provided—(iii) a relatively weaker
right EC contrast of aligned versus misaligned
movements. We sought to disentangle this ambi-
guity by first calculating one temporal stability
and one spatial stability value for each partic-
ipant (methods; Fig. 3). Temporal stability values
differed between genetic subgroups (¢;3 = 2.408,
P = 0.019), were positively correlated with grid-
cell-like representations (Pearson’s r = 0.736, P <
0.001; Fig. 3B), and were also negatively corre-
lated with hippocampal task-related activity (r =
-0.311, P = 0.007). Reduced temporal stability val-
ues were related to decreased functional connec-
tivity between the right EC and hippocampus,
possibly indicating a decoupling of both regions
associated with entorhinal dysfunction ( = 0.298,
P = 0.009; supplementary text and fig. S10). In
contrast, spatial stability values did not differ
between genetic subgroups and were not related
to the grid-cell-like representations (¢;3 = -0.143,
P =0.887; r =-0.079, P = 0.501; Fig. 3). Finally, to
disentangle reduced grid-cell-like representations
from reduced temporal stability, we analyzed grid-
cell-like representations on shorter data segments
(methods). This analysis revealed significant grid-
cell-like representations in control participants
(t36 = 2.708, P = 0.010) but not in risk participants
(ts; = -0.788, P = 0.436), with a significant dif-
ference between both groups (¢;5 = 2.315, P = 0.023;
fig. S11), although the corresponding temporal
and spatial stability values did not differ between
groups (temporal stability: ;3 = 1.459, P = 0.149;
spatial stability: ¢;3 = -0.421, P = 0.675). Taken
together, this demonstrates that grid-cell-like rep-
resentations in risk participants were less robust
than in control participants (on a shorter time
scale) and that the grid orientations of potential
grid-cell-like representations were additionally
temporally instable in risk participants (on a
longer time scale).

Our results (summarized in fig. S12) support
the hypothesis that AD involves the dysfunction
of entorhinal grid cells. Adults at genetic risk for
AD exhibit strongly reduced fMRI representa-
tions of grid cells, and reduced grid-cell-like
representations are related to impaired spatial
memory performance (for a speculative inter-
pretation of the underlying mechanistic basis,
see the supplementary text). We also found a
reduced preference of risk participants to navi-
gate in the center of a virtual arena. This change
in navigational strategy may be interpreted (i) as
an attempt to correct errors in the grid code by
encounters with environmental boundaries (25),
(ii) as an uncertainty to rely on entorhinal path
integration mechanisms, (iii) as a shift toward
a response-based strategy relying on different
mountain-wall conjunctive features, or (iv) as a
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Fig. 2. Grid-cell-like representations and compensatory hippocampal activity. (A) Analysis proce-
dure. (Left) The first half of the data was modeled with a general linear model (GLM), including one
regressor for movement in the virtual arena. Two parametric modulators model movement direction in 60°
space (sixfold rotational symmetry). t, time; o, running angle. (Middle) The putative grid orientation in 60°
space is calculated via the B values of these parametric modulators (B; and B,). Dividing by 6 yields the grid
orientation in 360° space. Blue areas depict resulting aligned bins. (Right) Fitting a new GLM to the second
half of the data allows the contrast of aligned versus misaligned movements to be calculated. (B) Grid-cell-
like representations in the right entorhinal cortex (EC) are present for control participants but not for risk
participants. In fact, grid-cell-like representations are reduced for risk participants as compared to
control participants. (C) Negative correlation of task-related hippocampal activity with the magnitude of
grid-cell-like representations (P = 0.006). (D) Exemplary ROls of one participant, created using Freesurfer
(methods). Red, right EC; blue, bilateral hippocampus; green, right amygdala. All bars show mean and SEM
across participants. Green dots represent control participants; red dots represent risk participants. Units
of all contrasts are parameter estimates. *P < 0.05, **P < 0.01.

|
Table 1. Multiple regression to predict spatial memory performance (N =75 participants). Adjusted
coefficient of determination (R%) = 0.170. Multicollinearity was not a concern (all variance inflation
factors < 1.214).

Predictor [ t P

Grid-cell-like representations 0.237 2.077 0.042
Central navigational preference 0.236 2.130 0.037
Genotype (control/ risk) 0.138 1.179 0.242
Sex (male/female) -0.282 -2.643 0.010
Age (years) -0.306 -2.830 0.006

egy (28) or enhanced hippocampal path integra-
tion computations (29, 30) to counter impaired

result of inaccurate place fields in the arena
center due to impaired grid cell input on place

cells (26). Moreover, our results offer an expla-
nation for the previously observed hyperactivity
of certain brain areas in APOE-e4 carriers (27):
They may compensate for entorhinal dysfunc-
tion. Specifically, our data would be in line with
behaviorally relevant compensatory hyperactivity
of the hippocampus that could indicate a stronger
hippocampus-dependent boundary-based strat-

entorhinal path integration. Such neuronal hy-
peractivity could cause partial benefits at a young
age (3I) but may induce further pathological
spreading afterward (24), including the degrada-
tion of place cell firing, which has already been
shown in a mouse model of AD (32). Thus, the
increased hippocampal activation may also reflect
an adverse condition. Our results could provide a

sciencemag.org SCIENCE
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Fig. 3. Stability metrics of grid-cell-like representations. (A) Exemplary
plots from one participant per group show temporally stable grid orientations
(connected by green lines) and temporally instable grid orientations (red lines)
of individual voxels, leading to one percentage value per participant (“temporal
stability”). The exemplary plot for the risk participant indicates that the voxel-
wise grid orientations change between the two halves of the data (lines be-
tween circles), but that within each half, the voxel-wise grid orientations are
clustered (dots placed on the different circles, see spatial stability). (B) Tem-
poral stability values show a reduction in risk participants and are highly

new basic framework for preclinical research on
AD and may provide a neurocognitive explana-
tion of spatial disorientation in AD. We empha-
size their early occurrence in young adulthood, 16
which may help to determine treatment onset

(2014).

nostic marker. The amelioration of entorhinal
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correlated with grid-cell-like representations (P < 0.001), suggesting temporal
instability as a cause of reduced grid-cell-like representations. (C) Exemplary
plots showing spatially stable grid orientations estimated from the first half of
the data (Rayleigh's z > 11 for both). (D) Contrarily to temporal stability, spatial
stability values do not differ between genetic subgroups and are not related to
grid-cell-like representations. All bars show mean and SEM across partic-
ipants, separately for both groups. Green dots represent control participants;
red dots represent risk participants. Units of all contrasts are parameter es-
timates. *P < 0.05, **P < 0.01, ***P < 0.001.
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Materials and Methods

Participants and APOE genotyping

We recruited 531 healthy Caucasian participants in different lectures of the
University of Bonn and performed genotyping by means of buccal swabs. Automatic
purification of genomic DNA was conducted via the MagNA Pure® LC system using a
commercial extraction kit (MagNA Pure LC DNA isolation kit; Roche Diagnostics,
Mannheim, Germany). Analysis of the APOE polymorphisms was performed with real-
time polymerase chain reaction (PCR) on a Light Cycler System by Roche. Primers and
hybridization probes were provided by TIBMOLBIOL, Berlin, Germany. From this large
cohort, we successively and randomly invited male and female participants (age range, 18
— 30 years) who were either homozygous for APOE-€3 (“control participants”) or
heterozygous for APOE-¢4/€3 (“risk participants”) to the fMRI experiment until at least
20 participants were scanned in each of the four groups (male control, female control,
male risk, and female risk). Sample sizes were based on Doeller et al. (/5) and previous
APOE-fMRI-studies (e.g., ref. 21). No statistical method was used to predetermine
sample size. We did not include a third genetic subgroup with homozygous APOE-¢4-
carriers, because they were too rare (n = 8). Participants as well as experimenters were
blinded towards genotypes. Participants’ real names and genotypes were never directly
connected. In total, 94 participants were scanned. Ten participants did not complete the
experiment and 9 had to be excluded because of excessive head motion (more than 4 mm
into one or more translational directions). Thus, all analyses were performed with a final
number of N =75 participants (n = 18 male control, n = 19 female control, n = 18 male
risk, and n = 20 female risk). Control and risk groups did not differ in demographic
characteristics (see Table S1). All participants had normal or corrected-to-normal vision
and reported no history of neurological or psychiatric disease. The local Ethics
Committee of the University of Bonn approved the study and all participants signed a
written informed consent.

Experimental task

The paradigm was adapted from Doeller et al. (/5). During the fMRI scan,
participants performed an object-location memory task navigating freely in a circular
virtual arena. The arena comprised a grassy plane (diameter of 9,500 virtual units)
bounded by a cylindrical cliff. No intra-maze landmark (as used in previous versions of
the task; 28, 15) was present. Movement in the arena was enabled using a button box with
three buttons for the different movement directions (move forward, turn right, turn left)
and one button for object placement. The total duration of 78 minutes was divided into 6
sessions of 13 minutes each. Sessions were separated by short breaks. At the very
beginning of session 1, participants collected eight everyday objects (randomly drawn
from a total number of 12 potential objects: eggplant, baby bottle, briefcase, globe,
bucket, rubber duck, barrel, stapler, agenda, vase, alarm clock, basketball) from different
locations in the arena (“initial learning phase”). This time period (variable duration of
approximately two minutes, as the whole task was self-paced) was excluded from all
analyses by removing the corresponding fMRI volumes. Object locations were randomly
distributed and similarly central between the two genetic subgroups (measured as the
mean distance between the object locations and the arena center; two-sample #-test, #73 = -
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.617, P =.539). Several constraints ensured that the object positions were not too close to
the cylindrical cliff, the center, and other objects. Afterwards, participants completed
variable numbers of trials (mean number of trials + standard error of the mean (SEM),
229 + 5), depending on individual movement speed. Each trial consisted of a retrieval and
a subsequent re-encoding phase (Fig. 1A). During the retrieval phase, participants were
shown one of the eight objects (“Cue”) and asked to place it as accurately as possible at
its initial position (“Response location”; Fig. 1B). Depending on response accuracy,
participants then received feedback via one of five possible smiley faces (Fig. S1B).
Afterwards, each object had to be collected again from its initial position (“Correct
location”; Fig. 1B), allowing for re-encoding. Thus, participants gradually improved their
performance throughout the experiment (Fig. S2). After each trial, a fixation crosshair
was shown for a variable duration of 3 to 5 sec (uniformly distributed). At the beginning
of the first trial (after the initial learning phase), participants started from locations that
were similarly central between the two groups (two-sample #-test, t73 =-1.107, P = .272).
Subsequent starting positions of all retrieval phases were identical with the self-paced end
positions of the directly preceding re-encoding phases to ensure a continuous, more
natural navigation course. Note that these end positions were not completely identical
with the object positions since participants only needed to enter a circle with a radius of
120 virtual units around each object to “collect” it. Every 0.1 sec, the position of the
participant in the arena was logged, which allowed us to extract movement periods,
movement speed and movement direction. The virtual arena was projected onto a screen
positioned at the head of the magnet bore and reflected onto a mirror attached to the head
coil.

MRI data acquisition

Scanning was performed at the German Center for Neurodegenerative Diseases
(DZNE), Bonn, using a Skyra 3-T MRI scanner (Siemens, Erlangen, Germany) with a 20-
channel head receive coil. Participants underwent a T1 weighted structural scan and a
T2*-weighted functional scan. For T1-weighted structural brain imaging, a whole-head
magnetization-prepared rapid gradient-echo imaging sequence (MP-RAGE) with the
following parameters was used: 1 mm isotropic resolution; inversion time (TI) = 1100
ms; repetition time (TR) = 2500 ms; echo time (TE) = 4.37 ms; flip angle = 7°; total
acquisition time (TA) = 5:08 min. Functional images were subsequently acquired using a
T2*-weighted echo-planar-imaging (EPI) protocol, adapted to account for increased
susceptibility-induced artifacts in inferior slices (33), with the following parameters:
acquisition matrix = 64 x 64; TR = 2600 ms; field of view = 192 mm x 192 mm; flip
angle = 82°. Forty 2 mm-thick transversal slices were acquired in ascending order (1 mm
slice gap) within each TR. The anterior-posterior phase encoding direction was tilted by
30° towards the coronal plane (lifted anterior end). The echo time for superior slices was
set to TEmax = 31 ms while the echo time for inferior slices was set to TEwin = 23 ms with
a linear increase from the 14" to the 24" slice. The fMRI time series comprised six
sessions, each consisting of 305 images (TA = 13:13 min per session). The first five
images of each session were excluded from data analysis to account for signal steady-
state transition.
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Data analysis
Matlab (2014a, The MathWorks Inc., Massachusetts) was used to perform

behavioral analyses. Freesurfer (v5.3.0, http://surfer.nmr.mgh.harvard.edu/) enabled the
creation of participant-specific anatomical ROIs and was used to obtain four structural
measures of right entorhinal cortex (volume, thickness, mean curvature, and surface
area). SPMS (http://www.fil.ion.ucl.ac.uk/spm) served to perform all first level analyses
of functional MR images as well as the confirmatory second level analysis of
compensatory activity on whole brain level. SPSS (version 22.0, IBM Corp., NY) was
used to calculate all other second-level statistics. Most data were normally distributed and
variance was similar between groups. Otherwise, non-parametric test statistics and
corrections for unequal variances were chosen. All second-level statistics were two-sided.

Behavioral analyses

First, we assessed participant-specific spatial memory performance by averaging
the distances between response and correct locations across trials (“drop error”, Fig. 1B).
Solely for visualization and enhanced readability, we converted these “drop errors” into
values of spatial memory performance using the following formula: spatial memory
performance; = [max(drop error) - drop error; + min(drop error)] / max(drop error), where
max(drop error) and min(drop error) correspond to the maximum and minimum drop
error across all participants, respectively, and drop error; corresponds to the drop error in
participant i. This formula simply reverses the drop errors and maps them into the range
between 0 and 1. Second, participant-specific values of central navigational preference
were calculated as central navigational preference = ncenter / Nperiphery, Where neenter 1s the
number of time points spent in the center of the arena and nperiphery 1S the number of time
points spent in the periphery of the arena. The division between center and periphery was
drawn by dividing the arena radius into two equal halves. Only time points during the
retrieval phase were considered, as we expected a behavioral relevance for correct object
placement solely during this trial phase. Drop error values and central navigational
preference values were entered into two-sample #-tests between genetic subgroups. The
result of the central navigational preference values was corrected for unequal variances
(assessed via Levene’s test for equality of variances) using the Welch-Scatterthwaite
method as implemented in SPSS by default. To validate our metric of central navigational
preference, we determined the absolute distances of the self-paced starting positions as
well as all self-paced positions relative to the center and compared them between genetic
subgroups using two-sample ¢-tests. Third, as control analyses, we calculated basic
behavioral characteristics including the number of movement time points, the cut-off
speed (used for the definition of fast movements, see analysis of grid-cell-like
representations below), the total path length, the total number of trials, the average
duration of retrieval-phases, and the average duration of re-encoding-phases. Potential
differences between these characteristics as a function of genotype were tested (Table
S2). Finally, learning curves were calculated across participants of both genetic
subgroups. For visualization and statistical evaluation with a time X genotype repeated
measures ANOVA, drop error times were assigned to one-minute-bins and corresponding
drop errors averaged within bins, leading to 77 drop error values per participant (Fig. S2).



34

Pre-processing of functional images

SPMS8 within Matlab was used to pre-process each participant’s fMRI data.
Functional images were spatially realigned, unwarped, slice time corrected and
coregistered onto participant-specific anatomical T1 images. For the analysis of grid-cell-
like representations (Fig. 2B), stability metrics (Fig. 3), and task-related activity (Fig. 2C,
Fig. S8), we did not apply normalization as we exclusively performed ROI analyses and
aimed at minimizing post hoc spatial distortions of the data. Only for the “confirmatory
analysis of compensatory mechanisms” (see below; Fig. S9), we applied normalization to
Montreal Neurological Institute (MNI) space using parameters from the segmentation of
the T1 structural image (34). Images were spatially smoothed with an isotropic 6 mm
full-width-half-maximum Gaussian kernel.

Creation of participant-specific anatomical ROls

To improve the accuracy of the ROI analyses, normalization was replaced by the
usage of participant-specific anatomical ROIs (right, left, and bilateral EC; right, left, and
bilateral hippocampus; right, left, and bilateral posterior hippocampus; right, left, and
bilateral amygdala; right, left, and bilateral fusiform gyrus; right, left, and bilateral
precentral cortex) created via the Freesurfer image analysis suite (see Fig. 2D for
exemplary ROIs of right EC, right amygdala and bilateral hippocampus). The right EC
ROI was used in the analysis of grid-cell-like representations. The right hippocampal and
right amygdala ROIs were used to perform control analyses in control participants as they
are adjacent regions of the right EC. Finally, the other ROIs served for the analysis of
task-related activity. Briefly, processing included registration to Talairach space, intensity
normalization, skull stripping, volumetric labelling, and cortical parcellation. The
detailed procedure has been described and validated in previous publications (35-37) and
is comparable in accuracy to manual labelling (38). Afterwards, Freesurfer output was
transformed back into participant-specific space to establish compatibility with the
coregistered, smoothed functional images. Next, the parcellated cortical ribbon was used
to obtain ROIs of EC, fusiform gyrus, and precentral cortex, whereas the segmented
subcortical structures were used to produce ROIs of hippocampus and amygdala. All
participants’ ROIs were visually inspected by overlaying them onto the participant-
specific anatomical T1 image to ensure proper definition. The number of voxels of our
main target ROIs did not differ between genetic subgroups (two-sample #-test for right
EC, t73 =-1.309, P = .195, mean number of voxels + SEM: 1704 + 60 in control
participants, 1811 £ 55 in risk participants; two-sample #-test for bilateral hippocampus,
173 =-.789, P = .432, mean number of voxels + SEM: 9062 + 155 in control participants,
9225 + 136 in risk participants) and were in accordance with previous findings (right EC,
mean + SEM, 1759 + 41, see ref. 39; bilateral hippocampus, mean + SEM, 9144 + 103,
see ref. 40). Furthermore, the voxel numbers of all other ROIs that were additionally used
also did not differ between genetic subgroups (two-sample t-tests, all P > .05).

Analysis of grid-cell-like representations

The analysis of grid-cell-like representations followed the procedure of Doeller et
al. (/5): The data was split into two halves. By fitting a first general linear model (GLM)
to the first half of the data (Fig. 2A, left panel), we identified the angular orientation of
the putative grid axes relative to the environment in each participant’s right EC (Fig. 2A,



35

middle panel; Table S4), because the angular orientation is not known a priori.
Afterwards, we modeled the second half of the data with a second GLM to contrast brain
activity during aligned movements with brain activity during misaligned movements
relative to the previously identified putative grid axes from the first half of the data (Fig.
2A, right panel; Table S5). This procedure is explained in greater detail hereinafter. The a
priori defined first half of the data (sessions 1, 3, and 5) was modeled with a first GLM
including a regressor for all fast movement time points (see below) in the virtual arena
and regressors of no interest modeling phases without navigation in the environment
(Table S4). Two parametric modulators of the movement regressor modeled the
movement direction at each movement time point: sin[o(?) * 6] and cos[a(?) * 6], where
a(?) is the movement direction at time point ¢ (Fig. 2A, left panel), arbitrarily aligned to
0° of the virtual reality environment as defined by the background cues. Multiplying by
six transforms the movement directions into 60° space to account for the six-fold
rotational symmetry of potential grid-cell-like representations. In other words, the factor
6 means that these regressors are sensitive to activation showing a six-fold rotational
symmetry in running direction (i.e., activation with six evenly spaced peaks as a function
of running direction will produce parameter estimates 31 and 3> for the two regressors
with large amplitude sqrt(pi? + B2?)). Next, the B-values of the two parametric modulators
were extracted from the right EC ROI to calculate its putative mean grid orientation in
60° space (varying between -180° and 180°): mean grid orientation @eo> = arctan(B1/p2),
where 1 = averaged beta value for sin[a(f) * 6] and B2 = averaged beta value for cos[a(?)
* 6] across voxels of the right EC ROI. Dividing by six changed the mean grid
orientation @so° back into normal 360° space (varying between -30° and 30°). Adding n
times 60° yielded all putative grid axes (Fig. 2A, middle panel). Afterwards, we looked
for sinusoidal modulation of activation with six-fold rotational symmetry in the other half
of the data. In detail, this means that a second GLM was applied to the a priori defined
second half of data (sessions 2, 4, and 6) containing regressors for “aligned” (within +
15° of the nearest axis of the grid) and “misaligned” (more than + 15° from a grid axis)
movements in the virtual arena (Fig. 2A, right panel; Table S5). Contrast values (aligned
> misaligned) were extracted from the right EC ROI and averaged across voxels within
participants. More positive values indicate more pronounced grid-cell-like
representations, whereas smaller or even negative values indicate less pronounced grid-
cell-like representations. Please note that we restricted our analysis to the right EC and
fast movements (fast tertile of all movements, separately determined for each participant,
lower boundary defined as “cut-off speed”, see Table S2), following Doeller et al. (15).

Control analyses of grid-cell-like representations

In control participants, we performed two control analyses to validate both the
specificity of six-fold rotational symmetry and the specificity of the right EC ROI. To test
for the specificity of the six-fold symmetric sinusoidal modulation, we used the same
analysis procedure of (1) estimating the mean grid orientation of the right EC and (2)
looking for sinusoidal modulation in control models, however with directional
periodicities of 120°, 90°, 72°, 51.4°, and 45° (that is, three-fold, four-fold, five-fold,
seven-fold, and eight-fold rotational symmetry) respectively. To test for the specificity of
the right EC ROI, we performed the analysis with 6-fold rotational symmetry in right
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hippocampus and right amygdala, since they are adjacent regions of the right EC (for the
results, see Fig. S3).

Session-wise analysis of grid-cell-like representations

To evaluate whether grid-cell-like representations were also reduced under the
conditions of similar temporal and spatial stability of the voxel-wise grid orientations
between genetic subgroups, we applied the analysis of grid-cell-like representations (see
above) on shorter data segments: one session served to identify the angular orientation of
the putative grid axes and the subsequent session served to contrast brain activity during
movements aligned with these grid axes versus brain activity during misaligned
movements, leading to five session combinations (estimate grid orientation in session 1,
calculate contrast of aligned versus misaligned movements in session 2; same between
session 2 and session 3; session 3 and session 4; session 4 and session 5; session 5 and
session 6). Temporal and spatial stability values were assessed for each session
combination following the procedure explained below. The results were averaged across
session combinations before entering group statistics.

Linear multiple regression to predict spatial memory performance

To investigate whether grid-cell-like representations and central navigational
preference were related to spatial memory performance, we calculated a linear multiple
regression model with spatial memory performance as the dependent variable. Grid-cell-
like representations, central navigational preference, genotype, sex, and age were
included as relevant predictor variables. Concerning grid-cell-like representations, we
hypothesized a positive influence on spatial memory performance as shown before (15).

Analysis of task-related activity

Hippocampal task-related activations were estimated using a separate GLM
including a regressor that modeled the time during which participants were engaged in
the task (i.e., cue, retrieval, feedback, and re-encoding combined; Table S6). Contrast
values for this regressor versus the implicit baseline were extracted from the participant-
specific right, left, and bilateral hippocampal ROIs (created using Freesurfer, see above)
and averaged across voxels within participants (“hippocampal task-related activation”).
Afterwards, we examined whether reduced right EC grid-cell-like representations were
related to increased hippocampal task-related activity across all participants by
calculating a Pearson correlation. To further elucidate the relationship between grid-cell-
like representations and other ROIs inside and outside the medial temporal lobe, task-
related activations were also extracted from EC, amygdala, fusiform gyrus, and precentral
cortex (created using Freesurfer) and correlated to the grid-cell-like representations (Fig.
S8) using Pearson correlations.

Analysis of potentially compensatory mechanisms

To elucidate whether our finding of increased hippocampal task-related activity
reflects compensatory mechanisms with a behavioral impact, we conducted two analyses.
First, we calculated six different versions of the linear multiple regression (Table S3)
used to predict spatial memory performance in the main text (Table 1). Each version
included task-related activity of a different part of the hippocampus (bilateral
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hippocampus, left hippocampus, right hippocampus, bilateral posterior hippocampus, left
posterior hippocampus, right posterior hippocampus) as an additional independent
variable. We were specifically interested in the influence of task-related activity of the
posterior hippocampus, since this is the region of the hippocampus that has been shown
to be especially relevant for spatial navigation (22, 41-45). Second, we performed a
separate second-level whole brain analysis using SPM. Here, first level contrast-images
represented trial-by-trial response accuracy within participants (see below: “Confirmatory
analysis of compensatory mechanisms™). See below for the results.

Confirmatory analysis of compensatory mechanisms

To validate our result of compensatory hippocampal activity, we used an
additional whole-brain approach that identified voxels which were specifically relevant
for correct object placement (i.e., good spatial memory performance) and that were also
negatively correlated to grid-cell-like representations. This approach contained a first
level GLM and a second level analysis in SPM. Hence, exclusively for this analysis, pre-
processing of functional images included normalization to MNI space before smoothing.
On the first level, the GLM contained one regressor of the retrieval-phase that was
modeled with a parametric modulator depicting the accuracies of the trial-specific
response locations (Table S7) revealing voxels associated with good spatial memory
performance. Contrast images of the parametric modulator versus zero were calculated
for all participants and entered into a second level linear regression model in SPM. This
linear regression model contained the participant-specific grid-cell-like representations of
right EC as predictor variable. We then identified voxels which were negatively
correlated with grid-cell-like representations across the group of participants, also
reflecting potential compensatory mechanisms. Based on our strong a priori hypothesis,
we applied small volume correction (SVC) for bilateral hippocampus (SPM anatomy
toolbox mask image; mask volume = 23,664 mm?®). We report activation at P < .05 at the
peak level corrected for multiple comparisons within this search volume.

Calculation of temporal and spatial stability

Grid-cell-like representations solely occur when the voxel-wise grid orientations
(angular orientation of the putative grid axes relative to the environment in 60° space)
from the first half of the data exhibit both spatial and temporal stability. Thus, in
principle, reduced grid-cell-like representations can be either due to spatial or temporal
instability of the voxel-wise grid orientations (or — similar temporal and spatial stability
between genetic subgroups in smaller data segments provided — due to a relatively
weaker right EC contrast of aligned versus misaligned movements, which we investigated
using shorter data segments, see main text and above: “Session-wise analysis of grid-cell-
like representations”). For each participant, we calculated one spatial stability value
(statistically expressed as Rayleigh’s z-value: the higher the z-value, the higher spatial
stability) and one temporal stability value (estimated as percentage values: the higher the
percentage value, the higher temporal stability). This is explained in greater detail
henceforth. Spatial instability is maximal for a uniform circular distribution of grid
orientations across voxels. As a result of spatial instability, the mean grid orientation of
the first half of the data would be a random selection of this distribution. Arbitrary
allocations of aligned and misaligned movements in the second GLM would be the
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consequence, leading to reduced or absent grid-cell-like representations. Statistically,
spatial stability was evaluated with Rayleigh’s test for non-uniformity of circular data
(46), which was applied to the voxel-wise grid orientations of the first half of the data
(accounting for spatial smoothing). This resulted in participant-wise z-values of spatial
stability (for two examples, see Fig. 3C). In contrast, temporal instability means that the
voxel-wise grid orientations — albeit potentially spatially stable — change across time.
Incorrect allocations of aligned and misaligned movements in the second GLM would be
the consequence, also producing reduced or absent grid-cell-like representations. To
obtain a metric of temporal stability, we first calculated the voxel-wise grid orientations
in the right EC ROI separately for both halves of the data. Afterwards, we evaluated for
each voxel individually whether the grid orientation of the second half of the data was
within a range of + 15° around the grid orientation of the first half of the data. This
allowed us to calculate the percentage of voxels with temporally stable grid orientations
for each participant (for two examples, see Fig. 3A). For statistical comparison,
percentage values (percentageoriginal) Were logit-transformed according to: percentagenew =
log[percentageorigina / (1 — percentageorigina)], because they were in a limited range of O to
1 originally. For group statistics, temporal stability values (i.e. logit-transformed
percentage values) and spatial stability values (i.e. Rayleigh’s z-values) were entered into
separate two-sample 7-tests between genetic subgroups and into separate Pearson
correlation analyses to detect significant relations to the grid-cell-like representations.
Note that the terms “grid axes” and “grid orientation” used throughout the main paper
and the Supplementary Information are based on a directionally modulated fMRI signal
and do not simply correspond to electrophysiological nomenclature.

Functional connectivity between EC and hippocampus

Functional connectivity was analyzed by first extracting the preprocessed BOLD
time series from right EC and right hippocampus and averaging them across voxels
within each of the ROIs (right EC and right hippocampus). Next, linear trends of the time
series were removed within sessions and the time series were normalized within sessions
to have mean 0O and standard deviation 1. We calculated the Pearson correlation r value
between the time series of right EC and right hippocampus for each participant and
transformed the r values into z values (Fisher-z-transformation). As a control analysis, we
included the participant-specific head motion parameters as regressors of no interest. As a
second control analysis, functional connectivity between right EC and bilateral
hippocampus as well as between right EC and left hippocampus was also calculated using
the identical procedure.
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Supplementary Text

Grid-cell-like representations and spatial memory performance within genetic subgroups

In the main text we showed that multiple regression was sensitive to reveal a
positive relationship between the magnitude of grid-cell-like representations and spatial
memory performance across all participants. To further evaluate a potential dependency
of this relationship on genotype that would be relevant to proposing a mechanistic
account of (later) spatial memory impairments observed in AD, we conducted two
exploratory analyses. First, we plotted the raw bivariate correlations between grid-cell-
like representations and spatial memory performance, separately for both genetic
subgroups (Fig. S6A). Visual inspection suggests a stronger relationship in risk
participants, but this was not significant (risk participants only: Pearson’s r = .204, P =
.220; control participants only: Pearson’s r = .055, P = .748; difference between
correlation coefficients, z = .63, P =.529). Second, we used partial correlations as a more
sensitive approach correcting for sex, age, and central navigational preference, which
revealed a significant partial correlation in risk participants (r = .341, P = .045; Fig.
S6B), but not in control participants (r = .086, P = .628), with no difference between both
groups (z = 1.12, P = .263). Thus, the most robust finding is an overall positive effect of
grid-cell-like representations on spatial memory performance that is influenced by other
factors such as sex, age, and central navigational preference as represented in the linear
multiple regression analysis (Table 1).

Hippocampal task-related activity and spatial memory performance

To elucidate whether our finding of increased hippocampal task-related activity
reflects compensatory mechanisms with a positive impact on behavior or adverse effects
with a negative behavioral impact, we conducted two additional analyses (see Methods).
First, different versions of the linear multiple regression (Table 1, including task-related
activity of different parts of the hippocampus as an additional predictor, see Methods)
showed that task-related activity of the entire hippocampus is too unspecific to reveal a
positive association with spatial memory performance (bilateral, P = .660; left, P = .465;
right, P = .855; Table S3, Models 1-3). However, activity in the posterior hippocampus
(posterior third of the hippocampus), which seems to be more closely related to spatial
navigation than the anterior hippocampus (22, 41-45), was associated with improved
spatial memory performance, in particular in the left hemisphere (bilateral, P = .068; left,
P =.006; right, P =.517; Table S3, Models 4-6). This specificity was supported by our
second-level whole brain analysis of voxels which are positively associated with spatial
memory performance (within participants) and that are at the same time negatively
associated with grid-cell-like representations (across participants; see Methods:
“Confirmatory analysis of compensatory mechanisms”). This analysis revealed a brain-
wide peak in the left posterior hippocampus (peak MNI coordinates: -18/-28/-8, peak z-
score = 4.03, P = .038, FWE-corrected after small volume correction for the bilateral
hippocampus; Fig. S9). Importantly, no other voxel exceeded this z-value on the whole
brain level, reflecting the specificity of activation in the posterior hippocampus. Taken
together, these two analyses suggest compensatory hippocampal task-related activity that
is specific to its posterior third.
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Interpretation of increased activity in APOE-g4-carriers

It is a matter of ongoing debate whether increased hippocampal activity in APOE-
gd-carriers represents compensatory mechanisms required to maintain normal cognitive
functioning or, in contrast, pathological dysfunction. Compensatory mechanisms in &4-
carriers were first suggested by Bookheimer et al. (/9), similar to the finding of potential
compensatory mechanisms in patients with mild AD (47) that could indeed be related to
better performance (48). The hypothesis of compensatory mechanisms was further
supported by findings of Bondi et al. (49), Rosano et al. (50), Han et al. (51), Filippini et
al. (21), Wierenga et al. (52), and Suthana et al. (53). Even in a 20-year-old at risk for
familial AD (presenilin 1 mutation carrier) increased brain activity within memory-
related neural networks (including the hippocampus) was found and interpreted as
compensatory effort (54). However, increased brain activity was also discussed as
indicating different cognitive processing strategies, biochemical alterations, or as a
marker of the pathophysiologic process itself (55-57). Moreover, there is growing
evidence that hippocampal hyperactivity in mild cognitive impairment, AD, and
presymptomatic individuals is a paradoxical or even adverse condition that could be
targeted therapeutically (e.g., 58, 59). Jagust et al. (60) propose that lifespan brain
activity in humans increases deposition of amyloid-f. Bakker et al. (23) even show that
the reduction of hippocampal hyperactivity by the antiepileptic drug levetiracetam
improves cognition in amnestic mild cognitive impairment. Furthermore, it is shown in
mouse models that neuronal activity increases the regional load of amyloid- deposition
(24).

In the main text, we proposed that our finding of increased hippocampal activity
indicates compensatory mechanisms in risk participants. This interpretation was based on
our findings that reduced grid-cell-like representations were correlated with increased
hippocampal task-related activity, and that this relationship was significantly more
pronounced in risk participants as compared to control participants in the posterior
hippocampus. In principle, there must be some compensatory processes given our
contrary findings that spatial memory performance is preserved in risk participants,
although they show reduced grid-cell-like representations and reduced central
navigational preference, which are both related to impaired spatial memory performance
across all participants. Increased hippocampal activity could reflect a more pronounced
boundary-based navigation strategy in risk participants (6/, 28) or enhanced hippocampal
path integration computations (29, 30) to compensate for impaired entorhinal path
integration. Furthermore, our finding that reduced grid-cell-like representations are also
related to increased task-related activity in EC and amygdala (Fig. S8) could be
interpreted as an overall compensatory activity of the medial temporal lobe areas. For
example, Filippini et al. (27) speculate that increased activity in hippocampal regions
reflects compensation of reduced synaptic plasticity, neuronal growth, or altered long-
term potentiation, which seems to be particularly affected by apolipoprotein E4 (62).
However, this finding could also speak in favor of an adverse broader disruption of
medial lobe network computations accounting in total for our finding of altered
navigational behavior in risk participants. Hence, to further elucidate whether our finding
of increased hippocampal task-related activity could represent compensatory mechanisms
with a behavioral impact, we conducted two additional analyses (see Supplementary Text
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“Hippocampal task-related activity and spatial memory performance”). It became
apparent that increased task-related activity specifically of the (left) posterior
hippocampus is related to better behavioral performance, supporting the compensatory
hypothesis. Furthermore, our finding of reduced functional connectivity between EC and
hippocampus in participants with reduced temporal stability values (Fig. S10B) might
reflect a mechanism to protect hippocampal processing from impaired entorhinal
computations enabling independent compensatory mechanisms. However, the last two
results were obtained across all participants and were not modulated by genotype (no
differences between correlation coefficients were observed). While this speaks against a
compensatory role that is specific to risk participants, it is consistent with the general idea
that entorhinal cortex dysfunction is associated with (and possibly responsible for)
broader changes in medial temporal lobe computations. In this light, APOE-¢4 may
induce entorhinal dysfunction that could then, in turn, gradually lead to functional
changes in downstream areas. Finally, we would like to point out that the two
interpretations of increased hippocampal activity as a compensatory or a pathological
phenomenon are not mutually exclusive: increased hippocampal activity could
(temporarily) serve as a compensatory mechanism — in particular in young participants,
decades before potential disease onset — and simultaneously promote pathological
processes. The compensatory potential might then fade out with proceeding pathology or
might be shifted to neocortical areas as suggested in various studies (e.g., 53).

Functional connectivity between right EC and hippocampus

We found that there was pronounced functional connectivity between right EC
and right hippocampus across all participants (one-sample #-test, t74 = 36.561, P < .001).
Furthermore, reduced temporal stability values were associated with lower connectivity
values (Pearson’s r = .298, P = .009; Fig. S10B), possibly indicating a decoupling of both
regions associated with entorhinal dysfunction. This decoupling between right EC and
right hippocampus could constitute a modulating mechanism to reduce the influence of
impaired entorhinal computations on hippocampal processing. Independent hippocampal
functioning may thus be enabled that could compensate for EC failure. For completeness,
similar results were achieved when using the time series from right EC and bilateral
hippocampus (correlation to temporal stability values: Pearson’s r = .272, P = .018) or
right EC and left hippocampus (correlation to temporal stability values: Pearson’s r =
229, P = .048). Likewise, including the participant-specific head motion parameters (as
potential confounds of functional connectivity) did not change the results substantially
(correlation between temporal stability values and functional connectivity between right
EC and right hippocampus, Pearson’s r =.282, P = .014).

Potential mechanistic basis of reduced grid-cell-like representations in risk participants

We speculate that risk participants exhibit less robust grid-cell-like
representations and temporally unstable grid orientations in combination with preserved
spatial stability of the grid orientations because of the underlying neuropathological
changes: Intraneuronal neurofibrillary tangles — potentially impairing grid cell inherent
properties such as temporal stability and strength of the grid representations — and not
interneuronal amyloid-f plaques — possibly affecting synaptic communication between
grid cells and thus spatial stability of the grid orientations — appear first in




42

histopathological sections, especially in APOE-g4-carriers (6, 7). These hypotheses could
be tested in mouse models of AD.
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Fig. S1. Illustration of central navigational preference and feedback. (A) Participant-
specific values of central navigational preference were calculated as central navigational
preference = ncenter / Nperiphery, Where Neenter s the number of time points spent in the center
of the arena (within circle) and nperiphery 1S the number of time points spent in the
periphery of the arena (outside circle). The division into center and periphery was drawn
by dividing the arena radius into two equal halves. Solely time points during the retrieval
phase were considered, as we expected a behavioral relevance for correct object
placement only during this trial phase. (B) After placement of the object, participants
received feedback via one of five smiley faces. E.g., dark green smiley faces were shown
when the participant placed the object within a radius of 700 virtual units (vu) around the
correct object location.
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Fig. S2. Learning curves. Participants gradually improved their performance throughout
the experiment. As expected, drop errors decreased with time. However, they did not
vary as a function of genotype or time-genotype-interaction (time X genotype repeated
measures ANOVA: main effect of time, F765548 = 32.326, P < .001; no main effect of
genotype, F1,73 =.031, P = .860; no interaction, Fr¢ 5548 = .643, P = .993).
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Fig. S3. Control analyses. (A) Absence of “Aligned > Misaligned” effects in 3-, 4-, 5-,
7-, and 8-fold rotational symmetry control models for control participants (all P > .112).
(B) 6-fold rotational symmetry in right amygdala (“rAmyg”) or right hippocampus
(“rHC”) does not lead to consistent grid-cell-like representations (“Aligned >
Misaligned”) in control participants (both P > .382). These results show that our finding
in control participants is specific for six-fold rotational symmetry and specific for right
EC. Green dotted line represents the result of 6-fold rotational symmetry in the right EC
of control participants from Fig. 2B. All bars show mean and SEM across participants.
Units of all contrasts are parameter estimates.
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Fig. S4. Grid-cell-like representations and participant-wise structural metrics of the
right entorhinal cortex. Pearson correlations did not reveal associations between grid-
cell-like representations and right EC structural metrics across participants, which could
potentially account for the functional changes: (A) volume, P = .145, (B) thickness, P =
177, (C) mean curvature, P = .348, (D) surface area, P = .861. Correlation coefficients
did not differ between genetic subgroups. Structural metrics were obtained using the
Freesurfer image analysis suite (see Methods). Green dots represent control participants,
red dots represent risk participants. Units of grid-cell-like representations are parameter
estimates.
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Fig. S5. Absolute distances of the self-paced positions relative to the arena center in
the virtual environment. In accordance with our finding of reduced central navigational
preference, risk participants exhibited greater mean distances of the (A) self-paced
starting positions (at the beginning of each retrieval phase, except for the very first
retrieval phase) as well as greater mean distances of (B) all self-paced positions (during
all cue, retrieval, feedback, and re-encoding phases) relative to the arena center of the
virtual environment. All bars show mean and SEM across participants. *P < .05, **P <
.01.
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Fig. S6. Grid-cell-like representations and spatial memory performance within
genetic subgroups. (A) Raw bivariate Pearson correlations between grid-cell-like
representations and spatial memory performance. Risk participants only: P = .220;
control participants only: P = .748; difference between correlation coefficients: z = .63, P
=.529. (B) Partial correlations between grid-cell-like representations and spatial memory
performance correcting for sex, age, and central navigational preference, separately for
both genetic subgroups. Risk participants only: P = .045; control participants only: P =
.628; difference between correlation coefficients: z = 1.12, P =.263. Green dots represent
control participants, red dots represent risk participants. Units of grid-cell-like
representations are parameter estimates.
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Fig. S7. Genotype dependent relation between task-related activity in the posterior
hippocampus and magnitude of grid-cell-like representations. In the posterior
hippocampus, the negative correlation between task-related hippocampal activity and the
magnitude of grid-cell-like representations is significantly different between genetic
subgroups (P = .023): Whereas risk participants show a highly significant correlation (P
<.001), this effect is not present in control participants (P = .707). Green dots represent
control participants, red dots represent risk participants. Units of grid-cell-like
representations and task-related activity are parameter estimates.
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Fig. S8. Grid-cell-like representations and task-related activity. Reduced grid-cell-
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like representations were not only related to increased task-related activity in the
hippocampus (Fig. 2C), but also to increased task-related activity in EC (A) and
amygdala (B). Fusiform gyrus (C) and the precentral cortex (D) were chosen as control
regions outside the medial temporal lobe. P- and r-values refer to Pearson correlations.
Correlation coefficients did not differ between genetic subgroups. In sum, these data
suggest that reduced grid-cell-like representations are related to an overall increase in
medial temporal lobe activity. Green dots represent control participants, red dots
represent risk participants. Plots on the left show bilateral regions, plots in the middle
refer to regions in the left hemisphere, and plots on the right display effects in the right
hemisphere. Units of grid-cell-like representations and task-related activity are parameter
estimates.
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t-value

Fig. S9. Confirmatory analysis of compensatory hippocampal activity. Grid-cell-like
representations correlated negatively with activity in left posterior hippocampus that was
enhanced during trials with more accurate object placement (peak MNI coordinates: -18/-
28/-8, peak z-score = 4.03, P = .038, FWE-corrected after small volume correction for
bilateral hippocampus, #-image thresholded at P < .0005, and voxel extent = 10 for
display purposes). No other voxel exceeded this z-value on whole brain level. Color bar
indicates ¢-statistics. This result supports our previous ROI-result of compensatory
hippocampal task-related activity.
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Fig. S10. Temporal stability of voxel-wise grid orientations. (A) Higher temporal
stability values are significantly correlated with lower hippocampal task-related activity
(Pearson correlation, P = .007). (B) Reduced temporal stability values are related to
decreased functional connectivity between right EC and right hippocampus (Pearson
correlation, P = .009). rEC, right entorhinal cortex; rHC, right hippocampus. Green dots
represent control participants, red dots represent risk participants.
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Fig. S11. Grid-cell-like representations under the condition of similar stability
values between genetic subgroups. Performing the analysis of grid-cell-like
representations on shorter data segments (within subsequent pairs of sessions, see
Methods) reveals significant right EC grid-cell-like representations in control participants
(one-sample #-test, 36 = 2.708, P = .010) but not in risk participants (one-sample 7-test, #37
=-.788, P = .436), with a significant difference between both groups (two-sample z-test,
t73 = 2.315, P = .023). In contrast, temporal and spatial stability values do not differ
between groups. Bars show mean and SEM across participants. Units of grid-cell-like
representations are parameter estimates. *P < .05.
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Fig. S12. Schematic overview of all results. EC, right entorhinal cortex; HC,
hippocampus. Dashed green line indicates a positive relation between spatial memory
performance and HC activity that is specific to the left posterior third of the hippocampus
(see Table S3).
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Table S1. Demographic characteristics of participants.

Control group Risk group P
(APOE €3, £3) (APOE €4, £3)
Number 37 38
Mean age, age range [years] 22.76 (£ .49), 18-30 22.34 (+ .45), 18-29 .532*
Sex [male/ female] 18/ 19 18/ 20 912°¢
Education [years] 16.19 (£ .38) 16.05 (£ .37) .693°
Family history of dementia 2 3 .667°¢

Values denote mean (+ SEM) or the number of participants. P-values refer to ® two-
sample t-tests, ® Mann-Whitney U tests, or © y*-tests.
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Table S2. Influence of APOE genotype on basic behavioral characteristics.

Control group Risk group P
(APOE €3, £3) (APOE €4, £3)
Number of movement time points 19,937 (£ 422) 19,967 (£ 441) 961%
[10/s]
Cut-off speed [vu/s] 799 (1) 799 (+ 1) 611°
Total path length [vu] 1,451,250 (£ 45,626) 1,447,604 (£48,265) .956%
Number of trials 229 (£ 8.8) 230 (£ 6.7) 918?
Duration of retrieval-phases [s] 11.8 (£.7) 11.1 (£.5) 453
Duration of re-encoding-phases [s] 5.4 (x£.3) 51(x.2) .679°

Values denote mean (+ SEM). P-values refer to ® two-sample #-tests or ® Mann-Whitney

U tests. s, seconds; vu, virtual units.
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Table S3. Multiple regression to predict spatial memory performance including

task-related activity of different parts of the hippocampus (V = 75).

Predictor B t P
Model 1: including task-related activity in bilateral

hippocampus (adjusted R? = .161; all VIF < 1.441)

Grid-cell-like representations 256 2.093 .040*
Central navigational preference 235 2.106 .039%*
Genotype [control/ risk] .146 1.230 223
Sex [male/ female] -.258 -2.149  .035*%*
Age [years] -.304 -2.795  .007**
Task-related activity (bilateral hippocampus) .057 442 .660
Model 2: including task-related activity in left

hippocampus (adjusted R? = .165; all VIF < 1.471)

Grid-cell-like representations 270 2.196 .032*
Central navigational preference 232 2.080 041%*
Genotype [control/ risk] 154 1.292 201
Sex [male/ female] -.242 -2.017  .048*
Age [years] -.306 -2.826  .006**
Task-related activity (left hippocampus) .095 135 465
Model 3: including task-related activity in right

hippocampus (adjusted R? = .159; all VIF < 1.347)

Grid-cell-like representations 230 1.904 0616
Central navigational preference 236 2.115 .038*
Genotype [control/ risk] 134 1.120 267
Sex [male/ female] -.290 2479  .016*
Age [years] -.307 -2.816  .006**
Task-related activity (right hippocampus) -.023 -.183 .855
Model 4: including task-related activity in bilateral

posterior hippocampus (adjusted R? = .199; all VIF <

1.359)

Grid-cell-like representations 278 2.433 .018*
Central navigational preference 234 2.146 .035*
Genotype [control/ risk] 167 1.440 155
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Sex [male/ female] -.178 -1.504 137
Age [years] -311 -2.923 .005%*
Task-related activity (bilateral posterior hippocampus) 225 1.856 0680+
Model 5: including task-related activity in left posterior

hippocampus (adjusted R? = .248; all VIF < 1.356)

Grid-cell-like representations .286 2.597 012%
Central navigational preference 238 2.260 027*
Genotype [control/ risk] 173 1.546 127
Sex [male/ female] -.123 -1.058 .294
Age [years] -.308 -2.993  .004**
Task-related activity (left posterior hippocampus) 334 2.848 .006**
Model 6: including task-related activity in right posterior

hippocampus (adjusted R? = .163; all VIF < 1.265)

Grid-cell-like representations 254 2.160 .034*
Central navigational preference 235 2.109 .039*
Genotype [control/ risk] .148 1.253 214
Sex [male/ female] -.252 -2.163 .034*
Age [years] -.307 -2.826  .006**
Task-related activity (right posterior hippocampus) .078 651 S17

Multicollinearity was not a concern (see variance inflation factors, VIF). )P < .10, *P <

.05, **P < .010.
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Table S4. Detailed description of the first general linear model (GLM) to identify
the angular orientation of the putative grid axes relative to the environment in each
participant’s right EC. For this general linear model (GLM) one half of the data was

used (sessions 1, 3, and 5). All regressors were convolved with the canonical

hemodynamic response function (HRF) in SPM before entering the GLM. Data were
high-pass filtered at 1/128 Hz. Coefficients for each regressor were estimated for each

participant using maximum likelihood estimates.

Regressor Parametric Temporal Duration
modulator derivative [seconds]
modeled

Regressors to analyze grid-cell-like representations
Movement Yes

sin[a(?) * 6]* Yes

cosf[a(?) * 6]* Yes
Regressors to model trial phases
Cue - Yes 0
Retrieval - Yes Variable
Feedback - Yes 0
Re-encoding - Yes Variable
Nuisance regressors
Scanner drift - No Session®
Mean activation - No Session
Head motion parameters - No Session

@ q(f) is angular movement direction at time point ¢. ® The duration of one session is 13

min.
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Table SS. Second GLM to contrast brain activity during aligned movements with
brain activity during misaligned movements relative to the previously identified grid
axes. For this GLM the other half of the data was used (sessions 2, 4, and 6). All
regressors were convolved with the canonical HRF in SPM before entering the GLM.
Data were high-pass filtered at 1/128 Hz. Coefficients for each regressor were estimated
for each participant using maximum likelihood estimates. The estimated contrast values
of aligned versus misaligned movements are termed “grid-cell-like representations”.

Regressor Temporal Duration
derivative [seconds]
modeled

Regressors to analyze grid-cell-like representations
Aligned movement Yes

Misaligned movement Yes

Regressors to model trial phases

Cue Yes 0
Retrieval Yes Variable
Feedback Yes 0
Re-encoding Yes Variable

Nuisance regressors
Scanner drift No Session
Mean activation No Session

Head motion parameters No Session
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Table S6. GLM to estimate hippocampal task-related activity. All regressors were
convolved with the canonical hemodynamic response function (HRF) in SPM before
entering the GLM. Data were high-pass filtered at 1/128 Hz. Coefficients for each
regressor were estimated for each participant using maximum likelihood estimates.

Regressor Temporal Duration
derivative [seconds]
modeled

Regressor to model hippocampal task-related
activation

Cue + retrieval + feedback + re-encoding Yes Variable

Nuisance regressors
Scanner drift No Session
Mean activation No Session

Head motion parameters No Session
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Table S7. GLM for the confirmatory analysis of compensatory hippocampal
activity. The aim of this GLM was to reveal voxel activity associated with spatial
memory performance. Hence, we modeled the retrieval phase with a parametric
modulator, termed “Response accuracy”, which was determined as follows. For each
participant separately, the 20%-, 40%-, 60%-, 80%-, and 100%-quantile of all drop errors
were calculated. Note that the drop error was defined as the distance between the
response location and the correct location (thus having a reverse relation to spatial
memory performance). Next, we assigned the highest value of +2 to the parametric
modulator, when the trial-specific drop error was in the lowest quantile of all drop errors,
the value of +1, when the trial-specific drop error was in the second lowest quantile of all
drop errors, and the values 0, -1, and -2, when the trial-specific drop errors were in the
middle, second highest, and highest quantile, respectively. All regressors were convolved
with the canonical HRF in SPM before entering the GLM. Data were high-pass filtered at
1/128 Hz. Coefficients for each regressor were estimated for each participant using
maximum likelihood estimates. Contrast values for the parametric modulator versus zero
across all sessions were calculated for all participants and entered into a second level
random effects linear regression analysis as implemented in SPM. During the second
level analysis, we were then able to look for spatial memory-related brain activations
negatively correlated to grid-cell-like representations, also reflecting compensatory
activations.

Regressor Parametric Temporal Duration
modulator derivative [seconds]
modeled

Regressors to model trial phases and response accuracy

Cue - Yes 0

Retrieval Yes Variable
Response Yes Variable
accuracy?

Feedback - Yes 0

Re-encoding - Yes Variable

Nuisance regressors

Scanner drift - No Session
Mean activation - No Session
Head motion parameters - No Session

@ The parametric modulator contained equally distributed values of +2, +1, 0, -1, and -2.
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