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Blocking IGF Signaling in Adult Neurons Alleviates
Alzheimer’s Disease Pathology through Amyloid-£3
Clearance

Géraldine Gontier,"? Caroline George,"> “Zayna Chaker,!* “Martin Holzenberger,':> and Saba Aid'>
'Institut National de la Santé et de la Recherche Médicale, Centre de Recherche UMR938, Hopital Saint-Antoine, 75012 Paris, France, 2Sorbonne
Universités, Université Pierre et Marie Curie, 75005 Paris, France, and 3Faculté de Médecine, Université Paris Descartes, 75006 Paris, France

Alzheimer’s disease (AD) is a frequent and irreversible age-related neurodegeneration without efficient treatment. Experimental AD in
mice responds positively to decreased insulin-like growth factor I (IGF-I) signaling, a pathway also implicated in aging. Here we aimed to
protect the aging brain from devastating amyloid pathology by making specifically adult neurons resistant to IGF signaling. To achieve
that, we knocked out neuronal IGF-1R during adulthood in APP/PS1 mice. We found that mutants exhibited improved spatial memory
and reduced anxiety. Mutant brains displayed fewer amyloid plaques, less amyloid-3 (A$), and diminished neuroinflammation. Sur-
prisingly, adult neurons undergoing IGF-1R knock-out reduced their apical soma and developed leaner dendrites, indicative of remark-
able structural plasticity entailing condensed forebrain neuroarchitecture. Neurons lacking IGF-1R in AD showed less accumulation of
AB-containing autophagic vacuoles. At the same time, plasma A 31levels were increased. Our data indicate that neuronal IGF-1R ablation,
via preserved autophagic compartment and enhanced systemic elimination, offers lifelong protection from AD pathology by clearing
toxic AB3. Neuronal IGF-1R, and possibly other cell size-controlling pathways are promising targets for AD treatment.
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We found compelling evidence in vivo that Alzheimer’s disease (AD) progression is significantly delayed when insulin-like growth
factor (IGF) signaling is blocked in adult neurons. To show that, we built a novel mouse model, combining inducible neuron-
specific IGF-1R knock-out with AD transgenics. Analysis of the experimental AD phenotype revealed less abundant amyloid-f3
(AB) peptides, fewer plaques, and diminished neuroinflammation in mutants with inactivated IGF signaling, together with clearly
preserved behavioral and memory performances. We present for the first time evidence that IGF signaling has profound effects on
neuronal proteostasis and maintenance of cellmorphology in vivo. Our results indicate in a model highly pertinent to translational
research that neuronal IGF resistance may represent a pathophysiologically relevant mechanism of the brain for preventing A3
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Introduction

Alzheimer’s disease (AD) is a progressive and irreversible neurode-
generative dementia, for which the main risk factor is age. Insulin-
like growth factor I (IGF-I), through its cognate receptor IGF-1R
and downstream effectors, controls stress resistance, aging, and lifes-
pan (Holzenberger et al., 2003; Xu et al., 2014). Since aging is mod-
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ulated by insulin-like signals in the brain (Taguchi et al., 2007;
Kappeler etal., 2008; Zhanget al., 2013), this pathway could function
as a molecular bridge between physiological aging and AD patho-
genesis (Carro et al., 2002). In accord with that, constitutive
heterozygous knock-out of IGF-1R in an APP/PS1 AD mouse model
reduces astrogliosis, prevents neuronal death, and alleviates AD-
associated cognitive deficits (Cohen et al., 2009). However, that
model could not distinguish between benefits due to delayed aging
in long-lived IGF-1R */~ mutants and brain-specific mechanisms.
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Knock-out of IGF-1R specifically in hippocampal neurons delays
premature death of Tg2576 AD mice, strongly pointing to neurons
as key players in IGF-dependent protection of the CNS against
amyloid-3 (AB) toxicity (Freude et al., 2009). Yet, high mortality in
young Tg2576 mice, with half dying before 20 weeks of age, pre-
cludes elucidation of the important age-related pathophysiology and
long-term cognitive outcome of this complex neurodegeneration.
Meanwhile, evidence for a possible role of IGF in AD progression has
also been obtained from clinical investigation. Indeed, in AD pa-
tients, hippocampus is less responsive to IGF-I stimulation ex vivo, as
demonstrated by decreased activation of the downstream IRS-PI3K-
Akt pathway (Talbot et al., 2012), yet it remains unknown whether
this is a cause or consequence of the disease. Similarly, when hip-
pocampal neurons are exposed to AP oligomers, they show in-
creased serine inhibition of IRS-1 (Bomfim et al., 2012). Together,
this suggests that regulation of IGF-I signaling in central neurons
responds to local abundance of AB. Here, we investigated whether
the aging brain can be protected from amyloid pathology by making
adult neurons experimentally resistant to IGF signaling. To
circumvent IGF developmental effects, we combined efficient in-
ducible neuron-specific IGF-1R knock-out with the APP/PS1 mu-
rine AD model. We obtained consistent evidence that blocking
neuronal IGF-I signaling during adulthood alleviates amyloid pa-
thology and cognitive deficits. We found that AB accumulation in
the brain is counteracted by a normalized autophagic compartment
and enhanced plasma clearance. This study also revealed that
IGF-1R regulates important structural plasticity of forebrain neu-
rons, and we discuss how this may contribute to efficient protection
against A3 proteotoxicity.

Materials and Methods

Animal models. APPswe/PS1dE9 transgenic mice (Jankowsky et al., 2004)
were obtained from Jackson Laboratory (stock 5864), and CaMKCre-
ER™? transgenic mice (Erdmann et al., 2007) were obtained from Euro-
pean Mutant Mouse Archives (EMMA 02125). APPswe/PS1dE9 and
CaMKCreER *2 transgenes were backcrossed to IGF-1R 19/1°% knock-in
mice (Kappeler et al., 2008) with 129/SvPas genetic background to
obtain APPswe/PS1dE9 */%IGF-1R "% and CaMKCreER "> */%IGF-
1R 1o¥/ox breeder mice. These double mutants were used to generate
the final triple mutant APPswe/PS1dE9 +/0,CaMKCreER "2 /% 1GF-
1R flox/flox T jttermates with genotype CaMKCreER T2 */%IGF-1R flox/flox
were used as non-AD controls (abbreviated WT). Mice were main-
tained in a specific pathogen free barrier facility using individually
ventilated cages (Tecniplast). Sentinel mice (8—12 per room and year)
were tested at Harlan Laboratories following the recommendations of
the Federation of European Laboratory Animal Science Associations;
no infections or pathogens were detected. Mice were kept at 22-24°C
air temperature, on a 14/10 h light/dark cycle and had ad libitum
access to water and rodent chow (LASQCdiet Rod16, Genobios).
Cages were equipped with mouse houses (Tecniplast) to prevent ag-
gressive behavior. All experiments were conducted according to the
EC Council Directive (86/609/EEC) for care and use of animals for
experimental procedures, and complied with the regulations of Co-
mité d’Ethique pour PExpérimentation Animale “Charles Darwin”
(specific approval No. Ce5/2012/043), registered at Comité National
de Réflexion Ethique sur PExpérimentation Animale (Ile-de-France,
Paris, No. 5).

PCR genotyping. WT, floxed, and knock-out IGF-1R alleles were si-
multaneously genotyped from skin biopsies using triplex PCR with for-
ward primers 5'-ATCTTGGAGTGGTGGGTCTGTTTC-3" and 5'-CCA
TGGGTGTTAAATGTTAATGGC-3', and reverse primer 5 -ATGAAT
GCTGGTGAGGGTTGTCTT-3". APPswe/PSIdE9 was detected using
PS1dE9-specific forward 5'-AATAGAGAACGGCAGGAGCA-3' and re-
verse primer 5'-GCCATGAGGGCACTAATCAT-3'. CaMKCreER ™
was detected using forward 5'-GCTTGCAGGTACAGGAGGTAGT-3’
and reverse primer 5'-GGTTCTCCGTTTGCACTCAGGA-3'.
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Tamoxifen-induced neuronal IGF-1R knock-out. All experimental ani-
mals had the same APPswe/PS1dE9 ™/%;CaMKCreER T2 /%;]GE- 1R flo/flox
genotype. Both male and female mice were used. Mice matched by
gender, age, genotype, and weight were randomly assigned to experimen-
tal groups. At 2 months, half of the mice received tamoxifen injections to
generate ADINKO (AD and inducible neuronal IGF-1R knock-out) mu-
tants (Fig. 1A). The other half was injected with vehicle alone to serve as
littermate controls. Tamoxifen (T5648, Sigma-Aldrich), dissolved in
sunflower seed oil/ethanol (10:1) at 10 mg ml ', was administered in-
traperitoneally at 42 mg kg ~! body weight twice per day for 5 d. All
genotypes and the individual Cre-loxP recombination efficiencies were
checked after killing from brain biopsies by PCR. To confirm neuron
specificity of CaMKCreER "*-inducible knock-out, CaMKCreER " mice
were crossed with reporter mice (Jackson Laboratory, stock 7908) that
express tdTomato upon Cre recombination (Madisen et al., 2010). Dou-
ble transgenic CaMKCreER "> 7/%CAG-tdTomato ™° mice were injected
with tamoxifen at 2 months and analyzed 4 weeks later. To assess den-
drite morphology, triple-mutant NestinCreER ">*/%CAG-tdTomato */*
IGF-1R 19X mjce (NestinCreER 2*/° provided by Dr. A. J. Eisch)
were obtained by crossing CAG-tdTomato */%IGE-1R19¥/fox and
NestinCreER 72 7/%IGF-1R 19¥1°%  breeders. NestinCreER T27/%IGE-
IRWTWT mice were crossed to tdTomato reporter mice to generate con-
trols. At 3 months, both groups received tamoxifen intraperitoneally and
were analyzed at 16 months for tdTomato expression.

Behavioral and cognitive analyses. Experiments were conducted by in-
vestigators blinded to treatment group in a room dedicated to behavioral
analyses. Mice were allowed to acclimate for =30 min. All tests used
automated video tracking (Viewer?, Biobserve).

Open-field test. We used an open-field arena 50 by 30 cm wide with
opaque 35 cm walls. Mice were allowed to explore freely for 10 min while
activity was recorded. The arena was divided into 30 by 15 cm center area,
6-cm-wide corridors along the walls, and a 9 by 9 cm square in each
corner, partly overlapping with corridors. The ratio of distance traveled
in the center to total distance traveled, and the ratio of time spent in
center to total test duration were used as measures of anxiety-related
behavior. Mice returned to their home cage after each trial.

Barnes maze. Spatial learning and memory were assessed using the
Barnes maze, a circular dry-land maze (Barnes, 1979). We needed a test
repeatedly applicable to mice of increasing age, including very old indi-
viduals. We chose the Barnes maze, which is similar to the Morris water
maze, but less strenuous and less physically challenging, and which has
been successfully used in AD mice (O’Leary and Brown, 2009; Stewart et
al., 2011; Larson et al., 2012; Attar et al., 2013). This test works well with
mice from 129/Sv genetic background. It consists of an elevated 92 cm
platform, with 20 floor holes (diameter, 5 cm). Distant visual cues were
placed on surrounding room walls and remained throughout the test.
For training, the mouse was placed in the center of the maze under an
opaque start box. After 10 s, the box was lifted, and the mouse allowed to
explore the maze for 5 min. Indirect light (200 Ix) and sound (10 kHz, 75
dB) were used to reinforce motivation to escape to a dark, recessed refuge
box, hidden under one of the 20 holes. Mice were trained four times per
day (=15 min between trials) for 4 consecutive days. The maze was
thoroughly cleaned after each trial. On day 5, mice were submitted to one
test trial, with the refuge box removed, to evaluate long-term memory
retention. Parameters calculated for training and test trials included dis-
tance traveled, average speed, and cumulative errors. Visiting a wrong
hole was scored 1-10, depending on the distance between incorrect hole
and true position of the refuge box during training. Cumulative error was
the sum of scores.

Y-maze. In the 23-month-old mice, a two-trial Y-maze task was
performed 4 weeks after the Barnes paradigm to assess short-term,
hippocampus-dependent spatial memory (Brouillette et al., 2012).
Y-maze arms were 8 by 40 cm with transparent, 16-cm-high walls. The
maze floor was thoroughly cleaned after each test and covered with fresh
bedding. Distant cues were present on surrounding room walls. During
exposure, mice could freely explore two arms (“start” arm and “other”
arm) for 5 min, while the third (“new”) arm was blocked with an opaque
door. The assignment of arms was counterbalanced within each group.
Mice were then returned to their home cage for 3 min. During the fol-
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Figure1. Study design and efficacy of inducible neuronal IGF-1R knock-out. A, Mutant strains were crossed to combine neuron-
specific tamoxifen-inducible IGF-1R gene knock-out with transgenic APPswe/PSTdE9 AD model. All mice had Igf1r flox alleles
(IGF-TR™) and harbored CaMKIlc-CreER ™ and APPswe/PS1dE9 (APP/PS1) transgenes (genotype by PCR). All mice developed
plaques that increased in number and size throughout adult life. Tamoxifen (Tam) was administered at 2 months of age to induce
IGF-1R knock-out (ADINKO), while controls received vehicle alone. Behavioral phenotyping comprised Barnes maze testat 11, 16,
and 23 months, and Y-maze and open-field test at 23 months. Regarding postmortem studies, half the cohort was killed at 16
months for histopathology, biochemistry, and A3 ELISA, the other half at 23 months, for AB ELISA. B, PCR revealed strong Cre-lox
recombination (IGF-1R ¥°) in forebrain (cortex, hippocampus, and striatum), much less or no recombination elsewhere in the CNS,
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lowing test period, they were placed at the end
of their start arm and allowed to explore all
three arms for 5 min. The percentage of visits to
each arm was calculated. Mice were excluded
from analysis based on the preset criterion: an-
imal does not move during test. This corre-
sponded to one 11-month-old ADINKO male
and one 16-month-old control female in the
probe test (day 5) of the Barnes maze proce-
dure, out of 25 individuals in each group. In the
Y-maze test, two control males, one ADINKO
male, and one ADINKO female were excluded
because they did not enter one of the three
arms.

Antibodies used. The following antibodies
were used: NeuN (MAB377, 1:1000; Milli-
pore), and doublecortin (DCX; sc-8066,
1:1000; Santa Cruz Biotechnology), GFAP
(20334, 1:2000; Dako), AB (82E1, 1:1000; IBL
International), Ibal (019-19741, 1:1000;
Wako), MBP (SMI-99P, 1:4000; Covance), IGF-
1RB (3027, 1:1000; Cell Signaling Technology),
Akt (9272, 1:1000; Cell Signaling Technology),
phospho-Akt (Ser473; 4058, 1:1000; Cell Signal-
ing Technology), IR (sc-711, 1:1000; Santa Cruz
Biotechnology), APP and AS (6E10, 1:1000; Co-
vance), C-terminal fragment (CTF; A8717,
1:1000; Sigma-Aldrich), drebrin (ab12350,
1:2000; Abcam), synapsin-I (AB1543P, 1:2000;
Millipore Bioscience Research Reagents), LC3-
/Il (ab58610, 1:1000; Abcam), p62 (NBPI-
49956, 1:2000; Novus), beclin-1 (3738, 1:1000;
Cell Signaling Technology), Atg5 (2630, 1:1000;
Cell Signaling Technology), ADAM10 (sc-28358,
1:1000; Santa Cruz Biotechnology) and BACEI1
(2253, 1:1000; ProSci), cathepsin D (AF1029,
1:1000; R&D Systems), secondary Alexa Fluor
antibodies (Life Technologies), secondary IR
Dye 600LT or 800CW (1:15,000, LI-COR Bio-
sciences), biotinylated secondary antibodies
(BA-1000, 1:200; BA-2000, 1:200; Vector Labora-
tories), horseradish  peroxidase-conjugated
anti-mouse (626520, 1:3000; Life Technologies),
anti-rabbit (656120, 1:3000; Life Technologies),
or anti-goat (A5420, 1:3000; Sigma-Aldrich) sec-
ondary antibodies.

Immunofluorescence. Three-month-old
CaMKCreER "?"/%CAG-tdTomato *°  and
16-month-old NestinCreER " */%,CAG-tdTo-
mato *’® mice were anesthetized using 100 mg
kg ~! body weight pentobarbital and transcar-
dially perfused with cold PBS, followed by 4%
paraformaldehyde. Brains were frozen in 30%
sucrose, stored at —80°C, and later sectioned

<«

and none in peripheral tissues (n = 5). €, Efficiency and fore-
brain specificity of IGF-1R knock-out was highly reproducible,
as shown for three brains 4 weeks after Tam administration.
D, IGF-1R levels in ADINKO cortex were half the control values,
while insulin receptor values (InsR) remained unchanged.
Western blot, ***p << 0.001, Mann—Whitney U test, n = 10
per group, mean == SEM. E, Cell type-specific markers in cor-
tical sections of CaMKIla-CreER ™ */;CAG-tdTomato */° re-
porter mice (red fluorescence indicating Cre-lox excision)
demonstrated that essentially all neurons underwent re-
combination, while astrocytes (GFAP) and microglia (IbaT)
did not.
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Figure 2.  Amyloid plague pathology is diminished in ADINKO mice. A, D, Representative
micrographs of plaques (82E1 antibody) in cortex (4) and hippocampus (D). Arrowhead: plaque
50-150 wm Z arrow: plaque =1500 um 2 B, C,E, F, Prevalence of plaques, in particular small
and middle-sized, was diminished in cortex and hippocampus from 16-month-old ADINKO
males and females. Note that differences were not significant for male hippocampus. *p <
0.05; **p < 0.01, mean = SEM; Student’s ¢ test, n = 7 per group, four sections used per
animal.
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on a cryostat. Tissues were stained using specific antibodies. Immuno-
stained sections were observed using a spinning disk confocal micro-
scope DMI4000B (Leica).

Immunohistochemistry. Sixteen-month-old ADINKO mice were
weighed and anesthetized. Body length (nasoanal distance) was mea-
sured and brain removed, weighed, and split along the midline. One
hemibrain was postfixed in 4% paraformaldehyde at 4°C for 24 h, dehy-
drated, paraffin embedded, and sectioned parasagittally (7 um; mi-
crotome RM2125RT, Leica). Sections were stained with cresyl violet
(C-5042, Sigma-Aldrich), or immunolabeled using specific antibodies
and diamino-benzidine (Dako) reaction. Stained sections were observed
using a DM5000B microscope (Leica), and micrographs were analyzed
with Image] software (National Institutes of Health). Four sections, 0.5—
1.0 mm lateral to midline (Paxinos and Franklin, 2001), were analyzed
per animal to establish individual means. Results were expressed as the
average number of cells or plaques per square millimeter.

Amyloid plaques and number of glial cells per plaque. Sections were coim-
munolabeled with anti-GFAP (Z0334, 1:5000; Dako), anti-Ibal (1:1000;
Wako), and anti-Af (82E1, 1:1000; IBL International), subsequently re-
vealed by respective secondary Alexa Fluor antibodies (1:200; Life Technol-
ogies), and counterstained with DAPL. Immunostained sections were
scanned using a spinning disk confocal microscope (DMI4000B, Leica). Im-
ages were merged and analyzed using Image]J. Plaques were automatically
delimited and those =50 um? considered. GFAP-positive astrocytes and
Ibal-positive microglial cells with DAPI-stained nucleus located within 15
um of the edge of a plaque were manually counted (Serrano-Pozo et al.,
2010). Four sections were analyzed per animal to establish individual
means. Results were expressed as average number of GFAP-positive
astrocytes or microglial cells per plaque.

Neuronal soma size. We measured neuronal soma size in 2D following
Fricano et al. (2014). Per mouse, we used four cresyl violet-stained para-
sagittal (0.5-1.0 mm lateral to midline) paraffin-embedded tissue sec-
tions of 7 wm, 70 um apart, and 6—8 mice per group. We used only
neurons with visible nucleolus to ensure full-size cross section, and
traced perimeters using Image]. Micrographs were taken using a
DM5000B microscope (Leica). Neuronal cell surface was measured in
motor cortex layer V using Image]J algorithms based on dense blue cyto-
plasmic stain and filtering for particle size. Selections were confirmed
manually by checking for neuronal morphology and clearly visible nu-
cleus. On average, 110 neurons were measured per animal. Neuronal size
was also measured in motor cortex layer II (20 neurons), hippocampal
CA3 (40 neurons), and olfactory bulb (10 neurons).

Neuron and dendrite morphology. Using 30 wm hippocampus sections
from NestinCreER "2/%,CAG-tdTomato */* mice and eight optical Z
series acquired by spinning disk confocal microscopy (Roper/Leica; spin-
ning head from Yokogawa), we analyzed five tdTomato-activated cells
per mouse (n = 6 mice per group). Only NeuN-positive and DCX-
negative cells showing an intact dendritic arbor within the same tissue
section were considered as mature granular neurons of the dentate gyrus,
and subsequently analyzed. Primary dendrite length, number of branch
points, and their distances to neuronal soma were evaluated manually by
following the branching path for each neuron. Neuronal volume and
detailed branch thickness were measured on Z-stacks of 0.5 wm optical
slices. We determined 3D cell soma volume using confocal microscopy.
Briefly, single neurons were imaged into a set of uniform, 0.5-um-thick
layers, with the proximodistal axis in the plane of the layers. Each slice
from this stack was analyzed using Image]J. Total soma volume was de-
fined as the sum of all soma volumes from the different layers (Chvital et
al., 2007). Distal dendrite morphology was assessed on 0.2 wm optical
slices after deconvolution treatment. Three-dimensional reconstruction
was performed using Fiji software.

Western immunoblot. Animals were transcardially perfused with cold
PBS, pH 7.4, to eliminate blood cells from capillaries. The brain was
quickly removed and cortex dissected on ice, immediately frozen in iso-
pentane at —70°C, and stored at —80°C. Tissues were homogenized in
Tris (250 mM sucrose, 20 mm Tris base, 1 mm EDTA, 1 mm EGTA, 0.5%
Triton X-100, 150 mm NaCl) or RIPA buffer (25 mm Tris-HCI, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mm EDTA, 1 mm EGTA,
150 mm NaCl) for total protein extraction with protease and phosphatase



11504 - J. Neurosci., August 19,2015 - 35(33):11500-11513

A Insoluble AR
10 60
~~ 8 * —
P s * “ g
= £
< * 20 ¢
g 2 =g
o Females Males Females Males B
AB40 A3
B 104 Soluble AR L,
— 08 L3 ~
2 06 5 g
g 04— X g
| -
02+ %
|
00= Females Males !!Females Males 0
AB40 AR
C Insoluble AR
150 ~150
*
g) 1004 i 100 gw
2 2
S 501 S0 g
2_ *% %* 2_
O~ Females — Maies |lFemabs  Maes °
ABL0 AR
D . Soluble AB
<« 6 *x
2
P 4
< *%
e 2 *k
O~ Femaies — Maies 1/ Femaies  Males
AB40 ABR
E &
=§120 [ <R
g 10 SEES e
o 80
= CTFa
2 ;‘g . TTe CTFB
>
g 20 - hAp
o
E hAPP CTFa CTFR  hA . ' ' ' GAPDH

-  GAPDH S e s GAPDH

=
& )]

o
6 10 x *+ [l Control
5 — [] ADINKO
g 05
& 00

D T HM

Figure 3.  Levels of AB peptides are reduced in ADINKO cortex. A-D, A340 and A342 in
cortical homogenates of 16-month-old (4, B) and 23-month-old (C, D) ADINKO mice and con-
trols (n = 6—12). FA-treated insoluble and DEA-soluble fractions measured by human-specific
ELISA. E, Western immunoblot (WIB) analysis of human APP (hAPP), (TF-«/3, human A
(hAB) from cortical homogenates revealed diminished A3 monomer levels with no change in
APP processing. F, SDS-stable A3 oligomers were extracted from cortex as detergent-soluble
(left blot) and extracellular-enriched (right) fractions, and submitted to WIB using anti-A3
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inhibitors (Roche) using a Polytron (Kinematica), and centrifuged
14,000 rpm at 4°C for 20 min. For SDS-PAGE, 40—80 ug of protein per
lane were loaded onto 4-20% Tris-glycine or 10—20% Tris-tricine gra-
dient gels (Bio-Rad) and migrated at 100 V. Size-separated proteins were
electrotransferred to PVDF membrane. Blocked membranes were incu-
bated overnight at 4°C with primary antibodies, washed in TBS, and
incubated for 60 min at room temperature with corresponding horserad-
ish peroxidase or IRDye-conjugated secondary antibodies. Blots were
developed with ECL (WP20005, Life Technologies) and bands analyzed
using ChemiDoc and Quantity One 4.2.1 (Bio-Rad). Alternatively, fluo-
rescence intensities were quantified using an Odyssey CLx (LI-COR).
Sample loading and protein transfer were controlled using anti-GAPDH
antibody (sc-32233, 1:3000; Santa Cruz Biotechnology).

ELISA. To measure AB40 and AB42 levels in cerebral cortex, tissue
samples were homogenized at 4°C in Tris buffer (50 mwm Tris base, pH
7.4, 250 mm sucrose, 1 mm EDTA, 1 mm EGTA, 1 mm NaVO,, 10 mm
NaF; 100 mg of tissue per milliliter) with protease inhibitors (Roche)
using a Polytron. Soluble and insoluble AB were extracted in 0.4%
diethylamine (DEA) and 70% formic acid (FA), respectively, as de-
scribed previously (Minami et al., 2010). Crude 10% homogenate was
mixed with an equal volume 0f 0.4% DEA, sonicated, and spun for 1 h
at 4°C at 130,000 X g using a TLA 50.4 Ti rotor and Optima TL
ultracentrifuge (Beckman Coulter). The DEA supernatant was neu-
tralized with 0.5 M Tris base, pH 6.8 (10:1 v/v), and used for detection
of soluble AB. For insoluble AB, the pellet was homogenized in 70%
FA and again ultracentrifuged. FA-containing supernatants were neu-
tralized with 1 M Tris base, pH 11 (1:20 v/v). AB40 and AB42 were
detected using human AB ELISA (Life Technologies). For IGF-I de-
tection, blood was collected under topical anesthesia from ocular
sinus using EDTA, cooled on ice, and centrifuged (3000 rpm, 10 min,
4°C). Plasma was immediately frozen. IGF-I was measured using
mouse IGF-I Quantikine ELISA (R&D Systems).

Statistical analysis. Investigators were blinded to group allocation (sex, ge-
notype) during experiments, data collection, and analysis. Mice were coded by
numbers. For comparison between groups, normally distributed data were an-
alyzed by paired or unpaired two-tailed Student’s ¢ test while non-normally dis-
tributed data were assessed by Mann—Whitney U test. Data from Barnes maze
experiments were analyzed by repeated-measures two-way ANOVA followed by
individual post hoc tests where applicable. We used SPSS (SPSS Institute) and
Prism (GraphPad). Results are presented as means * SEM.

Results
Ablating neuronal IGF-1R in adult APP/PS1 mice
We administered tamoxifen at 2 months of age to induce IGF-1R
gene inactivation in APPswe/PS1dE9 */°;CaMK-CreER ™" /%IGF-
1R 1o¥/1X mice (ADINKO model; Fig. 1A). Efficient IGF-1R knock-
out occurred swiftly in cortex and hippocampus, but not outside the
forebrain or in peripheral tissues (Fig. 1 B,C). In hippocampus and
cortex, which strongly express CaMKIIa, we observed 50 and 42%
Cre-lox excision, respectively, indicating that in these structures, vir-
tually all neurons had lost the capacity to produce IGF-1R. Protein
levels of IGF-1R in cortex were just 50% of controls (Fig. 1D), con-
sistent with the proportions of neuronal versus other cell types and
their respective IGF-1R expression (Herculano-Houzel et al., 2013).
Insulin receptor protein expression remained unaffected (Fig. 1D).
Cortical sections of CaMKIIa-CreER ™ *"%;CAG-tdTomato *° re-
porter mice revealed that Cre recombination occurred exclusively in
neurons, but not in astrocytes or microglia (Fig. 1E).

Upon knock-out induction, mutant mice did not show any
overt phenotypic changes and remained outwardly normal. En-

<«

antibody 6E10 and Odyssey detection (LI-COR). Specific bands migrated at 8 kDa (D, dimers), 12
kDa (T, trimers) and 18 kDa (4-mers or 5-mers; HM, high-molecular-weight oligomers; Mc
Donald et al., 2010) and were diminished in ADINKO mice. M, Monomers. *p << 0.05, **p <
0.01, ***p < 0.001. Mean = SEM, Mann—Whitney U test, n = 5 mice.
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Table 1. AB40 and A342 in blood plasma and cerebral cortex at 16 months

J. Neurosci., August 19, 2015 - 35(33):11500—11513 + 11505

Females Males
Control ADINKO Control ADINKO
AB40
Plasma concentration (pg/ml) 769 + 74 953 =+ 37** 808 + 42 798 + 84
Total amount in plasma (ng)* 21£03 3.0 = 0.2% 25*+0.1 3004
Soluble amount in cortex (ng)b 120 = 27 51 =+ 8* 60 =10 28 £ 4*
Plasma/cortex ratio (%) 3013 7.1 £ 0.9%* 63+18 12.2 = 2.2%*
AB42
Plasma concentration (pg/ml) 389 = 45 541 = 23* 488 * 39 485 = 40
Total amount in plasma (ng)* 1.1£01 1.7 £0.0%* 1.5%01 1.8 £0.2
Soluble amount in cortex (ng)l7 550 = 47 382 * 33* 443 + 54 267 = 32*
Plasma/cortex ratio (%) 0.21 £ 0.04 0.48 = 0.04** 0.44 = 0.11 0.77 £ 0.11**

A3 plasma pool was determined from concentration and plasma volume (80 wlg ~ " of body weight; (Guniji et al., 2002).

®Amount of soluble A3 in cortex was calculated from concentration (Fig. 38) and cortex weight.
*p < 0.05 and **p << 0.01, ADINKO versus control.
Mean = SEM, n = 7-12, Mann—Whitney U test.

docrine phenotyping revealed elevated plasma IGF-I in adult
ADINKO mice (males: control, 225 *= 18 ng ml % ADINKO,
310 = 13ngml ', p < 0.01; females: control, 215 = 13 ngml ~';
ADINKO, 284 = 15ngml ™, p < 0.01, n = 6-7), indicative of
hormone upregulation in response to central IGF-I resistance.
Final body length at 16 months was unchanged in ADINKO males,
marginally increased in ADINKO females (males: control, 114 + 1 mm;
ADINKO, 115 = 1 mm, not significant; females: control, 112 = 1 mm;
ADINKO, 116 * 1 mm, p = 0.039, Student’s ¢ test, n = 7), and body
weight did not differ between ADINKO and controls (males: control,
43.6 = 2.7 g ADINKO, 40.9 * 2.3 g females: control, 41.5 = 2.0 g;
ADINKO, 45.1 =32 g).

Blocking IGF-I signaling in adult forebrain neurons
diminishes A load

To measure the impact of neuronal IGF-1R knock-out on amy-
loid pathology, we performed anti-Af3 immunohistochemistry
(IHC). Histomorphometry revealed a significant decrease of
plaque density in cortex and hippocampus of female ADINKO
mice compared with controls (Fig. 2A,B,D,E; female cortex,
—28%, p < 0.01; female hippocampus, —19%, p < 0.05; Stu-
dent’s t test). Similarly, in ADINKO males, we observed a signif-
icant decrease in plaque density in cortex (Fig. 2A, C, D, F; male
cortex, —36%, p < 0.05). Analysis of size distribution revealed
that small plaques (cross section, <250 um?) contributed most
to the lower prevalence of plaques in ADINKO mice, in cerebral
cortex as well as hippocampus (Fig. 2B,C,E,F). Of note,
thioflavine-S staining confirmed the IHC results by revealing sig-
nificant reduction in plaque density in ADINKO mice, in partic-
ular of small thioflavine-S-stained plaques (data not shown).

To extend on amyloid plaque results, we measured cortical
abundance of AB fractions by ELISA. ADINKO mice showed a
marked decrease in AB40 and AB42 peptides in formic acid-
extracted, insoluble fraction (Fig. 3A), which reflects amyloid
plaque content. The extrapolated amounts of insoluble A in the
entire cortex were 8636 * 1054 ng APB42 for female controls
versus 5460 * 445 ng for female ADINKO mice (p < 0.01).
Concerning AB40, controls carried 1452 * 236 ng versus 722 *+
122 ng for ADINKO mice (p < 0.01). Regarding DEA-extracted,
soluble AB, a particularly neurotoxic fraction (Shankar et al.,
2008; Mc Donald et al., 2010), female ADINKO mice exhibited
significantly less Af340 (—50%, p = 0.028), and a trend to lower
AB42 (—19%, p = 0.083; Fig. 3B). Regardless of genotype, males
displayed 28-58% fewer plaques and half the levels of AB pep-
tides found in females (Fig. 3 A, B), consistent with studies report-

ing higher amyloid burden and plaque prevalence in female APP/
PS1 mice (Wang et al., 2003; Hirata-Fukae et al., 2008; Minami et
al., 2010). We next measured Af3 in cerebral cortex homogenates
from 23-month-old mice. From 16 to 23 months, AB40 increased
>10-fold and AB42 up to fivefold in this model (Fig. 3A-D).
Brains from 23-month-old male and female ADINKO mice had
again significantly less AB40 and AB42 in insoluble (Fig. 3C) and
soluble fractions (Fig. 3D) compared with controls. Immuno-
blotting using antibody 6E10 confirmed these findings, showing
that the Tris-soluble total AB pool was down by 65% in extracts
from ADINKO cortex (Fig. 3E; p < 0.05). These results strongly
suggested that reduced plaque load resulted from diminished A3
abundance. Small oligomers may be particularly toxic (Shankar
et al., 2008). Using anti-6E10 immunoblotting, we showed that
ADINKO mice carried significantly less dimers, trimers, and
high-molecular-weight oligomers (Fig. 3F). Thus, blocking IGF
signaling in adult neurons diminished toxic AB concentrations in
both sexes, and was particularly efficient when peptides accumu-
lated massively with age. To finally check for possible hyperag-
gregation (Cohen et al., 2009), we established AB concentration
within plaques. We computed the average volume fraction of
plaques from anti-AB THC data at 16 months and found 2.48%
for control females and 1.75% for ADINKO females. We com-
pared this with the total amount of insoluble, FA-extracted A3
(Fig. 3A). The resulting average concentration of AB species
within plaques was the same in controls and ADINKO brains (2.34
and 2.37 ug mg ~', respectively), suggesting no hyperaggregation in
mutants. We conclude that hyperaggregation is unlikely to explain
reduced number and smaller size of AB plaques in ADINKO mice.
To determine whether neuronal inactivation of IGF-1R in
APP/PS1 mice affected A production, we examined APP metab-
olism. Protein expression of APP, of a and [ secretases
(ADAM10, BACE1), and of substrates of y-secretase (CTF-a and
CTF-B) was similar in cortical homogenates from control and
ADINKO mice (Fig. 3E; data not shown), suggesting that dimin-
ished amyloid pathology observed in ADINKO mice did not re-
sult from reduced production of AB. Neither could diminished
AP levels be ascribed to major A metabolizing enzyme IDE
(insulin degrading enzyme), which we found unchanged in the
brain (controls, 100 * 5.5%; ADINKO, 83 * 6.9%, not signifi-
cant). Collectively, these data indicated that IGF-1R inactivation
in adult neurons provided protection from neurotoxicity of sol-
uble AB and from amyloid pathology by counteracting Af3 accu-
mulation and plaque formation, and pointed to neuronal and
systemic AB clearance as possible mechanisms. This view is sup-
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ported by the comparison of cortical with
blood-borne pools of AB, which clearly in-
dicated that systemic clearance is unfavor-
ably low in control mice, especially in
females, while ADINKO mice showed sig-
nificantly higher peripheral AB elimination
(Table 1).

Neuronal IGF-1R knock-out reduces
brain inflammation
Neuroinflammation is an important
component of AD progression (Choi et
al., 2013). To determine whether fewer
plaques and lower AB were correlated
with glial activation, we counted astro-
cytic and microglial cells. IHC revealed
that GFAP-positive astrocytes increased
significantly by 14% in hippocampus of
female ADINKO mice compared with
controls, remaining unchanged in cortex
(Fig. 4A,B). By contrast, Ibal-positive
microglia were significantly reduced by
19-28% in male and female ADINKO
mice, both in hippocampus and cortex
(Fig. 4C,D), and male controls showed
fewer microglia than females (Fig. 4D).
These results suggested that microglial
load was directly related to severity of am-
yloid pathology. In AD, microglial cells
and astrocytes cluster around A depos-
its, indicative of a role in plaque forma-
tion, maintenance, or clearance. We
therefore selectively counted glial cells
close to plaques. Strikingly, we found 81%
more GFAP-positive astrocytes per
plaque in female ADINKO mice (p <
0.01) and +37% astrocytes per plaque
(p = 0.05) in males (Fig. 4 E, F). Microglia
concentration close to plaques was similar
in ADINKO mice and controls (males:
control, 0.46 * 0.04 microglia per plaque;
ADINKO, 0.43 = 0.04 microglia per
plaque; females: control, 0.56 * 0.04 mi-
croglia per plaque; ADINKO, 0.56 = 0.03
microglia per plaque). These data sug-
gested that neuronal IGF-1R knock-out
provoked redistribution of astrocytes to-
ward plaques, possibly to limit amyloid
deposition (Koistinaho et al., 2004). The
observed decrease in microgliosis corrob-
orates a potential beneficial role of astro-
cyte redistribution and is in agreement
with the alleviated inflammatory status of
ADINKO brains compared with those of
controls.

Neuronal IGF-1R knock-out corrects
AD memory and behavioral defects

To find out whether IGF-1R inactivation also ameliorated AD-
related behavioral deficits, we analyzed spatial memory using the
Barnes maze test. At 16 months, when APP/PS1 mice generally
exhibit spatial memory deficits (Reiserer et al., 2007; Heneka et
al., 2013), training in the Barnes maze improved performance in

Figure 4.
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all groups as indicated by decreased distance traveled and fewer
cumulative errors over days (Fig. 5A-E). Importantly, female
ADINKO mice showed improved learning behavior. They trav-
eled significantly less distance to find the refuge box and also
tended to make fewer mistakes compared with controls (Fig.
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Neuron-specific IGF-1R inactivation in adult APP/PS1 mice improves spatial memory and reduces hyperactivity and anxiety-like behavior. A-E, Learning and memory assessed using

Barnes maze. Sixteen-month-old females (n = 25 per group) were trained 4 times/d for 4 d. Training improved performance in all groups. Distance traveled to refuge box (A), cumulative error (B),
and speed (C) are shown for each day. A, Repeated-measures ANOVA for distance over days revealed a significant main effect of neuronal IGF-1R knock-out in females ( p = 0.042 for interaction, p <
0.001 for day; p = 0.035 for knock-out followed by multiple ¢ test; *p << 0.05, mean == SEM). D, E, Long-term retention was assessed on day 5. Distance traveled (D) and cumulative error (E) was
evaluated as during acquisition. Number of mice is indicated in each bar. Mann—Whitney U test (*p << 0.05). F, Twenty-three-month-old females were tested in a two-trial Y-maze assay for
short-term spatial memory, comparing visits to known (Other) versus unknown areas (New). Mean == SEM and individual results of female control (n = 12) and female ADINKO mice (n = 11; paired
Student's t test. G-J, Open-field test of 23-month-old female ADINKO (n = 12), controls (n = 13), and non-AD littermates (WT, n = 8). The WT group was included to validate tests. Total distance
traveled (@) and time of active behavior (H) within a 10 min session. /, J, Ratios of the time spent and distance traveled in the center versus corners or corridor revealed decreased anxiety-like behavior

of ADINKO mice. Student's t test, **p << 0.01, *p << 0.05; mean = SEM.

5A, B). Twenty-four hours after the last acquisition trial, we mea-
sured long-term memory retention. Again, female ADINKO
mice traveled less distance and made fewer mistakes searching the
refuge box than controls (p < 0.05; Fig. 5D, E; age group, 16
months). At this age, no differences were seen in males (data not
shown). All mice moved with similar speed regardless of geno-
type, both during acquisition and memory-retention test, indi-
cating that differences in performance were not due to motor
deficits (Fig. 5C). In fact, the better memory performance of fe-
male ADINKO mice was correlated to a strong trend in this group
to use spatial search strategies over random or serial strategies
[spatial search: female control, 50% (12 of 24); female ADINKO,
76% (19 of 25); Fisher’s exact test, p = 0.079]. Progression of AD
pathology is age dependent, and we therefore examined spatial
memory performance also at 11 and 23 months. Temporal anal-
ysis revealed that IGF-1R inactivation delayed behavioral deficits
in APP/PS1 females (Fig. 5D, E). Yet, at 23 months, spatial mem-
ory retention measured using the Barnes maze was similar in
mutants and controls. At this age, and in contrast to the 16-
month-old mice, all mice relied significantly more on nonspatial
than on spatial strategies, suggesting that the test became too
difficult for the 23-month-old mice (nonspatial strategy used by
37% of mice at 16 months, vs 68% at 23 months; Fisher’s exact
test, p = 0.010). Thus, we submitted the 23-month-old female
mice to a less-demanding two-trial version of the Y-maze assess-
ing short-term spatial memory. At this age, WT (non-APP/PS1)
mice preferentially explored the novel arm compared with familiar
and start arms, whereas control APP/PS1 mice were unable to dis-
criminate between the novel and familiar arm (Fig. 5F). Female

ADINKO mice displayed a significant preference for the novel arm
compared with the previously exposed familiar and start arms, sug-
gesting intact spatial memory (paired ¢ test, p = 0.006; Fig. 5F).

Additional behavioral phenotyping using the open-field
test revealed reduced hyperactivity in female ADINKO mice,
suggesting that neuronal IGF-1R inactivation also improved
neurobehavioral disturbances, such as AD-like psychomotor
disinhibition (Fig. 5G,H). Moreover, female ADINKO mice
explored the anxiogenic center of the arena more often than
controls, indicative of reduced anxiety (Fig. 5I,]). Meanwhile,
inactivation of IGF-1R did not cause any noticeable motor or
balance deficits in rotarod test (data not shown). As regards
the observed sex differences in cognitive amelioration, our
data are in line with studies revealing more advanced AD phe-
notype in females (Wang et al., 2003; Hirata-Fukae et al., 2008;
Minami et al., 2010), and not indicative of sex-specific effects
of IGF-1R inactivation on disease progression. Thus, our find-
ings clearly indicated that cognitive and behavioral defects in
female APP/PS1 mice were significantly alleviated by IGF-1R
inactivation induced at 2 months of age.

IGF-I signaling regulates soma size in differentiated neurons

To start unraveling mechanisms involved in the observed neuro-
logical benefits, we focused on ADINKO forebrain neurons.
IGF-1R knock-out neurons looked smaller, and we found a con-
spicuous 19-23% reduction in cross section of neuronal soma in
ADINKO cortex and hippocampus compared with controls (Fig.
6A-C; females, p < 0.01; males, p < 0.01, Student’s ¢ test). In
these regions, all neurons were IGF-1R knock-out (Fig. 1B-E). By
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contrast, soma size of olfactory bulb periglomerular neurons,
which do not lose IGF-1R in this model, remained unchanged
(females: control, 95 = 7 wm? ADINKO, 102 = 8 wm?; males:
control, 101 * 9 um?; ADINKO, 98 * 3 um?, not significant).
Smaller soma size of forebrain neurons contributed to 28—39%
increased neuron density in male and female ADINKO cortex
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and hippocampus (Fig. 6D). At the same time, total volumes of
ADINKO cortexes were diminished by 12% in females and 19%
in males (data not shown), explaining lower overall brain weight
in ADINKO mice (Fig. 6E). Yet, the macroanatomical structure
of ADINKO brains always remained normal, as revealed by ex-
tensive observation of cresyl violet histology. Based on cerebral
cortex volume and cell density at 16 months, an estimation of the
overall number of neurons revealed that ADINKO males and
females had 11.7 million cortical neurons, which is close to nor-
mal (Herculano-Houzel et al., 2013). Cortex of control females
harbored on average 1.1 million fewer neurons (—9.7%), possi-
bly due to the markedly more advanced amyloid pathology in this
group. Average reduction in total neuron number was limited to
490,000 (—4.2%) in males. While neuronal soma was diminished
in ADINKO mice, the levels of presynaptic (synapsin-I) and post-
synaptic (drebrin) dendrite proteins remained unchanged and
axonal integrity seemed also preserved, since myelin content in
homogenates of hippocampus and cortex was increased com-
pared with controls (Fig. 6 F,G).

To check whether this compact neuromorphology was a cell-
autonomous consequence of IGF-1R knock-out, we used an ad-
ditional transgenic mouse model, where tdTomato staining and
IGF-1R knock-out were induced selectively in adult-born neu-
rons at 3 months. We analyzed dendritic arbors of tdTomato-
activated granular neurons in dentate gyrus. Compared with
IGF-1RW"™T neurons, primary branch length was 47% shorter
and primary branch diameter was 25% smaller in IGF-1R*°/%©
neurons (p < 0.05; Fig. 7A-C). Yet, total number of branch
points per neuron was identical (Fig. 7D) and no differences in
spine density were detected on distal dendrites (Fig. 7A). Moreover,
analysis of branch point distribution along the dendritic arbor re-
vealed a significant shift, the first branch point in IGF-1R ¥ neu-
rons being closer to the soma than in IGF-IR"Y"W" neurons (Fig.
7E). As in ADINKO mice, we found a significant 25% volume re-
duction in IGF-1R¥'®© neuronal soma compared with controls
(Fig. 7F), while cell nucleus volume was unchanged (Table 2). Con-
focal microscopy suggested that reduced volume mainly resulted
from smaller apical cytoplasm (Table 2). Thus, differences in neuro-
morphology between ADINKO and control mice appeared to be
mainly the consequence of cell-intrinsic changes. Together, these
results revealed that soma size and neuronal morphology of postmi-
totic forebrain neurons are controlled by IGF-I signaling.

Blocking IGF-I signaling in adult neurons rescues AD-related

autophagy defects

Ablating neuronal IGF-1R led to 47% decrease in serine phos-
phorylation (Ser473) of Akt without changes in total Akt (Fig. 84,
top), indicating sustained downregulation of neuronal PI3K-
Akt-mTOR signaling. As IGF-1R controls protein synthesis and
autophagy through downstream PI3K-Akt-mTOR pathways,
known to be defective in AD (Talbot et al., 2012; Nixon, 2013), we
assessed selected autophagy markers. In macroautophagy, dam-
aged organelles and proteins are sequestered in autophagosomes
that fuse with lysosomes for hydrolysis. Accumulation of au-
tophagosomes has been described in AD brain as a result of
disturbed autophagy-lysosomal degradation (Nixon, 2013). In-
terestingly, we found a 26% decrease in autophagosome marker
protein LC3-1II in cortical homogenates of ADINKO mice com-
pared with controls (Fig. 84, bottom; p < 0.05), suggesting that
IGF-1R inactivation diminished AD-related autophagosome ac-
cumulation. Other components of the autophagy pathway,
namely p62/sequestosome-1, which is important for tau degra-
dation, as well as beclin-1 and Atg5, which are involved in
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Figure7.  Cell-autonomous effect on neuronal morphology. A-F, Neuronal soma and den-
drite morphology assessed on hippocampal sections from NestinCreER™*/°;CAG-td
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activated hippocampal neurons. Insets show distal dendrites with synaptic spines. Scale bars,
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pared with IGF-1R """ mice, while total number of branchings (D) was similar. E, Distribution
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Table 2. Morphometry of IGF-1R knock-out neurons”

J. Neurosci., August 19, 2015 - 35(33):11500—11513 « 11509

autophagosome formation, remained unchanged (Fig. 84, bot-
tom). The presence of beclin-1 and Atg5 at constant levels indi-
cates that biogenesis of autophagic vacuoles (AVs) was the same
in ADINKO mice and AD controls. In contrast, the protease
cathepsin D, a marker of lysosomal-AVs, especially autophagoly-
sosomes (Yang et al., 2011, 2014), was significantly increased in
control AD cerebral cortex, while cathepsin D levels in ADINKO
mice were as low as in non-AD WT mice (Fig. 8B). Similarly, IHC
on hippocampus CA3 showed significantly less cathepsin D im-
munoreactivity in ADINKO mice (control, 100 * 9.1%;
ADINKO, 72.7 % 1.7%, p < 0.01), confirming that the AV com-
partment was clearly diminished in ADINKO mice compared with
control AD mice. We next coimmunolabeled cathepsin D and AS to
quantify those AVs that contain AB. Neurons in control AD mice
exhibited enlarged, perinuclear AB-positive AVs (Fig. 8C), charac-
teristic of AD (Yang et al., 2011). Their number was significantly
diminished in ADINKO mice compared with control AD mice (Fig.
8C, Mann—Whitney U test, p < 0.05). Analysis of size distribution
revealed significantly fewer large and medium-sized AB-positive
AVs in ADINKO mice, whereas the small vacuoles, typically lyso-
somes, remained unchanged. Together, these results indicate that
ablation of IGF-1R contributed to reducing the A3-containing, en-
larged AV compartment. We conclude that specific structural and
molecular abnormalities of autophagy pathways observed in AD
neurons were rescued in ADINKO mutants. Overall, these findings
suggested that changes in neuronal size, morphology and autophagy
pathway due to IGF-1R knock-out cooperate in preventing toxic A3
accumulation in the brain.

Discussion
We demonstrated that ablation of IGF-1R from adult neurons alle-
viated AD pathology and the associated cognitive deficits in trans-
genic mice. IGF-1R-deficient neurons had small soma, lean
dendrites, and proximal shift of dendrite branching. In line with
beneficial effects of partial IGF-1R inactivation on AD pathology
(Cohenetal.,2009; Freude et al., 2009), we showed that blocking IGF
signaling in adult neurons is neuroprotective. We found that IGF-1R
ablation from postmitotic neurons in vivo diminished insoluble A3
and amyloid plaques, and cleared soluble monomeric and oligo-
meric AB, thereby reducing proteotoxicity and limiting neuronal
loss in the forebrain. This paralleled with preserved myelin content,
as well as better neuroinflammatory and cognitive status in
ADINKO brains. APP processing remained unaffected, but AD-
related accumulation of A-containing AVs was reduced in neurons.
Figure 9 shows a synopsis of these findings.

PI3K-Akt is a well established kinase system upstream of
mTOR that regulates protein synthesis and autophagy. In
ADINKO mice, we revealed markedly reduced cortical Akt acti-

IGF-TRWTWT IGF-TR¥O/K0 Percentage difference P
Neuronal soma length (um) 10.1 =03 92+102 —9% 0.048
Neuronal soma diameter (um) 6.0 +0.2 54+03 —10% Not significant
Neuronal soma volume (um ) 293 =18 219 =18 —25% 0.016
Nudleus volume (um?) m=n N7£10 —5% Not significant
Cytoplasm volume (;,Lm3) 176 £ 10 108 = 16 —39% 0.005
Apical cytoplasm height (um) 1.69 £ 0.09 1.29 = 0.08 —24% 0.009
Basal cytoplasm height (um) 1.30 £0.13 1.38 £ 0.11 +6% Not significant
Primary dendrite length (m) 348 £2.2 18.6 = 2.4 —47% < 0.001
Primary dendrite thickness (m) 1.64 £ 0.07 1.24 £0.13 —25% 0.022
Distal branch thickness (um) 0.62 = 0.03 0.53 = 0.02 —15% 0.021

“Measurements were performed on dentate gyrus granular neurons from NestinCreER ™ */%,CAG-tdTomato */%IGF-1R 1°/1* mice (IGF-1R *%/¥°) and NestinCreER " */;CAG-tdTomato */%;IGF-TR W""T controls (IGF-1R WT/WT).

®Mean + SEM, n = 6 mice per group, Student’s ¢ test.
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vation and low LC3-II. Moreover, while
AB-containing autophagosome and au-
tophagolysosome vesicles, known to ac-
cumulate specifically in AD neurons
(Yangetal., 2011, 2014), were indeed en-
larged in AD control hippocampus, we
found this compartment reduced to al-
most normal size in ADINKO mice. These
findings indicate that phenotypic defects
of autophagy are at least partly rescued in
ADINKO neurons and suggest that
upon long-term IGF-1R inactivation,
neuronal protein turnover and degrada-
tion are most likely handled more
adequately with available cellular au-
tophagic capacity. As judged from cellu-
lar morphology, ADINKO neurons
present with improved health, possibly
explaining enhanced neuroprotection
and cell survival during AD progression.
Recent data indicate that AB is both gen-
erated and degraded in autophagic vesi-
cles, potentially contributing in a vicious
circle to AB accumulation in AD (Nilsson
et al., 2013). Therefore, a downsized au-
tophagic compartment per se may also
contribute to reducing AB efflux from
ADINKO neurons, thereby potentially
lowering the A pool in the brain paren-
chyma. The relative contributions of
smaller autophagic compartments in
ADINKO brains versus possibly enhanced
autophagic activity remain to be elucidated.
Importantly, pertaining to effects on cell size
and autophagy, ADINKO brains studied 9,
14, and 21 months after definitive ablation
of IGF-1R are to be considered as a new
steady state or endpoint. This situation is
different from acute effects observed in vitro
under short-term activation of autophagy,
which may in turn explain why p62 levels
and LC3-II/I ratios were not significantly al-
tered in ADINKO brains, as could be ex-
pected at short term (Klionsky et al., 2012).
Of note, some in vivo studies also report un-
changed levels of soluble p62 upon induc-
tion of autophagy in AD brains (Steele et al.,
2013) and in neurodegeneration (Ghazi-
Noori et al., 2012).

Our data are consistent with results
from other model systems. Inhibition of
IGF-1R orthologue daf-2 in AD-like
nematodes promotes detoxification via
aggregation into high-molecular-weight
AB deposits and increased autophagic
clearance of A oligomers (Cohen et al.,

<«

that prevalence of A3-positive AVs, in particular middle-sized
and large, was diminished in hippocampus from ADINKO fe-
males. Mann—Whitney U test, n = 6 per group; *p < 0.05,
**p <0.01, mean = SEM.
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Neuronal IGF-1R signaling impacts AD progression in multiple ways. Blocking IGF-1R signaling in adult neurons affects cell maintenance and protein homeostasis. Neurons change to

a more compact soma and leaner dendrites (1). Autophagy defects in AD, characterized by accumulation of A3 containing autophagic vacuoles, normalize after IGF-1R inactivation (2). IGF-1R
inactivation does not change APP production or processing. Significantly less insoluble A3 (fewer plaques) and markedly diminished soluble A3 point to facilitated clearance of toxic peptides from
the brain (3). Consequently, neuronal microenvironment is less toxic, as reflected by preserved myelin content and diminished microglial infiltration, possibly preventing loss of neurons (4).
Cytoarchitectural and functional changes observed after neuronal IGF-1R inactivation in the forebrain of AD improve behavioral and cognitive performances (5). Several different processes are
improved in the absence of IGF signaling, suggesting that neuroprotective mechanisms are well adapted to low somatotropic tone.

2006; Florez-McClure et al., 2007). Abnormalities in IGF-1R ex-
pression and activation, including IGF-I resistance, exist in AD
brains (Rivera et al., 2005; Steen et al., 2005; Moloney et al., 2010;
Bomfim etal., 2012; Talbot et al., 2012), although causality is not
clear. Upon ligand binding, IGF-1R phosphorylates adaptor pro-
teins IRS1 and IRS2 that subsequently activate PI3K-Akt and
mTOR pathways. Brain-specific IRS2 knock-out increases lifes-
pan, and AD mice lacking IRS2 accumulate less AB and are res-
cued from premature mortality (Taguchi et al., 2007; Freude et
al., 2009; Killick et al., 2009). Our findings suggest that IGF-1R
resistance observed in AD postmortem brains may represent a
defense mechanism of aging neurons facing AB deposition. Fur-
thermore, it is possible that the naturally prevailing endocrine
status is characterized rather by low IGF signaling than by a full
complement of IGF. This latter situation is predominating in ad
libitum-fed laboratory mice (Kappeler et al., 2009) and may in
fact accelerate AD-like progression. From that perspective, the
IGF-1R knock-out mutation in ADINKO mice corrects an artifi-
cially high activated neuronal IGF-I pathway.

Interestingly, inhibition of insulin-like/insulin-signaling
pathways in simple organisms postpones multiple age-related
pathologies, extending health span (Cohen et al., 2006; Florez-
McClure et al., 2007). This supports the idea that interven-
tions slowing down aging also postpone age-related diseases,
including AD (Kenyon, 2010; Iliadi et al., 2012). In humans,
disease-free survival is high in families with exceptional lon-
gevity (Sebastiani and Perls, 2012), suggesting that health span
and life span are linked. Recently, pharmacological inhibition
of growth hormone and IGF-I was listed as a promising strategy
to retard human aging (Longo et al., 2015). Here, we showed that

blocking neuronal IGF signaling improves resistance to A
proteotoxicity and slows AD progression. Similarly, we demon-
strated that damage induced by stroke-modeling ischemic-
hypoxic insult is diminished when neuronal IGF-1R is knocked
out (M. Holzenberger and S. Aid, unpublished observations),
and Biondi et al. (2015) reported that in a mouse model of spinal
muscular atrophy, motoneurons are protected and neuromuscu-
lar behavior improved when IGF signaling is reduced. Thus,
different IGF-1R loss-of-function mutations are beneficial in age-
related neurological disorders, indicating that mechanisms of de-
layed aging can be traced to cell-autonomous changes in the brain.
Genetic inactivation of IGF-1R in neurons also revealed that this
pathway controls a high degree of cell-autonomous structural plas-
ticity. This plasticity is all the more remarkable since diminution of
cell soma occurred in fully differentiated neurons, and not during
cell growth and development, as it is mostly the case when genes are
implicated in structural plasticity. Moreover, ADINKO neurons all
over the brain underwent size reduction, suggesting high phenotypic
penetrance of this effect. Interestingly, IGF-dependent regulation of
cell size has also been reported for chondrocytes (Wang et al., 1999;
Cooper etal., 2013). We showed for the first time that adult neuron-
specific IGF-1R knock-out markedly reduced apical cytoplasm and
length of primary dendrite, and that reduction in cell size is linked to
significant resistance to AD. These morphological changes did not
affect dendrite complexity or axon integrity, important for normal
neuronal function. Comparable size effects in CNS neurons have
been reported in mice lacking phosphatase and tensin homolog
(PTEN) and components of the mTOR pathway mTORC2 and
mTORCI. The PI3K-mTOR pathway is a major signaling route ac-
tivated by IGF-1R, and PTEN is counteracting PI3K signaling. The
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tuberous sclerosis protein complex TSC1/2 acts as a negative regu-
lator of mTOR. Indeed, neurons lacking TSC1 or PTEN show a
progressive enlargement of their soma during development (Back-
man et al., 2001; Kwon et al., 2001; Tavazoie et al., 2005; van Diepen
etal., 2009), while neurons lacking mTORC1 or mTORC2 exhibited
reduced soma size (Cloétta et al., 2013; Thomanetz et al., 2013).

Our findings in adult brain are thus consistent with an impor-
tant role of neuronal IGF-1R as upstream signal for cell size-
controlling the PI3K-Akt-mTOR pathway. In agreement with
our study, recent data demonstrated increased mTOR activity in
AD mouse brain, while mTOR inhibition reduces AB accumula-
tion and spatial memory deficits (Caccamo et al., 2010). Further-
more, increased plasma A, as we observed here, points to more
efficient AB clearance from the brain into the bloodstream. This
finding fits well with the observation of reduced soluble AB in the
brain. Slender neurons most likely cause other local changes in
histoarchitecture, eventually affecting adjacent glial cells and en-
dothelia that may all converge to alter interstitial fluid move-
ments and local clearance. Xie et al. demonstrated elegantly that
convective fluxes in the interstitial compartment of cerebral cor-
tex affect AB clearance. Therefore, morphological changes of ma-
jor tissue components in the CNS may influence A steady state
(Xie et al., 2013). Clearly, more work is needed to determine
whether IGF-dependent changes in neuronal morphology read-
ily impact the function of glymphatic compartments.

Our findings suggest that changes in neuronal size and mor-
phology, and improvements in autophagy compartments due to
IGE-1R knock-out cooperate to prevent accumulation of A3 with
aging, thereby efficiently diminishing neuronal toxicity. This
study showed in vivo that IGF signaling is strongly involved in the
control of proteostasis in aging neurons, and that suppression of
neuronal IGF signaling efficiently slows down AD progression.
IGF receptors, ligands, high-affinity binding proteins, and proteases
constitute a gene family that can be targeted at multiple molecular
levels. Therefore, this study opens new avenues of research, notably
pointing to other cellular pathways controlling neuronal homeosta-
sis during aging as potential targets for AD treatment.
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