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Lowering levels of reelin in entorhinal cortex
layer ll-neurons results in lowered levels of
intracellular amyloid-f

Asgeir Kobro-FIatmoen,"2 Claudia Battistin,I Rajeevkumar Raveendran Nair,I
Christiana Bjorkli,' Belma Skender,' Cliff Kentros,''** Gunnar Gouras®
and (®»Menno P. Witter'2

Projection neurons in the anteriolateral part of entorhinal cortex layer II are the predominant cortical site for hyper-phosphorylation of tau
and formation of neurofibrillary tangles in prodromal Alzheimer’s disease. A majority of layer II projection neurons in anteriolateral entorh-
inal cortex are unique among cortical excitatory neurons by expressing the protein reelin. In prodromal Alzheimer’s disease, these reelin-
expressing neurons are prone to accumulate intracellular amyloid-B, which is mimicked in a rat model that replicates the spatio-temporal
cascade of the disease. Two important findings in relation to this are that reelin-signalling downregulates tau phosphorylation, and that oli-
gomeric amyloid-f interferes with reelin-signalling. Taking advantage of this rat model, we used proximity ligation assay to assess whether
reelin and intracellular amyloid-B directly interact during early, pre-plaque stages in anteriolateral entorhinal cortex layer II reelin-expressing
neurons. We next made a viral vector delivering micro-RNA against reelin, along with a control vector, and infected reelin-expressing ante-
riolateral entorhinal cortex layer II-neurons to test whether reelin levels affect levels of intracellular amyloid-p and/or amyloid precursor pro-
tein. We analysed 25.548 neurons from 24 animals, which results in three important findings. First, in reelin-expressing anteriolateral
entorhinal cortex layer II-neurons, reelin and intracellular amyloid-p engage in a direct protein—protein interaction. Second, injecting mi-
cro-RNA against reelin lowers reelin levels in these neurons, amounting to an effect size of 1.3-4.5 (Bayesian estimation of Cohen’s d effect
size, 95% credible interval). This causes a concomitant reduction of intracellular amyloid-p ranging across three levels of aggregation, in-
cluding a reduction of AB42 monomers/dimers amounting to an effect size of 0.5-3.1, a reduction of AP prefibrils amounting to an effect
size of 1.1-3.5 and a reduction of protofibrils amounting to an effect size of 0.05-2.1. Analysing these data using Bayesian estimation of
mutual information furthermore reveals that levels of amyloid-B are dependent on levels of reelin. Third, the reduction of intracellular amyl-
oid-B occurs without any substantial associated changes in levels of amyloid precursor protein. We conclude that reelin and amyloid-p dir-
ectly interact at the intracellular level in the uniquely reelin-expressing projection neurons in anteriolateral entorhinal cortex layer II, where
levels of amyloid-p are dependent on levels of reelin. Since amyloid-p is known to impair reelin-signalling causing upregulated phosphoryl-
ation of tau, our findings are likely relevant to the vulnerability for neurofibrillary tangle-formation of this entorhinal neuronal population.
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Introduction

Alzheimer’s disease is a neurodegenerative brain disease that
leads to dementia. Two proteins are central in efforts to
understand the disease, namely amyloid-B (AB) and tau.! It
was recently suggested that a key lack in our understanding
of the disease, which prevents therapeutic developments, is
how these two proteins aberrantly interact to trigger the dis-
ease.” To reach a better understanding of these potential in-
teractions, it is necessary to study the initial pathological
events that involve specific subsets of neurons.

Recent studies on large human cohorts uncovered evi-
dence that the common, sporadic form of Alzheimer’s dis-
ease starts with increased AP in the brain, which leads to
hyper-phosphorylated tau (p-tau) and eventually formation
of neurofibrillary tangles (NFTs).** This is in line with sev-
eral prior findings in humans. First, familial, genetically de-
termined forms of the disease are driven by increased levels
of total AP, or an increase of the more aggregation-prone
AP42 peptide relative to Ap40.° Second, Down syndrome

@® Amyloid-B42-levels

@® Amyloid Precursor
protein-levels

leads to severe Alzheimer-pathology by middle age in sub-
jects carrying an added copy of chromosome 21 containing
the amyloid precursor protein (APP)-gene,® owing to over-
expression of APP and a consequent overproduction of Ap.
Third, a genetic variant in humans that results in less Af pro-
tects against Alzheimer’s disease.”

Within the Alzheimer’s disease-research field, the role for
APB, even during prodromal stages, is most often ascribed to
its fibrillar- and deposited extracellular forms, colloquially
referred to as AB-plaques.’® In broad strokes, emerging
AB-plaques notionally damage nearby synapses in a way
that induces p-tau. Then, as the degree of hyper-
phosphorylation reaches beyond a currently unknown
threshold, p-tau detaches from and disrupts the integrity of
microtubules. A consequent degeneration of the affected
axon terminals follows, and the now detached p-tau translo-
cates or misallocates to somatodendritic compartments,
where it builds up and fibrillates into NFTs.® Such a role
for AB-plaques is however difficult to reconcile with the evi-
dence. AB-plaques arise first in the neocortex, typically in the
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medial orbitofrontal and posterior cingulate areas, quickly
followed by the precuneus.” But the cortical onset of NFTs
is predominantly restricted to the entorhinal cortex (EC),
more specifically, the anteriolateral portion of the entorhinal
cortex (alEC), in neurons residing superficially in layer II
(LIT).'%"'* The presumed relationship between Ap-plaques
and NFT-onset thus implies that alEC layer II-neurons
have projections forming synapses with neurons in the
above-mentioned cortical regions. However, findings in ro-
dents"'® and primates'’? show that projections from
EC to the medial orbitofrontal cortex, posterior cingulate
cortex, and the precuneus, originate predominantly in layer
V of EC and only very sparsely or not at all in LII.'®>3-%°

Converging evidence from studies of the human brain
using live imaging,”*® immunohistochemistry*’~° and bio-
chemistry,*'~3¢ supported by experimental results from ro-
dent models®”™° and cell models,*”*' point to a role for
AP in non-fibrillated forms in the onset of Alzheimer’s disease.
Such a role likely involves interference with cellular homeostat-
ic and metabolic processes** that are neuron-type specific,** im-
plying that the effect of AB upon a given population of neurons
is not generalizable to all neurons. Using a transgenic mutated
human APP-based rat model, we uncovered evidence in support
of this notion in that cortical neurons start to accumulate intra-
cellular AB (iAB) up to 8 months before the model develops any
AB-plaques. In EC, this early accumulation of iA restricts to a
sub-population of LIl-neurons, and these constitute projection
neurons that express the glycoprotein reelin. Analysing human
subjects with early NFT-pathology (Braak stages I-V) provided
corroborating data.>® This raised our interest in the role of reel-
in in the onset of Alzheimer’s disease.

The expression of reelin in projection neurons is atypical
for cortex,** but in EC LII, reelin-expressing neurons origin-
ate the main projections to the hippocampus.*’ Reelin is like-
ly crucial to memory formation, and upon binding to its
main receptor in brain, ApoER2, triggers a signalling cas-
cade that enhances glutamatergic transmission.*® The effect
was demonstrated by single injections of reelin into the ven-
tricles of mice, which increased hippocampal dendritic spine
density, long-term potentiation (LTP) and memory-
dependent task-performance.*” Corollary findings showed
that reduced levels of reelin associate with impaired memory-
dependent task-performance.*®

A possible interaction between reelin and AP was first
shown by adding synthetic Ap42 to cultured SH-SYS5Y
neuroblastoma cells, causing a dose-dependent increase of
the 180-kDa reelin fragment without changing reelin mes-
senger RNA levels.*” Further studies on Alzheimer’s disease-
subjects revealed that reelin extracted from cortex tends to
be of higher molecular mass than the active, signalling-
competent form,’® and that oligomeric A and reelin
co-immunoprecipitate.’!

Alongside enhancement of glutamatergic transmission as
outlined above, the binding of reelin to ApoeR2 triggers a par-
allel signalling cascade that culminates with potently inhibit-
ing the activity of glycogen synthase kinase 3p (GSK3p).”>>*
As GSK3p is required to induce long-term depression,’’
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the inhibitory effect of reelin upon GSK3p may help to facili-
tate LTP. Another crucial role of GSK3p is as one of the main
kinases that phosphorylates tau.’® Of direct relevance to this
are studies showing that an interaction with AB impairs the
signalling-capacity of reelin, which impairs the inhibitory
control exerted by reelin-signalling upon the activity of
GSK3B. This leads to constitutive tau phosphorylation by
GSK3B, and, importantly, this whole sequence of events is
known to result in p-tau.’?:>25457

This body of evidence led us to design a comprehensive set
of experiments to test whether the selective vulnerability of
reelin-expressing alEC Lll-neurons to accumulate iAp is
linked to their expression of reelin. In the present study, we
show that in reelin-expressing alEC LlI-neurons, reelin and
iAB42 engage in a direct protein—protein interaction, and
that selectively lowering levels of reelin expression leads to
a concomitant reduction of several forms of iAB. The reduc-
tion of iAB occurs without any substantial associated
changes in levels of human APP and occurs prior to any pla-
que pathology in the rat model.

Our findings have implications for understanding the
onset of Alzheimer’s disease. Increased levels of AB occur
very early in the initiating phase of the disease in reelin-
expressing alEC Lll-neurons.’® The resulting interaction
between reelin and AP very likely impairs the signalling-
capacity of reelin, which, as outlined above, can result in
p-tau. It is furthermore very likely that, in Alzheimer’s dis-
ease, the reelin-expressing alEC LII-neurons, which project
to the hippocampal formation, are the first cortical neurons
to die.’®*” Our results allow for an attractive hypothesis
that places reelin in the sequence of changes in functional
pathways in reelin-expressing alEC Lll-neurons resulting
in the initiation of Alzheimer’s disease.

Materials and methods

We bred and used the McGill-R-Thy1-APP homozygous
transgenic rat model, which carries a transgene containing hu-
man APP751 with the Swedish double and Indiana mutations
expressed under the murine Thy1.2 promoter, referred to as
AD-rats.>® All protocols are approved by the Norwegian
Animal Research Authority, complying with the European
Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes.

Animals were genotyped wusing quantitative PCR
(QPCR).°® We used genomic DNA isolated from ear tissue
with a High Pure PCR Template Preparation Kit (Roche
Diagnostics, Switzerland). The transgene was detected using
RT2 qPCR Primer Assays from Qiagen (Netherlands), with a
normalization gene (GAPDH or beta-actin), both with
FastStart  Universal SYBR Green Master (Roche
Diagnostics) on an Applied Biosystems StepOnePlus real-
time PCR system (Life Technologies Ltd., Thermo Fisher
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Scientific, USA). From the qPCR, AACT values were calcu-
lated with a known homozygous sample as reference.®’

The backbone construct of pAAV-CMV-gglobin-intron-
MCS-WPRE-hGH PolyA was made using the DNA sequence
of Woodchuck hepatitis virus  Post-transcriptional
Regulatory Element (WPRE), synthesized and cloned after
the multi-cloning site in pAAV-MCS (Agilent USA,
#240071). We then made the control construct
pAAV-CMV-globin-intron-EGFP-WPRE-hGH PolyA by
cloning the EGFP gene sequence between EcoR1 and
BamHI restriction sites in the backbone (the control vector).
Pre-micro-RNA (miRNA) sequences for knocking-down
reelin gene-expression were designed (miRNA-Re; RNAi
designer tool, Thermo Fisher Scientific, USA) along with
different pAAV plasmid constructs expressing miRNA-Re.
We engineered pre-miRNA constructs with endogenous
murine miR-155 flanking sequences, integrated after the
EGFP sequence using BamHI and HindIIl sites in the
pAAV-CMV-globin-intron-EGFP-WPRE-hGH PolyA back-
bone (for exact sequences, see Supplementary Material).
Positive clones were confirmed by restriction digestion ana-
lyses and subsequently by DNA sequencing. Two pAAV
plasmid constructs, pAAV-CMV-gglobin-intron-EGFP-
miR-RE1 and pAAV-CMV-gglobin-intron-EGFP-miR-
RE4 targeting different mouse reelin sequences and exhibiting
efficient reelin knockdown in a heterologous cell-culture sys-
tem based in vitro knockdown assay were chosen (the experi-
mental vector).

Endotoxin free plasmid maxipreps (#12663, Qiagen)
were made for adeno-associated viral (AAV) preparations,
with vectors packaged in AAV serotype 2/1 capsids (a mosaic
of capsid 1 and 2) and purified using Heparin column affinity
purification.®” The day before transfection, 7x 106 AAV
293 cells (#CVCL_6871, Agilent, USA) were seeded in
DMEM (# 41965062, Thermo Fisher Scientific) containing
10% foetal bovine serum (FBS) (#16000-044, Thermo
Fischer Scientific) and penicillin/streptomycin antibiotics
(#15140122, Thermo Fisher Scientific) into 150 mm cell-
culture plates. Calcium chloride mediated co-transfection
was done with 22.5 pg pAAV-containing the transgene,
22.5 ng pHelper (#240071, Agilent, USA), 11.3 pg pRC
(#240071, Agilent, USA) and 11.3 pg pXR1 (NGVB, IU,
USA) capsid plasmids. The medium was replaced with fresh
10% FBS containing Dulbecco’s Modified Eagle Medium
(DMEM), 7 h post-transfection. The cells were scrapped
out after 72 h, then centrifuged at 200xg and the cell pellet
was subjected to lysis using 150 mM NaCl-20 mM Tris pH
8.0 buffer containing 10% sodium deoxycholate. The lysate
was then treated with benzonase nuclease High
Concentration (#71206-3, Millipore) for 45 min at 37°C.
Benzonase treated lysate was centrifuged at 3000xg for
15 min and the clear supernatant was then subjected to
HiTrap® Heparin High Performance (#17-0406-01, GE) af-
finity column chromatography using a peristaltic pump
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(McClure CJOVE 2011). The elute from the Heparin column
was then concentrated using Amicon Ultra centrifugal filters
(#72648043, Millipore). The titre of viral stock was deter-
mined as approximately 1011 infectious particles/ml.

We used 24 animals (10 males, 14 females) for stereotaxic in-
jections, of which we injected 5 bilaterally and 19 unilateral-
ly with an experimental vector (miRNA-Re EGFP virus)
versus a control vector (EGFP-only virus). We injected all
animals a few days past 1 month of age (Supplementary
Table 1), when their weight was ~100 g. We anaesthetized
animals using 5% isoflurane gas (Abbott Lab., Cat#
05260-05) in an induction chamber and then immediately
transferred the animals to a stereotaxic frame with a mask
providing a flow of 1.5-2% isoflurane gas for the full length
of the surgery.

To target alEC layer II with high precision, we aligned our
coordinates to the brains’ sagittal and transverse sinuses, as
their attachment to the brain constitute the most stable an-
choring points. Specifically, we horizontally levelled the skull
in the stereotaxic frame by lowering the tip of the capillary
on top of bregma and then adjusting until lambda was at
the exact same horizontal position vis a vis the tip of the ca-
pillary. We then aligned the capillary tip to the sagittal sinus
at the mid-point between bregma and lambda, and from here
moved 3.30 mm laterally, and then caudally until crossing
the point where the transverse sinus passes, where the capil-
lary tip was again aligned. From this point, the tip was
moved 4.60 mm rostrally, and a further 3.60 mm laterally.
At this coordinate, a small hole was drilled and the capillary
tip was lowered to the surface of the brain, from which point
the tip was lowered 4.50 mm to hit alEC layer II. We then
waited for 5 min to alleviate any deflections in the brain tis-
sue, before injecting.

Bilateral injections consisted of one injection of the experi-
mental vector into either the left or the right alEC, and one
injection of the control vector into the contralateral alEC.
For the unilateral injections, we injected either the experi-
mental or control vector alternately into the left versus right
alEC per animal. The volume of the injections ranged from
300 to 900 nl, and was delivered using a micropump
(Drummond Nanoject III, Cat# DRUM3-000-207) with a
back-filled ultra-thin glass capillary at 30 nl/min. After in-
jecting, we waited 5 min to allow good uptake before slowly
retracting the capillary. We then waited for ~2 months
(Supplementary Table 1) before processing the animals.

Animals ranged in age from P54 to P78 at the time of euthan-
asia (Supplementary Table 1). We anaesthetized animals
using isoflurane gas in an induction chamber, followed by
intra-peritoneal injection of pentobarbital (Norwegian
Pharmacy Association, Cat# 306498). Subsequently, we
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transcardially perfused animals with a Ringer’s Solution
(145mM NaCl, VWR Int. LLC, Cat# 27800.291;
3.35 mM KCl, Millipore, Cat# 1.04936.1000; 2.38 mM
NaHCOj3;, Millipore, Cat# 1.06329.1000), oxygenated to
pH ~6.9, followed by circulation of 4% freshly depolymer-
ized paraformaldehyde (Millipore, Cat# 1.04005.1000) in
phosphate buffer (PB: purified de-ionized water with
di-sodium hydrogen phosphate dihydrate, Millipore, Cat#
1.37036.500, mixed with sodium di-hydrogen phosphate
monohydrate, Millipore, Cat# 1.06346.1000, at 125 mM,
pH 7.6; note that this applies to all uses of PB) for 2-
3 min. Extracted brains were post-fixed (same fixative) over-
night and then placed in a freeze protective solution contain-
ing 2% Dimethyl sulfoxide (DMSO) and 20% glycerol (PB
with DMSO, VWR Int. LLC, Cat# 23486.297, and glycerol,
VWR, Cat# 24387.292) at —20°C until sectioning. Brains
were coronally sectioned at 40 um (double injected) or
30 pum (single injected) with a freezing microtome (Microm
HM430, Thermo Fisher Scientific). We collected six (for dou-
ble injected) or eight (for single injected) series of equally
spaced sections, randomly assigned one series to each immu-
nohistochemistry (IHC) experiment, and did all incubations
on free-floating sections.

Prior to THC, all tissue was subject to Heat Induced
Antigen Retrieval, by immersion in PB at 60°C for 2 h. We
blocked tissue with 5% goat serum (2% for 1D1; Abcam,
Cat# AB7481) in PB for 1h. Subsequently, we did
double-THC labelling with primary antibodies (PA) in PB so-
lution containing either 0.2% Triton X-100 (Millipore, Cat#
1.08603.1000) or 0.4% Saponin (VWR, Cat# 27534.187),
all with 5% goat serum, as listed (Supplementary Table 2).
Note that we chose antibodies against AB to provide good
coverage of the pre-plaque aggregation steps, including
Ap42 monomers/dimers (IBL),*®> AB prefibrils (A11)** and
AP protofibrils (OC).®® Processed tissue was mounted on
Superfrost™ glass slides (Thermo Fisher Scientific) from a
solution of 50mM tris(hydroxymethyl)aminomethane
(Millipore, Cat# 1.08382.1000) with hydrochloric acid, at
pH 7.6, and then left to dry overnight before being cover-
slipped using entellan (Merck KGaA, Cat# 1.07960.0500).
Due to a technical issue, we did not obtain reliable data for
the second series of IHC-experiments (second set of experi-
ments) involving reelin and AB42 monomers/dimers (IBL).

We based our proximity ligation assay (PLA) protocol on
that for AP42 and reelin as described above, with the follow-
ing adaptations as per the manufacturer’s description
(Sigma-Aldrich, DUO92101): brain sections were rinsed
three times for 10 min in PB, then five times for 10 min in
TBS (50 mM Tris, 150 mM NaCl, pH 8.0) and pre-
incubated for 1 h in 10% normal goat serum in TBS-TX (so-
lution of 50 mM Tris, 0.87% sodium chloride and 0.5%
Triton X-100). Then, sections were incubated with PA
(IBL AB42 and reelin, see Supplementary Table 2) in 10%
normal goat serum in TBS-TX for 48 h. After rinsing, we
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blocked endogenous peroxidase activity by incubating the tis-
sue in hydrogen peroxide solution for 10 min at room tem-
perature, followed by rinsing in ‘washing solution A’. The
tissue was then mounted onto glass slides. Secondary probes
attached to oligonucleotides were then added, and, after rins-
ing, the oligonucleotides of the bound probes were ligated,
amplified and visualized by addition of the detection reagent
and substrate solution. We then added the nuclear stain solu-
tion provided by the kit, followed by dehydrating the sections
by immersing them in increasing concentrations of ethanol,
ending with a defatting step in xylene for 5 min. For each
PLA-experiment, we ran sets of technical negative controls.
These included omission of either or both PA, omission of ei-
ther or both PLA probes, and omission of all the above.

We scanned all tissue at 20 X using a Zeiss Axioscanner
(Z.1) with Zen software (2.6, Blue Ed.) under identical set-
tings (488 channel for EGFP viral tag; 546 channel for Ap/
APP; 635 channel for reelin), taking care to determine the op-
timal dynamic range for our labelled sections. We identified
alEC LII (specifically, the dorsolateral and the dorsal inter-
mediate EC) using established criteria.®® For all sections
with infected neurons in alEC we used the Zen Circle Tool
to place a circle around each EGFP-positive neuron with a
diameter of ~20 pm located in the superficial part of layer
I (sometimes referred to as layer Ila). This approach ensured
reliable inclusion of reelin-expressing alEC LII principal neu-
rons, while avoiding calbindin neurons that are situated dee-
per (LIIb). We then read out the mean pixel intensity for the
546 and 635 channels of each EGFP-positive neuron in Zen.
To measure non-infected neurons, we took the contralater-
ally matching level of alEC (same distance from the rhinal
sulcus) on each section, and used the same circle tool on
reelin-expressing neurons (i.e. the 635 channel). We ob-
tained background levels for each animal independently by
using measurements of the cerebellar white matter; these
measurements were subtracted from the value of each neu-
ron of each animal. We then exported the data to Python
Pandas DataFrames to carry out the statistical analyses.
Note that animal 24 868 immunolabelled against A11 and
reelin was excluded due to a technical error. In total, we
quantified the levels of reelin and AP (three different forms,
IBL, A11 and OC, see above) in 5451 experimentally in-
fected neurons, 4869 control infected neurons and 7350 un-
infected neurons, along with quantifying the levels of reelin
and hAPP in 2046 experimentally infected neurons, 2352
control infected neurons and 3480 uninfected neurons. The
person doing the data collection was blind to the identity
of the treatment-groups.

The Supplementary Material contains the complete methods
for our statistical analyses. In brief, we used the fluorescence
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level (average pixel intensity) of as a readout of the protein
level (reelin versus AB/APP) per neuron within each animal
after subtracting background levels. As the physiological le-
vels of reelin and iAp are variable,?”*® we used normalized
data from the neurons on a per animal level, by linearly map-
ping the fluorescence level in the 0.1 interval for all neurons/
animal.®”°® We used Bayesian estimation (normalized data)
of the parameters of a Student-T distribution for each condi-
tion and each animal, with the degrees of freedom parameter
shared between the two conditions,®” and Monte Carlo sam-
pling to estimate the posterior distribution of the effect size
between conditions.”® For comparison, Bayesian estimation
of the effect size was also performed on the normalized data
after randomly assigning the labels of the condition. This
analysis was conducted independently on reelin fluorescence
data, the three different forms of iAp, and 1D1.

. - . 71-73
We performed Bayesian non-parametric regression

treating the reelin level as the independent variable and the
level of each single iAB form per animal and condition
(miRNA-Re/control/non-infected) as the dependent vari-
able. We then analysed the Mutual Information between
the two variables,”* using their joint posterior distribution.
For comparison, Bayesian estimation of mutual information
between reelin and iAf was also performed on the normal-
ized data for a specific condition and animal after randomly
pairing reelin levels to iAB levels. Bayesian regression was
conducted independently on the three different forms of
iAB and 1D1 from each hemisphere (condition).

Results

To determine whether the selective vulnerability of
reelin-expressing alEC Lll-neurons to accumulate iAf is
linked to their expression of reelin, we experimentally as-
sessed the effects on iAB levels of lowering the expression
of reelin in reelin-expressing alEC Lll-neurons of
Alzheimer’s disease-rats (hereafter referred to simply as
model rats), with the use of a viral vector expressing
Re-miRNA (Fig. 1).

We first immunolabelled sections of 3-month-old model rats
with three different antibodies, selected to capture AP across
a wide range of configurations prior to formation of mature
fibrils that are AP plaque-associated. We validated and used
a C-terminal specific AB42 antibody that detects monomers/
dimers (IBLAB42°%; Supplementary Fig. 1), and furthermore
used a conformation-dependent antibody that detects AP
prefibrils (A11),°* and a second conformation-dependent
antibody that detects Ap protofibrils (OC).*® Notably, the

A. Kobro-Flatmoen et al.

binding of prefibrillar forms of A by A11 is mutually exclu-
sive to the binding of protofibrillar forms of Ap by OC.®* In
alEC, each of these three antibodies react with intracellular
material that is selectively present in reelin-expressing
LII-neurons (Supplementary Fig. 2A and B shows example
of AP42 relative to reelin versus calbindin, respectively),
and we observed that each of these forms of AB also co-
localize with reelin to a high degree at the intracellular level
(Supplementary Fig. 2C). This corroborates and extends
earlier findings about reelin-expressing alEC Lll-neurons
where a different set of antibodies against reelin and AP
were used.”®

To substantiate these confocal results, we used PLA, a
highly reliable method to reveal if two proteins are closer
than 40 nm.”> We found clear and numerous PLA-signals
in superficially located alEC LII-neurons in model rats at pre-
plaque stages, demonstrating a direct interaction between
reelin and AB42 in these neurons (Fig. 2A; Supplementary
Fig. 3). Because neurons under normal conditions make
low amounts of AB, including Ap42,”® we decided to test
whether a reelin-AB42 interaction is detectable also in wild-
type rats. Notably, using the same AB42 and reelin anti-
bodies as before, on age-matched wild-type Wistar rats, we
again find alEC LlI-neuron-restricted PLA-signals, albeit at
very low levels (Fig. 2B). This latter finding indicates that
the tendency of selective accumulation of iAp42 in
reelin-expressing alEC Lll-neurons is not an artefact of the
transgene-expression of the model rats but likely represents
a cell-biological feature of reelin-expressing alEC
LII-neurons.

We next set out to test whether an interaction exists between
the two proteins. To selectively lower reelin in
reelin-expressing alEC Lll-neurons, we constructed an ex-
perimental vector carrying miRNA against reelin
(CMB-BGI-EGFP-Reelin-miRNA) plus a control wvector
(CMB-BGI-EGFP). We successfully placed selective bilateral
injections, the experimental vector on one side and the con-
trol vector on the contralateral side, into LII of alEC in five
model rats (Fig. 1; Supplementary Fig. 4). To target the earli-
est possible Alzheimer-related stage of the model rats, after
EC has fully developed, we injected animals at ages a few
days past 1 month.””

Confocal images of randomly selected sets of immunola-
belled reelin-expressing alEC Lll-neurons expressing the
experimental vector were compared with images of
reelin-expressing alEC Lll-neurons at the corresponding
dorsoventral position of the contralateral alEC expressing
the control vector. The experimental vector efficiently low-
ered reelin levels relative to the control vector.
Furthermore, immunolabelling against iAp revealed a con-
comitant reduction for each of the three aggregation states
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Figure | Overview of experimental set-up to lower reelin in reelin-positive neurons in layer Il of the anteriolateral alEC of AD
rats. We used an in-house made AAYV that expresses miRNA against reelin (CMB-BGI-EGFP-Reelin-miRNA, in simplified form denoted
miRNA-Re) to lower levels of reelin in Lll-neurons in alEC (in rodents, also known as dorsolateral entorhinal cortex). The control virus was
similar, though lacked the miRNA-Re (CMB-BGI-EGFP, in simplified form denoted control). Tissue sections from all animals were
fluorescence-immunolabelled for the presence of reelin and three different forms of iAp (AB42 with IBL, prefibrils with Al | and protofibrils with
OQ). Levels of fluorescence were quantified using densitometry on automatically scanned sections and the obtained data were normalized and
statistically assessed on an animal-by-animal level using Bayesian estimation of the parameters of a Student-T distribution for each condition.

Scalebars indicated in images (2—4).

tested, i.e. AB42 monomers/dimers, AP prefibrils and Ap pro-
tofibrils (Fig. 3A-C).

To quantify the efficiency of the lowering of reelin and the
concomitant reduction of iAB in reelin-expressing alEC
LII-neurons, we used fluorescence densitometry. The average
fluorescence levels for reelin and each of the three forms of
iAB (i.e. three different IHC-procedures) for individual neu-
rons infected with the experimental vector or the control vec-
tor were quantified. Bayesian estimation showed that the
level of reelin is significantly reduced by a mean effect size
of 2.6, ranging from 1.3 to 4.5 (95% credible interval,
Cohen’s d effect size) for neurons infected by the experimen-
tal vector relative to neurons infected by the control vector.
This led to a concomitant reduction of iAB that for Ap42
monomers/dimers (IBL) amounted to a mean effect size of
1.4 [95% credible interval = (0.5,3.1); experimental vector
n=820; control vector n=585], for prefibrils (A11) the
mean effect size was 1.8 [95% credible interval = (1.1-3.5);

experimental vector =685, control vector n=579], and
for protofibrils (OC) the mean effect size was 0.6 [95% cred-
ible interval = (0.05, 2.1); experimental vector 7 = 365, con-
trol vector n = 283; Fig. 4].

We then inferred a predictive distribution of the levels of
AP given the reelin level via Bayesian non-parametric regres-
sion, using the average fluorescence level measured for each
reelin-expressing alEC Lll-neuron for each of the three
IHC-procedures. This showed that, regardless of whether
reelin was lowered or not, the levels of reelin are predictive
of the levels of each form of Ap (monomers/dimers, prefibrils
and protofibrils). Bayesian estimation of mutual information
indeed reveals a clear dependency between reelin and each
form of A, with minimal overlap between the 95% credible
interval for the measurements and the shuffle distribution
(Supplementary Fig. 5).

We previously reported that levels of AB vary in a non-
systematic way between the left and right EC of the rat model
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Figure 2 Proximity ligation assay reveals protein-protein interaction between reelin and intracellular A$42 in alEC
Lll-neurons. (A) High powered (100xoil) brightfield micrograph of a representative cluster of alEC layer ll-neurons from McGill AD rat reveals
multiple dark granules (arrows), signalling that intracellular AB42 and reelin are within ~40 nm of each other. (B) We find occasional signals also in
layer ll-neurons from normal (non-AD) littermate controls, confirming that the dramatically increased incidence seen in AD animals reflects their
intracellular AB42 accumulation. The counterstain is Cresyl-Violet (Nissl-staining). Scalebar in A, applicable to B as well, equals 10 pm.

we use.®® We therefore also tested the effects of the experi-
mental versus control vector against neurons in non-injected
hemispheres, by placing unilateral injections of either the ex-
perimental (9 animals) or the control vector (10 animals) in
LII of alEC. Confocal images again showed that the experi-
mental vector efficiently lowered reelin levels relative to the
control vector. The amount was quantified by fluorescence le-
vels for reelin and the effect of changing the reelin levels on the
fluorescence levels for AP prefibrils (A11) and protofibrils
(OC) in reelin-expressing alEC LlI-neurons. We compared
fluorescence levels in neurons infected with the experimental
vector, with uninfected reelin-expressing neurons from the
corresponding dorsoventral position of the contralateral
alEC. As the uninfected neurons do not express green fluores-
cent protein, we selected these by their expression of reelin.
We used the same approach for animals injected with the con-
trol vector. For this second set of experiments, the experimen-
tal vector reduced reelin by a mean effect size of 2.2 standard
deviations [95% credible interval = (1.7, 3.9)]. This led to a
concomitant reduction of levels of AB prefibrils (A11) with
a mean effect size of 1.5 standard deviations [95% credible
interval = (0.5, 2.0); experimental vector »=1601, non-
infected 7 =2059], and for levels of protofibrils (OC) the re-
duction had a mean effect size of 1.3 standard deviations
[95% credible interval = (0.6, 1.7); experimental vector n =
1980, non-infected 7 = 1892], thus substantiating the find-
ings from the first set of experiments. The control vector led
to a mean reduction of reelin amounting to 0.38 standard de-
viations relative to uninfected neurons. This had no impact
on the levels of AP (prefibrils, control vector 7 = 2244, non-
infected n = 2219; protofibrils, control vector n = 1178, non-
infected 7 = 1180; Supplementary Fig. 6).

The inferred predictive distribution of the A levels given
the reelin levels substantiated our findings from the first set of

experiments, thus showing that the levels of reelin are pre-
dictive of the levels of AB prefibrils (A11) and A protofibrils
(OC). Bayesian estimation of mutual information again re-
vealed a clear dependency between reelin and both forms
of AB, with minimal overlap between the 95% credible inter-
val for the measurements and the shuffle distribution
(Supplementary Fig. 7).

The reduction of iAp by lowering of
reelin in reelin-expressing alEC
Lll-neurons is independent of APP
levels

The transgene of the rat model we used drives expression of
mutated human APP, and these mutations shift the process-
ing of the human APP to cause pathological amounts of
AP.”® Therefore, any manipulation that changed Ap levels
could stem from changes in human APP levels. To assess
whether the effect of lowering reelin upon iAp resulted
from changes in human APP levels, we used a well-validated
human APP antibody (1D1)”? on tissue from both the first
and the second set of experiments. To check whether mea-
surements might be influenced by the use of fluorophores or
chromogenic labelling, we used immunoenzyme labelling
with 3,3’-diaminobenzidine (DAB) for the material from
the first set of experiments, and fluorophores (as used for
the above IHC) for the second set of experiments. The re-
sults from the first set of experiments using DAB showed
that neurons infected with the experimental vector retained
the same levels of human APP as neurons infected with the
control vector. Data from the second set of experiments
substantiate this, as neurons infected with the experimental
vector showed only a minor reduction of human APP levels
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AB42-monomers/dimers

AB protofibrils

Figure 3 Lowering levels of reelin in reelin-expressing alEC Lll-neurons results in a concomitant reduction of levels of iAp
across three aggregation states. (A-C). Each panel shows confocal optical sections of 0.7 um thickness to illustrate the effect of the
experimental vector (miRNA-Re) relative to control for reelin and (A) Af42 monomers/dimers, (B) AB prefibrils and (C) AB protofibrils. The
micrographs were acquired using identical settings. Scalebar in (A) is for all micrographs and equals 10 pum.
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Figure 4 Quantification of the lowering of reelin and the concomitant reduction of iAf across three aggregation states in

reelin-expressing alEC Lll-neurons. (A) Upper row: plots showing levels of reelin as measured by average immunofluorescence per neuron
(binned) following injections of the experimental vector (miRNA-Re) to lower reelin levels, relative to a control vector. Lower row: plots showing
the resulting effects from lowering reelin levels on levels of three different forms of AB, including AB monomers/dimers (IBL), AB prefibrils (Al 1)
and AP protofibrils (OC). Lines indicate the mean of the sample distribution. (B) The associated right-side diagrams show the effect of the

manipulation for each plot, expressed as posterior Cohen’s d effect sizes. Reelin is lowered with a mean effect size of 2.6 [95% credible interval =
(1.3—4.5) upper three rows], leading to a concomitant lowering of iAp that for AB42 monomers/dimers (IBL) amounted to a mean effect size of |.4
[95% credible interval = (0.5,3.1)], while for prefibrils (Al 1) the mean effect size was 1.8 [95% credible interval = (1.1-3.5)] and for protofibrils
(OC) the mean effect size was 0.6 [95% credible interval = (0.05, 2.1)]. Posterior distribution of the mean of the effect size from the shuffled data is
indicated around the rightmost dashed line. Solid lines span the 95% credible interval, while the dots represent the mean. n for reelin and IBL:
miRNA-Re vector 820 neurons, control vector 585 neurons. n for reelin and Al I: miRNA-Re vector 685 neurons, control vector 579 neurons. n

for reelin and OC: miRNA-Re vector 365 neurons, control vector 283 neurons. Data are from five double-injected animals (see the ‘Materials and

Methods’ section and Supplementary Table ).

relative to neurons infected with the control vector [mean
Cohen’s d effect size = 0.1, 95% credible interval = (-0.8,
0.6); numbers of neurons for first set of experiments: ex-
perimental vector n =237, control vector n = 156; numbers
of neurons for second set of experiments: experimental vec-
tor n=1809, non-infected n=1798; control vector n=
2196, non-infected n=1682; Fig. 5]. Bayesian non-
parametric regression shows that, contrary to the case for
reelin levels upon AP levels, reelin levels are not predictive
for levels of human APP. Results from Bayesian estimation
of mutual information furthermore indicates a lack of de-
pendency between reelin and human APP (Supplementary
Fig. 8).

Discussion

It is likely that progress in therapeutic approaches against
Alzheimer’s disease is prevented by a lack in our understand-
ing of how AB and p-tau interact to trigger the disease.” In a
previous paper, we showed that the major subset of principal
neurons in alEC LII, unique in their expression of reelin, are
prone to accumulate iAB.>® Our current data show that long
before AB-plaques start to form, reelin and iAB42 can struc-
turally associate in these neurons. We further show that

selectively lowering the amount of reelin in the
reelin-expressing alEC LII-neurons reduces their propensity
to accumulate iAP. This reduction encompasses three levels
of AB-aggregation, monomers/dimers, prefibrils and protofi-
brils, and occurs without any substantial associated changes
in human APP levels.

AB-plaques no doubt play a major role in the context of
full-blown Alzheimer’s disease, but the situation is different
in the prodromal phase of the disease. Studies on living hu-
man subjects show that cerebrospinal fluid levels of AB, as
measured with flow cytometry using microsphere-based
Luminex xMAPTM technology, change before formation
of AB-plaques, where the latter were revealed by positron
emission tomography.”*® Biochemical studies support this
since levels of non-fibrillated AP predict cognitive decline
and neurodegeneration better than the amount of
Ap-plaques,®’™° and these studies are corroborated
by experimental results obtained both in animal models®’~*’
and neuron cultures.’”>*' Human post-mortem studies
using sensitive immunohistochemical methods are also in
line with this, showing that AB starts to accumulate
intracellularly prior to formation of AB-plaques,”’° and
that such iAB-accumulation is striking in EC
Lll-neurons.’*%8982 This body of evidence provides a
strong argument that non-fibrillated forms of A are highly
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Figure 5 Reduced accumulation of iAB, induced by lowering reelin in reelin-expressing alEC Lll-neurons, occurs without
substantial associated changes in human APP levels. (A) Double-injected animals: left-side plot shows levels of human amyloid precursor
protein (hAPP, antibody IDI), measured using DAB, in neurons infected with the experimental vector (miRNA-Re) to lower reelin levels,
compared with contralateral neurons infected with a control vector. Right-side plot shows that the experimental vector does not have any effect
on levels of hAPP [mean posterior Cohen’s d effect size expressed as standard deviations (SD) = —0.35, 95% credible interval = (—1.1,0.8)]. (B)
Single-injected animals: left-side plot shows levels of hAPP (1D 1), measured using fluorescence, in neurons infected with the experimental vector
(miRNA-Re) to lower reelin levels (10 animals), compared with non-infected neurons. Right-side plot indicates that the experimental vector
caused a minor reduction of levels of hAPP [mean effect size = 0.05 SD, 95% credible interval = (—0.8,0.9)]. (C) Same as for (B) but for neurons
infected with a control vector (nine animals) and compared with non-infected neurons. Right-side plot shows that the control vector does not
have any effect on levels of hAPP [mean effect size = 0.03 SD, 95% credible interval = (—0.5,0.7)]. (D) Double-immunofluorescence of
reelin-expressing alEC Lll-neurons in single-injected animals. Top row: confocal optical sections of 0.7 pm thickness illustrate that upon infection
with the control vector, reelin is readily apparent along with hAPP (I D I). Bottom row: infection with the experimental vector (miRNA-Re), which
effectively reduces reelin, does not lead to a visible change in levels of hAPP. The micrographs were acquired using identical settings. Scalebar in top
left micrograph represents all and equals 10 um. n for ID | with DAB: miRNA-Re vector 237 neurons, control vector 156 neurons. n for reelin and
IDI (double-fluorescence): miRNA-Re vector 1809 neurons versus non-infected 1798 neurons, and control vector 2196 neurons versus
non-infected 1682 neurons. Data in (A) are from five double-injected animals, data in (B) are from |9 single side-injected animals, 9 with
experimental vector, 10 with control vector (see the ‘Materials and Methods’ section or Supplementary Table I).

relevant in the onset of Alzheimer’s disease. But how might
reelin play into this?

The reelin—Ap interaction we report here corroborates an
earlier report that the two molecules may directly interact in
the brain as well as in cultured cells.”’ These interactions
probably depend on molecular features of the two molecules.
Reelin is a self-associating and cysteine-rich protein that con-
tains multiple B-strands.®>®* Alongside the potential for
B-strands to aggregate, it is worth noting that AB-peptides
exhibit pathological binding specifically to cysteine-rich do-
mains.®® Another relevant factor is that the reelin C-terminus

has a strong positive charge,®® and Ap42-peptides have a
negative charge.®” Recent findings show that neuron-specific
increases of proteins that exceed their solubility levels
will drive these proteins towards aggregation.*® Such an ex-
ceeding of solubility levels is likely at play also regarding
findings that AP causes a dose-dependent increase of
non-signalling-competent reelin. The latter observations
were made in cell-cultures and substantiated by findings in
the human AB-affected neocortex,*”°° where reelin and oli-
gomeric AP were shown to co-immunoprecipitate.’®
Intriguingly, all of these factors are likely joined in the
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Figure 6 Schematic representation of a mechanistic model for how reelin-iAB42 interactions lead to a selective vulnerability in
formation of p-tau in reelin-expressing alEC LlI-neurons. Left-side cartoon: in a healthy reelin-expressing alEC ll-neuron, there is little
accumulation of iAB42. Intact reelin-signalling leads to a low activity level of GSK3f and helps ensure the appropriate phosphorylation-state of tau.
This is part of the requirement for tau to remain localized to the proper compartments, with the highest levels being in the axon. Right-side
cartoon: as the autophagic machinery becomes less efficient owing to ageing, iAB42 will tend to accumulate at a disproportional rate in
reelin-expressing alEC LlI-neurons, due to the high metabolic rate of these neurons. When this happens, iAp begins pathologically interacting with
reelin, further increasing the workload upon, and failure of, the autophagic machinery. The interaction of reelin with iAp will cause reelin-iAp42
complexes to form and increasingly lead to signalling-deficient reelin supplanting signalling-competent reelin. The reelin-iAB42 complexes are
unable to bind the ApoER2-receptor to initiate the downstream signalling cascade. This removes the inhibitory signalling upon GSK3p, causing the
latter to drive hyper-phosphorylation of tau (p-tau), which is misallocated away from the axon and into somatodendritic compartments where

NFTs form.

context of reelin-expressing alEC Lll-neurons and so help
explain their selective accumulation of iAp.

The interaction between reelin and AP prevents reelin from
triggering processing and internalization of ApoER2.%%-°1-88
This ApoER2 processing normally creates an N- as well as a
C-terminal ApoER2-fragment, both detectable in cerebro-
spinal fluid. In line with the AB-induced impairment of reelin-
signalling found in cultured cells, the amounts of these
ApoER2-fragments drop by about 50% in cerebrospinal
fluid of Alzheimer’s disease-subjects, even though levels of
ApoER2 messenger RNA as well as full-length ApoER2 re-
main unaltered.’"*” This provides convincing corroborative
evidence that an interaction between reelin and AB occurs in
the brain of Alzheimer’s disease-subjects, and that this im-
pairs the reelin-signalling cascade. Because this signalling
cascade works to enhance glutamatergic transmission in the
adult brain and promotes LTP,***” loss of reelin in

adulthood predicts deficits in memory functions in mice
and monkeys. Such deficits were indeed shown by recent ex-
periments on reelin conditional knockout mice,*® and this is
further corroborated by findings that an age-related decline
in reelin levels in reelin-expressing alEC LII-neurons in mon-
keys associates with memory impairments.””

Besides its role in memory, reelin-signalling through ApoER2
initiates a second signalling cascade mediated by tau-
phosphorylating kinases. When initiated, this cascade potently
inhibits the activity of one of the main tau-phosphorylating ki-
nases, namely GSK3p.>~>* Metabolically active reelin thus reg-
ulates the activity of GSK3p such that low levels of reelin result
in increased levels of p-tau, as demonstrated in congenitally
reelin-deficient mice (reeler-mice) that show a strong increase
of p-tau.>* A converse situation is apparent when mating trans-
genic mice overexpressing reelin, with transgenic mice expres-
sing mutated human tau that normally develop ample p-tau
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by 6 months. The resulting offspring exhibit a dramatic reduc-
tion of p-tau.®® Furthermore, applying reelin exposed to Ap
onto mouse primary neurons results in a 2-fold increase in levels
of p-tau in the cell-extracts relative to that seen following the
addition of pure reelin.’ These converging results convin-
cingly show that increased reelin-signalling serves to down-
regulate the phosphorylation-state of tau. Vice versa, one
might thus predict that lowered levels of active reelin, result-
ing from the molecular interactions between reelin and
iAB42, will result in increased phosphorylation of tau.
This is of interest in view of the strong evidence that the pre-
dominant cortical onset of NFTs occurs in alEC LIL'%'*
Moreover, in the rat model, levels of iAB and reelin in EC
LII show a clear gradient, with both being high in neurons
situated anteriolaterally, but gradually lower in neurons si-
tuated successively more medially.*® Future work should
address whether these graded levels of iAB and reelin direct-
ly relate to the gradient established for NFT's, which, follow-
ing their onset in alEC LII, progressively invade more
medially situated LII-neurons.'*'*?" Moreover, it would
also be highly relevant to determine whether or how p-tau
levels in alEC LlI-neurons change in response to artificially
lowering levels of reelin.

The above findings, alongside our present findings of a pre-
plaque interaction between reelin and A in reelin-expressing
alEC LlI-neurons, allow for an attractive hypothesis about
how AP and p-tau interact to trigger Alzheimer’s disease
(Fig. 6). In particular, alEC LII-neurons are thought to have
a very high metabolic rate, and, as the autophagic machinery
becomes less efficient owing to aging, iAp will tend to accu-
mulate at a disproportional rate in these neurons.*> When
this happens, iAB begins to pathologically interact with reel-
in, causing further accumulation of iAp, and further increas-
ing the workload upon, and failure of, the autophagic
machinery. The interaction of reelin with iAp will then in-
creasingly lead to signalling-deficient reelin supplanting
signalling-competent reelin. This causes a failure of reelin
to bind ApoER2 and a consequent downregulation of the sig-
nalling cascades normally controlled by reelin, leading to im-
pairments in entorhinal-hippocampal LTP, and, crucially, a
failure to downregulate the activity of GSK3B. The subse-
quent increased activity of GSK3p leads to increased forma-
tion of p-tau that finally results in NFTs. The finding that
expressing the €4 variant of apolipoprotein, which constitu-
tes the highest risk factor for Alzheimer’s disease aside from
ageing, impairs recycling of ApoER2 due to vesicular trap-
ping in the endocytic transport machinery’” ties in well
with the current hypothesis. This is because one can logically
predict that the impaired signalling via the ApoeR2, due to
iAB-induced loss of reelin-signalling, will have the greatest
impact in subjects in which the ApoER2 is already compro-
mised by expressing the €4 apolipoprotein variant. The cur-
rent hypothesis provides a testable prediction: any
compound preventing reelin from associating with iAB in
reelin-expressing alEC LII-neurons, which does not in itself
trigger production of more AB, will prevent or at least sub-
stantially reduce the formation of p-tau and NFTs.

BRAIN COMMUNICATIONS 2023: Page 13 of I5 | 13

Supplementary material

Supplementary ~ material s
Communications online.

available at  Brain

Acknowledgements

We are grateful for the excellent technical assistance we re-
ceived from Tore Bryntesen Lund, Grethe Mari Olsen,
Hanne Tegnander Soligard, Nikolaos Vlachopoulos and
Paulo Girao. We are also grateful to Prof. Yves Jossin for
his critical reading of the manuscript.

Funding

This work has been funded by Olav Thon Stiftelsen,
Stiftelsen Kristian Gerhard Jebsen and the Norwegian
Research Council (the Centre of Excellence scheme Grant
#223262, and the National Infrastructure scheme
NORBRAIN grant #197467).

Competing interests

The authors report no competing interests.

Data availability

Upon publication of this manuscript, all data will be made
publicly available through the Norwegian University of
Science and Technology Open Research Data repository
(https:/dataverse.no/dataverse/ntnu).

References

1. Jack CR J, Bennett DA, Blennow K, et al. NIA-AA research frame-
work: Toward a biological definition of Alzheimer’s disease.
Alzheimers Dement. 2018;14(4):535-562.

2. Pickett EK, Herrmann AG, McQueen J, et al. Amyloid beta and tau co-
operate to cause reversible behavioral and transcriptional deficits in a
model of Alzheimer’s disease. Cell Rep. 2019;29(11):3592-3604.eS5.

3. DPereira JB, Janelidze S, Ossenkoppele R, et al. Untangling the asso-
ciation of amyloid-beta and tau with synaptic and axonal loss in
Alzheimer’s disease. Brain. 2021;144(1):310-324.

4. Mattsson-Carlgren N, Andersson E, Janelidze S, et al. Abeta depos-
ition is associated with increases in soluble and phosphorylated tau
that precede a positive tau PET in Alzheimer’s disease. Sci Adv.
2020;6(16):eaaz2387.

5. Bateman R]J, Aisen PS, De Strooper B, et al. Autosomal-dominant
Alzheimer’s disease: A review and proposal for the prevention of
Alzheimer’s disease. Alzheimers Res Ther. 2011;3(1):1.

6. Korbel JO, Tirosh-Wagner T, Urban AE, et al. The genetic architec-
ture of Down syndrome phenotypes revealed by high-resolution
analysis of human segmental trisomies. Proc Natl Acad Sci. 2009;
106(29):12031-12036.

7. Jonsson T, Atwal JK, Steinberg S, et al. A mutation in APP protects
against Alzheimer’s disease and age-related cognitive decline.
Nature. 2012;488(7409):96-99.

£20Z JaqWIBAON €0 UO Jasn Wiaypuod] | 1eyalolgiqiansianiun Aq 292601 2/ 1 L PEOY/Z/S/8101e/SWiwoouleld/woo dnoolwepeoe//:sdiy woll papeojumod


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad115#supplementary-data
https://dataverse.no/dataverse/ntnu

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

| BRAIN COMMUNICATIONS 2023: Page 14 of |5

Benilova I, Karran E, De Strooper B. The toxic Abeta oligomer and
Alzheimer’s disease: An emperor in need of clothes. Nat Neurosci.
2012;15(3):349-357.

Palmgqvist S, Scholl M, Strandberg O, et al. Earliest accumulation of
beta-amyloid occurs within the default-mode network and concur-
rently affects brain connectivity. Nat Commun. 2017;8(1):1214.
Sanchez JS, Becker JA, Jacobs HIL, et al. The cortical origin and ini-
tial spread of medial temporal tauopathy in Alzheimer’s disease as-
sessed with positron emission tomography. Sci Transl Med. 2021,
13(577).

Franzmeier N, Dewenter A, Frontzkowski L, et al. Patient-centered
connectivity-based prediction of tau pathology spread in
Alzheimer’s disease. Sci Adv. 2020;6(48):eabd1327.

Kaufman SK, Del Tredici K, Thomas TL, Braak H, Diamond MI.
Tau seeding activity begins in the transentorhinal/entorhinal regions
and anticipates phospho-tau pathology in Alzheimer’s disease and
PART. Acta Neuropathol. 2018;136(1):57-67.

Schwarz AJ, Yu P, Miller BB, et al. Regional profiles of the candidate
tau PET ligand 18F-AV-1451 recapitulate key features of Braak
histopathological stages. Brain. 2016;139(Pt 5):1539-1550.

Braak H, Braak E. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 1991;82(4):239-259.

Agster KL, Burwell RD. Cortical efferents of the perirhinal, post-
rhinal, and entorhinal cortices of the rat. Hippocampus. 2009;19-
(12):1159-1186.

Kerr KM, Agster KL, Furtak SC, Burwell RD. Functional neuro-
anatomy of the parahippocampal region: The lateral and medial en-
torhinal areas. Hippocampus. 2007;17(9):697-708.

Munoz M, Insausti R. Cortical efferents of the entorhinal cortex and
the adjacent parahippocampal region in the monkey (Macaca fasci-
cularis). Eur | Neurosci. 2005;22(6):1368-1388.

Morecraft RJ, Cipolloni PB, Stilwell-Morecraft KS, Gedney MT,
Pandya DN. Cytoarchitecture and cortical connections of the pos-
terior cingulate and adjacent somatosensory fields in the rhesus
monkey. ] Comp Neurol. 2004;469(1):37-69.

Leichnetz GR. Connections of the medial posterior parietal cortex
(area 7 m) in the monkey. Anat Rec. 2001;263(2):215-236.
Carmichael ST, Price JL. Limbic connections of the orbital and med-
ial prefrontal cortex in macaque monkeys. | Comp Neurol. 1995;
363(4):615-641.

Barbas H. Organization of cortical afferent input to orbitofrontal
areas in the rhesus monkey. Neuroscience. 1993;56(4):841-864.
Morecraft R], Geula C, Mesulam MM. Cytoarchitecture and neural
afferents of orbitofrontal cortex in the brain of the monkey. | Comp
Neurol. 1992;323(3):341-358.

Ohara S, Gianatti M, Itou K, et al. Entorhinal layer II
calbindin-expressing neurons originate widespread telencephalic
and intrinsic projections. Front Syst Neurosci. 2019;13:54.
Insausti R, Herrero MT, Witter MP. Entorhinal cortex of the rat:
Cytoarchitectonic subdivisions and the origin and distribution of
cortical efferents. Hippocampus. 1997;7(2):146-183.

Swanson LW, Kohler C. Anatomical evidence for direct projections
from the entorhinal area to the entire cortical mantle in the rat. |
Neurosci. 1986;6(10):3010-3023.

Buchhave P, Minthon L, Zetterberg H, Wallin AK, Blennow K,
Hansson O. Cerebrospinal fluid levels of B-amyloid 1-42, but not
of tau, are fully changed already 5 to 10 years before the onset of
Alzheimer dementia. Arch Gen Psychiatry. 2012;69(1):98-06.
Pensalfini A, Albay R III, Rasool S, e# al. Intracellular amyloid and
the neuronal origin of Alzheimer neuritic plaques. Neurobiol Dis.
2014;71:53-61.

Mori C, Spooner ET, Wisniewski KE, et al. Intraneuronal AB42 ac-
cumulation in Down syndrome brain: Original articles. Amyloid.
2002;9(2):88-102.

D’Andrea MR, Nagele RG, Wang HY, Lee DH. Consistent immu-
nohistochemical detection of intracellular beta-amyloid42 in pyr-
amidal neurons of Alzheimer’s disease entorhinal cortex. Neurosci
Lett. 2002;333(3):163-166.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

48.

49.

50.

A. Kobro-Flatmoen et al.

Gouras GK, Tsai J, Naslund J, et al. Intraneuronal Abeta42 accumu-
lation in human brain. Am | Pathol. 2000;156(1):15-20.

Yang T, Li S, Xu H, Walsh DM, Selkoe DJ. Large soluble oligomers
of amyloid beta-protein from Alzheimer brain are far less neuroac-
tive than the smaller oligomers to which they dissociate. | Neurosci.
2017;37(1):152-163.

Jin M, Shepardson N, Yang T, Chen G, Walsh D, Selkoe DJ. Soluble
amyloid beta-protein dimers isolated from Alzheimer cortex directly
induce tau hyperphosphorylation and neuritic degeneration. Proc
Natl Acad Sci U § A. 2011;108(14):5819-5824.

Steinerman JR, Irizarry M, Scarmeas N, et al. Distinct pools of
beta-amyloid in Alzheimer disease-affected brain: A clinicopatholo-
gic study. Arch Neurol. 2008;65(7):906-912.

Nislund J, Haroutunian V, Mohs R, et al. Correlation between ele-
vated levels of amyloid B-peptide in the brain and cognitive decline.
JAMA. 2000;283(12):1571.

McLean CA, Cherny RA, Fraser FW, et al. Soluble pool of A?
Amyloid as a determinant of severity of neurodegeneration in
Alzheimer’s disease. Ann Neurol. 1999;46(6):860-866.

Lue L-F, Kuo Y-M, Roher AE, et al. Soluble amyloid B peptide con-
centration as a predictor of synaptic change in Alzheimer’s disease.
Am ] Pathol. 1999;155(3):853-862.

Roos TT, Garcia MG, Martinsson L, et al. Neuronal spreading and
plaque induction of intracellular Abeta and its disruption of Abeta
homeostasis. Acta Neuropathol. 2021;142(4):669-687.
Kobro-Flatmoen A, Nagelhus A, Witter MP. Reelin-immunoreactive
neurons in entorhinal cortex layer Il selectively express intracellular
amyloid in early Alzheimer’s disease. Neurobiol Dis. 2016;93:
172-183.

Tulita MF, Allard S, Richter L, et al. Intracellular Abeta pathology
and early cognitive impairments in a transgenic rat overexpressing
human amyloid precursor protein: A multidimensional study.
Acta Neuropathol Commun. 2014;2(1):61.

Knobloch M, Konietzko U, Krebs DC, Nitsch RM. Intracellular
Abeta and cognitive deficits precede beta-amyloid deposition in
transgenic arcAbeta mice. Neurobiol Aging.2007;28(9):1297-1306.
Choi SH, Kim YH, Hebisch M, et al. A three-dimensional human
neural cell culture model of Alzheimer’s disease. Nature. 2014;515-
(7526):274-278.

Kobro-Flatmoen A, Lagartos-Donate MJ, Aman Y, Edison P,
Witter MP, Fang EF. Re-emphasizing early Alzheimer’s disease
pathology starting in select entorhinal neurons, with a special focus
on mitophagy. Ageing Res Rev. 2021;67:101307.

Freer R, Sormanni P, Ciryam P, et al. Supersaturated proteins are en-
riched at synapses and underlie cell and tissue vulnerability in
Alzheimer’s disease. Heliyon. 2019;5(11):02589.

Ramos-Moreno T, Galazo M]J, Porrero C, Martinez-Cerdeno V,
Clasca F. Extracellular matrix molecules and synaptic plasticity:
Immunomapping of intracellular and secreted reelin in the adult
rat brain. Eur | Neurosci. 2006;23(2):401-422.

Leitner FC, Melzer S, Lutcke H, et al. Spatially segregated feedforward
and feedback neurons support differential odor processing in the lateral
entorhinal cortex. Nat Neurosci. 2016;19(7):935-944.

Qiu S, Zhao LF, Korwek KM, Weeber E]J. Differential
reelin-induced enhancement of NMDA and AMPA receptor activity
in the adult hippocampus. | Neurosci. 2006;26(50):12943-12955.
Rogers JT, Rusiana I, Trotter ], et al. Reelin supplementation en-
hances cognitive ability, synaptic plasticity, and dendritic spine
density. Learn Mem. 2011;18(9):558-564.

Marckx AT, Fritschle KE, Calvier L, Herz J. Reelin changes hippo-
campal learning in aging and Alzheimer’s disease. Bebhav Brain Res.
2021;414:113482.

Botella-Lopez A, Cuchillo-Ibanez I, Cotrufo T, et al. Beta-amyloid
controls altered reelin expression and processing in Alzheimer’s dis-
ease. Neurobiol Dis. 2010;37(3):682-691.

Cuchillo-Ibanez I, Balmaceda V, Botella-Lopez A, Rabano A, Avila
J, Saez-Valero J. Beta-amyloid impairs reelin signaling. PLoS One.
2013;8(8):¢72297.

£20Z JaqWIBAON €0 UO Jasn Wiaypuod] | 1eyalolgiqiansianiun Aq 292601 2/ 1 L PEOY/Z/S/8101e/SWiwoouleld/woo dnoolwepeoe//:sdiy woll papeojumod



Lowering reelin lowers intracellular Af

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Cuchillo-Ibanez I, Mata-Balaguer T, Balmaceda V, Arranz JJ, Nimpf
J, Saez-Valero J. The beta-amyloid peptide compromises reelin sig-
naling in Alzheimer’s disease. Sci Rep. 2016;6:31646.

Ohkubo N, Lee YD, Morishima A, et al. Apolipoprotein E and reel-
in ligands modulate tau phosphorylation through an apolipoprotein
E receptor/disabled-1/glycogen synthase kinase-3beta cascade.
FASEB J. 2003;17(2):295-297.

Beffert U, Morfini G, Bock HH, Reyna H, Brady ST, Herz ]J.
Reelin-mediated signaling locally regulates protein kinase B/Akt
and glycogen synthase kinase 3beta. | Biol Chem. 2002;277(51):
49958-49964.

Hiesberger T, Trommsdorff M, Howell BW, et al. Direct binding of
reelin to VLDL receptor and ApoE receptor 2 induces tyrosine phos-
phorylation of disabled-1 and modulates tau phosphorylation.
Neuron. 1999;24(2):481-489.

Peineau S, Taghibiglou C, Bradley C, et al. LTP inhibits LTD in the
hippocampus via regulation of GSK3beta. Neuron. 2007;53(5):
703-717.

Sperbera BR, Leight S, Goedert M, Lee VMY. Glycogen synthase
kinase-3pB phosphorylates tau protein at multiple sites in intact cells.
Neurosci Lett. 1995;197(2):149-153.

Cuchillo-Ibanez I, Balmaceda V, Mata-Balaguer T, Lopez-Font I,
Saez-Valero J. Reelin in Alzheimer’s disease, increased levels but im-
paired signaling: When more is less. | Alzheimers Dis. 2016;52(2):
403-416.

Kulason S, Tward D], Brown T, et al. Cortical thickness atrophy in
the transentorhinal cortex in mild cognitive impairment.
Neuroimage Clin. 2019;21:101617.

Kordower JH, Chu Y, Stebbins GT, et al. Loss and atrophy of layer
II entorhinal cortex neurons in elderly people with mild cognitive
impairment. Ann Neurol. 2001;49(2):202-213.

Heggland 1, Storkaas IS, Soligard HT, Kobro-Flatmoen A,
Witter MP. Stereological estimation of neuron number and
plaque load in the hippocampal region of a transgenic rat model of
Alzheimer’s disease. Eur | Neurosci. 2015;41(9):1245-1262.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2— AACT method.
Methods. 2001;25(4):402-408.

Nair RR, Blankvoort S, Lagartos M], Kentros C. Enhancer-driven
gene expression (EDGE) enables the generation of viral vectors spe-
cific to neuronal subtypes. iScience. 2020;23(3):100888.

Saito T, Suemoto T, Brouwers N, et al. Potent
amyloidogenicity and pathogenicity of AB43. Nat Neurosci. 2011;
14(8):1023-1032.

Kayed R, Head E, Thompson JL, et al. Common structure of soluble
amyloid oligomers implies common mechanism of pathogenesis.
Science. 2003;300(5618):486-489.

Kayed R, Head E, Sarsoza F, et al. Fibril specific, conformation de-
pendent antibodies recognize a generic epitope common to amyloid
fibrils and fibrillar oligomers that is absent in prefibrillar oligomers.
Mol Neurodegener. 2007;2(1):18.

Kjonigsen L], Leergaard TB, Witter MP, Bjaalie JG. Digital atlas of
anatomical subdivisions and boundaries of the rat hippocampal re-
gion. Front Neuroinform. 2011;5(2):2.

Nakamura T, Oh CK, Liao L, et al. Noncanonical transnitrosyla-
tion network contributes to synapse loss in Alzheimer’s disease.
Science. 2021;371(6526):eaaw0843.

Rossi D, Gruart A, Contreras-Murillo G, et al. Reelin reverts bio-
chemical, physiological and cognitive alterations in mouse models
of tauopathy. Prog Neurobiol. 2020;186:101743.

Kruschke JK. Bayesian estimation supersedes the t test. | Exp
Psychol Gen. 2013;142(2):573-603.

Cohen . Statistical power analysis for the behavioral sciences.
Academic Press; 2013.

Martin O. Bayesian analysis with Python: Introduction to statistical
modeling and probabilistic programming using PyMC3 and ArviZ.
Packt Publishing Ltd; 2018.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

BRAIN COMMUNICATIONS 2023: Page I150f I5 | 15

Rasmussen C, Williams C. Gaussian processes for machine learn-
ing. MIT Press; 2006.

Bernardo J, Berger J, Dawid A, Smith A. Regression and classifica-
tion using Gaussian process priors. Bayesian Stat. 1998;6:475.
Cover TM. Elements of information theory. John Wiley & Sons;
1999.

Bagchi S, Fredriksson R, Wallén-Mackenzie A. In situ proximity li-
gation assay (PLA). ELISA. 2015:149-159.

Takahashi RH, Milner TA, Li F, et al. Intraneuronal Alzheimer
AP42 accumulates in multivesicular bodies and is associated with
synaptic pathology. Am J Pathol. 2002;161(5):1869-1879.
Donato F, Jacobsen RI, Moser MB, Moser EI. Stellate cells drive
maturation of the entorhinal-hippocampal circuit. Science. 2017,
355(6330).

Leon WC, Canneva F, Partridge V, et al. A novel transgenic rat mod-
el with a full Alzheimer’s-like amyloid pathology displays pre-
plaque intracellular amyloid-beta-associated cognitive impairment.
J Alzheimers Dis. 2010;20(1):113-126.

Hofling C, Morawski M, Zeitschel U, et al. Differential transgene
expression patterns in Alzheimer mouse models revealed by novel
human amyloid precursor protein-specific antibodies. Aging Cell.
2016;15(5):953-963.

Welikovitch LA, Do Carmo S, Magloczky Z, et al. Evidence of intra-
neuronal abeta accumulation preceding tau pathology in the entorh-
inal cortex. Acta Neuropathol. 2018;136(6):901-917.

Nagele RG, D’Andrea MR, Anderson W], Wang HY. Intracellular
accumulation of B-amyloid1-42 in neurons is facilitated by the o7
nicotinic  acetylcholine receptor in  Alzheimer’s disease.
Neuroscience. 2002;110(2):199-211.

D’Andrea MR, Nagele RG, Wang HY, Peterson PA, Lee DH.
Evidence that neurones accumulating amyloid can undergo lysis
to form amyloid plaques in Alzheimer’s disease. Histopathology.
2001;38(2):120-134.

Nagae M, Suzuki K, Yasui N, e al. Structural studies of reelin
N-terminal region provides insights into a unique structural ar-
rangement and functional multimerization. | Biochem. 2021;
169(5):555-564.

Yasui N, Kitago Y, Beppu A, et al. Functional importance of cova-
lent homodimer of reelin protein linked via its central region. | Biol
Chem. 2011;286(40):35247-35256.

Magdesian MH, Carvalho MM, Mendes FA, et al. Amyloid-beta binds
to the extracellular cysteine-rich domain of frizzled and inhibits wnt/
beta-catenin signaling. | Biol Chem. 2008;283(14):9359-9368.
Nakano Y, Kohno T, Hibi T, et al. The extremely conserved
C-terminal region of reelin is not necessary for secretion but is re-
quired for efficient activation of downstream signaling. | Biol
Chem. 2007;282(28):20544-20552.

Jiang D, Rauda I, Han S, Chen S, Zhou F. Aggregation pathways of
the amyloid beta(1-42) peptide depend on its colloidal stability and
ordered beta-sheet stacking. Langmuir. 2012;28(35):12711-12721.
Gallo CM, Ho A, Beffert U. ApoER2: Functional tuning through
splicing. Front Mol Neurosci. 2020;13:144.

Mata-Balaguer T, Cuchillo-Ibanez I, Calero M, Ferrer I,
Saez-Valero J. Decreased generation of C-terminal fragments of
ApoER2 and increased reelin expression in Alzheimer’s disease.
FASEB J. 2018;32(7):3536-3546.

Long JM, Perez EJ, Roberts JA, Roberts MT, Rapp PR. Reelin
in the years: Decline in the number of reelin immunoreactive neurons
in layer I of the entorhinal cortex in aged monkeys with memory im-
pairment. Neurobiol Aging. 2020;87:132-137.

Yushkevich PA, Muifioz Lépez M Iiiguez de Onzofio Martin MM,
et al. Three-dimensional mapping of neurofibrillary tangle burden
in the human medial temporal lobe. Brain. 2021;144(9):2784-2797.
Chen Y, Durakoglugil MS, Xian X, Herz J. Apoe4 reduces gluta-
mate receptor function and synaptic plasticity by selectively impair-
ing ApoE receptor recycling. Proc Natl Acad Sci U S A. 2010;
107(26):12011-6.

£20Z JaqWIBAON €0 UO Jasn Wiaypuod] | 1eyalolgiqiansianiun Aq 292601 2/ 1 L PEOY/Z/S/8101e/SWiwoouleld/woo dnoolwepeoe//:sdiy woll papeojumod



	Lowering levels of reelin in entorhinal cortex layer II-neurons results in lowered levels of intracellular amyloid-β
	Introduction
	Materials and methods
	Experimental design
	Adeno-associated viral-vector design
	Stereotaxic injections
	Brain extraction, tissue processing and immunohistochemistry
	Proximity ligation assay
	Imaging and digital processing
	Statistical analysis of differences in protein levels between conditions
	Regression analysis of reelin versus iAβ fluorescence levels

	Results
	Reelin directly interacts with Aβ in reelin-expressing alEC LII-neurons
	Lowering reelin in reelin-expressing alEC LII-neurons concomitantly reduces iAβ
	The reduction of iAβ by lowering of reelin in reelin-expressing alEC LII-neurons is independent of APP levels

	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




